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Abstract: Two-bond 13C-1H NMR spin-spin coupling constants (2JCCH) between C2 and H1 of aldopy-
ranosyl rings depend not only on the relative orientation of electronegative substituents on the C1-C2
fragment but also on the C-O torsions involving the same carbons. The latter dependencies were elucidated
theoretically using density functional theory and appropriate model pyranosyl rings representing the four
relative configurations at C1 and C2, and a 2-deoxy derivative, to probe the relationship between 2JC2,H1

magnitude and sign and the C1-O1 (phi, φ) and C2-O2 (R) torsion angles. Related calculations were
also conducted for the reverse coupling pathway, 2JC1,H2. Computed J-couplings were validated by
comparison to experimentally measured couplings. 2JCCH displays a primary dependence on the C-O torsion
involving the carbon bearing the coupled proton and a secondary dependence on the C-O torsion involving
the coupled carbon. These dependencies appear to be caused mainly by the effects of oxygen lone pairs
on the C-H and C-C bond lengths along the C-C-H coupling pathway. New parameterized equations
are proposed to interpret 2JC1,H2 and 2JC2,H1 in aldopyranosyl rings. The equation for 2JC2,H1 has particular
value as a potential NMR structure constraint for the C1-O1 torsion angle (φ) comprising the glycosidic
linkages of oligosaccharides.

Introduction

Heteronuclear vicinal (three-bond)13C-1H spin-spin cou-
pling constants (3JCCCH and 3JCOCH) are finding increased use
as structure constraints in the conformational analysis of
saccharides in solution due to their expected Karplus-like
dependencies.1-5 In contrast, geminal (two-bond)13C-1H
J-couplings (2JCCH) are less appreciated, although qualitative
rules governing their dependencies on saccharide structure have
been reported based on patterns of electronegative atom
substitution in the C-C-H fragment.6-8 Two key differences
distinguish the C-C torsional dependencies of2JCCH and3JCCCH.
The2J dependencies are unimodal, whereas the3J dependencies
are bimodal; one minimum and one maximum are observed in
plots of 2JCCH versus C-C torsion compared to two minima
and two maxima in plots of3JCCCH versus C-C torsion. This
difference confers advantages to2JCCH since a reduced number
of potential conformers exist that correspond to a particular
coupling, thus potentially improving conformational analyses,
especially in flexible systems. In saccharides,2JCCH can be

positive or negative in sign, often changing sign within a given
torsional regime, whereas the signs of3JCCCH/3JCOCHare positive.
Thus, if signs are taken into account, comparable dynamic
ranges (∼8 Hz) are observed for both types of coupling.

Recent studies of exocyclic hydroxymethyl group (CH2OH)
conformation in this laboratory have described the effect of C-C
and C-O bond rotation on2JCCH in saccharides.9 In addition
to their expected unimodal dependence onω (O5-C5-C6-
O6 torsion), 2JC5,H6R and 2JC5,H6S were found to exhibit
significant secondary dependencies onθ (C5-C6-O6-OH6
torsion) (Figure 1 and Chart 1, structureI ) (i.e., rotation of the
C-O bond on the carbon bearing the coupled proton influenced
2JCCH significantly). The latter dependence is probably caused
in part by changes in C6-H6R/S bond lengths induced by
specific dispositions of the O6 lone pairs (i.e., rotation of the
C6-O6 bond modulates the syn/anti orientation of lone pairs
with respect to these C-H bonds, with anti orientations
elongating the bonds).10 Other studies have shown9 that rotation
of the C-O bond on thecoupled carbonexerts a smaller effect
on 2JCCH. These C-O torsional effects are generalized in Chart
1 (structureII ; C-C-H coupling pathway shown in blue);2JCCH

displays a primary dependence on a C-O rotamer if the oxygen
of that rotamer is geminal to the coupled proton (â rotation)
and a secondary dependence on a C-O rotamer if the carbon
of that rotamer is the coupled carbon (R rotation).
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Armed with these results and arguing by analogy, we posed
the question addressed in this report, namely, might2JCCH serve
as a probe of the phi (φ) glycosidic torsion angle in oligosac-
charides (Chart 1, structureIII ; C-C-H coupling pathway
indicated in blue)? In this case, contributions fromω can be
ignored because the C1-C2 bond torsion is constrained by the
ring, leaving2JC2,H1 affected byR (C2-O2 bond torsion) and
â/φ rotations (C1-O1 bond torsion). Note thatφ and â are
redundant. We investigated this possibility by conducting density
functional theory (DFT) calculations on model structures1-8
(Chart 2) designed to capture the effect of C1 and C2 structure
and configuration on2JC2,H1 magnitude and sign. As a control,
we also studied the reverse coupling pathway,2JC1,H2, in the
same structures. Computed couplings were validated by com-
parison to experimental2JC1,H2and2JC2,H1 in aldopyranosyl rings
having different structures and configurations. We show herein
that 2JC2,H1 values display a significant and systematic depen-
dence onφ in glycosides regardless of the relative configuration
at C1 and C2 of the aldopyranosyl ring. These findings have
important implications for conformational studies of the gly-
cosidic and nonglycosidic C-O torsion angles of saccharides
in solution.

Computations

Geometry optimizations were conducted as a function of varying
only φ (defined as the O5-C1-O1-CH3 torsion angle) in1-4, or
both φ andR (defined as the C1-C2-O2-H torsion angle) in5-8,
in 30° increments over the range 0-360°, yielding 12 structures for
1-4 and 144 structures for5-8. Geometry optimizations using DFT
were performed using the B3LYP hybrid functional11 and the 6-31G*
basis set12 within Gaussian98.13a Coupling constants2JC1,H2 and
2JC2,H1 were computed as described previously5 using the standard
B3LYP functional, finite-field perturbation theory implemented within
Gaussian94,13b and an extended basis set ([5s2p1d|3s1p])10a designed
to reliably recover the Fermi contact contribution to the coupling.
Equations describing the dependencies of bothJ-couplings onφ and/
or R were parameterized using the least-squares Monte Carlo fitting
module withinProFit 5.6.2 (Quantum Soft, Zu¨rich, Switzerland).

A series of geometry optimizations andJ-coupling calculations was
also conducted on5-8 in which rC1,H1, rC2,H2, or rC1,C2 were varied in
0.001 Å increments about the respective average optimized bond length
observed in the aboveφ/R hypersurfaces, covering an overall range of
∼0.02 Å. In these calculations,φ andR were held constant at values

(11) Becke, A. D.J. Chem. Phys.1993, 98, 5648-5652.
(12) Hehre, W. J.; Ditchfield, R.; Pople, J. A.J. Chem. Phys.1972, 56, 2257-

2261.

Figure 1. (A) Plot of computed2JC5,H6R and2JC5,H6S in I (Chart 1) as a function ofω (defined as the O5-C5-C6-O6 torsion angle). The scatter of points
at discrete values ofω is caused by the effect ofθ (defined as the C5-C6-O6-H torsion angle). Note the unimodal behavior with respect toω. Closed blue
circles,2JC5,H6R; open black squares,2JC5,H6S. (B) Hypersurface showing the effect ofω andθ on 2JC5,H6R in I . (C) Hypersurface showing the effect ofω and
θ on 2JC5,H6S in I . Data taken from ref 9.

Chart 1

A R T I C L E S Klepach et al.

9782 J. AM. CHEM. SOC. 9 VOL. 127, NO. 27, 2005



observed in the lowest energy structures of the total energy hypersurface
(φ/R for 5, 60°/-60°; for 6, -60°/60°; for 7, 60°/60°; for 8, -60°/-
60°; see below). These calculations were performed to evaluate the
effect of these bond lengths on1JCH and2JCCH values; all other molecular
parameters in the structures were geometrically optimized, although
the induced changes in a given bond length affected these optimized
parameters minimally (e.g., changingrC1,H1exerted little effect on other
nearby or remote bond lengths or angles).

Results and Discussion

A. Energetics. The effect of C1-O1 bond rotation (φ) on
the total energiesE of 1 and2 is shown in Figure 2. For1, Eφ

60° < Eφ 180° < Eφ -60°, whereas for2, Eφ -60° < Eφ 60° < Eφ

180°. In both cases, the most stableφ rotamer orients the aglycone
methyl carbon anti to C2, as predicted by the exoanomeric
effect.14 The relative stabilities of the remaining twoφ rotamers
are reversed in1 and 2, behavior presumably caused by a
combination of stereoelectronic and steric effects. In1, φ )
-60° is destabilized for steric reasons (the aglycone is oriented
below the ring), while in2, φ ) 180° is destabilized by eclipsed
lone-pair interactions between O1 and O5. Curve amplitude for
1 appears slightly greater than that for2, suggesting greaterφ
flexibility in 2. Since1 and2 lack a C2 hydroxyl group, potential
effects caused by C2 substitution are absent.

The effect of C2-O2 bond rotation (R) on the relative
energies ofφ rotamers in5-8 is shown in Figure 3. For a
specificφ torsion, variations inE caused by 360° R rotations
vary from 3 to 6 kcal/mol, and the magnitude of variation
depends somewhat onφ. Consideration of only perfectly
staggeredR rotamers yields a more limited variation and the
emergence of a lowest energy pathway forφ rotation in5-8.
In 5, Eφ 60° < Eφ 180° < Eφ -60°, whereas in6, Eφ -60° < Eφ 60°
< Eφ 180°. These trends mimic those observed in1 and 2,
respectively, although curve amplitude is slightly greater in5
and6.

Data for 7 and 8 are similar to those for5 and 6 (Figure
3C,D). Interestingly,R rotation (staggered rotamers only) in8
appears to affectE more significantly than observed for5-7.
As observed in5 and6, the relative energies of the lowest energy
pathways for7 and8 are similar to those observed in1 and2,
respectively; curve amplitudes for2 and8 are virtually identical.
Importantly, correlations betweenφ andE in 5-8 appear similar
for each of the three staggeredR rotamers (the curves are
y-shifted but otherwise similar in shape).

Correlations betweenφ, R, andE in 5-8 were also inspected
in plots ofE versusR (Figure 4). Scatter is greater than observed
in Figure 3 sinceφ rotation causes a greater change inE than
doesR rotation. If only staggeredφ rotamers are considered,
minimal energy pathways emerge. Interestingly, the three curves
for each structure are not onlyy-shifted, but also change in shape
in some cases (i.e., the influence ofR on E depends on the

(13) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.;
Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J.
A. Gaussian98; revision A.9, Gaussian, Inc.: Pittsburgh, PA, 1998. (b)
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B.
G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head
Gordon, M.; Gonzalez, C.; Pople, J. A.Gaussian94; Gaussian, Inc.:
Pittsburgh, PA, 1995.

(14) (a) Thøgersen, H.; Lemieux, R. U.; Bock, K.; Meyer, B.Can. J. Chem.
1982, 60, 44-57. (b) Tvaroska, I.; Bleha, T.AdV. Carbohydr. Chem.
Biochem.1989, 47, 45-123. (c) Meyer, B. Conformational Aspects of
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Current Chemistry 154; Springer-Verlag: Berlin, Heidelberg, 1990; pp
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Stereoelectronic Effects at Oxygen; Springer: New York, 1983. (f) Lemieux,
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Chart 2

Figure 2. Plot showing the effect ofφ on the calculated total energyE of
1 and2 determined by DFT (B3LPY/6-31G*, in vacuo).
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value ofφ due to H-bonding between O1H and O2H). From
these data, the most stableφ/R combinations in5-8 were
identified: 5, 60°/-60°; 6, -60°/60°; 7, 60°/60°; 8, -60°/-
60°. Not unexpectedly, these conformers are characterized by
the presence of intramolecular hydrogen bonding, which in gas-
phase calculations confers differential stability to conformers
that contain them. Whether theseφ/R combinations are indeed
the most populated states in aqueous solution is an interesting
question but one of peripheral importance to the present work,
provided that the presence of H-bonding in some structures does
not adversely affect the parameterization of2JCCH equations.
The latter issue is discussed further below. Contour plots of
populations computed from the data in Figures 3 and 4 are
provided in Supporting Information (Figure S1). If an arbitrary
2 kcal/mol cutoff is applied, data in Figure 4 indicate that7
experiences greater variability in the preferred C2-O2 torsion
at the most stable C1-O1 torsion than5, 6, and8 (i.e., C2-
O2 torsions of 60° and -60° are within 2 kcal/mol in this
structure). The reduced interactions between O1 and O2 in7
caused by their trans relationship apparently lead to this greater
flexibility.

B. 2JCCH Spin-Couplings in 1-4. 2JC1,H2R and2JC1,H2S in 1
and2 were calculated as a function ofφ, and potential effects
of oxygen substitution at C3 were inspected from similar
calculations conducted on3 and 4 (Figure 5). Adding an

equatorial oxygen at C3 causes only a minor change (<0.2 Hz)
in 2JC1,H2R/S

15 and 2JC2,H1, and overall shape is conserved.
Although not studied explicitly, similar results are expected for
an axial O3.

Calculated2JC1,H2R and 2JC1,H2S are similar in magnitude in
1/3 (0 to -3.5 Hz) (Figure 5A) and change by∼2 Hz upon
360° rotation aboutφ. In contrast,2JC1,H2R (-1.4 to-2.4 Hz)
(Figure 5B) and2JC1,H2S (-6.6 to-7.6 Hz) (Figure 5C) differ
significantly in 2/4 and change by∼1 Hz upon 360° rotation
aboutφ. 2JC1,H2R/S/φ curves for1/3 and2/4 appear approximately
unimodal.

Calculated2JC2,H1 in 1/3 and2/4 change significantly upon
360° rotation aboutφ (∼4 Hz) (Figure 5D,E). In both anomeric
configurations, the calculated coupling is positive in sign, with
the coupling being more positive (3-7 Hz) in 2/4 than that in
1/3 (0-4 Hz). In contrast to2JC1,H2R/S, 2JC2,H1/φ curves are
bimodal.

Calculated2JCCH values were compared to experimental
couplings measured in methyl 2-deoxy-R- (9) and 2-deoxy-â-
D-arabino-hexopyranoses (10) (Chart 3).16 Overall trends are
maintained in the calculated and experimental couplings, but

(15) Note that the axial H2 (H2a) is H2S, and the equatorial H2 (H2e) is H2R
in 1-4 (see Chart 2).

(16) Bandyopadhyay, T.; Wu, J.; Serianni, A. S.J. Org. Chem.1993, 58, 5513-
5517.

Figure 3. Plots showing the effect ofφ on the calculated total energyE of 5 (A), 6 (B), 7 (C), and8 (D) determined by DFT (B3LYP/6-31G*, in vacuo).
The scatter of points at discrete values ofφ is caused by the effect ofR; data points in blue are for perfectly staggered values ofR. Superimposed on each
plot is the corresponding curve derived from either1 (A and C) or2 (B and D).
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absolute magnitudes show some differences. The latter devia-
tions are attributed to ring substitution effects, limitations in
the methodology used to calculate the couplings, and/or effects
of solution averaging and solvation on the experimental
couplings.

Bond lengths in the vicinity of the anomeric carbons of1
and 2 were examined as a function ofφ. As expected from
stereoelectronic considerations,17 rC1,O1andrC1,O5exhibit comple-
mentary behavior, with the former and latter showing two
minima and maxima, respectively, atφ ) ∼60° and ∼-60°
(Figure 6). The general behavior ofrC1,O5 is very similar in1
and2, whereas the global minimum forrC1,O1 shifts fromφ )
∼60° in 1 to φ ) ∼-60° in 2. This shift is coincident with the
shift in the global energy minimum from1 to 2 (Figure 2). The
exocyclic C1-O1 bond length depends on bond orientation,
with the equatorial orientation in2 exhibiting substantially
shorter bond lengths. In contrast,rC1,O5 is slightly larger in2
than in1.

Bond lengthsrC1,H1 and rC1,C2 exhibit two minima upon
rotation of φ through 360° (Figure 7), as observed forrC1,O1

andrC1,O5. In the most stable conformers of1 and2, rC1,O1and
rC1,C2 are minimal (or near minimal), whereasrC1,H1 andrC1,O5

are maximal (or near maximal). The magnitude of2JC2,H1 in 1

and2 approximately tracksrC1-H1, with shorter bonds correlat-
ing with less positiVe (more negatiVe) couplings(Figure 8). The
correlation, however, is imperfect in that the curves are slightly
phase-shifted. This deviation apparently stems from the super-
imposed effects ofrCH and rCC on 2JCCH (see below). In2, for
example, the reduced2JC2,H1atφ ) -60° is caused by a smaller
rC1,C2 in this geometry (Figure 7), which shifts theJ-coupling
to more negative (less positive) values, as does a reduction in
rC1,H1. All of these effects are observed in the absence of an
oxygen substituent at C2, which permits the isolation of
energetic, structural, andJ-coupling effects caused solely byφ
rotation.

C. 2JCCH Spin-Couplings in 5-8. The effects ofφ andR on
computed2JC1,H2and2JC2,H1 in 5-8 are shown in Figures 9-12.
Computed2JC1,H2 displays a bimodal dependence onR, with
minima at∼-30° and ∼150°, and maxima at∼-120° and
∼60° for 5 and 6 (Figures 9A and 10A) and with minima at
∼-150° and ∼30°, and maxima at∼-60° and ∼120° for 7
and8 (Figures 11A and 12A). Absolute couplings depend on
ring configuration; for5, -2 to 6 Hz; for6, -7 to -3 Hz; for
7, -3 to 4 Hz; for8, -2 to 3 Hz. A comparison of computed
couplings to experimental values18 in methyl glycosides11-
14 (Chart 3) shows generally good agreement. Changes inφ

(17) Tvaroska, I.; Bleha, T. InAdVances in Carbohydrate Chemistry and
Biochemistry; Tipson, R. S., Horton, D., Eds.; Academic Press: San Diego,
CA, 1989; p 45.

(18) Podlasek, C. A.; Wu, J.; Stripe, W. A.; Bondo, P. B.; Serianni, A. S.J.
Am. Chem. Soc. 1995, 117, 8635-8644.

Figure 4. Plots showing the effect ofR on the calculated total energyE of 5 (A), 6 (B), 7 (C), and8 (D) determined by DFT (B3LYP/6-31G*, in vacuo).
The scatter of points at discrete values ofR is caused by the effect ofφ; data points in blue are for perfectly staggered values ofφ.
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do not affect the shape of the curves correlating2JC1,H2 to R
(the curves are essentiallyy-shifted).

2JC1,H2 in 5-8 is much less affected byφ than byR (Figures
9-12, panels A and B) (Chart 1; structureIII ). Consistent with
this observation is that2JC2,H1 is considerably more affected by
φ than byR (Figures 9-12, panels C and D). These results
support the contention that C-O bond rotations involving the
carbonbearing the coupled protonhave a more pronounced
effect on2JCCH magnitude than do similar rotationsinVolVing

the coupled carbon. Importantly, the effect ofR on 2JC2,H1 is
relatively small (∼1 Hz) in 5-7 and only slightly larger in8.
Plots of 2JC2,H1 versusφ display two minima at∼(90° and
two maxima at∼0° and∼180°; in this respect, they mirror the
behavior of standard Karplus curves relating3J to dihedral angle,
although for2JCCH the rotated bond is peripheral to the coupling
pathway. Plots for5, 6, and8 are roughly symmetric aboutφ
) 0°, whereas that for7 shows significantly differentJ-
couplings at the minima. The dynamic range is∼5-6 Hz when

Figure 5. (A) Correlations between2JC1,H2 andφ in 1 (open symbols) and3 (closed blue symbols). Squares,2JC1,H2a; circles,2JC1,H2e(H2a) H2S; H2e)
H2R; see Chart 2). (B) Correlations between2JC1,H2eandφ in 2 (open circles) and4 (closed blue circles). (C) Correlations between2JC1,H2aandφ in 2 (open
squares) and4 (closed blue squares). (D) Correlations between2JC2,H1 andφ in 1 (open squares) and3 (closed blue squares). (E) Correlations between2JC2,H1

andφ in 2 (open squares) and4 (closed blue squares).
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coupling signs are considered; for5, -2 to 3 Hz; for6, 0-5
Hz; for 7, -4 to 2 Hz; for8, 7-13 Hz.Absolute2JC2,H1 values
in 5-7 (2-5 Hz) are considerably smaller than that observed
for 8 (7-13 Hz), in agreement with experimental couplings in
11-14 (Chart 3). Changes inR do not influence the shape of
curves correlating2JC2,H1 with φ (the curves are essentially
y-shifted); these results mirror those found for2JC1,H2 (see
above).

The secondary torsional dependencies of2JC1,H2 (φ) and
2JC2,H1 (R) are small (<∼2 Hz) and essentially independent of
the primary torsion (R and φ, respectively) (Figures 9-12,
panels B and D).

D. Other Structural Factors Influencing 2JCCH in Saccha-
rides. Plots ofrC1,H1versusφ andrC2,H2versusR were evaluated
in 5-8 (Figure S2) in an effort to identify structural factors
responsible for the observed dependence of2JC2,H1 and2JC1,H2

on φ and R, respectively. Lone-pair effects onrCH can be
predicted from the results of prior work;10b,19 vicinal oxygen
lone pairs anti to the C-H bond lengthen these bonds due to

(19) (a) Kennedy, J.; Wu, J.; Drew, K.; Carmichael, I.; Serianni, A. S.J. Am.
Chem. Soc.1997, 119, 8933-8945. (b) Cloran, F.; Zhu, Y.; Osborn, J.;
Carmichael, I.; Serianni, A. S. J. Am. Chem. Soc.2000, 122, 6435-6448.

Figure 6. (A) Effect of φ on rC1,O1 (open squares) andrC1,O5 (closed blue squares) in1. (B) Effect of φ on rC1,O1 (open squares) andrC1,O5 (closed blue
squares) in2.

Figure 7. (A) Effect of φ on rC1,H1 (open squares) andrC1,C2 (closed blue squares) in1. (B) Effect of φ on rC1,H1 (open squares) andrC1,C2 (closed blue
squares) in2.

Chart 3
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lone-pair donation into theσ* antibonding orbital on carbon
(Scheme 1). On the basis of this model,rC1,H1 is expected to be
smaller inR-Glc 5 andR-Man 7 for φ near-60°, and inâ-Glc
6 andâ-Man 8 for φ near 60°. C-H bonds should be longer
and of roughly equal length in the remaining two staggeredφ

rotamers. This trend is consistently observed (Figure S3A).
Lone-pair effects onrC2,H2 are as expected, with minima near
R ) -60° for R/â Glc andR ) 60° for R/â Man (Figure S2B).

Superimposed on the above trends are the effects ofφ rotation
on rC2,H2 (and presumablyrC2,O2) and of R rotation onrC1,H1

Figure 8. (A) Effect of φ on rC1,H1 (open squares) and2JC2,H1 (closed squares) in1. (B) Effect of φ on rC1,H1 (open squares) and2JC2,H1 (closed squares)
in 2.

Figure 9. (A) Effect of R on 2JC1,H2 in 5. Point scatter at discrete values ofR is due to the effect ofφ; highlighted points (open blue circles) are for perfectly
staggered values ofφ. (B) Effect ofφ on 2JC1,H2 in 5. Point scatter at discrete values ofφ is due to the effect ofR; highlighted points (open blue circles) are
for perfectly staggered values ofR. (C) Effect ofφ on 2JC2,H1 in 5. Point scatter at discrete values ofφ is due to the effect ofR; highlighted points (open
blue circles) are for perfectly staggered values ofR. (D) Effect of R on 2JC2,H1 in 5. Point scatter at discrete values ofR is due to the effect ofφ; highlighted
points (open blue circles) are for perfectly staggered values ofφ.
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(and presumablyrC1,O1), which were found to be consistent with
prior relationships observed in furanosyl rings.19 For perfectly
staggered values of the rotated C-O torsion, 1,3-lone-pair
effects were observed to reduce bond length. For example,rC2,H2

is smaller forâ-Glc 6 for φ ) -60° and 180° than forφ ) 60°
(Scheme 1).

Equipped with the above-noted bond-length lone-pair rela-
tionships, the effects of the C1-C2-H2 and C2-C1-H1 bond
angle on2JC1,H2 and2JC2,H1, respectively, were examined in6
at perfectly staggered values ofR andφ, respectively (Figure
S3). A roughly linear dependence was observed for2JC1,H2; the
coupling increases (i.e., becomes less negative) by∼0.5 Hz per
1° increase in the bond angle regardless of the value ofR (Figure
S3A). This behavior is similar to that observed for2JHCH

20abut
differs from that reported for2JCOC.20b For R ) 60°, the curve
is shifted by∼2 Hz toward less negative couplings; in this
rotamer,rC2,H2 is larger due to the presence of an O2 lone pair
anti to the C2-H2 bond. Interestingly, the curves forR ) -60°
and 180° coincidedespite the presence of an oxygen lone pair
anti to the C2-H2 bond inR ) 180°. These results show that
2JC1,H2 does not perfectly correlate withrC2,H2. Similar observa-
tions were made for5, 7, and8 (data not shown).

2JC2,H1 in 6 appears less affected by∠C2,C1,H1 (Figure S3B),
although the dynamic range of the angle and the distribution of

data points at eachφ value are more limited. Couplings are
similar for φ ) 60° and -60° (1-2 Hz), but shift to more
positive values (4-5 Hz) for φ ) 180°. For φ ) -60° and
180°, an O1 lone pair is anti to the C1-H1 bond, yet
significantly different2JC2,H1 values are observed. Thus, like
2JC1,H2, 2JC2,H1magnitude does not perfectly correlate withrC1,H1.
Similar observations were made for5, 7, and8 (data not shown).
These data also suggest that rotatingφ significantly influences
∠C1,C2,H2, whereas∠C2,C1,H1 is much less affected by
rotatingR.

Further inspection of2JCCH versusrCH data provides a possible
explanation for the anomalous2JCCH values in those C-O
rotamers identified above (Figure S3). In these cases (e.g.,R )
180° for 2JC1,H2, andφ ) -60° for 2JC2,H1in 6), the C-O torsion
orients the hydroxyl proton anti to the coupled carbon; this
geometry yields a smallerrC1-C2 since no oxygen lone pairs
are anti to the bond. In these conformers, the reducedrC1-C2

shifts2JCCH to a more negative value. Thus,both the C-H and
C-C bond lengths affect2JCCH, with shorter bonds leading to
more negatiVe (less positiVe) couplings.

Studies of1JC1,H1 and1JC1,C2in 5-8 as a function ofrCH and
rCC were also conducted by systematically varying bond lengths
over a 0.02 Å range while optimizing the remaining parameters
(only one combination of C1-O1 and C2-O2 bond torsions
was inspected in each structure).1JCH was found to vary
roughly linearly withrCH,10b with shorter bonds yielding larger
(more positive) couplings (Figure S4A). However, in some

(20) (a) Maciel, G. E.; McIver, J. W.; Ostlund, N. S.; Pople, J. A.J. Am. Chem.
Soc.1970, 92, 4151. (b) Cloran, F.; Carmichael, I.; Serianni, A. S.J. Am.
Chem. Soc. 2000, 122, 396-397.

Figure 10. Same data as in Figure 9 for6.
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cases, the dependence was very small (e.g.,1JC1,H1versusrC1,H1

in R-Glc andR-Man). In contrast, the effect ofrC1,C2on 1JC1,H1

was strong in all cases; moderate changes inrCC influence1JCH

values more significantly than do comparable changes inrCH

(Figure S4A). This observation may explain why correlations
betweenrCH and 1JCH were not uniformly observed in prior
work;10a a critical rCC factor is apparently operating and may
dominate over effects caused byrCH. 1JCC values decrease with
increasingrCC and are virtually unaffected by changes inrCH

on the coupled carbons (Figure S4B).
E. Quantitative Treatment of 2JC1,H2 and 2JC2,H1. Hyper-

surfaces relating2JC1,H2and2JC2,H1to φ andR in 5-8 are shown
in Figures 13 and 14. These data were used to parameterize
two equations relating2JC1,H2 and2JC2,H1 to φ andR.

Coefficients for eqs 1 and 2 are given in Table 1 for the four
relative configurations at C1 and C2 of aldopyranosyl rings (5-
8) and for the 2-deoxy-aldopyranosyl rings (1, 2). The regular
patterns in both torsional regimes permitted reasonableø2 and
rms values to be obtained in the parameterizations. Single
parameter equations were initially derived containing only the
primary torsional variable (R for 2JC1,H2; φ for 2JC2,H1). A slightly

better fit was obtained, however, with double-parameter equa-
tions containing two additional terms to treat the secondary
torsional dependence (φ for 2JC1,H2; R for 2JC2,H1). The latter
equations would be applicable if independent information on
these secondary torsions is available (e.g., via3JHCOH and/or
3JCCOH values).

Conclusions
2JCCH values have received relatively little attention as

conformational probes of saccharides in solution. However,
recent studies of saccharide hydroxymethyl group conformation9

suggest a wider role for these scalar couplings stemming from
their sensitivities to both C-C and C-O torsion angles. For
example, the C5-C6-H6R/S coupling pathways in aldohex-
opyranosyl rings yield2JCCH values that are influenced by both
the C5-C6 (ω) and C6-O6 (θ) torsion angles (I ; Chart 1 and
Figure 1). In this case, the remaining potential variable, the C5-
O5 torsion angle, was fixed by the pyranosyl ring and thus
played no role in modulating the couplings. In the present
investigation,the C-C torsion angle is held constantby the
pyranosyl ring, leaving both C-O torsions to potentially
modulate the coupling. The present studies show that2JCCH

values are influenced by C-O torsion angles at both carbons
of the C-C-H coupling pathway, but the effect is greaterat
the carbon bearing the coupled proton. The observation appears
valid for both2JC1,H2 and2JC2,H1, suggesting that the nature of
the coupled carbon (e.g., anomeric versus nonanomeric) is not
important.

Figure 11. Same data as in Figure 9 for7.

2JC1,H2 ) A + B cosR + C cos 2R + D sin R + E sin 2R +
F cosφ + G cos 2φ (1)

2JC2,H1 ) A + B cosφ + C cos 2φ + D sinφ + E sin 2φ +
F cosR + G cos 2R (2)
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The effect of C-O bond rotation on2JCCH appears to be
mediated largely by oxygen lone-pair perturbations of C-H and
C-C bond lengths. In general, reduction in the C-C and/or
C-H bond lengths in the C-C-H coupling pathway shifts
2JCCH to more negative (less positive) couplings. Lone-pair
effects appear mainly in two forms: vicinal effects (for the C1-
H1, C2-H2, and C1-C2 bonds) and 1,3-effects (C1-H1 and
C2-H2 bonds only), with the former resulting in bond length
elongation and the latter causing bond length reduction. Because
rotation of the C1-O1 and C2-O2 bonds induces lone-pair
effects that may be reinforcing or canceling for any given bond,
the dependence of2JCCH on these torsions becomes a complex
function of overlapping forces.

The expected vicinal lone-pair effects onrC1,H1 and rC2,H2

upon rotation ofφ andR, respectively, are predicted consistently
in 5-8. This is not true for vicinal lone-pair effects onrC1,C2;
for example, rotatingφ in 6 would be expected to increaserC1,C2

for φ ) 60° and 180° (O1 lone pair anti to the C1-C2 bond)
relative toφ ) -60°, and thatrC1,C2 should be similar in the
former group (Figure S2B). However, these trends are not
consistently observed in5-8 (data not shown), suggesting that
oxygen lone-pair effects are modulated by other structural factors
that may include competing stereoelectronic effects operating
at the anomeric center and/or the presence of intramolecular
H-bonding. The latter complication was cause for concern about
2JCCH computed in systems exhibiting H-bonding between O1
and O2, since C1-C2 bond length, a determinant of2JCCH, was
observed to be sensitive to the presence of H-bonding (the
presence of H-bonding between vicinal OH groups reducesrCC).
However, it is believed that this effect is small, based on the
smooth, continuous character of computed2JCCH versusφ/R
curves for5-8 and on the similarity of these curves to those
found for1 and2; in the latter structures, complications arising
from intramolecular H-bonding are absent due to the lack of a
vicinal diol fragment at C1 and C2. It is also noted that 1,3-
lone-pair effects onrC1,H1 andrC2,H2 are consistently observed
in 5-8 as suggested from prior studies in furanosyl rings,19

although there are exceptions attributed again to the presence
of H-bonding in the structure.

New equations correlating2JC1,H2 and2JC2,H1 with φ and/or
R in aldopyranosyl rings have been derived.2JC2,H1has particular

Figure 12. Same data as in Figure 9 for8.

Scheme 1
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relevance for studies of oligosaccharide conformation wherein
assessments of preferred conformation aboutφ are important.
These couplings can be measured in specific monosaccharide
residues labeled with13C at C2, since signal multiplicity at the
well-resolved adjacent anomeric proton can be observed readily.
Alternatively, natural abundance methods forJCH measure-
ments could be applied.21 Recent work has suggested that
trans-glycoside J-couplings yield quantitative information
about C-O rotamer populations in glycosidic linkages.22

However, evaluations ofφ appeared less firm than those of
ψ due to use of the less reliable (and less sensitive)trans-
glycoside2JCOC. 2JC2,H1 may provide an additional means of
evaluatingφ. Since 2JC2,H1 displays some sensitivity toR,
however, more accurate treatments of2JC2,H1 in oligosac-
charides may require an independent evaluation of the C2-O2
torsion angle. The latter could be obtained from measure-
ments of3JHCOH

23 or 3JCCOH
24 in solution. In residues lacking

a hydroxyl group at C2 (i.e., 2-deoxyaldopyranosyl rings),
application of2JC2,H1 to evaluateφ should be more straightfor-
ward.

(21) (a) Meissner, A.; Sørensen, O. W.Magn. Reson. Chem. 2001, 39, 49-52.
(b) Blechta, V.; del Rio-Portilla, F.; Freeman, R.Magn. Reson. Chem. 1994,
32, 134-137. (c) Nishida, T.; Widmalm, G.; Sandor, P.Magn. Reson.
Chem. 1995, 33, 596-599.

(22) (a) Cloran, F.; Carmichael, I.; Serianni, A. S.J. Am. Chem. Soc. 1999,
121, 9843-9851. (b) Thibaudeau, C.; Klepach, T.; Zhao, S.; Reed, M.;
Carmichael, I.; Serianni, A. S. To be submitted for publication.

(23) Fraser, R. R.; Kaufman, M.; Morand, P.; Govil, G.Can. J. Chem. 1969,
47, 403-409.

(24) Dais, P.; Perlin, A. S.Can. J. Chem.1982, 60, 1648.

Figure 13. Computed hypersurfaces showing the dependencies of2JC1,H2and2JC2,H1onφ andR in 5 (A and B, respectively), and in6 (C and D, respectively).

Figure 14. Computed hypersurfaces showing the dependencies of2JC1,H2and2JC2,H1onφ andR in 7 (A and B, respectively), and in8 (C and D, respectively).
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While this report has focused on2JCCH values as constraints
for φ in glycosides, similar couplings may also be applicable
to ψ analysis. For example, inâ-(1 f 4) linkages,2JC3,H4 and
2JC5,H4may serve as additionalψ constraints, assuming that they
obey the same dependencies on C-O torsions as observed for
2JC2,H1. This application remains to be explored.

The predicted behavior of2JC1,H2 and2JC2,H1 reported herein
was deduced from studies ofJ-couplings in gas-phase molecules.
It is thus possible thatJ-coupling behavior in aqueous solution
may be influenced by the presence of H-bonding between
saccharide hydroxyl groups and solvent water.1JCH values are
reported to display a solvent dependence,25 while 3JCH values
are expected to be considerably less affected by solvent.2JCCH

may display an intermediate solvent dependency, although this
has not been tested computationally or experimentally. However,
even if solvation affects2JCCH, the overalltrendsreported here
are expected to be maintained, with possible changes manifested
in curve amplitude shifts (i.e., the absolute values of2JCCH will
be uniformly shifted but overall dependencies will be main-
tained).

Given the dual dependence of2JCCH on C-O torsions on both
carbons along the coupling pathway, a concerted analysis of
multiple 2JCCH values within specific aldopyranosyl rings may
lead to a more complete picture of C-O torsional preferences
in solution. Thus, for example, if the eight intra-ring2JCCH within
6 (2JC1,H2, 2JC2,H1, 2JC2,H3, 2JC3,H2, 2JC3,H4, 2JC4,H3, 2JC4,H5, 2JC5,H4)

were properly parameterized and if all values were known
experimentally, then the eight equations could be collectively
solved to extract “best fit” C-O torsions in solution. These data
could be compared or combined with other information (e.g.,
from 3JHCOH and/or 3JCCOH) to improve the reliability of the
conclusions. Thus,2JCCH not only reportson relatiVe configu-
ration along the C-C-H pathway, as demonstrated by the
empirical rules developed by Perlin7,8 and Pedersen,6 but also
holds the potential of indirectly evaluating C-O torsions in
saccharides for both C-O-R and C-O-H fragments.

Acknowledgment. This work was supported by grants from
Omicron Biochemicals, Inc. of South Bend, IN, and the National
Institutes of Health (GM) (to A.S.). The Notre Dame Radiation
Laboratory is supported by the Office of Basic Energy Sciences
of the United States Department of Energy. This is Document
No. NDRL-4530 from the Notre Dame Radiation Laboratory.

Supporting Information Available: Four figures showingφ/R
population contour maps for5-8 derived from DFT-calculated
total energies (Figure S1), correlations betweenrC1,H1, 2JC2,H1,
and φ, and betweenrC2,H2, 2JC1,H2, and R in 6 (Figure S2),
correlations between C-C-H bond angle and2JC1,H2and2JC2,H1

in 6 (Figure S3), and correlations betweenrC1,H1 and 1JC1,H1,
and betweenrC1,C2 and 1JC1,C2, in 6 either in fully optimized
structures or in structures containing incremented (and fixed)
C1-H1 or C1-C2 bond lengths (Figure S4). This material is
available free of charge via the Internet at http://pubs.acs.org.

JA040251Y
(25) Zaccari, D. G.; Snyder, J. P.; Peralta, J. E.; Taurian, O. E.; Contreras, R.

H.; Barone, V.Mol. Phys.2002, 100, 705-715.

Table 1. Coefficients in Parameterized Equations for 2JC1,H2 and 2JC2,H1 in 1, 2, and 5-8, and ø2 and RMS Values Derived from the Fit

R-Glc 5
2JC1,H2

R-Glc 5
2JC2,H1

â-Glc 6
2JC1,H2

â-Glc 6
2JC2,H1

R-Man 7
2JC1,H2

R-Man 7
2JC2,H1

â-Man 8
2JC1,H2

â-Man 8
2JC2,H1

R-deoxyGlc 1
2JC2,H1

â-deoxyGlc 2
2JC2,H1

Single Parameter
A 1.30 0.086 -5.07 2.05 0.50 -1.17 0.30 9.88 2.24 5.12
B 0.13 0.50 0.16 0.062 -0.67 1.21 -0.50 0.37 0.69 0.044
C -1.15 -0.60 -0.41 -0.92 1.74 -0.77 1.64 -1.23 -0.79 -1.05
D -0.81 0.50 -0.25 0.38 -0.31 0.39 -0.11 0.16 0.49 0.26
E -1.63 0.99 -0.79 1.40 0.053 1.01 0.042 1.89 1.11 1.55
ø2 106.1 32.6 42.0 19.9 68.3 29.0 25.8 61.6 0.19 0.09
rms (Hz) 0.74 0.23 0.29 0.14 0.48 0.20 0.18 0.43 0.02 0.01

Double Parameter
A 1.30 0.086 -5.07 2.05 0.50 -1.17 0.30 9.88
B 0.13 0.50 0.16 0.062 -0.67 1.21 -0.50 0.37
C -1.15 -0.60 -0.41 -0.92 1.73 -0.77 1.64 -1.23
D -0.81 0.50 -0.25 0.38 -0.31 0.39 -0.11 0.16
E -1.63 0.99 -0.79 1.40 0.053 1.01 0.042 1.89
F -0.17 -0.11 0.65 -0.21 0.40 -0.37 0.45 0.29
G 0.56 -0.17 0.10 0.13 -0.24 0.067 0.039 0.27
ø2 81.7 29.7 11.0 15.4 52.6 18.9 11.0 50.6
rms (Hz) 0.57 0.21 0.08 0.11 0.37 0.13 0.08 0.35
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