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NMR studies have been performed on the methyl glyeosides of some (I--, 6Ninked 
disaccharides. Observed JS,aPrO_R and JS,+o_S values indicate that, for the 6-substituted 
D-ghmo- and ~g~acto-p~~osides, the rotamer distribution around the C-5-C-6 bond 
deviates somewhat from that observed for the respective unsubstituted monosaccharide 
glycosides. There is also a difference between ~-OS-D- or ~-U-@-L- on the one hand and 
~-O-&D- or 6-O-cu-L-substituted giyeosides on the other, with somewhat larger values for 
J 5,6pro_R for the latter two indicating a higher proportion of the gauche-mm conformer. 
The glycosylation shifts observed for the signals from the B-protons in the glycosidic linkage 
were dependent on the type of anomeric and absolute coloration of the glyeosyl group. 
NOE measurements by irradiation of the anomeric proton indicated that sugars 6-sub- 
stituted with WD- or @=glycosyl groups have highiy populated conformations in which H-l 
and H-6pro-S are proximal, and for P-D- and a-L-glyeosyl groups conformations in which 
H-l and H-6pmR are proximal. 

1. Introduction 

The (1 -+ 6)-glycosidic linkage has received considerable attention as the addi- 
tional rotational freedom, present in the C-S-C-6 bond, makes it more flexible 
than the (14 2), (1 + 31, and (1 --, 4) linkages. In the free glycopyranoses, the 
preferred conformers of the hydro~ethyl group are gu~~e-gQuche (gg), 

gauche-truns (gt), and truns-gauche (tg) (Fig. 1). 
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gt 99 tg 

Fig. 1. Preferred rotamers of the hydroxymethyl group in D-glucopyranose: gauche-tram (gt), 
gauche- gauche (gg), and tram-gauche (tg). The prochiral methylene protons are indicated with H, 

and H,. 

Studies [1,2] have been devoted to the determination of the rotamer population 
distribution of the hydroxymethyl group in hexopyranoses where the use of 
specifically C-6-deuterated sugars facilitated the analysis. In these studies, the 
proportions of the respective rotamers were determined from the J5,6 values, using 
different generalised Karplus equations [3]. Thus, roughly equimolar proportions 
of the gg and gt conformers and only minor amounts of the tg conformer were 
found for the glucopyranoses. The latter conformer suffers from a steric 1,3-inter- 
action between O-4 and O-6. The studies also showed that, for the galactopyran- 
oses, all three conformers are present with a preponderence of the gt conformer 
over the tg conformer which is the second most populated. A ‘H NMR study of 
some (1 + 6)-linked disaccharides consisting of D-mannopyranosyl residues showed, 
from the J5,6 values [4], that the rotamer distribution of the hydroxymethyl group 
involved in the linkage was similar to that of the monosaccharide and with the 
C-1-0-6-C-6-C-5 torsion angle near 180”. Cumrning and Carver [5,6] investigated 
the preferred conformations of the C-5-C-6 bond of disaccharides containing 
o-mannopyranosyl residues, using J5,6 values, NOE data, and empirical energy 
calculations for ensemble averaging, and found an equal proportion of gg and gt 
rotamers. Rotamer distributions similar to those in the respective monomers were 
also found for maltose and isomaltose [2] and for some mono- and di-galac- 
topyranoside derivatives [7,8]. For the latter compounds, the solvent dependence 
of the rotamer population was also studied using J5,6 values and a new set of 
equations for calculation of the proportion of the respective rotamer. Conforma- 
tional analysis of some 4,6-branched trisaccharides demonstrated that a p-D-gluco- 
pyranosyl group at O-4 increases the proportion of the gg rotamer at the (1 + 6) 
linkage [9]. In another study, using J5,6 values, of 3,6_disubstituted D-man- 
nopyranosyl residues that form parts of oligosaccharides in glycopeptides, the 
presence of only the gg rotamer was indicated [lo]. 

We have previously investigated a number of di- and tri-saccharides with respect 
to ‘H and i3C NMR chemical shifts [11,12]. A correlation of the glycosylation 
shifts, i.e., the difference in chemical shift for the signals of the disaccharide 
compared to those of the monomers, to interresidue atomic distances in the 
calculated minimum energy conformations was found. The purpose of these 
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studies has been to increase our knowledge of the properties of the glycosidic 
bond, to aid the inte~retation of NMR spectra of oligo- and poiy-saccharides, and 
to supply data for the database of the computer program CASPER [13,14]. This 
program can, from information on components, linkages, and NMR chemical 
shifts, suggest the most likely structure which fits the available data. 

In an earlier study of some cl+ G-linked disaccharide methyl glycosides, only 
13C NMR chemical shifts were analysed ES]. We now report, for these disaccha- 
rides and some additiona (1 + 6)-linked disaccharides, on ‘H NMR data and 
preferred conformations, using J5,6 values and NOE data. 

2. Results and discussion 

Compounds 1-14 (Table 3) were available in our laboratory [12,15]. Of these, 1, 
2, 5, 6, 9, 11, and 13 are termed cY-glycosides with reference to the central bond, 
and the remaining compounds are termed j#-glycosides. 

‘II CAR g~~u~~~~~ ~h~~~ .-The ‘H NMR chemical shifts and the glycosyla- 
tion shifts (AS, induced chemical shift differences relative to the chemical shifts of 
the respective monomers) of compounds l-10 and reIevant monomers are given in 
Table 1. The hydroxymethyl protons, H-(ipro-R and H-Gpro-S are referred to as 
H-6, and H-6,. The assignment of the corresponding NMR signals is based on 
literature data [1,21 which indicates that the signal with the smaller coupling can be 
assigned to H-6, and that with the larger coupling instant to H-6,. All coupling 
constants of ring proton signals were of the expected size, showing that no 
significant conformational changes of the pyranosidic rings had occurred, 

In the glycosyl group, significant glycosylation shifts ( > 0.05 ppm) were observed 
only for signals from H-l’, H-2’, and H-5’. For the anomeric proton signal, the shift 
is ca. - 0.27 ppm for all ~-D-~ycop~anosy~ groups and ca. -0.12 ppm for 
~-D-~y~pyranosy~ groups with the exception of compound 10 which contains a 
/I-n-mannopyranosyl group with a glycosylation shift of -0.20 ppm. The upfield 
shifts of the signals from all H-l’ can be correlated with a short distance to a 
(i-proton (see below). The H-2’ signals of the B-D-glycopyranosyl groups are shifted 
between 0.06 and 0.09 ppm and the H-5’ signals for the ar-glycopyranosyl groups by 
ca. - 0.10 ppm. The ma~i~de of the glyco~lation shifts of the glycosyt groups is 
not influenced by the configuration at C-4 in the methyl glycoside residue, as 
observed by comparison of the glycosylation shifts for the disaccharides containing 
a methyl D-galactoside and a methyl D-glucoside residue, respectively, 

For the methyl glycoside residue, significant glycosylation shifts are observed for 
signals from H-4, H-5, H-6,, and H-6,. For almost all signals, the shifts are 
positive, i.e., downfield, up to 0.29 ppm, except for the signal from H-6, of the 
glucopyranosides 1, 2, and 9 and galactopyranosides 5 and 6, substituted with 
a-n-glycopyranosyl groups, which is shifted upfield by ca. - 0.10 and - 0.01 ppm, 
respectively. The magnitude of the glycosylation shifts of the H-6, and H-6, 
signals is correlated to the anomeric configuration of the glycopyranosyl group. A 
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larger gly~sylation shift is observed for the H-6, signal in the cu-linked disaccha- 
rides and for the H-6, signal in the @linked disaccharides. For signals from the 
methyl galactopyranoside residues substituted with cw-glycosyl groups, smaller 
glycosylation shifts of the H-6, signal are observed than for the corresponding 
methyl glucopyranosides and practically no shifts of the H-6, signals. 

For the monomeric sugars, the H-6, signal is downfield of the H-6, signal for 
the glucosides and on similar chemical shifts for the galactosides. However, on 
6-substitution, a large difference in glycosyIation shifts occurs for the H-6, signal, 
an upfield shift for the a-glycosides and a large downfield shift for the p-glyco- 
sides. On the other hand, for the H-6, signal, a downfield shift occurs for both (Y- 
and P-glycosides. These changes cause the relative positions of the H-6, and H-6, 
signals to shift for the cY-glycosides. In these, the signal for H-6, is more downfield 
than that for H-6,. For the H-5 signals, the glycosylation shifts are between 0.14 
and 0.19 ppm, and for the H-4 signals between 0.03 and 0.11 ppm, with somewhat 
larger shifts of the latter for the a-glyeosides than for the &glycosides. 

The gIy~sylation shifts for the ~cosyl-containing disaccharides 11-14 follow 
the same pattern and these have been reported [12]. 

13C NMR gtycosylation shifts .-The 13C NMR chemical shifts for compounds 9 
and 10 and relevant monomers, the glycosylation shifts, (AS), and the differences 
in chemical shifts on changing the temperature from 30 to 70°C are given in Table 
2. 

Comparison of the gly~~lation shifts for the two manno~l-~ntaining disac- 
charides with data from glucosyl disaccharides [I51 showed that the presence of the 
axial HO-2’ in the mannosyl group causes only minor differences (< 0.2 ppm) in 
the glycosylation shifts except for the signals from C-2’ and the linkage carbons. 
Thus, the signal from C-2’ in 9 is shifted - 0.74 ppm compared to - 0.04 ppm in 
the gluco derivative. Similar data 111,121 have been obtained for other disaccha- 
rides containing mannosyl or glucosyl groups. 

The shifts of the signals upon changing the temperature are similar to those 
observed for the corres~nding glu~disa~harides 1151. 

~nte~esi~ue atomic contacts.-To find the degree of contact between H-l’ and 
the two 6-protons, NOE difference experiments were performed, as the magnitude 
of the dipolar relaxation is correlated to the distance between the protons (Table 
3). On irradiation at the resonance frequency of H-l’ in the cu-glycosides 1, 2, and 
9, a 5-7% enhancement of the H-6, signal was obtained, whereas no enhancement 
of the H-6, signal occurred. These data indicate that conformations with a short 
distance between H-l’ and H-6, are preferred. This is also indicated from the 
upfield shift of the H-6, signal. F~~he~ore, an interaction between O-S and 
H-6, is indicated by the large downfield shift of the H-6, signal (Table 1). These 
resuhs support highly populated conformations as depicted in Fig. 2, which shows 
two gluco-disaccharides. Similar results are obtained for the 6-O-cu-o-glucosylated 
D-galactosides, 5 and 6, but for these the H-6n signal was also somewhat enhanced 
(1%) in the NOE difference experiments. The glycosylation shift of the H-6, signal 
is negligible and that of the H-6, signal, 0.14 ppm, is somewhat smaller than that 
of the D-glucosides. These data indicate, however, that most of the highly popu- 
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Fig. 2. Approximate conformations of 6-O-(u-D- and 6-O-fl-D-glucosylated methyl a-o-gh%osides, 
demonstrating the proximity between interresidue atoms near the glycosidic linkage. 

lated conformations are similar for both 6-O-a-D-glucosylated D-ghtcosides and 
D-galactosides. 

The p-r_-fucosyl-containing disaccharides 12 and 14, with a stereochemistry at 
the glycosidic linkage similar to that of the (Y-D disaccharides [ll], showed a u 5 : 1 
ratio for the enhancements of the H-6, and the H-6, signals, respectively. This 
indicates that similar conformations as in the cu-D-glycosides are most populated. 

For the j?-D-glycosides 3, 4, and 10 NOE data indicate a short distance between 
H-l’ and H-6, for conformations that are highly populated, as enhancements of 
the signal for H-6, are 4-5% and those of H-6, O-l%. Furthermore, the 
glycosylation shifts for the H-6, signal indicate a short distance between O-5’ and 
H-6, (Fig. 2). Similar results were obtained for the 6-O-@-D-glucosylated D- 
galactosides, 7 and 8, but in addition the 6-H, signal was also somewhat enhanced 
(2-3%) in the NOE difference experiment. These data indicate that most of the 
highly populated conformations are similar to those of the o-glucosides, but that a 
fair amount of conformations with a short distance between H-l’ and H-6, also 
exists. The data from the stereochemically related a-L-fucosyl derivatives 11 and 
13 cannot be fully interpreted because of overlapping signals, but the available 
data indicate a situation similar to that for the B-O-P-o-substituted o-glycosides. 

Conformation of the hydroxymethyl group.-An approximation of the rotamer 
distribution around the C-5-C-6 bond, using the J5,6 values, was made with the 
graphical method described by Bock and Pedersen [2] (Fig. 3). The J5,6, and J5,6, 



Fig. 3. Plot of tlz Js,6r and &,, values, using the limiting values of Hoot et 88. 131 to de&e the 
population of the conformers &, gg, and g?, as suggested by Bock and Pedersen 121. Compounds 1,2,9, 
and 11 are indicated with a 0; 3,4,lO, and 12 wirh 8 ff; $6, and 113 with a A ; and 7,8, and 14 with a 
d % V&M for methyl n- and ~*D-~~~~~Si~e and methyl a- arrd ~-~~aIacto~ran~~de are akso 
included, and marked 0 and *, res~tivety. 

values obtained for corn~~ds 1-14 are given in Table 3 and Pig. 3, and show the 
rotamer d~t~~u~~o~. Fig. 3 also cui~tains vah~es for o-glucose and n-gakcfose [Ml. 

For the a-D-glycosides t, 2, and 9, containing a methyl glucoside residue, the 
plot demonstrates that the ~ro~~io~ of the gg rotamer is in the range 50 to 60% 
and that; of tie gj r~tamer 40 to SW&, whereas w significant amount of tg is 
present. Similar proportion5 of rotamers are c&&fed fur the sfe~~he~icai~y 
an~ogo~ ~-~-~~p~~osy~ &co&k 12. For the ~-~-gi~~~ides 3,4, and 10 and 
the analogous a-t-glycoside 11, the proportion of gg rotamer ranges between 50 
and 65%, that of g? rofamers between 35 and 50%, and the amount of tg rotamer 
is negfigib$e. As can be seen from the graph, the proportion af the gg and gi 
conformers is dete~j~ed fsom the size of the coupling between H-5 and H-6,. 
For all the Gsubstltuted D-glucosides, a somewhat higher .&, value is observed 
for the &o- and a-L-subs&uted isclmers $&VI fur the cy-D- and p-t-substituted 
isomers (except 9 and 10, which have the same value). This difference is even more 
pronounced in dextmn 10 -+ 6$a-a-g&m] and pust&aB 10 --+ 6)+3-D-glucan] for 
whxh the $a u&~es were 4.9 and 6.1 Hz, respectively. T&se resuits show that 
the population disfributioR of co~~~~e~ of the C-S-C-6 bond is dependent on 
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the anomeric and absolute configuration of the substituent and that the gg : gt 

ratio is higher in the ~(1 + 6) linkage than in the /?-cl + 6) linkage. Also, the 
proportion of gg is higher in the disaccharides than in the monosaccharides. 

The disaccharides 5-8 containing methyl D-galactoside residues all have, ac- 
cording to the J5,6 values, a preponderance of the gt rotamer ranging from 55 to 
60%. The gg rotamer is present in between 20 and 25% and the tg rotamer in 
between 15 and 25%. The related disaccharides 13 and 14 containing L-fucosyl 
groups also have the gt rotamer as the preponderant conformation. The J5,6 
values deviate somewhat from those of the respective monomers, showing that the 
population distribution is different in the disaccharide and the monosaccharide, 
respectively, with a higher proportion of the gg and tg conformers. 

3. Conclusion 

‘H and 13C NMR data for a number of (1 + 6)-linked disaccharides have given 
glycosylation shifts which can facilitate the interpretation of more complex NMR 
spectra of oligo- and poly-saccharides. Glycosylation shifts typical for the (1 + 6) 
linkage were found for the H-l’ signal with upfield shifts between -0.11 and 
-0.27 ppm. The ‘H and 13C chemical shifts of the signals for the 6-protons and 

F2 : (a) 
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3.7- 
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Fig. 4. Parts of the HMQC spectra of dextran (a), pustulan (b), and stachyose (cl, showing the region for 
signals from C-6 and the &protons. The different coupling constants in (a) and (b) and the carbon 
signals in (c) are marked. 
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C-6 in ~mbination with the f5,6R and J5,6, values can be used for assi~ment of 
signals and to obtain structural information. In the HMQC spectra of dextran, 
pustulan and stachyose (Fig. 4), it is possible to determine an a-0 + 6) or a 
p-(1 --) 6) linkage from the coupling pattern of the peaks derived from H-6, and 
H-6,. If the peaks with the largest coupling constants are more downfield than 
those with smaller coupling constants, it is an ~(1 --) 6) linkage. If the opposite 
situation occurs, with the peaks with the larger coupling constants upfield of the 
peaks with smaller coupling instants, it is a p-(1 + 6) linkage. It is also possible 
to differentiate between the C-6 signals of the 1,6-substituted glucose and galac- 
tose residues as can be seen in the HMQC spectrum of stachyose (Fig. 4). The 
signal at 6 67.4 is assigned to C-6 of the (j-substituted n-galactopyranosyl residue 
as H-6, and H-6, are less separated than those corresponding to the C-6 signal of 
the (i-substituted D-glucopyranosyl residue at 6 66.9 (cf. Table 3). In addition, the 

3J5,68 and 355 6 values are both larger than the corresponding values for the latter. 
The unsubst~t~ted hydro~ethyl groups give signals at S 61.9, 62.5, and 63.2 (Fru 
C-l and C-6). 

The J, 6 values of signals from the methyl glycoside residue have shown that the 
rotamer distribution in some of the disaccharides differs somewhat between the 
a-~- and P-L-substituted, on the one hand, and P-D- and ou-L-substituted, on the 
other hand, from those of the unsubstitued monomers. The NOE measurements 
indicate that the tu-r>-glycosides have H-l’ and H-6, close to each other. For the 
/3-o-glycosides, highly updated ~nfo~ations instead have H-l’ and H-6, close 
to each other. 

4. Experimental 

General methut&.--‘H (400 MHz) and 13C (100 and 67.8 MHz) NMR spectra 
were recorded for 0.05 M D,O solutions at 70°C with Jeol GX-400 and GSX-270 
spectrometers. The HMQC experiments were performed using a Varian Unity 500 
inst~ment. Chemical shifts were given in ppm using sodium 3-(t~methylsilyl~ro- 
panoate-d, (TSP, S, 0.00) and dioxane (8, 67.40) as internal references. For the 
assignment of proton signals, different H,H-COSY techniques (COSY, relayed 
COSY, and double relayed COSY) were used. Chemical shifts from overlapping 
signals were obtained from the centre of the COSY cross-peaks. Coupling con- 
stants were measured from expanded one-dimensional spectra or, for signals of 
higher order, from spin simulation CJeol program COMIC). The NOE-difference 
e~er~ents were performed at 40°C with solutions in D,O containing 10% of 
acetone-d,. The acetone was used for stabilisation of the lock signal. Each 
experiment consisted of cycles of 16 accumulations for on- and off-resonance, 
respectively, using a pre-irradiation time of 6 s. 
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