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ABSTRACT 

A nuclear Overhauser enhancement in methyl P-maltoside, resulting from 
pre-irradiation of H-l’ of the non-reducing glucose residue, has been measured and 
calculated theoretically. Comparison of these data reveals a complicated con- 
formational equilibrium in aqueous solutions of maltose derivatives. 

INTRODUCTION 

We now report ‘H- and 13C-n.m.r. data and theoretical studies of con- 

formational states for methyl /3-maltoside in aqueous solution. The 3Jc,n values for 
maltose and its derivatives have been determined’, whereas data on n.0.e. are 
lacking (some preliminary data have been reported*). Comparison of the observed 
and calculated data allows the conformational equilibrium in aqueous solutions of 
maltose to be assessed; we have carried out similar studies on cr-cellobiose 
l-phosphate3. 

RESULTS AND DISCUSSION 

The different configurations of the anomeric centres of the glucose residues 
of methyl /3-maltoside result in resolution of the lH-n.m.r. spectrum which is 
sufficient for the determination of the n.O.e.‘s arising by pre-irradiation of H-l’. 
The key signals in the ‘H-n.m.r. spectrum were assigned using selective homo- 
nuclear resonance in both usual and difference versions (Fig. 1, Table I). The 
assignments of the signals agreed with those for maltose4J. Pre-irradiation of H-l’ 
led to enhancement of the signals for H-2’ of the non-reducing unit and H-4 and 
H-3 of the reducing unit (Table II), with the n.0.e. for H-4 being 6 times as great 

as that for H-3. Overlapping of the signals for H-5 and H-2’ precluded determina- 
tion of the n.0.e. for H-5. 

The vicinal coupling constants for the fragments H-l’-C-l’-O-C-4 and 
C-l’-O-C-4-H-4 of methyl P-maltoside were also determined. The conformation 
of these fragments is determined by the rotation angles 4 (C-l’-O-1’) and $ 
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Fig. 1. 500-MHz ‘H-n.m.r. spectrum of methyl p-maltoside (a), and n.O.e.‘s on pre-Irradiation of H-l’ 

(b). 

TABLE I 

IH-NMR DATAFORMETHYLP-MALTOSIDE 

Proton Chemical shifr Visible multiplicity Coupling constant 

p-D-Glc 

H-l 4.39 
H-2 3.31 
H-3 3.78 
H-4 3.62 
H-5 3.59 
H-6A 3.95 
H-6B 3.78 

CH, 3.58 

ff-D-GlC /3-D-Gk a-D-Gk p-D-Gk WD-GlC 

5.38 
3.59 
3.69 
3.43 
3.72 
3.87 
3.77 

d 
dd 
t 

dd 

dd 

d J I.2 1.6 J,,, 3.7 
dd J 2.3 9 2 J?S 9.6 
dd J 3.4 9.2 J~.~ 8.7 
dd J J5 9.2 J,,~ 9.6 
ddd J 5.6A 2.0 Jm 2.0 
dd J 5.68 5.0 Jm 5.0 
dd J 6~6~ 12.2 Jw.m 12.0 

TABLE II 

OBSERVEDN 0.~30~ PRE-IRRADIATIONOFH-I', AND j~c,~ F~RMETHYLP-MALTOSIDE 

Observed proton N.O.e. (%) Coupling constant Value (Hz) 

H-3 1.0 ‘J,.,.,.,’ (53 o c.., 3.5 kO.3 
H-4 5.9 3Jc.~~-0<-+t+~ C-W 3.9 Ito. 
H-2’ 7.9 
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(0-l’-C-4)*. The corresponding 3Jc,H (3JC.4,H_1, or J”, and 3Jc.1,,H.4 or J+) values 
were similar, namely, 3.5 +0.3 and 3.8 f0.2 Hz, respectively (Table II). J@ was 
determined directly from the gated-decoupling spectrum since, for C-l’, there were 
no other large couplings with protons. J+ was determined by the difference in sep- 
aration between the extreme lines in the multiplet components of the signal for C-4 
in the usual gated-decoupled spectrum, on the one hand, and in that obtained on 
pre-irradiation of H-l’ at the instant of data acquisition. Perlin and co-workers’ 
reported Js -3.5 and J* -3.5 Hz for maltose, and J@ -3.0 and J+ -2.5 Hz for 
methyl p-maltoside, and Gidley and Bociek6 reported J+ -4.3 and J$ -5.5 Hz for 
maltoheptaose. 

In calculating the conformations of maltose, account was taken of non- 
bonded interactions estimated using the functions of Scott and Scheraga7. The 
torsional barrier for the rotation around the glycosidic bonds was taken8 as 0.9 
kcal/mol, and other energy increments, e.g., intramolecular hydrogen-bonding, the 
exe-anomeric effect, and electrostatic interactions, were neglected because, in 
aqueous solution, these factors are of no significance3pgJ0. 

Conformational analysis for maltose was performed with two sets of data on 
the spatial structure of the glucose residues. In one analysis, the neutron diffraction 
data for methyl a-D-glucopyranosidell were taken for the non-reducing unit, and 
the X-ray data for methyl /3-D-glucopyranoside12 were taken for the reducing unit, 
i.e., the calculation was performed for methyl @maltoside. In the second analysis 
for methyl a-maltoside, performed with a view to determining the sensitivity of the 
final results to the geometry of the units (c$ ref. 13), the structural data” for both 
units were used. The glycosidic bond angle was assignedI a value of 117” and the 
C-H bond lengths were taken as 1.1 A. The hydroxymethyl groups at C-5 were 
fixed in the gt orientation established in structural studies of methyl glycosides11J2. 

The character of the conformational map for maltose is sensitive to the posi- 
tion of the hydroxymethyl group of the reducing unit. Of two feasible orientations 
for the hydroxymethyl group15, namely, gt and gg, the conformational freedom of 
the disaccharide unit was notably higher for gt. Thus, the molecule can be restricted 
to the predominant orientation of the hydroxymethyl group since there were no 
n.O.e.‘s for H-6A,6B (Table I). 

For a given conformation, the n.0.e. for a proton d on pre-irradiation of a 
proton s v$) was calculated using the formula by Shirmer and co-workers16, taking 
into account the influence of neighbouring protons on the n.0.e. for the proton d. 
Consideration of the whole potential surface for the disaccharide, together with the 
Boltzmann probabilities of the conformers, allowed the mean n.0.e. values, 
(f$.(J@‘) and (J9, for th e given #J and 9 to be determined from the experimental 
dependence17 of 3Jc,H on the rotation angles. 

In order to analyse the conformational equilibrium of methyl Pmaltoside in 

*4 is zero for the cis orientation of C-l’-H-1’ and 0-1’4-4; ~&is zero for the cis orientation of C-l’-O-1’ 
and C-4-H-4. 
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aqueous solution in more detail, use was made of the data on the linkage optical 
rotation n, which is +46” for the disaccharidels. The mean value (n) can be 
calculated using the equation of Rees19, which relates -4 to the rotation angles 4 
and r,!~. 

Four local minima corresponding to the conformers A-D (Table III) were 
found on the conformational map +-$ for methyl P-maltoside (Fig. 4 of ref. 9). 
Conformer A with $ -70” and J/ -40” proved to be energetically the most favour- 

able. However, the contribution of conformer A, as estimated from the statistical 
sum of the appropriate region of the conformational map, amounted to only 40%. 
Conformer B (4 -3O”, (F, -2O”), despite being energetically less favourable. had 
greater statistical weight (45%) due to its entropy predominance. This conclusion 
followed from a comparison of the areas inside the 1 kcal/mol contour lines for the 
regions A and B of the conformational map. Conformer C, which has an almost 

truns orientation of the aglycon, appeared to be unlikely even when only non- 
bonded interactions were taken into account, its statistical weight being <12%. 
Hence, there is no need to consider the exe-anomeric effect2” in empirical calcula- 
tions using the approach outlined in this paper and in ref. 9. Conformer D (I/J 
- 160”) has non-bonded interactions between the hydroxymethyl group at C-5 and 
O-2’, in addition to the H-l’/H-3 and H-l’/H-5 interactions, and was virtually pro- 
hibited for maltose. In contrast, the cellobiose conformer with 4 180” occurs in 
aqueous solution3. 

Thus, the conformers A and B are the most feasible spatial forms of maltose. 
Conformer A has a typical folded form involving the van der Waals contacts of 
H-3’ and H-5’ of the non-reducing unit with H-4 and H-6,6 (Fig. 2). The presence 
of the structure stabilised by hydrophobic interactions in aqueous solutions of 
maltose was first reported by Neel and Goring” and by Rees’“. Tt is noteworthy 

TABLE III 

TORSIONAL ANGLES (“), ENERGIES U (KCALIMOL). N 0.~ ‘S (%), COUPLING CONSTANTS (Hz). AWLINKAGE 

ROTATION (“) FOR OPTIMAI. CONFORMATIONS OF METHYL. P-MALTOSIDE 

Parameter Conformer 

A B c 11 

44 -70, -40 -30, -20 20.20 
;& 

&i, 

-4.0 6 -3.5 0 -3.0 -1 

5 21 21 
f :I::, 0 -1 0 

?:I,,“-, 0 1 .o 0 4.3 0 4.x 
.I” 3.5 4.8 4.8 
A +8S -1 -1x7 

Statistical weights (% )” 40 4s 12 
.~__~ .---- 

UCalculated from the free energies of the conformers. 

-30. - 160 
-2 32 0 

-1 
29 

0 4.3 
5.0 

._ 4 
3 

---- 
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Fig. 2. Molecular models of optimal conformations of methyl Pmaltoside with rotation angles 4,$ 

-70, -40” (a), and -30, -20” (b). 

that rotation angles I#J and JI close to those in the conformer A were found in 6- 
iodophenyl cy-maltoside22 ($ -52”, $ -34”). The extended conformer B (Fig. 2), 
with H-l’ and H-4 being in close proximity (2.2 A), is closer to the structures of 
maltose and its derivatives found in X-ray studies23,24. 

Four local minima were found for methyl a-maltoside, but with somewhat 
different energy relationships (Table IV). Conformer A had the lowest energy, and 
its statistical weight increased up to 60% (Table IV). At the same time, the 
statistical weight of conformer B decreased to 30%, and the probabilities for con- 
formers C and D proved to be low (7 and 3%, respectively). Thus, the results 
calculated for maltose were dependent on the spatial structure of the mono- 
saccharide units. This relates mainly to conformer A, for which even small dis- 
placements of atoms of the two units may lead to energy differences because of 
short van der Waals contacts (CJ? the relative energies for the conformers A and B 
in Tables III and IV). 

The calculated values of n.O.e., J4, .I+, and A are given in Table V. For 
qualitative considerations, the same data for the 4 optimal conformations of methyl 
p-maltoside are presented in Table III. Since measurements of n.0.e. depend on 
the experimental conditions 16, the analysis involves relative n.O.e.‘s. 

In the optimal conformer A, H-l’ was located -3 A from both H-4 and H-3. 
Hence, the calculated f”H, and fi::, were similar (5 and 6%, respectively; 
Table III). For conformer B, H-l’ was 2.2 A from H-4; hence, there should be a 

TABLE IV 

CONFORhlATIONAL DISTRIBUTION FOR METHYL a’-MALTOSIDE’ 

Parameter con former 

A B C D 

44 -70, -40 -20, -20 20,30 -30, -160 
U -4.2 -3.1 -2.4 -2.6 
Statistical weight (%) 60 30 7 3 

“See footnote in Table III. 
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TABLE V 

AVERAGE VALUES OF ROTATION ANGLES I$,$ (“), N <).E ‘S (%). J*, J” (&). AND .I (“) FOR TWO CALCULA- 

TIONS OF MALTOSE DERIVATIVES 

Parameter Methyl P-maltoside Methyl a-maltoside 

+3fl, -20 
2.5 (1.0) 

17 (6.8) 
0.6 (0.2) 

19.5 (7.8) 
3.5 
33 

+3 

-50, -38 
6.5 (1.0) 

10.0 (1.5) 
0.7 (0.1) 

20.0 (3.1) 
2.5 
4.0 

+39 

“Relative n.O.e.‘s in brackets 

considerable n.0.e. only on H-4 vg:i, 22%). The same considerations apply to 
conformer C. In contrast, for conformer D, fW:i, vanished, whereas f#::, and f#::, 
were large (30%). In all the conformers, f&%H-6 was zero. 

According to the experimental data, the largest n.0.e. was observed for H-4, 
which was 6 times as great as that on H-3 (Table II). Thus, the conformers B or C 
must be present in aqueous solutions of methyl /3-maltoside (cf. the data in 
Table III). In order to decide which conformer preponderated, the data on linkage 
rotation A was used. Since A observed for solutions of maltose and its derivatives 
was positive19, whereas the A values for conformers C and B are negative ( -187” 
and -4”, respectively; Table III), conformer B was preponderant. This conclusion 
agreed with the calculated data, from which it followed that the statistical weight of 
conformer B was 4 times as great as that for conformer C (Table III). 

Since the H-3 signal was enhanced (Table II), it followed that both 
conformers A and D may contribute to the equilibrium (Table III). However, 
further considerations showed that the n.0.e. on H-3 was determined mainly by 

conformer A. This inference followed from the fact that A was the only conformer 
having a positive linkage rotation ( +85”, Table III), and the observed A for methyl 
/3-maltoside’s was +46”. Hence, the contribution of conformer A to the overall 
equilibrium is essential. Further, H-l’ and H-3 in conformer A were too remote 
(3 A) for mutual disturbance of their electronic states, whereas, in conformer D, 
such a disturbance was quite possible because H-l’ was only 2 8, from H-3. Such 
“y-gauche” interactions of protons usually lead to additional upfield shifts of the 
signals of the carbons carrying such protonP. Thus, for cellobiose, with a contribu- 
tions of conformer D of lO-15%, the p-effect of glycosidation on C-3 was26 -1.5 
p.p.m. However, for methyl p-maltoside, the p-effect was positive ( +0.5 p.p.m.), 
showing that there was no “y-gauche” interaction of H-l’ and H-3, and, hence, that 
there was no conformer D in aqueous solution. 

Thus, comparison of the calculated and observed f#:i, and fE:T, for the 
optimal conformers of methyl P-maltoside (Table III) indicated that there was an 
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equilibrium in aqueous solution involving conformers A and B. The contribution 
of these forms was roughly equal since the observed A ( +46”) was practically the 
mean of the linkage rotations of conformers A and B (Table III). 

The calculated mean n.O.e.‘s, as well as JQ, J@, and A, are cited in Table V. 
The conformational distribution for methyl P-maltoside (40, 45, 12, and 3%, 
respectively, for conformers A-D) reproduced the observed data on n.O.e.‘s quite 
satisfactorily. The calculated ratio (jg::,)l(r,“:j,) was 1:7, whereas that observed was 
1:6 (Table II). The calculated coupling constants ((J9 3.5, (.P) 4.3 Hz, Table V) 
were also close to those observed (-3.5 and -3.8 Hz, respectively, Table II). The 
mean (A) value of t-3” was an underestimate which indicated that the contribution 
of conformer A, having a positive rotation, was also underestimated, whereas that 
of conformer C (large negative A) was overestimated (Table III). 

In contrast, for methyl a-maltoside, with a conformational distribution for 
A-D of 60, 30, 7, and 3%, respectively (Table III), the (A) value of +39 
(Table V) was equal to the observed linkage rotation19 for methyl a-maltoside. 
However, the value of J#j:$) was overestimated in this case (Table V). 

Thus, the real contribution of the conformers of maltose and its derivatives 
to the equilibrium in aqueous solution was roughly an average of those predicted 
by the two calculations, i.e., the statistical weights of A, B, and C + D are 50, 40, 
and lO%, respectively. 

Hence, the analysis of n.0.e. data showed that the structure of maltose 
cannot be explained by only one conformer with $J -3O”, (I, -20” (found by the 
HSEA calculations20) as proposed 2,27. Although this structure leads to a con- 
siderable n.0.e. on H-4, it does not account for all of the observed data. Thus, for 
example, E::, for these 4 and $ values is zero (c$ the data for B in Table III), 
whereas a n.0.e. on H-3 was actually observed (Table II). The corresponding J” 
and J+ (4.3 and 4.8 Hz, respectively) exceed the observed values for methyl p- 
maltoside (Table II). Moreover, this conformation has a negative A, whereas the 
observed valuels is +46”. 

Thus, the conformational equilibrium of maltose and its derivatives in 
aqueous solution is determined by the whole form of the potential surface of non- 
bonded interactions for the disaccharide. A similar conclusion has been reached in 
a study of cellobiose3. 

EXPERIMENTAL 

‘H-N.m.r. spectra were recorded with a Bruker WM-500 instrument for 3% 
solutions of the disaccharide in D,O (internal sodium 4,4-dimethyl-4-silapentane- 
sulfonate). N.O.e.‘s were measured on pre-irradiation of H-l’ within the t.0.e. 
technique28. The relaxation delay D, was 0.5 s and the build-up n.0.e. D, was 0.8 
s. N.O.e.‘s were expressed as a ratio of integrated intensities of the observed and 
presaturated proton in the difference n.0.e. spectrum. 
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