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N.m.r. chemical-shifts are influenced by steric interactions in a number of 
well recognized ways I-’ Effects attributable to substituents that are separated from _ 

a carbon or hydrogen atom by three bonds (y-substitution effects) have pro-red to be 
particuIarIy informative as stereochemical probes. For example, a methyl or hydroxyl 
group appears to promote increased shielding, by -4-5 p-p-m., of a gauclze methylene 
13C (y-gauche effect’) and, simultaneously, a deshielding of -0.3-0.4 p-p-m. of the 

protons of the methylene group. It has been proposed’ that the steric interaction 
induces a polarization of the C-H bond. Although other interpretations may be 
advanced, experimental mm-r. data for various classes of compounds are consistent’v3 
with a steric origin for this type of pattern of chemical-shift changes. Thus, for 
pyranoses4*’ and cyclohexane derivatives lB6, the isomer that incorporates a maximum 
of non-bonded interactions usually has the most strongly shielded 13C-nuclei and 
least-shielded ‘H-nuclei, whereas, conversely, the most stable isomers exhibit the 
largest ‘3C-chemical shifts and smaller ‘H-chemical shifts. In the present article, 
data for pyranose disaccharides are examined, to see if the introduction of a glycosidic 
bond influences this presumed relationship between conformational stability and 
chemical shift. Disaccharides of D-glucose have been chosen, because the most com- 
prehensive set of 13C and ‘H data is avaiIable7-12 in this series. A comparison is also 
made between ‘3C-n.m.r_ characteristics of the bioses and those of structurally 
related D-glucans. 

RESULTS AND DISCUSSION 

Infuence of the glucosidic linkage on 13C- and 1 H-chemical shifts of individuai 

residues of disaccharides. - In examining the chemical shifts of isomeric compounds, 
it is instructive to compare data not only for individual nuclei, but also those for the 
molecules in a broader sense. For the latter purpose, we have found it convenient 
to use the empirical parameter of the sum tota13-6 of 13C- or ‘H-chemical shifts 
(Cb) for all nuclei of a given molecule, or each unit of a disaccharide, in a manner 
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TABLE I 

VARUTIOSS IS THE IT- ASD lH-~~~~~~~~~ SHIFIS OF ISIXVIDU.~ usrrs OF D-GLUCOPYRAXOSE DI- 

S.ACCH_ARIDES= 

(l-2) 447.2 -0.1 25.03 0.48 451.2 3.9 27.42 
463.4 2.5 26.37 0.19 452.7 5.4 27.72 
457-4 10.1 27.92 0.37 467.9 7.0 26.06 
466.5 5.6 - - 466.7 5.8 - 

(l-+3) 4493 2.5 - - 452-6 5.3 - 
463.3 2.4 26.40 0.22 452.6 5.3 27.80 
452.4 5.1 27.92 0.37 464.7 3.8 26.21 
467.8 4.4 26.54 0.36 466.5 5.6 26.11 

(l-+4) 453.4 6.1 - - 456.8 9.5 - 
467.7 6.S 26.65 0.47 456.8 9.5 27.47 
452.5 5.2 - - 466.5 5.6 - 
466.5 5.6 26.5s 0.40 466.5 5.6 25.94 

(I-6) 452.1 4.8 27.65 0.10 455.3 8.0 27.13 
465.9 5.0 26-70 0.02 455.3 8.0 27.12 
453.3 6.5 - - 466.1 5.2 - 
467.2 6.3 26.61 0.43 466.1 5.2 25.87 

-0.13 
to.17 
-0.12 
- 

- 
G-O.25 
GO.03 
- 0.07 

- 
-0.0s 
- 
- 0.24 

-0.42 
-0.43 
- 

-0.31 

“Derived from chemical-shift data for 13C in ret 7. and for ‘H in ref. : 2. *Configuration ofthe reducing 
residue is listed at the right. and of the D-glucosyl group, to the left. CRelative to .?S 13C for IX-D- 
glucopyranose (447.3) or B-D-glucopyranose (460.9). dReIative to Z) IH for ix-r)-glucopyranose 
(27.55) or P-D-ghCOpyElnOSe (26.18). 

already described for monosaccharides, as well as for ahcyclic and other types of 
compounds_ One feature of this approach is that it obviates the substantial problem 
of ensuring that assignments for a11 individua1 nucIei are correct. 

As is well known’, a comparison of the r3C-chemical shifts of disaccharides 

with those of their constituent monosaccharides shows that carbon atoms engaged 
in bond formation become strongly deshielded (/3-substituent effect), whereas ad- 
jacent carbon atoms may become slightly more shielded (y-substituent effect). How- 
ever, the results are far from uniform for all disaccharides_ This may be seen (see 
Table I) from the apparent changes in chemical shift (d) for a molecule of U- or 

&D-glucose when it is treated as the reducing component of a disaccharide. At one 
extreme, when a-D-glucopyranose is substituted at O-2 by a B-D-glucopyranosyl 
group, so 2s to constitute a &(I -+2) disaccharide, there appears to be a net increase 
(A) of 10.1 p_p.m. in the r3C-chemical shifts (X6) of that residue, as compared with 
r-D-glucopyranose itself. By contrast, when the n-D-g!ucopyranose residue bears a 
2-O-r-D-glucopyranosyl group [z-(1 -2) isomer], it exhibits a negligible net difference 
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(d = -0.1) in ‘3C-shielding relative to cr-D-glucopyranose. Other values of 4 associ- 

ated with reducing-end residues range from downfield shifts of 3.4 to 6.8 p-p-m. 
A comparable examination of ‘3C-chemical shifts for (nonreducing) end 

groups, in relation to those for the analogous anomer of D-glucopyranose, also 

produces a wide range of d values that may be ascribed to the formation of disacchar- 
ide structures_ The data in Table I for the D-glucosyl groups of the isomeric di- 

saccharides imply that the effect of the reducing residue on 13C-shielding varies from 

3.8 to 9.5 p-p-m. In this series, however, the isomers characterized by the largest and 

smallest values of d are /?-(I 43) and a-( I-+4), whereas, for the reducing-end residue, 

both extremes were represented by (1+2)-linked compounds_ 
Proton chemical shifts of the D-glucose disaccharides likewise demonstrate 

!arge differences in shielding characteristics (see Table I). Relative to Z- or j&D-glucose, 

all reducing-end residues exhibit net downfield shifts (d), ranging from 0.47-0.48 
p-p-m_ for the z$-( l-+4) and Z,SL-( 1 42) isomers. to 0.1 p.p.m. or less for r,r- and 

zr&(1+6) isomers_ In marked contrast, most of the nonreducing groups are 

characterized by a net increase in shielding relative to their D-gIucose anomers, which 
is most pronounced for the z$-(1 -6) isomer. 

In general, then, the co-occurrence of two D-ghIcopyranose units in the form 
of a disaccharide induces a net downfield displacement for the signals of the 13C- 
nuclei of both the reducing residue and the nonreducing group. This observation is 

consistent with the operation of a /I-substituent inductive-effect due to the C-O-C 
linkage, mentioned earlier. However, it appears that the influence of this linkage on 

shielding of the ‘H-nuclei bonded to the carbon atoms is partitioned in opposite 

directions between the reducing and nonreducing moieties of a disaccharide. 

The source of these differences must include such stereochemical variables of 

the glycosidic linkage as bond length, bond angle, and rotamer population. Because 

each type of linkage may have a unique set of parameters (and, hence, shielding 

characteristics), the use of chemical-shift data for determining the structure of higher 
saccharides is necessarily complex. This fact limits the reliability of assignments made 
for linkage positions in oligo- and poly-saccharides on the basis of ‘3C-chemical- 

shift data for model compounds and average shift-parameters associated with glycosi- 

die bonding13. Nevertheless, the development of more-reliable methodsI for the 

identification of ‘3C-resonance signals promises to minimize the difficulty_ 

Chemical-shift differences (13C and ‘H) between disaccharides. - Values of 
EE for 13C- and ‘H-nuclei of the intact disaccharides, representing the sums of 

chemical shifts for their individual units given in Table I, are characteristic of the 
anomeric configurations of the disaccharides. Hence, it is found (see Table II) that 

the total ‘3C-chemicaI shifts increase progressively in the order CIL,C( < r,P N j3,rx c /3,p 

for all linkage positions. Although a less complete set of ‘H-chemical-shift data is 

available, the sequence of C6 values for protons is clearly the converse of that for 
carbon atoms (see Table II). In keepin, m with what has aheady been stated, these 

shielding differences are ascribed mainly to variations in stereochemical influences. 

As also pointed out earlier, destabilizing steric-interactions appear to induce upfield 
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TABLE II 

CO?.lPARlSO~ OF r6 =C= ASD zd ‘H* (IS P_P.W) FOR DCLUCOPYRAXOSE DISXCCHXRIDES OS THE BASIS 

OF LISKXGEC-POSITIOX 

Parameter Linkage 

( l-+2)-linked 
Slj =c 
2 IH 

(l-+3)-linked 

Q,Z < 7B < 83 < 84 

898.4 916.1 922.3 933.2 
55.45 54.09 53.98 - 

Zd =c 901.3 915.9 917-l 934.3 
26 LH - 54.20 54.13 52.65 

(1 -A)-linked 

S) 13C 
25 IH 

(1-6)~linked 

910.2 918.9 919.0 930.0 
- 54.12 - 52.52 

@,a a.B 
zs 13C 907.4 919.9 921.2 933.3 
Zr> ‘H 54.78 - 53.32 52.48 

OObtained from lYC-chemical-shift data in ref. 7. *Obtained from lH-chemicaI-shift data in ref. 12 
CConfiguration of the reducing residue is listed to the right, and of the o-glucosyl group, to the left 

shifts for r3C-nuclei, and downfield shifts for the protons appended to them. Conse- 
quently, the chemical-shift differences between disaccharides, evident in the data of 
TabIe II, suggest that the B,p anomer in each series is the most stable conforma- 
tionally, because it is characterized by the largest .ZcT vaIue for 13C, and the smaliest 
value for ‘H. The Z,.Z isomer should, accordingly, be the least stable of the group, 
whereas isomers possessin g both an a- and a /3-anomeric center would be expected 
to be of intermediate stability. 

There are very few experimental data from other sources that may be used to 
check whether or not these proposals are valid. Nevertheless, it appears worthwhile 
to attempt some comparisons between the present observations and results from 
theoretical studiesl’-” on the conformations of o-giucopyranose disaccharides. For 
exampIe, empirical force-field calcuIations22 indicated that fl-cellobiose is more 
stabIe than B-maltose, as it is characterized by a Iower free-ener_q (the second minima 
are 14.24 lcJ/mcl (3.4 kcaI/mol) vs. 25.54 kJ/mol (6.1 kcaljmol), as well as by greater 
conformational freedom (6 allowed conformations vs. 4). Consistent with this, it is 
found (see Table II) that the x3C-nuclei of ceilobiose are, on the average, less shielded 
than those of p-maltose, whereas its protons are more strongly shielded. Also, the 
fact that calculations for (1+2)-linked disaccharides” suggest that the a,a isomer 
(a-kojibiose) is Iess stabie than the p,@ compound (B-sophorose) is paralleled by 
their relative values of C6 13C, which are 898.4 and 933.2 p-p-m., respectively (see 
Table II). 
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COWPARISON OF Ed ‘%= AND ,rs ‘Hfi (IS P-PM.) FOR D-GLUCOPYRANOSE DISACCHARIDES ON THE BASIS 

OF UP;KAGE= CONRGURATlO?: 

Parameter Linkage 

=,a 
23 1-2 
L’S ‘H 

rB 
Es 13c 
L’S 1H 

(I+?) 
898.4 

55.45 

fI+31 
917.1 

54.13 

< (Z-+3) < f1-4) 
902.4 907.4 
- 54.78 

< (Z+_li < (I-+4) < (146) 

916.1 918.9 921.2 
54.09 54.12 53.33 

< (l-+4) < (J-5,’ 
919.0 919.9 
- - 

< /I+21 < (I-4) < (I-+3) 
933.2 933.3 934.3 
- 52.48 52.65 

< (1+4) 
910.2 
- 

< (I--r?) 
922.3 

53.98 

“Obtained from ~Gchemical-shift data in ref. 7. *Obtained from ‘H-chemicai-shift data in ref. 12. 
‘Configuration of the reducing residue is listed to the right, and of the o-glucosyl group, to the left. 

Comparing chemical shifts within series, based on a given configuration (see 
Table III), leads to the expectation that the /3-(l-6)-linked disaccharide, namely, 
/3-gentiobiose, should be more stable than the &(1+4)-Iinked &cellobiose, because 
their respective values of CS 13C are 933.3 KS. 933.0 p-pm_, and of 2’6 ‘H, are 52.48 
and 52.52 p.p.m_, respectively. Although these differences are small, both are in the 
correct order, relative to calculationsz2 which indicated that fi-gentiobiose is the more 
stable of these two isomers. Similarly, the 13C-chemical-shift data are in accord with 
theoretical results” in suggesting that stability increases in the B,fi series in the 
sequence B-sophorose (1 +2) > P-cellobiose (1+4) > fi-laminarabiose (l-+3). 

There appears to be disagreement, however, between predicted stabilities and 
the chemicaLshift data, in comparing cr,rw-linked disaccharides. That is, although 
calculations’7~18 suggested that the number of allowed conformations for the (1*2j 
isomer is slightly greater than for the (143) and (144) isomers, the Cb 13C values 
are in the converse order (see Table III). 

It is unclear as to which of these sets of data is the more reliable_ If the chemical- 
shift measurements truly reflect conformational stability, their expression includes 
a11 possible influences on the conformation, including such important factors’“-” 
as inter-residue hydrogen-bonding and solvation effects. In one theoretical study’*, 
allowance was made for the energy of inter-residue hydrogen-bonding and, indeed, 
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T_4BLE IV 

SEQUESCE OF xh 13c VAI_UF_S (IN P_P_hI.) FOR D-GLUCXNS, IN RELATION TO THAT FOR STRUCTURALLY 

XSALOGOUS DISACCHARIDES 

___.__--...__ 

LiJJkuge 

P-(1+3) > &(I-+6) > /%(I--+?) > p-(1-+4) > z-(i-3) > z-(I-tl) > r-(1+6) 

__.___... __.~ ~__.. _ -.-. ~. -__- 

Sf> ‘ZC 
475_0=.b 4712”.C 469.6d 468.0=,” 464.3” 461.1n 450.9n 
(average) (average) (average) 

Disaccharide rypef 

B.B-(l-3, > p$-(146) > &T-(1+2) > &W-+4) > (x.z-(1~4) > ?r,z-(1+6) > n,z-(1+3) 

~~ ~_~__----_ --.~_._____~-. __._-_. _____ 

=Ref. 9_ bRef. 23. <Ref. 7_ dRef_ 24. rRef_ 25. Gequence from Table II or III. 

it was shown to make a substantial difference_ However, although the conformations 
of a-linked disaccharides in water are known’ ’ to be affected more strongly by the 
solvent than those of p-linked anomers, specific solvent-effects were not included in 
the calculationsxs, and consequently, the latter are less likely to be in accord with 
experimental observations in the ‘1, than in the /?, series. 

As disaccharides are valuable (if not, as already mentioned, exact models) 
for the interpretation of n.m.r_ spectra of polysaccharidess-‘3, it is not surprising 
that some of the characteristics just described for glucobioses are also observed with 
D-glucans. This is shown in Table IV, for seven linear, uniformly linked types of 
glucan, by ZS 13C values obtained from I 3C-chemical shifts reported from a variety of 
sources. it is found, in fact, that only the z-(1 +3)-linked polymer is displaced from 

the sequence formed by the Zb 13C values for the corresponding disaccharides_ 
Whether or not the present treatment of chemical-shift data constitutes a valid 

approach to an assessment of relative conformational stabilities among higher 
saccharides can be determined only as more-extensive theoretical and experimental 
data become available. 
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