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Abstract—The 1H–13C coupling constants of methyl a- and b-pyranosides of DD-glucose and DD-galactose have been measured by one-
dimensional and two-dimensional 1H–13C heteronuclear zero and double quantum, phase sensitive J-HMBC spectra to determine a
complete set of coupling constants (1JCH, 2JCH, 3JCH, 2JHH, and 3JHH) within the exocyclic hydroxymethyl group (CH2OH) for each
compound. In parallel with these experimental studies, structure, energy, and potential energy surfaces of the hydroxymethyl group
for these compounds were determined employing quantum mechanical calculations at the B3LYP level using the 6-311++G** basis
set. Values of the vicinal coupling constants involving 1H and 13C in the C5–C6 (x) and C6–O6 (h) torsion angles in the aldohexo-
pyranoside model compounds were calculated with water as the solvent using the PCM method. To test the relationship between
3JCXCH (X = C, O, S) and torsion angle C1–X (u) around the anomeric center, the conformations of 24 derivatives of glucose and
galactose, which represent sequences of atoms at the anomeric center of C-glycosides (C–C bond), O-glycosides (C–O bond), thio-
glycosides (C–S bond), glycosylamines (C–N bond), and glycosyl halides (C–halogen (F/Cl) bond) have been calculated. Nonlinear
regression analysis of the coupling constants 1JC1,H1, 2JC5,H6R, 2JC5,H6S, 2JC6,H5, 3JC4,H6R, 3JC4,H6S, 2JH6R,H5, and 3JH5,H6R as well as
3JCXCH (X = C, O, S) on the dihedral angles x, h, and u have yielded new Karplus equations. Good agreement between calculated
and experimentally measured coupling constants revealed that the DFT method was able to accurately predict J-couplings in aque-
ous solutions.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbohydrates are an important class of biomolecules
that are commonly found in nature in different forms
such as monosaccharides, oligosaccharides, and poly-
saccharides. They contain several conformational
domains such as the exocyclic hydroxymethyl (CH2OH)
fragment of monosaccharides and glycosidic linkages of
oligo- and polysaccharides. The conformation about the
exocyclic C5–C6 bond is important in the determination
of the three-dimensional structures of carbohydrate
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molecules. Although the conformational properties
around the C5–C6 bond have been the subject of several
investigations including both experimental and theoreti-
cal studies,1–3 the factors that control the conforma-
tional behavior of the exocyclic C5–C6 linkage are still
not perfectly understood. In addition, one of the key
objectives of conformational studies of oligosaccharides
in solution is the estimation of the torsional behavior of
their component glycosidic linkages involving a hetero-
atom that is designated as 3JCXCH (Scheme 1). The gly-
cosidic torsion angles u and w are usually determined
from NOE measurements between protons near to the
linkage (H1 and H3 0, Scheme 1).4 Generally the number
of observable NOEs sensitive to u and w, especially in
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smaller structures, is limited and thus linkage conforma-
tion is often difficult to assess in this manner.5 Thus,
studies of J-coupling would benefit greatly from reliable
computational tools that permit their accurate calcula-
tions in the actual molecules under investigation, or in
a closely related structure. These theoretical methods
could also be applied to test predictions made via exper-
iments and provide new complementary data to derive
more stable structure J-coupling correlations.

In the present work, we are interested in extending the
use of J-coupling constants for structural, stereochemi-
cal and conformational analysis of carbohydrates, by
determining the dependencies of 3JHH, 2JHH, 2JCH and
3JCH coupling constants on the 1H–13C atomic dihedral
angles in some aldohexopyranoside derivatives. Thus, 24
derivatives of glucose and galactose (Scheme 2), which
have both anomeric configurations of the C–O bond in
glycosides (1a–d), the C–S bond in thioglycosides (2a–
d), the C–C bond in C-glycosides (3a–d), the C–N bond
in glycosylamines (4a–d), and the C–X bond in glycosyl
halides (5a–d, 6a–d) forms have been studied. Also, we
have explored the effect of the neighboring hydroxyl
group at C4 on the conformational properties of the
C5–C6 linkage by using quantum mechanical methods
in aqueous solution. We calculated 3JHH, 2JHH, 2JCH,
and 1JCH for the exocyclic CH2OH group and the
3JCXCH for the X-glycosidic linkage, as a function of
x, h and glycosidic torsion angle u.
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Scheme 2. Schematic representation of different derivatives of a- and b-pyra
2. Methods

2.1. NMR measurements

1H NMR, 13C NMR, 13C{1H}, COSY, HMQC, and
phase sensitive J-HMBC spectra of methyl a- and b-pyr-
anosides of DD-glucose and DD-galactose were obtained
at 298 K in D2O (99.99% D) on a Bruker DRX500
instrument operating at 500.133 MHz for 1H and
125.770 MHz for 13C, using a 5 mm broadband inverse
probe with sufficient digital resolution to ensure errors
60.1 Hz in the measured J-couplings. Sodium 4,4-di-
methyl-4-silia-[2H4] pentanoate was used as internal
standard.

1H NMR with 90� pulse (10.3 ls) and 13C NMR spec-
tra were acquired using a spectral width of 3255 Hz and
22,123 Hz, respectively. Values of 1JC,H were measured
either from 1D 13C NMR spectra. All 2D NMR spec-
tra were acquired by pulsed field gradient-
selected methods.

2D-correlation spectroscopy (COSY) was used to
confirm 1H assignments. Heteronuclear multiple quan-
tum correlation (HMQC) and heteronuclear multiple
bond correlation (HMBC) were used for 13C assign-
ments. Figure 1 shows the HMQC spectrum of methyl
b-DD-glucopyranoside; 1H NMR d (ppm): 4.25 (d, H1),
3.81 (dd, H6R), 3.62 (dd, H6S), 3.45 (s, CH3), 3.38 (t,
H3), 3.33 (m, H5), 3.26 (t, H4), 3.15 (t, H2); 13C
NMR d (ppm): 103.6 (C1), 76.7 (C3), 76.2 (C5), 73.1
(C2), 70 (C4), 61.1 (C6), 57.7 (CH3). HMQC, HMBC,
and J-HMBC spectra were recorded using 2048 · 1024
data matrices and, in all cases, the number of scan and
dummy scans were 48 and 16, respectively. The spectral
width in COSY experiments with a pre-saturation dur-
ing relaxation delay was 3255 Hz in both dimensions
with 2 s relaxation delay. The HMQC, HMBC, and J-
HMBC spectra were recorded with 2 s inter pulse delay.
The spectral widths were sw1 · sw2 = 3255 · 22,123 Hz
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Figure 1. HMQC spectrum of methyl b-DD-glucopyranoside.
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in all 2D experiments. For Z gradients, the
G1:G2:G3 = 50:30:40.1 gradient ratios were used for
both HMQC and HMBC spectra. The phase sensitive
J-HMBC using Echo/Anti-echo gradient selection with
twofold low-pass J-filter to suppress one-bond correla-
tions procedure was used in the data acquisition for
obtaining pure-absorptive peak patterns.6 To determine
long range CH coupling constants, the gradient ratio
G1:G3:G4:G5 = 80:15:�10:�5 was used.
2.2. Ab initio molecular orbital calculations

Ab initio calculations were carried out with GAUSSIANGAUSSIAN

2003.7 Geometry optimization was performed by
employing a hybrid Hartree-Fock-density functional
scheme, the adiabatic connection method Becke three-
parameter with Lee-Yang-Parr (B3LYP) functional8 of
density functional theory (DFT),9 with the standard 6-
311++G** basis set. Full optimizations were performed
without any symmetry constraints. This level of theory
has been shown to give reasonable potential energy sur-
faces for DD-aldo- and DD-ketohexoses and reduces the ba-
sis superposition error that is relevant to systems with
hydrogen bonds.10 We computed the harmonic vibra-
tional frequencies to confirm that an optimized geome-
try correctly corresponded to a local minimum. The
solvent effects on the conformational equilibrium were
investigated with the PCM method at the B3LYP/6-
311++G** level. Solvation calculations were carried
out for water (e = 78.39) with the geometry optimization
for this solvent. Conformational energy profiles around
the C5–C6 bond in 1a–d were calculated by driving the
x dihedral angle from 0� to 330� in 30� increments while
allowing the remaining geometrical parameters relax. To
estimate the effect of intramolecular hydrogen bonding,
we calculated the energy profiles by fixing the corre-
sponding protons of the hydroxyl groups at C6 and
C4 in the ap conformation, so that hydrogen bonds be-
tween these groups were excluded. In this report, the ori-
entations about the C5–C6, C6–O6, and C1–X bonds
are described by torsion angles (x = O5–C5–C6–O6),
(h = C5–C6–O6–H), and (u = H1–C1–X–C), where X
is O (in 1a, b, c, d), S (in 2a, b, c, d), C (in 3a, b, c, d),
N (in 4a, b, c, d), Cl (in 5a, b, c, d) or F (in 6a, b, c,
d). For the C5–C6 rotamers, we used the standard
nomenclature (Scheme 3); O5 and C4 are the reference
atoms and staggered conformers are designated as gt

(x � 60), tg (x � 180) or gg (x � �60).
2.3. Calculation of NMR spin–spin coupling constants

Recent investigations have shown that density func-
tional theory (DFT) can be used to calculate reliable
JCH and JCC values in carbohydrates without scal-
ing.11,12 DFT-computed JCH and JCC values were esti-
mated to be within 5% and 10%, of experimental
values, respectively. In the present work, we extend this
approach to calculate J-coupling constants using the
DFT method.

1H and 13C NMR spin–spin coupling constants in the
DFT-optimized structure in the presence of solvent were
obtained by finite-field (Fermi-contact) double perturba-
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Figure 2. (a) Newman projections defining the initial values of u. (b)
Atom number scheme to facilitate comparison of labels in Newman
projection.
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tion theory13 calculations at the B3LYP level using an
extended basis set ([5S2P1d/3S1d]) previously designed
for similar systems.14 Appropriate values for the per-
turbing fields imposed on the coupled nuclei were cho-
sen to ensure sufficient numerical precision while still
allowing a satisfactory low-order finite-difference repre-
sentation of the effect of the perturbation. Only the Fer-
mi-contact component of each coupling constant was
considered due to the dominant relationship of this term
in J values involving carbon and hydrogen, especially in
saturated systems. All the equations describing the
dependencies of 1JCH, 2JCH, 3JCH, and 3JHH on x, h,
and u were parameterized from the calculated couplings
using a least-squares procedure.

The model compound 7 (Scheme 2) was used in the
calculation of coupling constants, which are sensitive
to x and h angles. In this model, complications caused
by the arbitrary introduction of intramolecular hydro-
gen bonds during the geometric optimizations were
reduced by the lack of a hydroxyl group at C4. The x
and h torsion angles in compound 7 were varied system-
atically from 0� to 360� in 30� increments by holding
both torsion angles at fixed values in the calculations.
All other molecular parameters were geometrically
optimized.

A second series of coupling constant calculations were
performed on compounds 8 and 9 (Scheme 2), which
contain an equatorial or axial hydroxyl substituent at
the C4 position. In each calculation, one set of C–O
torsion angles, C5–C4–O4–OH4 was fixed and only the
three staggered rotamers about x were studied. These
calculations were performed to clarify the effect of OH
on J-couplings involving C4 or H4. These calculations
restricted rotation to a limited number of C–O torsion
angles to avoid intramolecular H-bonding between O4
and O6 and their attached protons.
A third series of calculations were performed on 1a,
2a, and 3a to explore the torsional dependence of
3JCXCH for dihedral angles u in the range of 60–150�.
All structures were fully geometrically optimized in
H2O solvent.
3. Results and discussion

3.1. Geometries optimization and energies of 1a–6d

All structures were fully optimized at B3LYP method
using the 6-311++G** basis set with no initial symmetry
restrictions and assuming the C1 point group. For 1a

structure, the initial C1–O1 torsion angle, u (Scheme
2), was chosen to optimize the exo-anomeric effect15

(C2 anti to C, Fig. 2).
Because the complexity of the conformational equilib-

rium is believed to be a combination of several factors
such as solvent effects,16 we reoptimized all structures
by considering the solvent effect (€ = 78.39) using the
polarized continuum (overlapping spheres) model
(PCM) of Tomasi et al.17 Table 1 summarizes the total



Table 1. Free energy differences between the equatorial and axial
substituents on gluco- and galactopyranosyl rings by the B3LYP/6-
311++G** method in water

DE (kcal/mol)

E1a–E1b �1.94 E6c–E6d �1.55
E2a–E2b �1.93 E6c–E6d �1.09
E3a–E3b �2.86 E6c–E6d �2.74
E4a–E4b �2.07 E6c–E6d �0.21
E5a–E5b �2.14 E6c–E6d �1.58
E6a–E6b �2.18 E6c–E6d �1.85

Figure 3. Three-dimensional representations of some optimized
structures.

Table 2. Selected structural details of optimized structures, bond distances (

1a 1b 2a 2b 3a

Bond distances

C1–C2 1.52 1.53 1.54 1.54
C2–C3 1.52 1.52 1.52 1.54
C3–C4 1.52 1.52 1.52 1.52
C4–C5 1.53 1.53 1.53 1.52
C5–C6 1.52 1.53 1.53 1.53
C5–O5 1.43 1.44 1.43 1.43
C1–O5 1.42 1.40 1.42 1.40
C1–X 1.39 1.41 1.82 1.87

Bond angles

C1–O5–C5 113.25 116.03 113.22 116.16 11
C1–C2–C3 108.97 110.18 109.18 109.98 10
O5–C1–X 109.59 113.34 109.12 114.25 10

Dihedral angles

C2–C1–O5–C5 �62.47 �54.61 �62.00 �56.15 �6
C1–O5–C5–C4 60.60 56.81 62.87 56.28 6
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calculated electronic relative stability energies in water
between the equatorial and axial substituents on the glu-
co- and galactopyranosyl ring. As shown in this table,
for all compounds, the b-anomer is more stable than
the a-anomer. Figure 3 shows some optimized structures
and a selection of calculated bond distances, bond an-
gles, and dihedral angles, which are compiled in Table
2. For all geometries, vibrational frequency calculations
have confirmed stationary points with no negative eigen-
values observed in the force constant matrix.
3.2. Conformational preferences of hydroxymethyl group

To examine the effect of the C4 hydroxymethyl group
on the conformation around the C5–C6 bond, we have
studied methyl a- and b-pyranosides of DD-glucose and
DD-galactose, 1a–d. Conformational analysis of these
compounds is a convenient way to show the effect of
internal hydrogen bond effect on rotamer population.18

The B3LYP/6-311++G** conformational energy profile
for the b anomer (1a), considering the solvent effect for
rotation around the C5–C6 bond, is presented in Figure
4. The corresponding a anomer shows a similar profile
so the data are not presented. The solid line shows the cal-
culated profiles with full optimization for a given value of
the x angle. The dashed line represents calculated profile
with orientations of H(O4) and H(O6) hydrogens in the
ap local minimum to avoid steric conflict and intramole-
cular hydrogen bonding. It is clear that when the hydro-
xyl groups are allowed to interact by hydrogen bonding
(solid line), their conformational profiles differ from
those without hydrogen bonds (dashed lines) and from
profiles calculated for model compounds without the
C4 hydroxyl group.19,20 For 1a, the results predict four
minimum points for torsional potential energy and that
the two deep minima at x = 150� and 240� are due to
Å) and bond and dihedral angles (�)

3b 4a 4b 5a 5b

1.53 1.54 1.53 1.54 1.53 1.54
1.52 1.52 1.52 1.53 1.53 1.52
1.52 1.52 1.52 1.52 1.52 1.52
1.53 1.53 1.53 1.53 1.53 1.53
1.52 1.52 1.53 1.53 1.51 1.51
1.42 1.43 1.42 1.43 1.44 1.44
1.42 1.43 1.2 1.43 1.38 1.37
1.52 1.53 1.44 1.44 1.87 1.86

4.33 116.08 108.45 116.01 114.52 116.82
9.37 110.85 109.03 110.92 109.31 110.49
7.50 113.45 107.87 116.18 106.5 112.16

2.12 �58.09 �65.14 �55.82 �55.21 �54.99
0.92 58.10 63.41 58.96 56.31 55.90
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the O4–H4� � �O6 hydrogen bond in optimized structures
of 1a. A similar pattern was observed for the galactose
derivatives. For example, the conformational profile of
1d shows two deep minima at x = 220� and 330�, which
reflect the stabilization by the O6–H6� � �O4 and
O4–H4� � �O6 hydrogen bonds, respectively.
3.3. Three- and two-bond 1H–1H spin–spin coupling
constants

3JH5,H6R, 3JH5,H6S, and 2JH6R,H6S (Eqs. 1–3) were com-
puted for compound 7, using a set of staggered and
eclipsed geometries. Figure 5 shows the dependences of
3JH5,H6R and 3JH5,H6S on x in compound 7.
3J H5;H6R ¼ 5:06þ 0:45 cosðxÞ � 0:90 cosð2xÞ

þ 0:80 sinðxÞ þ 4:65 sinð2xÞ
ðrms ¼ 0:20 HzÞ ð1Þ

3J H5;H6S ¼ 4:86� 1:22 cosðxÞ þ 4:32 cosð2xÞ
þ 0:04 sinðxÞ þ 0:07 sinð2xÞ
ðrms ¼ 0:15 HzÞ ð2Þ

Equations for 3JH5,H6R and 3JH5,H6S were also derived
by including additional terms to account for a small
effect due to rotation about h, but this refinement did
not significantly improve the quality of the parameteri-
zation. 2JH6R,H6S is affected by both x and h, but the
dependence on h is significantly greater than x. The lat-
ter conclusion is supported by previous studies of Ste-
nutz et al.14 and Thibaudeau et al.,20 which showed
that the computed 2JH6R,H6S is related to both x and
h. The additional hypersurface dataset obtained in this
work yielded an improved equation (Eq. 3) with a sub-
stantially smaller rms error. The following Eq. 3 was ob-
tained for 7 and relates 2JH6R,H6S to x and h.

2J H6R;H6S ¼ �10:97þ 0:11 cosðxÞ þ 0:59 cosð2xÞ
� 0:79 cosðhÞ þ 2:00

� cosð2hÞ ðrms ¼ 0:41 HzÞ ð3Þ
3.4. One-bond 13C–1H spin–spin coupling constants

The C–H bond length is a key determinant of 1JCH value,
with shorter bond (greater s-character) yielding larger
couplings.21 Several structural factors influence C–H
bond length: axial versus equatorial bond orientation,
vicinal lone-pair effects,22,23 the 1,3-lone-pair24 and 1,4-
lone-pair effects.25 The effects of 1,3-interactions with
oxygen lone-pairs are observed on rC5,H5 and 1JC5,H5,
therefore the orientation of the vicinal lone-pairs on O5
and the orientation of the C5–H5 bond remain fixed in
all structures. A plot of calculated 1JC5,H5 versus rC5,H5

is linear, Figure 6a indicating that C–H bond length is
highly correlated with 1JCH magnitude, with shorter
bonds yielding larger coupling constants. The shortest
C6–H6 bond and the largest 1JC6,H6 values are expected.
For the C6–H6 bond that does not experience bond-
lengthening due to a vicinal (anti) O6 lone-pair interac-
tion and experiences bond-shortening due to a 1,3-inter-
action with an O5 lone-pair. A plot of calculated 1JC6,H6

versus rC6,H6, for staggered rotamers is also almost linear
(Fig. 6b). The above results relate the 1JC,H to only two
torsion angles, x and h. Rotation of the C6–O6 bond
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modulates the stereoelectronic effect of the O6 lone-pairs
on the C6–H6R and C6–H6S bond lengths, but other
effects (1,3-lone-pair interactions with O5 and bond
orientation) also influence these bond lengths, so the
Karplus equations for compound 7 that relate 1JC5,H5

and 1JC6,H6 to x and h give relatively large rms errors.

3.5. Two-bond 13C–1H spin–spin coupling constants

The 2JCCH values are useful structural constraints in bio-
molecules such as saccharides and nucleosides and their
derivatives.25 2JC5,H6R and 2JC5,H6S are expected to be
Table 3. Torsion angles, x and h (�), and calculated 2JCH and 3JCH values,

x h 2JC5,H6R
2JC5,H6S

2JC6,

62 57 �5.2 6.1 �3.5
57 �48 �3.4 1.92 �3.4
72 192 �5.5 2.6 �4.8

�58 50 2.11 �2.41 2.5
�70 �72 6.2 �4.85 2.6
�72 171 2.3 �5.21 2.6

176 74 �3.1 �2.21 �3.2
177 �69 �1.5 �3.91 �3.0
176 176 �4.0 �4.5 �3.7

120 60 �5.5 4.1 �4.8
120 �60 �3.7 0.61 �4.6
120 180 �5.21 �0.4 �5.1

0 60 �1.85 3.51 0.5
0 �60 1.5 �0.5 0.0
0 180 �2.1 �0.5 0.1

120 60 1.2 �4.0 1.0
120 �60 4.50 �6.2 1.4
120 180 0.61 �6.0 1.0
sensitive to x. Computed values of these coupling con-
stants are given in Table 3. The dynamic range of 2JCCH

is �+5 to �5 Hz (D � 10 Hz). Two groups of coupling
constants are observed at a given x for each of the three
staggered h rotamers. When OH6 is gauche to both
coupled nuclei, a more positive coupling is observed
compared to the remaining two staggered rotamers
(Fig. 7). The expected C–H and C–C bond elongation
may be partly responsible for the shift to more positive
couplings. This effect is not observed for 2JC6,H5,
because the C5–O5 torsion is held relatively fixed by
the pyranosyl ring and cannot modulate the coupling.
(Hz), by the B3LYP/6-311++G** method

H5
3JC4,H6R

3JC4,H6S C5–C6 rotamer

1 3.52 2.30 gt

9 3.10 2.6
5 3.50 3.01

0.15 4.45 gg

1 3.20 7.2
1 5.51 1.50

6.52 3.32 tg

1.50 0.45
6.74 3.5

4.10 0.55
4.10 0.37
4.10 0.73

6.5 3.80
6.5 3.50

5 6.5 3.60

4.7 7.20
2 4.7 7.50

4.7 7.30
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Substitution of an OH group at C4 appears to affect
2JC5,H6R and 2JC5,H6S values. In this case, the coupling
constant is shifted to a more negative value, because of
the 1,3-interaction between coupled protons with O4.
This interaction may be caused by small changes in C–
H bond length induced by an O4 lone-pair effect.24 In this
case, the oxygen lone-pairs are expected to reduce bond
lengths slightly, which may lead to the slightly more neg-
ative 2JCH. The effect of C4 hydroxylation on 2JC6,H5 is
also observed only when O4 is in the axial orientation.
The coupling is shifted to a more negative value in the
three staggered x rotamers. This observation is consistent
with prior reports of ‘remote’ effects on 2JCCH in aldo-
hexopyranosides;26 oxygen substituents trans to the
coupled proton on adjacent carbons shift 2JC,H to more
negative values. The above discussion reveals a significant
effect of C–O bond torsions on 2JCCH magnitudes, which
were anticipated earlier.14 To explore this effect further, a
full hypersurface was obtained for 7 where x and h have
been changed in 30� increments from 0� to 360�.

Dependencies of 2JC5,H6R and 2JC5,H6S on x and h
were parameterized using the complete dataset of 144
structures from the hypersurface, which yielded Eqs. 4
and 5. Eq. 6 shows the relationship between the 2JC6,H5

on x. Attempts to parameterize Eq. 6 by including both
dihedral angles did not reduce the rms error significantly.

2J C5;H6R ¼ �1:0845þ 0:99 cosðxÞ � 4:15 sinðxÞ
� 1:03 cosð2hÞ � 1:61 sinð2hÞ
ðrms ¼ 0:55 HzÞ ð4Þ

2J C5;H6S ¼ 1:12þ 2:15 cosðxÞ þ 3:78 sinðxÞ
� 0:95 cosð2hÞ þ 1:65 sinð2hÞ
ðrms ¼ 0:36 HzÞ ð5Þ

2J C6;H5 ¼ �1:21þ 1:47 cosðxÞ þ 3:57 sinð2xÞ
ðrms ¼ 0:35 HzÞ ð6Þ
3.6. Three-bond 13C–H spin–spin coupling constants

The 3JC4,H6R and 3JC4,H6S have been used previously to
make stereochemical signal assignments of H6R and
H6S in 1H NMR spectra of aldohexopyranosyl rings,
and in studies of CH2OH conformation.27 A Karplus
relationship has been reported28 and was applied re-
cently to interpret 3JC4,H6R and 3JC4,H6S in aldohexopyr-
anosyl rings.18 Relationships between 3JC4,H6R, 3JC4,H6S,
x and h were examined for compound 7 using geometri-
cally optimized structures (Table 3). A comparison of
calculated 3JC4,H6R and 3JC4,H6S values reveals that both
coupling constants have the same angular dependence.

Karplus dependencies for 3JC4,H6R and 3JC4,H6S are
described by Eqs. 7 and 8. An examination of the appli-
cability of the Karplus equations from theoretical stud-
ies of 7 to the analysis of experimental couplings
observed in aldohexopyranosyl rings substituted with
oxygen on C4 was considered by calculating 3JCH in 8

and 9. The data for 8 and 9 are limited and there is no
indication that O4 substitution alters the relationships
between 3JCH and x/h significantly.

3J C4;H6R ¼ 3:34þ 0:10 cosðxÞ þ 3:17 cosð2xÞ
þ 0:27 sinðxÞ � 0:55 sinð2xÞ
ðrms ¼ 0:35 HzÞ ð7Þ

3J C4;H6S ¼ 3:64þ 0:49 cosðxÞ þ 0:11 cosð2xÞ
� 0:13 sinðxÞ � 3:54 sinð2xÞ
ðrms ¼ 0:45 HzÞ ð8Þ

The reliability of experimental angular dependence of
3JCH is affected by the following factors: (1) Accuracy
of 3JCH values measured from NMR data; (2) uncer-
tainty in torsion angles determined from X-ray data;
(3) differences in the crystal and solution structures; (4)
ensemble averaging of values over local motions in
experimental data.27 The 3JC4,H6R and 3JC4,H6S calcu-
lated using Eqs. 7 and 8 were not predicted accurately
using the previous Karplus equations.18,27 The rms devi-
ation of 1.4 Hz was found between DFT-calculated cou-
plings and those predicted by the previous treatments.
3.7. Three bond 13C–1H coupling constants in 1a, 2a, and
3a

The geometrically optimized 2a and 3a were used to cal-
culate 3JCXCH values for comparison to coupling behav-
ior reported previously, which were obtained using
experimental methods. Because the glycosidic torsion
angle, H1–C1–X–C, was constrained by the exo-ano-
meric effect, additional information was needed to ex-
plore the torsional dependence of 3JCXCH for dihedral
angles in the range 60–150�. This 60–150� range of tor-
sion was chosen instead of the �60� to �150� range to
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reduce the possibility of steric interactions that adversely
affect molecular geometry.

3.7.1. C–O–C–H arrays of bonded atoms. The
3JC,O1,C1,H1 values were calculated in 1a and a least-
squares fitting of the computed values (Table 4), yield
Eq. 9, which is comparable to the Karplus equation pro-
posed previously by Tvaroska et al.29 obtained from
experimental methods, Eq. 10. Curve 1 in Figure 8 is a
plot of the computed 3JCOCH values as a function of
dihedral angle u
3J COCH ¼ 6:68 cos2 u� 0:89 cos uþ 0:11

ðrms ¼ 0:65Þ ð9Þ
3J COCH ¼ 5:7 cos2 u� 0:6 cos uþ 0:5 ð10Þ

Agreement between the computed and experimental
couplings as a function of dihedral angle u is fair
enough. Factors such as solvation, basis set limitations
and small set of geometries may be responsible for the
deviations from the experimental data. A plot of the
generated 3JCH values versus torsion angle, u, demon-
strated that the coupling constant is smallest at the tor-
sion angle of �90� and is greatest at 180�.

3.7.2. C–S–C–H arrays of bonded atoms. Theoretical
relationships among 3JC,S,C1,H1 and u were examined
for geometrically optimized structures of 2a in water
(Table 4), and the Karplus dependency is described by
Table 4. Calculated vicinal 13C–1H spin couplings (Hz) in 1a, 2a, and
3a in water

Dihedral angle (u) Compound

1a 2a 3a

60 3.71 3.29 3.42
80 2.82 2.12 2.34
110 3.68 3.11 3.45
130 4.56 3.96 4.25
150 5.67 5.32 5.59
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Figure 8. Relationship between 3JCH and the C–X–C–H dihedral angle
u for (1) X = O, (2) X = S, and (3) X = C.
Eq. 11. A Karplus-type equation extracted from vicinal
carbon proton coupling constants (Eq. 12) has been pre-
sented for the C–S–C–H pathway for eight sulfur-con-
taining carbohydrate derivatives.29 Agreement between
the computed and experimental coupling constants as
a function of dihedral angle u is reasonable. Curve 2
in Figure 8 shows the vicinal coupling constants of
Eq. 11. The variation of 3JCH values with torsion angle
in the C–S–C–H segment is smaller than in the C–O–C–
H segments.

3J CSCH ¼ 5:04 cos2 u� 1:35 cos uþ 0:55

ðrms ¼ 0:37Þ ð11Þ
3J CSCH ¼ 4:44 cos2 u� 1:06 cos uþ 0:45 ð12Þ
3.7.3. C–C–C–H arrays of bonded atoms. The
3JC,C,C1,H1 computed for 3a using the optimized struc-
tures in water are presented in Table 4 and the resulting
Karplus equation is shown by Eq. 13. The results of the
calculation are demonstrated by Curve 3 in Figure 8.
The same trend was found which the sin terms reflect
the small asymmetry around 180�.

3J CCCH ¼ 5:78 cos2 u� 1:65 cos uþ 0:32 sin 2u

� 0:031 sin uþ 0:57 ðrms ¼ 0:45Þ ð13Þ
3.7.4. Experimental J-coupling of a- and b-pyranosides of
DD-glucose and DD-galactose and conformational analysis,

qualitative treatment and comparison to theory. The
13C{1H} and J-HMBC spectra with high resolution
(error < 0.1) of methyl a- and b-pyranosides of DD-glu-
cose and DD-galactose provided experimental coupling
constants (Table 5). Experimental JHH values in 1a, b,
c, and d (Table 5) are in good agreement with those re-
ported previously18,20 and 1JCH is larger in 1c/d than in
1a/b. This enhancement may be attributed to C–H bond
orientation (axial vs equatorial) and C4–O4 bond con-
formation. The equatorial C4–H4 bond in 1c and 1d is
expected to be shorter than the axial C4–H4 bond in
1a and 1b, possibly leading to larger 1JC,H in the former.

1JC5,H5 exhibits a dependence on anomeric configura-
tion, with the a-anomer yielding slightly larger couplings
than the b-anomer. This result is consistent with prior
studies of oxygen lone prior effects on saccharide C–H
bond lengths.23 The 2JC4,H3,

2JC4,H5 and 2JC5,H4 have
negative signs in 1a/b and positive signs in 1c/d. These
results are consistent with sign predictions based on
the projection rule.30 The 3JC4,H2 values are slightly lar-
ger in 1a and 1b than in 1c and 1d, possibly due to a
small in-plane effect from the equatorial O4.27 Values
of coupling constants were compared to those predicted
by Eqs. 1–8 and those calculated from geometrically
optimized conformers of the compounds under investi-
gation. The above comparisons reveal that experimental



Table 5. Experimental 1H–1H and 13C–1H spin–spin couplings constants of a- and b-pyranosides of DD-glucose and DD-galactose in D2O at 298 Ka

Coupling 1a 1b 1c 1d

3JH1,H2 8.0 (8.0) [8.0] 3.8 (3.8) [3.8] 7.9 (8.0) [7.9] 3.9 (3.9) [4.0]
3JH2,H3 9.4 (9.5) [9.4] 9.8 (9.8) [9.8] 9.9 (9.9) [9.9] 10.3 (10.3) [10.3]
3JH3,H4 9.2 (9.2) [9.2] 9.1 (9.2) [9.1] 3.5 (3.5) [3.4] 3.5 (3.4) [3.4]
3JH4,H5 9.7 (10.0) [9.7] 10.0 (10.0) [10.1] 1.1 (1.1) [1.1] 1.2 (1.2) [1.0]
3JH5,H6R 6.0 (6.2) [6.0] 5.4 (5.6) [5.5] 7.9 (7.9) [7.9] 8.2 (8.2) [7.2]
3JH5,H6S 2.3 (2.3) [2.0] 2.3 (2.3) [2.3] 4.4 (4.4) [4.4] 4.2 (4.2) [5.2]
2JH6R,H6S �12.3 (�12.4) [�12.3] �12.3 (�12.4) [�12.3] �11.8 (�11.8) [�11.7] �11.7 (�11.7) [�11.7]

1JC4,H4 144.8 144.4 146.2 146.5
1JC5,H5 141.7 144.3 140.8 143.5
1JC6,H6R 143.2 143.2 145.5 145.1
1JC6,H6S 144.5 144.2 142.9 142.5

2JC4,H3 �4.7 �4.7 1.6 1.6
2JC4,H5 �2.8 �2.9 3.3 3.0
2JC5,H4 �4.0 �3.8 1.0 1.1
2JC5,H6R �2.5 �1.9 �5.0 5.1
2JC5,H6S �1.1 �1.4 0.4 1.0
2JC6,H5 �2.3 �1.4 �5.5 �5.2

3JC4,H2 1.1 1.0 0.7 0.9
3JC4,H6R 1.0 1.1 1.9 1.0
3JC4,H6S 2.4 2.9 4.0 3.7
3JC5,H3 1.1 1.0 — 0.5
3JC6,H4 3.6 3.6 1.0 1.0

a Data in parentheses were taken from Thibaudeau et al.20 and data in brackets were taken from Tvaroska et al.18
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and calculated J-coupling values differ by �1 Hz and
produced equations can be applied quantitatively in
conformational analysis of glucose and galactose
derivatives.
4. Conclusions

The present study focused on free CH2OH groups and
bonds involving the anomeric center in 24 aldohexopyr-
anosides to establish new J-coupling structure correla-
tions. The application of these correlations has
practical benefits, for example, in oligosaccharides
where intramolecular H-bonding may influence x or h.
New structural constraints to assess CH2OH group con-
formation in saccharides based on multiple, redundant
J-couplings have been described in this report. Using
theoretical and experimental methods, Karplus equa-
tions were developed to correlate the magnitudes and
signs of eight scalar couplings describing CH2OH con-
formation. Interestingly, some of these couplings display
dependence not only on x but also on h. These depen-
dencies serve as indirect investigations of C6–O6 bond
conformation in solution and do not depend on direct
observation of the exchangeable hydroxyl proton.
Therefore, the application of these equations allows
the estimation of correlated conformations about x
and h. This report also generates new theoretical treat-
ments of 3JCXCH of carbohydrates that make the inter-
pretation of oligosaccharide conformational analysis
feasible. In addition our investigations increase the pres-
ent database of 3JCOCH, 3JCSCH, and 3JCCCH in O-glyco-
sidic, thioglycosidic, and C-glycosidic linkages and
permit a more comprehensive testing of their utility as
conformational constraints in these systems. Therefore,
this theoretical study generalized a quantitative tool to
calculate JHH and JCH values in saccharides, which in-
volves comparisons of calculated and experimental cou-
pling constants in conformationally constrained system.
The present findings are a significant contribution not
only for studies of oligosaccharides but also for related
studies on oligonucleotides.
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