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Methyl a-cellobioside (methyl b-D-glucopyranosyl-(1?4)-a-D-glucopyranoside) was labeled with C at
C40 for use in NMR studies in DMSO-d6 solvent to attempt the detection of a trans-H-bond J-coupling
(3hJCCOH) between C40 and OH3. Analysis of the OH3 signal at 600 MHz revealed only the presence of
two homonuclear J-couplings: 3JH3,OH3 and a smaller, longer range JHH. No evidence for 3hJC40 ,OH3 was
found. The longer range JHH was traced to 4JH4,OH3 based on 2D 1H–1H COSY data and inspection of the
H2 and H4 signal lineshapes. A limited set of DFT calculations was performed on a methyl cellobioside
mimic to evaluate the structural dependencies of 4JH2,O3H and 4JH4,O3H on the H3–C3–O3–H torsion angle.
Computed couplings range from about �0.7 to about +1.1 Hz, with maximal values observed when the C–
H and O–H bonds are roughly diaxial.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Conformational analyses of oligosaccharides involve not only
determinations of the preferred geometries and time-dependent
motions of their constituent glycosidic linkages and pyranosyl
and furanosyl rings, but also assessments of the solution behaviors
of exocyclic substituents such as hydroxyl, hydroxymethyl
(CH2OH) and N-acetyl groups.1–6 In recent years, considerable ef-
fort has been directed towards improving these determinations
partly through the development of more quantitative analyses of
NMR spin–spin coupling constants (J-couplings) involving 13C
and 1H, which are abundant in saccharides. For example, homonu-
clear 13C–13C spin-couplings provide unique and useful constraints
not only to assess O-glycosidic linkage geometry7,8 but also to
establish aldohexopyranosyl ring conformation (e.g., 3JC1,C6 and
3JC3,C6 values in aldohexopyranosyl rings).9,10 Karplus or Karplus-
like relationships (the latter defined as parameterization of J-cou-
plings other than 3J in terms of one or more specific molecular tor-
sion angles)11 have been described in which equations containing
two torsion angle variables are solved simultaneously to allow
determinations of correlated conformations in saccharides, infor-
mation not easily obtained by other experimental means.12

Establishing the conformational properties of oligosaccharides
in solution is important due to the presumed correlation between
ll rights reserved.
their 3D structures and biological functions. Equally important,
however, is determining why a specific oligosaccharide behaves
as it does: what intrinsic structural forces are at work and how
do they interact, and what extrinsic factors (e.g., solvation, context)
play a role? Can these factors be quantified?

The role of H-bonding in influencing oligosaccharide structural
properties is an example of an extrinsic factor whose importance
in dictating oligosaccharide conformation/dynamics in solution
has received considerable attention4,13–18 but still remains un-
clear. Studies of single-crystal X-ray structures suggest that H-
bonding between contiguous residues of an oligosaccharide does
occur. For example, in b-(1?4)-linked disaccharides such as
methyl a-lactoside (1),19 methyl b-lactoside (2)20 and methyl b-
cellobioside (3)21 (Scheme 1), interresidue H-bonding is inferred
between O3H (donor) and O50 (acceptor) based on the O3–O50

internuclear distance observed in the crystal structures. The role
of this H-bonding in dictating preferred linkage geometry in aque-
ous solution is uncertain, given that competition is likely between
this intramolecular H-bonding and intermolecular H-bonding
involving solvent water. It is difficult to obtain definitive experi-
mental evidence about specific saccharide H-bonding behavior
in solution, and more specifically, how strong/persistent this H-
bonding might be. Recent work suggests that 1JCH values involving
alcoholic carbons might be useful in this regard, since their mag-
nitudes are not only influenced by vicinal lone-pair effects22 but
also by the propensity of the OH group to H-bond in either a
donor or acceptor role.23

http://dx.doi.org/10.1016/j.carres.2009.06.007
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Figure 1. The 13C{1H} NMR spectrum (150 MHz) of 40 in 2H2O at 22 �C, showing
signal assignments and splittings due to 13C–13C spin–spin coupling (Table 1).

Table 1
13C Chemical shifts and 13C–13C spin–spin coupling constants in 4/40

13C chemical shift (±0.01 ppm)
Residue C1/C10 C2/C20 C3/C30 C4/C40 C5/C50 C6/C60 OCH3

a-Glc 101.55 73.52 74.20 81.17 72.81 62.40 57.65
b-Glc 105.06 75.71 78.05 72.01 78.53 63.13
13C–13C spin–spin coupling constants (±0.1 Hz)
Residue 1JC40 ,C30

1JC40 ,C5’
2JC40 ,C2’

b-Glc 39.5 41.0 +2.6
MebGlca 39.3 41.0 +2.7

In 2H2O; 22 �C; relative to external 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt (DSS).

a Couplings in methyl b-D-glucopyranoside were taken from Thibaudeau et al.
(Ref. 12).
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The present investigation approaches this general problem from
a different vantage point. We reasoned that, if the type of interres-
idue H-bonding observed in X-ray structures 1–3 were present
(persistent) in solution, then J-coupling across this stable H-bond
might be observable, specifically between C40 and the H-bonded
O3H hydrogen (i.e., 3hJC40 ,O3H). To investigate this possibility, DFT
calculations were initially performed on model structures to esti-
mate the magnitude of this coupling under conditions mimicking
full persistence. These calculations yielded predicted 3hJC40 ,O3H val-
ues of �0.1 Hz. The uncertainty in these calculated couplings
(�±0.2 Hz) is relatively large, however, so we decided to pursue
an experimental investigation of the problem.

2. Results and discussion

Methyl a-cellobioside 4 (Scheme 1), whose solution conforma-
tion has been studied previously,24,25 was chosen as the target
disaccharide, selectively labeled with 13C at C40 (40) (Scheme 1), be-
cause (a) synthesis of D-[4-13C]glucose26 and assembly of the la-
beled disaccharide are straightforward, and (b) the equatorial
C40–O40 bond in 4/40 is expected to enhance the 3hJC40 ,O3H value, if
it exists, due to the terminal oxygen in-plane effect on 3JCH val-
ues.6,27 In addition, in 4/40, the C40–C50–O50–O3H pseudo-torsion
angle approaches 180�, rendering this system ideally suited for
detection of a trans-H-bond 3JCCOH if conventional Karplus behavior
applies. Synthesis of 13C-labeled disaccharide 40 is described in
Supplementary data.

The 600 MHz 13C{1H} NMR spectrum of 40 in 2H2O is shown in
Figure 1, and 13C spectral parameters are summarized in Table 1.
Three intrarresidue JCC values were observed in the labeled b-Glcp
residue: 1JC40 ,C30 = 39.5 Hz; 1JC40 ,C50 = 41.0 Hz; 2JC40 ,C20 = +2.6 Hz.
These couplings are indistinguishable from those reported previ-
ously in methyl b-D-glucopyranoside (Table 1).12 The value of
2JC40 ,C60 was very small or zero, which is consistent with the ob-
served behavior of this coupling in glucopyranosyl rings.10,12 The
dual-pathway 3+3JC40 ,C10 was also very small or zero, consistent with
observations in b-Glcp rings.10

The 1H NMR spectrum of 40 in 2H2O is shown in Figure 2 and 1H
spectral parameters are summarized in Table 2. Several JCH values
involving non-exchangeable carbon-bonded protons were measur-
able: 1JC40 ,H40 = �147 Hz; 2JC40 ,H30 = ��5.7 Hz; 3JC40 ,H60a = �2.3 Hz;
3JC40 ,H60b = 1.0 Hz. The vicinal JCH values involving H60a and H60b
in 40 are similar to those reported in methyl b-D-glucopyranoside,12

suggesting similar exocyclic hydroxymethyl conformations, a con-
clusion supported by the similar 3JH50 ,H60a/b values. However, differ-
ences were observed in 1JCH and 2JCH values involving C40 (Table 2),
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possibly due to different C–O bond torsional behaviors at C30 and/
or C40 in the mono- and disaccharide.

Since the aim of the present work was to evaluate the possibil-
ity of a trans-H-bond coupling between C40 and O3H in 40, solution
Figure 2. 1H NMR spectrum (600 MHz) of 40 in 2H2O at 22 �C showing signal
assignments (Table 2).

Table 2
1H Chemical shifts and 1H–1H and 13C–1H spin–spin coupling constants in 4/40

1H chemical shift (±0.001 ppm)
Residue H1 H2 H3 H4 H5 H6a H
a-Glc 4.759 3.559 3.731 3.588 3.721 3.877 3
b-Glc 4.454 3.263 �3.45 3.363 �3.43 3.865 3

1H–1H and 13C–1H spin–spin coupling constants (±0.1 Hz)
Residue H1–H2 H2–H3 H3–H4 H4–H5 H5–H6a H5–H6b H
a-Glc 3.8 9.9 8.8 9.9 2.3 4.7 �
MeaGlca 3.8 9.8 9.2 10.0 2.3 5.6 �

H10–H20 H20–H30 H30–H40 H40–H50 H50–H60a H50–H60b H
b-Glc 7.9 9.6 �9.2 �9.8 �2.3 5.9 �
MebGlca 8.0 9.5 9.2 10.0 2.3 6.2 �

In 2H2O; 22 �C; relative to external 3-(trimethylsilyl)-1-propanesu lfonic acid sodium salt
C60 , respectively.

a Couplings for methyl a- and b-D-glucopyranosides were taken from Thibaudeau et a
conditions were chosen to maximize the likelihood and persistence
of this H-bond by studying 40 in DMSO-d6. Under these conditions,
competition involving solvent H-bonding was reduced, increasing
the likelihood of an O50 . . .H-O3 interaction.

The partial 600 MHz 1H NMR spectrum of 40 in DMSO-d6 is
shown in Figure 3. 1H spectral parameters (non-exchangeable
sites) are summarized in Table 3. Assignments of the OH protons
were made by analyses of 2D 1H–1H COSY spectra (Figure S1, Sup-
plementary data). A relatively small 3JH3,O3H value (2.1 Hz) (Table
3) was observed, which was interpreted previously in related
disaccharides as evidence of a C3–O3 bond torsion consistent with
a geometry required for O50 . . .H–O3 H-bonding.6,28 This coupling is
considerably smaller than other 3JHCOH values in 4 (Table 3), which
range from 4.8 to 6.6 Hz. Closer examination of the O3H doublet in
40 revealed the presence of a small splitting (0.3 Hz) when moder-
ate resolution enhancement was applied during FID processing
(Fig. 3, inset). This splitting was initially assigned to a putative
trans-H-bond coupling involving C40.

To test the above spectral interpretation, the 1H NMR spectrum
of 4 in DMSO-d6 was obtained, with the expectation that the O3H
signal in the unlabeled disaccharide would appear as a simple dou-
blet if the additional 0.3 Hz splitting observed in 40 was caused by
3hJC40 ,O3H. The partial 1H NMR spectrum of 4 is shown in Figure 4,
and the 1H–1H couplings measured in this spectrum are summa-
rized in Table 3. The O3H signal observed in 4 is identical to that
6b OCH3

.804 3.370

.681

6a–H6b
12.3
12.3

60a–H60b C40–H40 C40–H30 C40–H50 C40–H20 C40–H60a C40–H60b
12.4 �147 �5.7 nd �0 �2.3 1.0
12.4 144.8 �4.8 �2.9 1.1 2.4 1.2

(DSS). H6a and H60a are defined as the less shielded diastereotopic proton on C6 and

l. (Ref. 12).

Figure 3. The partial 1H NMR spectrum (600 MHz) of 40 in DMSO-d6 at 22 �C
showing signal assignments of the OH and anomeric protons. The inset is an
expansion of the O6H/O60H and O3H signals, showing the additional small splitting
of the latter. 3JC40 ,O30H = �2.7 Hz; 2JC40 ,O40H = � 2 Hz.



Table 3
1H Chemical shifts and 1H–1H spin–spin coupling constants in 4

1H chemical shift (±0.001 ppm)
Residue H1 H2 H3 H4 H5 H6a H6b OCH3

a-Glc 4.507 3.234 3.491 3.294 3.420 3.674 3.622 3.363
b-Glc 4.202 2.982 3.144 3.047 3.174 3.685 3.402
1H–1H spin–spin coupling constants (±0.1 Hz)
Residue H1–H2 H2–H3 H3–H4 H4–H5 H5–H6a H5–H6b H6a–H6b H2–O2H H3–O3H H6a–O6H H6b–O6H
a-Glc 3.6 9.6 8.5 9.9 2.5 4.4 -11.9 6.6 2.1 5.6 6.6

H10–H20 H20–H30 H30–H40 H40–H50 H50–H60a H50–H60b H60a–H60b H20–O20H H30–O30H H40–O40H H60a–O60H H60b–O60H
b-Glc 7.9 9.1 8.8 9.7 2.3 6.5 �11.5 4.9 5.0 5.5 4.8 6.0

In DMSO-d6; 22 �C; referenced to internal DMSO-d6 (2.490 ppm). H6a and H60a are defined as the less shielded diastereotopic proton on C6 and C60 , respectively.

Figure 5. The partial 1H NMR spectrum of 40 in DMSO-d6 at 22 �C showing only the
H4, OCH3 and H2 signals. Note the broadened H4 signals, in contrast to the
relatively sharp H2 signals.
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observed in 40, that is, it contains 2.1 Hz and 0.3 Hz couplings.
These results eliminate the presence of a measurable 3hJC40 ,O3H in 40.

The above analyses show that the O3H signal in both 4 and 40

contains two homonuclear 1H–1H couplings: a 2.1 Hz vicinal
3JH3,O3H and a 0.3 Hz coupling presumably caused by a longer range
4JHH interaction involving either H2 (4JH2,O3H) or H4 (4JH4,O3H).29 An
effort was made to determine whether the H2 or H4 signal in 4/40

contained evidence of a 4JHH interaction. A partial 1H NMR spec-
trum of 40 in DMSO-d6 is shown in Figure 5. The H2 signal contains
three couplings, 3.7 Hz, 6.6 Hz, and 9.6 Hz, and these couplings
were assigned to 3JH1,H2, 3JH2,O2H and 3JH2,H3, respectively, based
on coupling data in Table 3. The H2 signals were relatively sharp,
with no indication of broadening caused by the presence of a small
long-range (4JHH) coupling. The H4 signal contains two couplings,
8.5 Hz and 9.9 Hz, and these couplings were assigned to 3JH3,H4

and 3JH4,H5, respectively, based on coupling data in Table 3. Impor-
tantly, the H4 signals, relative to the H2 signals, were broadened,
suggestive of the presence of additional long-range (4JHH) cou-
pling(s). The latter could arise from 4JH4,O3H, 4JH4,H10 (trans-glyco-
side)30 and/or 4JH4,H6a/4JH4,H6b. Closer examination of the H4
signals revealed that they contain at least two long-range cou-
plings based on their line shapes. Since the H2 signal shows no evi-
dence of coupling to O3H, the only remaining candidate is H4
whose signal exhibits the expected properties.

A 2D 1H–1H COSY spectrum was obtained on 4 (Fig. 6) to further
investigate long-range coupling involving H4. Weak cross peaks
correlating H4 with both H10 and O3H were observed, with the for-
mer considerably more intense than the latter. No correlations
were detected between H4 and the H6a/H6b sites. These findings
indicate that the line broadening observed in the H4 signal
(Fig. 5) is attributable to 4JH4,O3H and 4JH4,H10. Since there is no evi-
Figure 4. The partial 1H NMR spectrum (600 MHz) of 4 in DMSO-d6 at 22 �C
showing signal assignments of the hydroxyl and anomeric protons. The inset is an
expansion of the O6H/O60H and O3H signals, showing a small splitting in the latter.
dence of 4JH2,O3H in the H2 signal in the 1D 1H data (Fig. 5), the
small 0.3-Hz splitting of the O3H signal (Figs. 3 and 4) is attributed
to 4JH4,O3H.

The structural dependency of 4JHH involving hydroxyl protons in
saccharides was investigated in a limited set of DFT calculations
(for computational details, see Supplementary data) performed
on 5, a structural mimic of 4. In 5, the H3–C3–O3–H torsion angle
was rotated in 15� increments and 3JH3,O3H, 4JH2,O3H and 4JH4,O3H val-
ues were calculated. In these calculations, the following torsion an-
gles were held fixed: H10–C10–O10–C4 = 31.9� (X-ray value)21; C10–
O10–C4–H4 = -43.7� (X-ray value).21 Initial values for the C2–C1–
O1–CH3, C1–C2–O2–O2H, and C10–C20–O20–O20H were set at
165.3�, �175.4� and 165.9�, respectively, and allowed to optimize.
In these calculations, it was assumed that anomeric configuration
(b in 5) exerts a minimal effect on the calculated couplings since
their pathways are relatively remote from the anomeric center.

The dependence of 3JH3,O3H on the H3–C3–O3–H torsion angle in
5 is shown in Figure 7A. Superimposed on these data is a general-
ized Karplus dependency for 3JHCOH reported recently by Zhao
et al.6 The close agreement between the two datasets serves as
an internal control for the present calculations, and validates the
method for use in the 4JHCCOH calculations.

The calculated dependencies of two 4JHCCOH, namely 4JH2,O3H and
4JH4,O3H, are shown in Figure 7B. In both cases, the calculated cou-
plings range from ��0.7 Hz to �+1.1 Hz, with maximum coupling
observed at H3–C3–O3–O3H torsion angles near 165� and 210� for
4JH2,O3H and 4JH4,O3H, respectively. The two curves have similar
overall shapes and are phase shifted by �45�.



Figure 6. Partial 1H–1H COSY spectrum (600 MHz) of 4 in DMSO-d6 at 22 �C
showing weak cross peaks between H10–H4 (4JHCOCH) and H4–O3H (4JHCCOH). The
H1–H2, H10–H20 , H3–O3H and H60–O60H cross peaks are also shown.
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Inspection of the data in Figure 7B shows that, in the H3–C3–
O3–H torsional regime that allows for inter-residue H-bonding to
O50 (�240–310�), 4JH4,O3H is more positive than 4JH2,O3H. Given that
the computed couplings are small, relatively large uncertainties
exist in these curves, with absolute values less certain but differ-
ences likely to be maintained. Qualitatively, these results are taken
to support the experimental observation that the small 0.3-Hz cou-
pling observed at O3H in 4/40 in DMSO-d6 is caused by coupling to
H4 and not H2. The 4JHH calculations support a H3–C3–O3–O3H
torsion angle in the 240–310� regime, which is consistent with
prior structural interpretations of the 2.1 Hz value of 3JH3,O3H.6

3. Conclusions

This investigation aimed to determine whether a trans-H-bond
3JCCOH value could be detected in a b-(1?4)-linked disaccharide in
DMSO-d6 solvent, thus providing direct experimental evidence that
this H-bonding is persistent under these solution conditions. Prior
evidence of this H-bonding has been indirect, either implied from
X-ray crystal structure studies based on observed C3–O3 bond tor-
sions and O3–O50 internuclear distances, or from solution NMR
studies in which aberrant 3JH3,O3H values were interpreted as con-
sistent with geometries that allow this H-bonding, and tempera-
ture effects on hydroxyl proton chemical shifts were
investigated.6,28

Despite optimizing the experiment to detect a potential
3hJC40 ,O3H in 40, no coupling was detected. Initial observation of
a small 0.3-Hz splitting in the O3H signal was traced to long-
range 4JHH coupling involving H4. The reasons for this failure
may lie in (a) the intrinsically very small values of trans-H-bond
3hJCCOH couplings, making them inadequate for this type of char-
acterization, or (b) the coupling is detectable but a strong/persis-
tent H-bond in 4 does not exist in DMSO-d6 solution. The former
argument is supported by DFT calculations that predict very
small values of 3hJCCOH, but the negative findings do not allow
exclusion of the latter possibility. O’Leary and co-workers31 have
reported analogous 2hJHH and 3hJHH couplings in conformationally
constrained 1,3- and 1,4-diols in DMSO-d6, with values of
<�0.3 Hz.

DFT calculations of long-range 4JHH values involving hydroxyl
protons are predicted to be as large as +1 Hz, and in some cases
may be negative in sign. The two H–C–C–O–H coupling pathways
examined in this report are structurally related in that both involve
an axial, carbon-bound hydrogen (H2 or H4) coupled to a hydroxyl
proton borne by an equatorial hydroxyl group (O3H). This similar-
ity is likely the root cause of the similar C3–O3 bond torsion
dependencies; when H3 is approximately anti to O3H, 4JH2,O3H

and 4JH4,O3H are at or near their maximal values. Under these con-
ditions, the coupled hydrogens are in a 1,3-diaxial arrangement,
which is known to give measurable 4JHH when carbon-bound
hydrogens are involved in the coupling (four-bond H–C–C–C–H
pathways).32 In the present work, the structural dependencies of
the other two cases were not examined, that is, when the coupled
sites are 1,3-diequatorial or 1,3-axial/equatorial. However, these
cases, as found for the diaxial case, are expected to mimic the
behaviors of analogous H–C–C–C–H, H–C–O–C–H and H–C–C–O–
C systems.30,32,33
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