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ABSTRACT 

At low temperature and in a narrow pH-range, the hydroxyl-proton resonance 
spectra of a range of mono-, di-, and oligo-saccharides in dilute aqueous solutions 
have been resolved. The signals rapidly broaden on raising the temperature and on 
changing the pH of the solutions. Optimum conditions for obtaining maximum 
resolution are described, and attempts are made to assign the resonances to specific 
hydroxyl groups. In all cases, the resonances for the anomeric hydroxyl-proton 
occurred at lowest field, and the pH value for optimum resolution of these resonances 
was always lower than that for the other hydroxyl resonances. 

INTRODUCTION 

When p.m.r. spectra of aqueous solutions of sugars are reported, they only 
contain features from C-H protons. This is because exchange between the O-H protons 
and water protons is rapid under the conditions employed. We have recently established 
that, under carefully controlled conditions, relatively narrow signals for hydroxyl 
protons can be detectedl>‘. A wide range of sugars has now been studied, and optimum 
conditions for obtaining resolved resonances have been defined. 

EXPERIMENTAL 

Sugars were of the highest grades available and were used as supplied; further 
purification had no effect on the n.m.r. spectra. Aqueous solutions of sugars were 
generally - 1.4~, and their pH values were measured at room temperature or at 0” 
with a Pye Dynacap H05E”2 meter modified to take Eo7 ele‘ctrodes. The pH values 
were controlled by a range of buffers at various concentrations, and optimum condi- 
tions were sought to give the narrowest signals. N.m.r. spectra were recorded on a 
Jeol PS-100 spectrometer over a range of temperatures (measured with a Comark 
thermocouple). In all cases, the possible interference of spinning side-bands from the 
strong peak for water was checked by altering the rate of sample spinning. 
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Fig. 1. N.m.r. spectra for lactose (l.lSht) as a function of pH (buffer: rnrr NaH malate - mu maleic 
acid): pH values (i) 6.9, (ii) 6.6. (iii) 6 2. (iv) 5.7, and (v) 5.35. TSP reference is present at _ I.Zm.st. 

RESULTS 

Some typical spectra are shown in Fig. 1 and the results are summarised in 
Tables I-III. The data in Table I record the effect of increasing the concentration 
of various buffers on the line-widths (A srj2 ) of the resonances for the anomeric 
hydroxyl-proton and the resonance for water. The pH was adjusted to give minimum 
line-widths in each case (see Fig. 2 for some selected cases). In Tables I&and IC, 
data for a given buffer system (sodium hydrogenmalate + maleic acid) are given 
at various concentrations. The results show that the pH minima of the type shown in 
Fig. 1 -shift with increasing concentration of buffer and that the minimum width 
increases. From these and other data, we decided that reproducible spectra were best 
obtained by using the malate-rnaleic acid buffer system at a concentration of -rn~ 

for each component. All further studies were carried out with this buffer.. 
Shifts (6) from TSP [sodium 3-(trimethylsilyl)propionate: note that ~there 
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Fig. 2. Plots of pH vs half-height width for (a) o-galactose, (b) D-fructose, and (c) lactose. The 
symbols ;: and C refer to the I- and p-anometic hydroxyl-groups, respectively, except for D-fructose 
where they represent the fi-pyranose and fl-furanose forms, respectively. The symbols 0 and -- 
refer to non-anomeric hydror>f-groups. The unbroken trace in (b) shows how the half-height width 
of the water resonance varies with pH over the range indicated. 
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Fig. 3. A plot of chemical shift vs pH (for minimum line-widths): x D-ghlcose, + D-galactose, 
0 D-mannose, q D-Xylose. il D-ribose. l D-fructose, A r-sorbose, p D-fucose, * 2-&oxy-D- 

ambino-hexose, x lactose, + maltose, @ D-f$UCitOi, and q D-mannitol. Where the uncertainty in 
pH is greater than iO.05 unit, this has been indicated. 
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was no detectable shift between the C-H resonances for the sugars and the TSP 
resonance when the pH was changed] and half-widths (A v& for this buffer system 
at -9” are given in Tables II and III. These shifts are displayed as a function of the 
pH minima in Fig. 3. (In the following discussion, D sugars are referred to unless 
stated otherwise_) 

Our main aim was to discover optimum conditions for obtaining well-resolved 
hydroxyl-proton resonances for aqueous solutions of sugars. All of the mono-, di-, 
and oligo-saccharides examined have given well-defined and characteristic features, 
and it is clear that the procedure can be used as a significant analytical tool. 

pH-Dependence. Curves of the type shown in Fig. 2 were obtained in all cases. 
The reactions responsibie for the broadening are: 

ROH + OH- + RO- + H,O and (0 

ROH + HsO+ =+ ROH; + H,O. (2) 

It is possible that a pH-independent mechanism also operates, such as that depicted 
in 1. 

1 

The shifts in pH minima, which are most marked for the anomeric hydroxyl-proton 
resonances, can be understood if a reciprocal change in the acidic and basic strengths 
of the hydroxyl groups is postulated. Thus, for the anomeric hydroxyl groups, the 
acidity is enhanced, and the basicity decreased. The [OH-] needed to remove the 
proton is therefore diminished, but the [H,O+] needed to protonate significantly 
at oxygen is enhanced, so the pH-minima shift to low pH values. 

The widths of the water resonance vary in the expected manner. When any one 
of the hydroxyl resonances is broad, this is reflected in an increase in width for the 
water peak. When they are all narrow, so is the water peak, and when they have been 
completely lost, in the fast-exchange region, the water peak again becomes narrow. 
This confirms Eqs. I and 2 and formula 1, and the width-increments could be used 
to estimate the net rates of these processes. 
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Assignment of hydroxyl-proton resonances. Assignments are suggested in the 
Tables; these have not been verified in all cases, since precise assignment was not 
our prime concern. For all sugars containing anomeric hydroxyl-protons, the lowest- 
field resonances are assigned to these protons. For several sugars whose assignments 
in dimethyl sulphoxide solution were known, the trends in peak positions as a func- 
tion of the concentration of water in mixed solvent systems were followed, and 
extrapolated to pure water. We accept that the protons of axial hydroxyl groups 
resonate at higher fields than their equatorial counterparts. Also, the presence of an 
axial hydroxyl group seems to cause an upfield shift for the resonances of neigh- 
bouring, equatorial hydroxyl groups. For example, the HO-2 resonance of galactose 
and the HO-3 and HO-4 resonances of mannose are to high-tield of those for glucose 
and xylose. Similarly, for D-ribose, the non-anomeric hydroxyl resonances are shifted 
to high field because of the axial HO-2 and HO-4 groups in the ‘C, conformation 
and the axial HO-3 group in the “C, conformation. For D-fructose, the resonance at 
6 - 6.6 appears to be a composite_ Certainly the anomeric hydroxyl-protons contribute, 
but there may also be a contribution from non-anomeric hydroxyl-protons of the 
furanose form. Assignments for the oligosaccharides are based on those for their 
component monosaccharides. 

Shifts. These are governed by at least three factors, namely (a) structural, 
(b) acidity, and (c) basicity. It is noteworthy that all of these resonances occur 
downfield of the water resonance, and this seems to be characteristic of all aqueous, 
alcoholic systems. Factors (b) and (c) work together, and tend to buffer each other. 
Both types of hydrogen bond normally formed by hydroxyl groups (2, a and B) 
contribute to the downfield shift. The B bond enhances the strength of the CL bond, 
so an increase in oxygen b&city alone would increase the strength of the /3 hydrogen- 
bond and hence also the a bond, causing a downfield shift of the ROH proton. 
Generally, however, an increase in basic@ is accompanied by a decrease in acidity, 
which will directly weaken the a bonds, causing an upfield shift. On balance, the 
acidity effect usually dominates_ This explains the large shift to low fields for the 
anomeric protons_ However, the trend in Fig. 3 is very poorly defined, and clearly 
other factors must play a part. 

2 

In our view, the steric factor is important. Thus, for glucose and galactose in 
the pyranoid forms, HO- 1 o! is axial, and solvation will be subject to greater constraints 
from the molecule than that for HO-l/3 which is equatorial. Similarly, the observation 
that protons of axial hydroxyl groups resonate at higher fields than their equatorial 
counterparts may arise because solvation by water is less hindered for the equatorial 
,“roups. Also, the effect, mentioned above, of an axial hydroxyl group on the reso- 
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nances of neighbouring equatorial groups may again reflect an interference in their 
solvation (see Tables II and III). For /M-fructose and a-L-sorbose, steric interference 
(by the CH,OH group attached to C-2) with solvation probably causes an extra 
upfield shift of the resonances for the anomeric hydroxyl-protons. Similar explana- 
tions can be advanced for several of the results shown in Fig. 3. However, our main 
concern here is to establish that each sugar gives rise to a characteristic set of O-H 
resonances, and these are always narrow under our defined conditions, at least for 
the range of mono-, di-, and t&saccharides that we have studied. 

Spin-cozcpling. In general, the hydroxyl-proton resonances were so broad that 
the expected coupling to the C-H protons was not resolved_ However, under optimum 
conditions, the proton resonances for certain anomeric hydroxyl groups were marked- 
ly flat-topped and hence estimates of the coupling constants could be obtained. For 
example, for glucose, J1,HO-l is -4 and 7 Hz for the a and j anomers, respectively. 
These values are close to those (4.5 and 6.7 Hz) obtained from solutions in dimethyl 
sulphoxide. 
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