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1. INTRODUCTION

It is generally acknowledged that information about carbohydrate conformation is important
for the understanding of interaction between carbohydrates and other biomolecules, such as
proteins.™ The major part of oligosaccharides involved in the interactions are made up of
hexopyranoses, and the overall conformation can be described by the rotation of the glycosidic
linkages and the bonds to the exocyclic groups,®” e.g., the hydroxymethyl groups and N-Acety!
groups. The conformation of the hydroxymethyl group is of interest for interactions involving

the hydroxyl group at this position.>®® Furthermore, the conformation of the C5-C6 linkage
513
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determines the overall shape of oligosaccharides with glycosidic linkages to 06."°% The
conformationat preferences of the hydroxymethyi group in mono and oligosaccharides have
therefore been the subject of several investigations including both experimental and theoretical
studies, as will be discussed in the following.

This report is focussed on the application of *H Nuclear Magnetic Resonance (NMR)
spectroscopic studies to probe the hydroxymethyl group conformations in a series of
hexopyranosides. This is of interest not only for the conformational description of the
monosaccharides or oligosaccharides that contain hydroxymethyl functions, but furthermore
the data can provide a good test for theoretical methods developed in the field of carbohydrate
conformational analysis. Additionally, the structural differences between the monosaccharides
investigated permits an evaluation of the forces determining the conformation of the
hydroxymethyl group in carbohydrate derivatives in general. The compounds discussed are
predominantly unprotected or partly protected hexopyranoside derivatives measured in D,O,
because these are of main interest for biological studies.

2, Methods used in conformational analysis of hydroxymethyl groups.

2.1 Nomenclature:

The conformation of the hydroxymethyl groups in hexopyranoses is predominantly
determined by the rotation around the C5-C6 linkage,” as described by the dihedrai angle o
(O5-C5-C6-06) for the normal carbohydrates. In principle the o angle can have any value in
the 0 to 360° range, but generally the conformation is described by the three staggered
conformations. These are denoted by the position of the O6 relative to the atoms at the C5-C6
bond (by the heavy atoms according to IUPAC rules, Fig. 1). It should be noted that other
notations have been used in earlier literature.** One earlier frequently used notation is : g-,

g+ and t corresponding to gg, gt and tg, respectively in the present notation.
The large collection of experimental data in the literature obtained from X-ray,’'"'%'

optica®* and particularly NMR'"'81922283045% o dies indicates that a major effect
responsible for the differences in the popuiations of the three conformations in the
monosaccharides®“ is the relative orientation of the hydroxymethyl group and the substituent
at the adjacent position C-4 (cis or trans, Fig. 2). For the normal b-sugars®'* this can be seen
by the populations reported for giuco and galacto monosaccharides with approximate
populations of gg:gttg ~ 6:4:0 for gluco (trans) and gg:gttg ~ 2:6:2 for galacto (cis).
Furthermore, the populations are dependent on the configuration at C1 and the substitutien
pattern,* as will be demonstrated in the series of compounds investigated in the present study.
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Fig. 1. Definition of the three staggered conformations for the hydroxymethyl group of p-
hexopyranoses.

Fig. 2. Me o-D-Glucopyranoside and Me a-D-Galactopyranoside
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The experimental evidence for the conformational preferences of the hydroxymethyl group
in mono- and oligosaccharides mainly stems from X-ray crystailography and NMR studies.
Thus a search of published X-ray data reported by Marchessault and Perez*' gave a statistical
distribution of gg:gt:tg 60:40:0 from 101 glucopyranose structures. Likewise a distribution of
gg:gt:tg 8:58:34 for the fewer available (24) galactopyranose structures was observed.™

In the literature a few investigations of the preferred conformation of the hydroxymethyi
group by optical methods have appeared.*** The early studies by Lemieux and Martin®*
based on optical rotations gave good indications of the preferred conformation in glucose and
galactose derivatives, but the methods have not been generally applied. More recent studies
have applied CD techniques of, e.g., benzoylated monosaccharides confirming the
observations obtained by other techniques, i.e., a preference for gg and gt conformations for
glucose derivatives.>*

Another recent extention to the conformational analysis of oligosaccharides is the
application of time resolved fluorescence energy transfer, which have been utilized by Rice et
al>¥* to obtain information about the relative populations of branched oligosaccharide
structures having 1-6 linkages. The technique offers the possibility to derive information about
long distances of different conformers if these are exchanging slower than about 10° s. The
results are derived from the analysis of the fluorescent quenching between a fluorescent probe
and a coresponding quencher which is covalently attatched at two sites in the oligosaccharide
structure. The investigation of the branched structures resulted in a distance distributions in
agreement with two different conformations of the 1-6 arm in good accordance with data
obtained from NMR experiments.®

2.2 NMR spectroscopy.

The major technique used for the investigation of the hydroxymethy! group conformation
in solution is NMR spectroscopy. Information about the conformational preferences of the
hydroxymethyl groups can be obtained from NMR spectroscopy using the three-bond coupling
constants between H5 and the two H6 protons, provided the stereospecific assignment is
known or assumed. The two H6 protons are magnetically nonequivalent, and in the following
the pro-R proton is denoted H6R and the pro-S proton H6S. The three-bond coupling
constants of the coupled protons show a dependence on the angular orientation, with the
largest coupling for an antiperiplanar orientation. This can be described by empirical equations
modelling the observed relationship between couplings and angles. The type of equation is
denoted "Karplus-equations” according to the first application by Karplus.®% The observation
that the coupling constants additionally depend on the substituent at the corresponding carbon

atoms and their orientation®* has led to the parameterization of the dependence of the °J,,,
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Fig. 3. Dependence of *J, 4 and *J;¢ on the o angle as determined by the Haasnoot-
Altona equation.®

on the dihedral angle and substituent electronegativity for example by Haasnoot and Altona®*
using electronegativies from Huggins.* For the three substituent case a series of 100
experimental coupling constants from compounds having restricted internal rotation were used
to calculate six parameters giving the best fit between caiculated and measured coupling
constants with a rms-deviation of 0.49 Hz.* The HER and HBS protons have different coupling
constants for each of the staggered conformations (Fig. 3), as calculated by the above
formula.®

The analysis of the curves shown in Fig. 3 shows as expected that the gg rotamer (o=-
60°) with |60°| angles between both H5-C5-C6-HER and H5-C5-C6-H6S gives rise to two small
coupling constants. Both rotamers, gt and tg, have a large and a small coupling constant
resulting from a trans and a gauche orientation, respectively, between H5 and the H6 protons.
This means that for discriminating between gt and tg conformations the stereospecific
assignment of the H6R and HES is crucial. On the time scale of the NMR experiment the
observed coupling constants will be time averaged values.®"* Assuming that the conformation
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of the hydroxymethyl group can be described predominantly by the three staggered
conformations their population can be determined from the two assigned coupling constants
Jser @nd Jg o5 and the fact that the sum of the population of the three conformations is one.
The limiting values for the three staggered conformations for "normal” hexo pyranosides
using the Haasnoot-Altona formula® are as follows:
ag gt tg
Jew 09 107 5.0
Jses 28 31 107

it can be seen that for the same proton-proton dihedral angles, e.g., tg for H6R and gg for
HES, the coupling constants are different due to the different orientations of the electronegative
substituents. Several other limiting values have been used for the determination of rotamer
populations, as will be discussed later.

The equations can be solved mathematically or as shown by Bock and Pedersen™
graphically by plotting the limiting values for the three staggered conformations in a XY-graph
with J; ¢, @and Js 45 ON the two axes. This results in a triangle in which any measured coupling
constant should fit and the populations can be estimated by the "level rule". The fact that not
all measured coupling constants fall within this triangle indicates that the limiting values from
the Haasnoot-Altona formula might not be sufficiently accurate, as discussed in detail below,
because the points outside the triangle correspond to negative populations. A recent extension

of the Karplus equation by Imai and Osawa™"

includes more parameters and takes into
account additional effects, e.g, through space effects. Unfortunately, these effects are not
easily determined in flexible systems. Another recent extension of the Karplus-equations have

been suggested by Altona and coworkers’>™

including some higher order terms. These
authors concluded that this extension of the data set have improved the performance of the
equation on a set of test data, but have unfortunately not parameterized this approach
generally.

Similarly to the 'H-'H coupling constants also the 'H-"*C coupling constants provide
information about the conformational preferences of the hydroxymethyl group, e.g. using the
C-4 - HER and C-4 - HES coupling constants.™”*’® This method utilizes the dependence of
the four bond coupling constants on the dihedral angle”™ like the comresponding 'H-'H
coupling constants using, e.g., the Karplus equation proposed by Spoormaker and de Bie™ and
gives results in accordance with data from 'H-"H coupling constants.”>"® However, the accuracy
using the "*C-'H long range coupling constants are less than that obtained from the
coresponding 'H-'H values due to the smaller absolute value of the former (max. ~ 6Hz,
compared to 10.7 Hz for the latter).

The combination of homo- and heteronuclear coupling constants can furthermore be used

to stereospecifically assign the H6 signals.®’® A potential source of additional information
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808" which have been

could be the one and two bond "C-"C or 'H-"°C coupling constants,
shown to be sensitive to conformation. ¥

Recent measurements of '°C relaxation times have given insight into the rotational
freedom of the hydroxymethyl! group of monosaccharides and oligosaccharides.®** Hajduk et

al. ®

concluded based on measurements and dynamic simulations of a series of
monosaccharides that the exchange between the different conformations of the hydroxymethyl
groups takes place on a time scale between 10° to 10° s. They furthermore concluded that
there is no significant difference between the flexibility of glucose and galactose. Poppe™
concludes on the basis of 'H relaxation and NOE data that the exchange is on the order of 10
" to 10° s for the hydroxymethyl group in gentiobiose. In a study of the disaccharide lactose,
Ejchart and Dabrowski®* concluded that the hydroxymethyl group of the glucose is more
restricted than the hydroxymethyl group in the galactose unit. In amylose, Dais and
Marchessault* have furthermore used the analysis of relaxation data to estimate the
population of gg and gt to be 60 to 40 % using a two state jump model.

Recently Dzakula et al.*"* described an alternative method (CUPID) for the general
determination of the rotamer distribution without any assumptions about fixed staggered
conformers. These authors calculated the continuous rotamer population distribution from
experimental NMR data (coupling constants and NOES), but unfortunately six conformationally
sensitive parameters are necessary to determine a Fourier expansion of the order three. Such
a number of NMR parameters would generally not be accessible for a hydroxymethyl group
in a hexopyranose system.

A similar approach have recently been reported by Poppe™ for the investigation of the C5-
C6 bond in gentiobiose, but using a maximum entropy method to derive the rotameric
distribution from experimental constraints.

The unambiguous assignment of the resonances of the pro-R and pro-S H6 resonances
has been a problem in the conformational analysis of the hydroxymethyl group. In early studies
the assignment was based on the interpretation of the chemical shifts with varying success.
The studies by Lemieux and Stevens® and by Hail and coworkers® initiated the investigation
of many monosaccharides by 'H NMR spectroscopy.?#3040424545-5052545658  The agsignment
of the J, 4, and °J; e WETE, however, not always corect, as the assignments were generally
based on the prediction of the relative chemicai shifts of HGR and H6S by empirical rules, as
the syn-up rule® or assumptions that certain conformations were not populated, especially the
assignment in galactose derivatives have been a problem. %%

More reliabie assignments have been made by the use of partly deuterated
monosaccharides. The first example of this approach was the semiselective introduction of
deuterium in glucose by Gagnaire et al.** However, a more selective method is widely used
today as developed by Ohrui and coworkers.***% The deuterium is introduced in 1,6-anhydro
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derivatives, and monosaccharides specifically deuterated either in R or S configuration can be
synthesized. This technique has been used in the investigation of the rotameric distributions
in hexopyranosides®“*** and unambiguously determines the assignment of the two proton
resonances and furthermore, allows for measurement of coupling constants in cases where
almost identical chemical shifts would prevent this. Additionally, the method has been applied

+18,19,44

to disaccharides both by the group of Ohrui

."> and also to branched

and by Bock et a
trisaccharides.'®'*** This has, for example, given information about the conformation for 1-6
linked disaccharides. Similar studies of the C4 hydroxymethy! group of pentofuranosides have
93,94

been carried out both by the group of Ohrui®®®* and by Serianni and coworkers *>¥
A major dispute in the area has been the assignment of the H6 protons in galactose
derivatives and thereby the determination of the populations of the staggered

conformations. %%

51.%57 The interchange of the assignment leads 1o either a high population
oftg or gt. This was finally settied by the elegant work by Ohrui et al.** making both the S and
R isomer of methyl p-D-(6->H)-galactopyranoside, whereby they could clearly determine that
the H6R is downfield from the H6S and also could determine the coupling constants more
accurately than previously.

An alternative stereospecific assignment can be achieved using NOE measurements with
careful analysis of measured values,'""**% g g., between H4 and HER or H6S. However, this
technigue is not universally applicable due to the close chemical shifts and the effective dipole-
dipole coupling between the two geminal HE protons.

The studies in general have shown that the rotameric distribution around the C5-C6 bond*>
“2% for glucopyranosides is about 6:4:0 and for galactopyranosides around 2:6:2 (gg:gt:tg), but

with variations, depending on the solvent*"

and different protecting groups.'®
2.3 Theoretical investigations.

it is not attempted to give a full description of all the material published on the modeliing
of hydroxymethyl group conformation, but rather to introduce some of the concepts and
problems for general background and to try to separate the individual contributions.

The effects generally described affecting the conformational preferences for systems
having oxygens in close proximity, are the 1,3-diaxial interaction and the gauche effect.” The
1,3-diaxial interaction or Hassel-Ottar effect’™ is the electronic and steric repulsion between
two electronegative substituents arranged in a diaxial fashion'™** like 08-O4 in the tg
conformation for glucose or in the gg conformation for galactose. It has been estimated that
conformations where a 1,3-diaxial interaction is present are destabilized by more than 1
kcal/mol." The gauche effect is the effect stabilizing the gauche orientation of two vicinal
electronegative substituents as discussed by Wolfe et al.,'™'™ Zefirov et al.,'®'® Abe et al."”"
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117 Furthermore solvation effects have been shown both

and later by others.
experimentally??%5254118 and theoretically'"®'* to be important for the preferred conformation
of the hydroxymethyl group.

The theoretical treatment of the hydroxymethy! group orientation has in general not been
successful in reproducing the experimental results. The force-fields applied have in several
cases overestimated the influence of hydrogen bonding, which have resulted in prediction of
the tg conformation of glucose to be the most populated conformation.’”'> However, recent
calculations have given better agreement with the experimental distribution by inclusion of
solvent effects,'®' put these calculations still do not reproduce the experimentally determined

populations very well. However, the recent paper by Cramer and Truhlar'?'

demonstrates that
quantum chemical calculations modelling solvent (water) by a continuum with dielectric
polanization and including a surface accessible surface area model gives the correct relative
energies for the three staggered conformations in glucose. They conclude that the unfavorable

solvation of the tg conformation is important in the destabilization relative to gt and gg.
3. RESULTS AND DISCUSSION

3.1 Evaluation of the limiting value coupling constants.

For the interpretation of the coupling constants it is necessary to choose a set of limiting
values for the three staggered conformations and these values have generally been derived
from different sources. A general problem with the values is that they necessarily are derived
from measurements of coupling constants in ring systems in order to have a well defined
geometry. This could lead to wrong estimates for some coupling constants as, e.g., the oxygen
lone pairs will be fixed relative to the coupling pathway in these mode! compounds. There is,
however, not a simple solution to this problem and we have chosen to use the values from the
Haasnoot-Altona formula.® One of the problems with the limiting values used has been that
negative populations sometimes are the results of the values used, which is of course of no
physical meaning. This is seen, e.g., for Me o-D-Glc (4a) from the coupling constants of 3Jm=
5.49 Hz and *J, .= 2.39 Hz (Table 1). The use of the limiting values from the Haasnoot-Altona
formula gives a negative population of the tg rotamer. This is most likely caused by the too
large coupling constants predicted by the formula for the 60° "H-"H coupling constants like the
3J5,‘,,s for gt (2.8 Hz). Observation of couplings below 2.4 Hz for other glucose derivatives
indicates that this value might be too large.

One explanation for this observation could be that the staggered conformations populated

are not exactly at 60°, but are offset slightly from this value. Based on reported X-ray
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Table 1. Coupling constants for calculation of populations for the hydroxymethyl group

Method $Js.6R s s Population® for Me a-D-
Glc (4a)

gt gt

Haasnoot * 08 5.0 2.8 50(47)

Nishida * 17 | 108 | 41 22 24 | 111 58 41 1
Manor "% 13 | 115 | 58 13 27 | 117 | s6 39 5
Average 3 ° 14 | 102 | 50 3.1 33 | 102 | 60(54)| 51(46) | -11(0)
Average 2 ° 17 9.9 5.0 33 35 9.9 [ 63(54)| 52(46) | -15(0)
Average 1° 24 9.2 5.1 36 38 9.2 | 69(55) | 55(45) | -24(0)
Experimental [ 09 | 107 | 55 22 | 25 | 107 | 53 47 1

a. The population for the three conformations based on °J; ,.= 5.49 Hz and J, ;=0 2.39
Hz, values in parenthesis are values based on a tg population of zero.

b. Values from average 160° around the staggered conformations using a three-foid
potential with V, values of 3, 2 and 1 kcal/mol (see text).

¢. Values of coupling constants based on measured values in the model compounds
discussed in the text.

crystallographic data, Nishida et al.“’ proposed several sets of angles for the conformation of
glucose derivatives, e.g., ®=-67° for gg, »=65° for gt and @=175° for tg. Using these angles
and the Haasnoot-Altona formula the limiting values shown in Table 1 were obtained.”
According to the study the application of these values in the calculation of populations from
experimental coupling constants did not change the proportion of gg to gt for glucose, but gave
more reasonable populations for tg.

The coupling constants reported by Manor et al.'® (Table 1) have been applied’“***® ijn
the calculations of the hydroxymethyl group populations. However, these values might not be
appropriate as they are based on couplings in strained 5 membered rings.

The following approach was therefore tested here to obtain more realistic limiting values
for the three staggered conformations. The couplings can be regarded to originate from a three
state jump model, in which the three states have vibrations around the perfectly staggered
conformations. The coupling constants for the three situations should then be the average
values of the coupling constants with vibration around the 60°, 180° and 300°. We chose to

model the flexibility around the individual minima by a three fold potential with the simplest
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potential without imposing assumption about other forces. The weighted average coupling
constants around the three minima were calculated as follows. The energies from the three-
fold potential were calculated by a grid search of the ® angle over a range around the perfect
staggered conformation of £60° (1° steps). For each of the three staggered conformations the
average coupling constants were calculated by the weighted averages over these ranges by
the Boltzmann distribution and coupling constants from the Haasnoot-Altona formula.® The
result is shown in Table 1 with three different barrier heights (V,) to probe the influence of the
flexibility on the coupling values.

It can be seen that the introduction of flexibility in the model does not solve the problem
about the too high values predicted for the 60° 'H-'H angles. The averaging gives higher
values of the small coupling constants than obtained from the ideal staggered conformation.
The coupling constants resuiting from averaging around 'H-"H angles of 180° are lower than
in the ideal staggered conformations, as the maximum in the Haasnoot-Altona curve is at 180°
and any deviation from this will lower the coupling constants. interestingly, the use of the
different coupling constants does not alter the proportion of gg to gt significantly, when the
calculation of populations of gg and gt is done assuming a tg popuiation of 0. This is due to
the fact that when the averaging results in a smaller °J; ¢ in the gt conformation it also results
in a larger coupling in the gg conformation.

Alternatively, the limiting values for the calculation of rotamer populations can be derived
from measurement of the coupling constants in the following model compounds: 1,5-anhydro-
mannitol (1), 1,5-anhydro-glucitol (2) and 1,5-anhydro-galactitol (3). The 1,5-anhydro-mannitol
(1) (Fig. 4) can be regarded as a rigid model for the gg conformation with two 60° 'H-"H angles
and with the oxygen in the right orientation. The couplings were measured to be 3J1,q‘2= 22
Hz and °J,.,,= 0.9 Hz which correspond to the °J,,s and °J;.., respectively for the gg
conformation. The °J,,,, is in good agreement with the value predicted, but the 3J1,q,2 is
predicted to be too high (0.6 Hz). The 1,5-anhydro-glucitol (2) and 1,5-anhydro-galactitol (3)
are both rigid models for the tg conformation and the 3.J,,,q,2 measured were 5.5 Hz and 5.6 Hz,
respectively and for °J,,,, , 10.8 Hz and =10 Hz respectively. The calculated values of the
large coupling are in good agreement with those measured, but the vatue for the 60° coupling
is 0.6 Hz larger than predicted. Without a good mode! for the gt orientation, it was estimated
that the 60° coupling should be lowered by 0.6 Hz from 3.1 Hz to 2.5 Hz following the
observation for the %), of gg. This analysis gave the last set of values for the three
conformations of the hydroxymethy! group shown in Table 1.

The coupling constants derived by different methods shown in Table 1 have fairly large
variations, and it is not obvious which values should be chosen for the investigations of the
hydroxymethyl group conformation. The values reported by Nishida et a/.* or by Manor et al.'®
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H
H"'\"'OH
HOT, Heq
OH Hax
1 2 3
H H H

Heq 5 Heq s H, s

Cy HO Ca HO Cs
Hax Hax Hax

J1eq,2= 2.2 Hz Heg,2= 5.5 Hz J1eq,2= 56 Hz
Jax,2= 0.9 Hz Hax,2= 108 Hz J1ax,2= "10 Hz

Fig. 4. Structures of 1,5-anhydro-mannitol (1), 1,5-anhydro-giucitol (2) and 1,5-anhydro-
galactitol (3)

do not give negative populations. However, these values could result in an overestimation of
the population of gg relative to gt, due to the large st,sn coupling in gt. This large coupling
does not seem reasonable from our measurements of the 1,5-anhydro-glucito! (2) and 1,5-
anhydro-galactitol (3) and by the fact that any averaging around a 180° 'H-'H angle will give
lower values. The new experimentally-derived limiting values are not based on a sufficient
number of compounds to validate their general use. Inspection of the populations calculated
by the Haasnoot-Altona equation,® by the averaged values and by our new values shows that
these all give very similar results, when setting the papulation of tg to zero. As a result of
these considerations the Haasnoot-Altona treatment for the interpretation of experimental
coupling constants will be used in the following and the population of the tg rotamer will be set

to zero in cases where negative tg populations are encountered.

3.2 NMR spectroscopic data for the hydroxymethyl groups of hexopyranoses.
The coupling constants given in Tables 2 and 3 are based on measurements at 500 and
600 MHz and the data reported are for several examples derived from spin system simulation.
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The assignment of the pro-R and pro-S H6 protons of the normal monosaccharides follows

194245 ag indicated with

the assignment by stereospecific deuteration as reported by Ohrui ef a
footnotes in the tables. For some compounds the data obtained for the specific deuterated
compounds are included in the Tables. The assignment for all other compounds is based on
a comparison with the deuterated compounds*®*"*** and the observed coupling constants.

For a few compounds the populations are calculated based on an inversion of the
assignment of HBR and H6S as well. For these compounds the assignment of H6R and HES
might have to be interchanged, as no convincing evidence for the stereospecific assignment
has been reported.

The values in parentheses are the populations of gg and gt calculated by setting the
population of tg to zero and using the *J; ... The accuracy using the Haasnoot-Altona values
for the calculation of population is fairly good within the limitations discussed earlier. Especially
the comparison of different compounds using the same equation can be done with high
confidence. The limiting values of >J for the compounds having other substituents at C5 or C6
than norma! have been calculated with the Haasnoot-Altona equation® and electronegativities
reported by Huggins.*® More accurate values for the electronegativities including group
electronegativities have been published recently.”®"'* However, as the parameterization by
Haasnoot-Altona was done using the electronegativities from Huggins® these values were
used here. In fact, the difference between the electronegativities published by Huggins and the
values determined recently’®'® are marginal. In principle the electronegativity difference
between the simple 60H and the substituted compounds as 6-methoxy, 6-O-acetates could
affect the coupling constants. However, the effect will be very small as the group
electronegativities of OH, OCH, and OCOCH, from Boyd and Boyd'* are 3.55, 3.53 and 3.57,
respectively.

The calculated values reflect the effects of electronegative substituents on the coupling
constants, as for example the small °J, ., of the tg rotamer for a 6-fluoro derivative having a
very electronegative substituent antiperiplanar to H5. A symmetric relation is seen for the 5-
CH, and the 6-CH, substituted compounds for °J, 55, but not for °J; g.

3.3 Evaluation of the NMR spectroscopic data.

Information about the rotameric population is furthermore contained in the chemical shifts.
However, the information in the chemical shifts will often be disguised by other effects, like the
direct effect of substituents on the chemical shifts. The chemical shift of H4 for the gluco
configurated compounds has a clear relation to the population of the gg conformation as
shown in Fig. 5. In this Figure H4 chemical shifts minus the chemical shift of H4 for Me «-D-
Glc (4a) are plotted against the population of the gg rotamer for compounds only differing in
the substituent at the 6 position and the pH of the solution.
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Table 4. *J,,, and °J,,; by Haasnoot-Altona®

529

Compound AY® *Jser s es
gt
Normal hexose 0.90 10.67
5-CH,- (pseudo) | 0.4 |04 | 1.3 193 11.52 4.1 193 | 411 11.52
5-8- 04 {04 |13 1.93 11.52 4.1 193 | 411 11.62
5-NH- 04 [085}13 1.58 10.96 453 | 236 ] 376 | 10.96
6-CH.- 04 |13 |04 1.93 11.52 4.1 387 | 217 | 11.52
6-NH,, 04 |13 |085| 158 10.96 453 | 352 ] 259 | 10.96
6-Cl 04 |13 |095| 146 10.87 464 | 340 | 270 | 10.87
6-F 04 |13 117 0.07 10.73 536 | 2.01 3.42 | 1073
a. The electronegativities from Huggins® at the 4, 5 and 6 position.
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Fig.5. The chemical shifts of H4s versus the populations of the gg rotamer. (H4
chemical shifts taken relative the H4 of Me a-D-Glc (4a)).
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A larger population of gg gives a downfield shift of H4, which can be explained by a 1,3-diaxial
orientation of H4 and O6 in the gg conformation. In general the close contact between a proton and
an oxygen has been observed to give downfield.5**134'* Extending the correlation to 0 and 100
% gg gives a difference in chemical shift of H4 of approximately 0.5 ppm between the two
extremes. This value is in good agreement with the chemical shift difference, observed for bicyclic
analogues of gg and gt compounds.’ The correlation of the chemical shift of H4 with the rotameric
population might be an alternative way to obtain information about the conformation of the
hydroxymethyl group in cases where the coupling constants cannot be measured accurately.
Similar effects will cause shifting of the H6 protons and therefore the chemical shift differences of
these could also be used in assessing the conformational preferences of the hydroxymethyl groups.

In general, HES resonates downfield from HER for the gluco configurated compounds with
some exceptions. The few exceptions are the Me 4,6-di-O-acetate-8-b-Gic (11), Me 6-deoxy-6-
F-o-D-Glc (13) and Me 6-O-phosphate-a-D-Glc (16) at pH 9.3 where the H6Rs are downfield
to HBS. It should be noted that the assignments of HBR and H6S for the latter compound
might be inverted. The explanation for the exceptions is the larger population of gg relative to
gt for these compounds, as a close contact between HER and O4 is present in the gg rotamer,
while the contact is between H6S and O4 for the gt rotamer. Thus the larger gg conformation
brings HER to lower field and HES to higher field.

Furthermore, the chemical shifts of Me 4,6-di-O-acetate-B-D-Glc(11) is affected by the
anisotropy of the acetate group.® An interesting observation is the interchange in the order of
chemical shifts of H6R and H6S for the a- and - 5-deoxy-5-S-D-Glc (23a) and (23p). One
explanation might be the change in the rotameric population with the o. compound having more
gg and less gt, giving a larger downfield shift of HGR (HER close to O4) and less downfield
shifted HES. In 1-6 linked disaccharides a reversal of this order is generally observed, 018184447

For Me 6-O-PO.-a-D-Glc (16) a set of proton-phosphorus coupling constants were
measured at pH 1.3 *Jy55,= 5.6 Hz and *J,e5-= 6.9 Hz and at pH 9.3: *J,45-= 5.1 Hz and
*Jusrp= 7.2 Hz. These values indicate a fairly freely rotating C6-06 bond in the C5-C6-O6-P
fragment from the Karplus equation for this system reported by Lankhorst et al.,"* but with
some conformational preference.

Additionally, information can be obtained for the 6-fluorc compounds from the couplings
between 'H and F and between C and F. Recently Abraham et al.* reported the
measurement of the 'H-"H coupling constants of the 6-deoxy-6-F-D-Glc and 6-deoxy-6-F-p-Gal
for the conformational assignment of these compounds and later also the fluorine-proton
coupling constants in different solvents for 6-deoxy-6-F-D-Gic.** They concluded that the 6-
deoxy-6-F-o-D-Glc has approximately the same rotamer population as giucose with only
slightly higher population of the gg rotamer. The calculation of the populations based on the
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coupling constants seems very dependent on the method for calculating the limiting values.
Using the Haasnoot-Altona formula® it is indicated that the population of gg relative to gt is
larger for Me 6-deoxy-6-F-a-D-Glc (13) than for Me a-D-Glc (4a). An even larger population
of the gg conformer is expected from the J,,; .= 28.6 Hz in accordance with the value reported
by Evelyn and Hall'” and by Abraham et al.>® This indicates a very high population of the gg
conformation by the Karplus curves for 'H-F couplings from Wray,™ as was also concluded
earlier.®*"*'* The abservation of the °J.,.= 6.8 Hz on the other hand indicates that the gt
rotamer is populated to some extent. The >J.,; coupling can be compared to the aJCZ'F of 4-
deoxy-4-F-D-Glc and 4-deoxy-4-F-D-Gal which are 8.8 Hz and 1.1 Hz respectively,'® where
the glucose configuration corresponds to a gt orientation and the galactose to a gg orientation
of the "°C and the F. Finally, 2J.; = 17.3 Hz for Me 6-deoxy-8-F-a-D-Glc (13) gives information
on conformational preferences, as Wray'® showed that the 2-bond couplings are dependent
on the orientation of oxygen substituents at the C in the coupling pathway. The couplings
constants for rigid ring systems having F and O substituents in gauche orientation is 17.5:0.3
HZ and for a trans orientation 24.2+0.4 Hz. This indicates that the population of tg is very low,
in accordance with the results from *H-'H coupling constants.

The chemical shifts of galacfo configurated compounds cannot be interpreted as easily as
the chemical shifts of the gluco configurated compounds. The chemical shift differences
between H6R and H6S are small and as all three staggered rotamers are populated, the
effects determining the chemical shifts are more complicated.

3.4 Effects determining the conformation of the hydroxymethyl groups.

The description so far shows that NMR data are a good source of information about the
conformational preferences of the hydroxymethyl group for monosaccharides. Additionally, the
set of compounds might give information about the effects determining the conformation of the
moliecules, and it seems to be valid to derive some general trends.

The major effects assumed to determine the rotamer population of the hydroxymethyl
group are the solvation effect, 1,3-diaxial interactions, gauche effect and hydrogen bonding.
The effect of hydrogen bonding can be estimated by a comparison of protected and
unprotected compounds or comparing the same compounds in different solvents. The effect
of methylation of O6, going from 8-D-Glc (5a) to 6-O-Me-B-D-Glc (8c), results in an increase
of the °J, ., from 5.78 to 6.10 Hz, which indicates a somewhat lower population of gg refative
to gt. This effect would not be expected to arise from hydrogen bonding as the possibility of
hydrogen bonding is the same in gg and gt conformers. The addition of a methoxy group
might lower the population of tg, as the *J; . is decreased slightly. Compound 4,6-di-O-Me-B-
D-Gic (9) has an even lower °J; . which can be due to the lack of stabilization by hydrogen
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Table 5. Effect of a 50° temperature change on the 'H NMR parameters for some methyl
hexopyranosides in D,0.

Compound B350xO300k Jasok-J300x
H4 H5 HBR HES H5,H6R | H5H6ES
Me a-D-Glc 0.02 0.00 0.01 0.00 0.02 0.10
Me B-D-Glc 0.03 0.00 0.03 0.00 -0.20 0.10
Me 4-deoxy-a-D-Glc | 0.02° 0.04 0.07 0.05 -0.07 0.30
0.02*
Me a-D-Gal 0.02 -0.01 0.01 0.02 -0.33 0.09
Me B-p-Gal 0.01 -0.03 0.00 0.00 0.08 0.08
a. Chemical shift changes given both the axial and equatorial H4

bonding of the tg conformation, but might be a direct steric effect as well. The effect of
changing the solvent from water to DMSO seems to be small and no conclusion about
hydrogen bonding can be made from this experiment.

Investigation of the temperature dependence of the coupling constants and chemical shifts
for the monosaccharides shown in Table 5 could also indicate that the hydrogen bonding is
of minor importance in water, but a general solvation can be important.'”” The change in
coupling constants for Me a-D-al are still small taken into consideration that the H6 signals
give a higher order spin system and the uncertainty of the coupling constants might be larger
than for the other monosaccahrides. A recent study by Beeson et al."*® concluded that the free
energy gained in a hydrogen bonding in water is small compared to other solvents and they
showed that the property that determines the strength of the hydrogen bond in different
solvents are the "solvent hydrogen bond basicity".

An estimation of the energy of the 1,3-diaxial interaction can be calculated from the
populations of Me «a-D-Glc (4a) and methyl a-D-xylo-hexopyranosid-4-ulose(hydrate) (Me 4-
keto(hydrate)-a-D-Glc which is the same as Me 4-keto(hydrate)-a-D-Gal) (19). The relative
populations gg:gt:itg for Me o-D-Glc (4a) of 53:47:0 is changed to 23:77:0 for Me 4-
keto(hydrate)-u-D-Glc (19). The change of population in the gg conformation can be converted
to the energy destabilization by the 1,3-diaxial interaction using the Boltzmann equation. This
gives an estimate of the energy contribution for the 1,3-diaxial interaction of about 0.8 kcal/mol
in good agreement with earlier proposals.
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The estimate of the energy for the 1,3-diaxial interaction cannot be confirmed based on
the populations for Me 4-deoxy-a-D-Glc (17a) or Me 4-deoxy-B-D-Glc (17P) relative to
corresponding Me D-Glc (4) or Me D-Gal (30), as the determination of the low population of the
tg rotamers is too inaccurate. Qualitatively, the effects are seen in the higher population of the
tg rotamer for Me 4-deoxy-D-Gic (17) compared to Me D-Gic (4) and of the gg rotamer for Me
4-deoxy-D-Glc (17) compared to Me p-Gal (30).

The Me a- and B-4-deoxy-D-Glc (17) are good indicators for the importance of the gauche
effect in having mainly the gg and gt rotamers, even when no 1,3-diaxial interaction
destabilizes the tg rotamer. Estimates of the energy of the gauche effect cannot be calculated
as no compounds completely lack a gauche interaction. The best indication is the higher
population of tg for the pseudo monosaccharides having the giuco configuration, but even here
a gauche interaction can stabilize the gg rotamer, as will be described below. The higher
population of the tg rotamer indicate that the gauche effect for the 5-S compounds (22), (23)
and (36) might be lower than for the oxygen analogues or it might even be zero. However, the
steric effect of the larger sulphur atom might destabilize the gg and gt rotamers too, and it is
not possible to separate the steric and electronic effects. It has been reported that the gauche
effect in O-C-C-S fragments in organic salvents is repulsive."®'* The fairly high population
of gg and gt for the 5-S compounds indicates that if this is the case, the repulsion is weak.
However, the gauche effect can be expected to be affected by the solvent, as generally
observed for electronic effects.'*'®

The change in pH affects the population as observed for 1-deoxynojirimycin (24) where
the °J, o« and J, o5 are changed from 5.3 Hz and 3.2 Hz at pH 0.9 to 6.4 Hz and 3.0 Hz at pH
9.2 . This can be due to both a change of the gauche effect or to different steric interactions
with the proton of nitrogen by protonation. Presumably the hydration is also changed
significantly by the change in pH. The populations indicated for (24) (Table 2) are calculated
under the assumption that the H6R and H6S chemical shifts do not change relative position
by the change in pH.

An interesting trend observed from the data in Tables 2 and 3 is the higher populations
of gg rotamers relative to gt for o-anomers compared to B-anomers. This is seen e.g., Me D-
Glc (4), D-Glc (5) in DMSO, 6-0-Me-D-Glc (8), Me 4-deoxy-D-Glc (17), 5-deoxy-5-S-a-Glc (23),
pseudo-D-Glc (26) and pseudo-D-GIcNAC (28). The estimation of higher populations of gg
rotamers is based on the °J, ., which generally is larger for B anomers. The higher coupling
constant could be an artifact of the change in environment giving a change in coupling
constants for the same conformation and not originate from a change in conformation. Imai
and Osawa’® have published an extended Karplus equation taking into account (among other

effects) the effect of through space interaction with the involved protons. The effect in this case
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should be from O1 being close to H5 for the o anomer, but this interaction between an oxygen
and a proton is reported to increase the coupling constant and not as observed to decrease
it. Furthermore, the effect is reported to be very small, normally being less than 0.1 Hz. It
therefore appears that the stabilization of the gg rotamer by going from the B- to the a-anomer
is genuine. Studies on a series of galactose derivatives by de Vries and Buck** have shown
a similar very interesting trend in the population of the tg conformation being not only
dependent on the solvent but also on the configuration at C-1 and the pK, of the aglycon. They
furthermore showed that this could not be explained by changes in the chair conformation of
the pyranose ring and also that a simple coulombic repulsion between O5 and O6 could not
explain the difference between the a- and p-compounds. This indicates based on the results
presented that the gauche effect may be dependent on the configuration at C-1. It is more
difficult to evaluate a difference in the total solvation of the a- and p-compounds and the
theoretical treatment of this problem is only now approaching the necessary accuracy in the
calculation of the contribution of solvation, where the above observed fact was reproduced in
the calculations.

The stabilization of gg over gt can be explained by the nature of the gauche effect. A
report by Juaristi and Antunez''* on the gauche effect in 5-substituted 1,3-dioxanes describes
how the gauche effect is influenced by the electronic environment of the protons at the O-C-C-
O fragment. These authors described the gauche effect by the hyperconjugative mechanism
as proposed by Dionne and St-Jacques'® and as also indicated in Fig. 6. The illustration of
the gauche effect by these resonance forms might not be the most correct picture,' but it is
convenient for the interpretation of the gauche effect in different environments. The
hyperconjugation mechanism can work in two directions for the gg rotamer, but only in one
direction for the gt rotamer (Fig. 6). This expiains first of aii the extra stabilization of the gg
over the gt rotamer, which seems general for the monosaccharides. Furthermore, the
stabilizing interaction between the electronegative O6 and H5 can explain some of the
differences observed for monosaccharides. The difference observed between «- and f3-
anomers can be explained from the fact that the a-anomer has the electron rich O1 close to
HS and thus contributing to a stabilization of the hyperconjugation form by the charge of the
oxygen."" The larger gauche effect in gg for the a-anomer is in agreement with the increasing
charge around H5, which is generally known as the deshielding of H5 in o-anomers relative
to p-anomers (downfield shift of H5 for o. anomers). The energy of the extra stabilization of
the gg conformer for o~ over B-anomers can be estimated from its population in the o- and
p-anomers. A value of 0.14 kcal/mol is obtained from the difference in population gg:gt:tg o
53:47:0 and B 47:53:0 for Me D-Gic (4). The other exampies where both o and B anomeric
compounds were measured gives values in the range from 0.1 to 0.3 kcal/mol.



09: 34 23 January 2011

Downl oaded At:

HYDROXYMETHYL GROUPS IN CARBOHYDRATES 535

aa GG GT
Hq " on
-OH
o, O; -0
5
H S e
H+ H_,, Hg
-600 _50° 0

Fig. 6. The gauche effect for the gg and gt conformations.

The stabilization of gg over gt will be dependent on the nature of the substituent at C6,
i.e., OH, F etc., but interestingly the larger stabilization of gg over gt going from p to « is seen
even for the pseudo monosaccharides. The fact that the effect is observed in
these compounds supports the model for the gauche effect, as the hyperconjugation can still
be important in the gg rotamer for compounds having the ring oxygen replaced by CH,. The
general stabilization of both gg and gt over tg by hyperconjugation between O5 and H6S or
H6R will however not be important when OS5 is replaced by CH,. This is in accordance with
the larger populations of the tg rotamer for the pseudo-monosaccharides.

The model of the gauche effect (Fig. 6) can be used to explain the larger population of the
ag anomer for glucose derivatives having more electronegative substituents at C6, as the 6-0-
acetate (10) and 6-deoxy-6-fluoro (13). The electronegative nature of the substituent is not the
best measure of the size of stabilization by the hyperconjugation, but more correctly the
tendency to form the negatively charged form as, e.g., OH, OCOCH,. This has been
correlated by Juaristi and Antunez'* with both the nucleofugicity and the energy of the lowest
unoccupied orbital (LUMO). Following this proposal it seems fair that the 6-O-acetate can
stabilize the ionic form by resonance.

In order to determine the effect of changing the pH for e.g., Me 6-deoxy-6-NH,-B-D-Glc
(16) or Me 6-0-PO,-a-D-Glc (16) it would be necessary to synthesize the specifically
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deuterated compound. The assignment of the HBR and HER in these cases is not certain
which is crucial for the correct interpretation of the NMR spectroscopic data.

Investigation of the gauche effect for the galactose derivatives is not straightforward. The
extra stabilization of the gg conformation by hyperconjugation is competing with the
destabilization by the 1,3-diaxial interaction. It is clear though that a stabilization of gg by a
gauche effect is necessary to explain the fairly large population of gg for the galactose
derivatives. The comparison of the population of the Me «- and p-D-Gal (30) indicates that the
relative population of gg a:p is opposite to the relation observed for Me D-Glc (4), with a larger
population of gg for the p-anomer. This is probably an artifact of the coupling constant
assigned to Me a-D-Gal (30a), where the close chemical shifts of HGR and HBS gives
problems in determining the accurate coupling constants. The two galactose derivatives
substituted with a halogen at C6; 6-deoxy-6-Cl-B-D-Gal (33) and 6-deoxy-6-F-a-D-Gal (34),
have relative large populations of the gg rotamer indicating the extra stabilization discussed

above.
4. CONCLUSION

The NMR spectroscopic investigations of monosaccharides have indicated that the
conformational preferences of the hydroxymethyl groups are influenced by many structural
features of the compounds. The explanations for these observations are complex with
elements of at least the following effects; solvent effects, steric interactions, electronic effects
and hydrogen bonding.

A main limitation for an improved description of the conformational preference of
hydroxymethyl groups in hexopyranoses is the limited accuracy of the empirical correlations
between NMR spectroscopic data (coupling constants, chemical shifts) and the rotameric
population. However, we hope that the large experimental data set presented here will
stimulate theoretical investigations, which could contribute to a better understanding of the
competing factors involved in the conformational preferences for hydroxymethyl groups in
carbohydrates.

5. EXPERIMENTAL

The NMR data presented were obtained from 500 MHz or 600 MHz 1D spectra in D,O at
300 K. For a few compounds literature data are presented. For a large part the data in Tables
2 and 3 are determined by simulation of the spin systems (H4, H5, H6R and HBS) using the

standard Bruker software program PANIC in order to obtain accurate chemical shift and
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coupling constants. For some compounds the spectra were collected at 600 MHz as weli and
the coupling constants measured on a first order basis are in good agreement with values from
simulations. Therefore compounds measured at 600 MHz are presented without simulations.
In a few cases the spectra from earlier studies have been used and therefore only 500 MHz
data without simulation was available. it seems that when no chemical shift overlap is
observed coupling constants from first order analysis are in good agreement with coupling
constants from the more laborious simulations.

The Me 6-deoxy-8-F-(6-R)-*H-o.-D-Glc (14), Me 4-keto(hydrate)-o.-D-Glc (19), Me 4-S-o-D-
Glc (20) and Me 4-NH,-0.-D-Glc (21) compounds were synthesized by S. Refn, The Technical
University of Denmark, Dept. of Organic Chemistry, Lyngby, Denmark."*® The compound Me
6-deoxy-6-F-(6-R)-*H-0-D-Glc (14) was synthesized from Me (6-S)->H-D-Glc by treatment with
(Diethylamino)sulfur Trifluoride (DAST) which according to Card'* gives introduction of fluorine
in carbohydrates by inversion of configuration.

The compound Me 6-PO,-o-D-Glc (16)'” was a gift from Mette K. Christensen, Carlsberg
Laboratory, Dept. Chemistry, Valby, Denmark. The Me 5-S-B-L-Gal (36) was a gift from Ole
Hindsgauf, University of Alberta, Edmonton, Canada.
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