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Abstract: Methyl â-D-ribofuranoside5 and methyl 2-deoxy-â-D-erythro-pentofuranoside (methyl 2-deoxy-â-D-
ribofuranoside)6were synthesized with single sites of13C-enrichment at each carbon, and a complete set of13C-1H
and13C-13C spin-coupling constants (37 couplings in5, 41 couplings in6) in these molecules were obtained by 1D
and 2D NMR spectroscopy.2JCH coupling signs were determined from the observation of relative cross-peak
displacements in 2D TOCSY data. The13C-1H couplings (one-, two-, and three-bond) were interpreted in structural
and conformational terms with assistance from conformational models of5 and6 based on conventional two-state
pseudorotational analysis of3JHH values (PSEUROT) and on theoretical predictions of conformational energies and
JCH values obtained fromab initio molecular orbital calculations on the ten envelope and planar conformers of
â-D-ribofuranose4 and 2-deoxy-â-D-erythro-pentofuranose (2-deoxy-â-D-ribofuranose)3. A comparison of theoretical
JCH values in3 and4 allowed an assessment of the effect of C2 structure (C2 oxyVsC2 deoxy) on coupling magnitudes
and signs. Results show that the behavior of relatedJCH values in5 and6may differ, especially when C2 is involved
as a coupled nucleus. In addition, several1JCH, 2JCH, and3JCH values inâ-D-ribo and 2-deoxy-â-D-ribo rings were
found to be sensitive to furanose ring and hydroxymethyl group conformation; in the deoxyribo ring, the presence
of diastereotopic protons at C2 produces paired13C-1H coupling pathways involving H2R and H2S that are
complementary, and differences in the resulting pairedJCH values are, in some instances, sensitive to ring conformation.
JCC values inâ-D-ribo and 2-deoxy-â-D-ribo rings also reflect differences in ring structure and geometry, although
fewer (e.g., 2JC3,C5, 3JC1,C5, 3JC2,C5) appear useful as conformational probes. The correlations drawn between ring
structure/conformation andJCH/JCC magnitude and sign in5 and6 will be useful in anticipated applications of these
couplings to assess furanose ring conformation/dynamics in DNA and RNA oligomers and in other biomolecules
containingâ-D-ribo and 2-deoxy-â-D-ribo rings.

Introduction

13C-1H and13C-13C spin-coupling constants are becoming
more important in biomolecular structure determinations by
NMR spectroscopy, in part due to the increased availability of
13C-labeled samples and to improved methods to measure these
parameters in complex molecules. Thus, for example,3JCH and
3JCC values have been used to refine NMR structure determina-
tions of 13C-labeled proteins, especially for the side chains.1-3

1JCH values have also been examined as potential probes of
protein backbone conformation.4-7 1JCH, 3JCH, and3JCC values
have proven valuable in the conformational analysis of complex

carbohydrates, especially when assessing conformation about
O-glycoside linkages.8-14 JCH values can be conveniently
measured by a variety of multidimensional NMR methods;2 for
example, an elegant approach involves the measurement of
cross-peak displacements in 2D (e.g., TOCSY)15,16and 3D (e.g.,
HMQC-TOCSY)17 spectra of13C-labeled molecules, from which
both the magnitudes and signs of specificJCH may be
obtained.2,3a,18,19 Recent improvements in the13C-labeling of
DNA20 and RNA21 promise increased measurement and ap-
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plications ofJCH andJCC values in NMR structural studies of
nucleic acids.
While suitable labeled samples and NMRmethodologies exist

to extract accurateJCH and JCC values from NMR spectra of
biomolecules, relating their magnitudes to molecular structure
is often difficult. The problem is most acute in studies of nucleic
acids, especially for couplings within the sugar (furanose)
constituent. Because of the inherent conformational flexibility
of the furanose ring,22 J values observed in these structures
cannot be interpreted in terms of a single rigid conformation
but rather are averaged23 in a manner that reflects the presence
of a mixture of two or more interconverting conformational
isomers.24a Pathways for conformer interconversion involve
pseudorotation24b in which envelope (E) and twist (T) nonplanar
forms exchange without the participation of the planar (P) form
(Chart 1), or inversion24c in which nonplanar forms interconvert
via the P form. This conformational averaging provides a strong
justification for improving the interpretation ofJCH and JCC
within these structures.25,26a Given the large number ofJCH and
JCC values relative toJHH values inâ-D-ribo 1 and 2-deoxy-â-
D-ribo 2 rings (Chart 2), these couplings represent an important
potential source of information with which to assess the
conformational and dynamical properties of these rings. Thus,
an integrated, quantitative treatment ofJHH, JCH, andJCC values
within the furanose constituents of DNA and RNA, and other
biomolecules that contain these rings,26b is expected to lead to
a fuller understanding of their solution behaviors.
Previous reports have addressed the effect of furanose ring

conformation on1JCH values and suggest a correlation between
C-H bond orientation, C-H bond length, and coupling
magnitude.27,28 A projection resultant method has been pro-

posed recently to assist in the interpretation of2JCC values in
carbohydrates;13 this method was subsequently confirmed by
magnitude and sign determinations of2JCCC and2JCOC values
by 13C-13C â-COSY methods using triply13C-labeled com-
pounds.29 A detailed investigation ofJCH behavior inâ-D-
ribofuranosyl rings has also been reported recently in which
the effect of ring conformation on1JCH, 2JCH, and3JCH values
was examined using experimental and computational methods.28

In the present investigation, we extend these previous studies
by examining JCH and JCC behavior in the 2-deoxy-â-D-
ribofuranosyl ring2 (Chart 2). We compare the structural
properties of 2-deoxy-â-D-erythro-pentofuranose (2-deoxy-â-
D-ribofuranose)3 (Chart 2) derived fromab initio molecular
orbital calculations to those obtained previously27,28,30on â-D-
ribofuranose4 (Chart 2). Using computational methods vali-
dated previously,27,28,30,31 we then compare the predicted
(computed) behavior ofJCH values in3 with that predicted for
relatedJCH in 4; this latter comparison provides an estimation
of the effect of C2 structure (C2 oxyVsC2 deoxy) onJCH values.
We then apply this comparative analysis in a discussion of the
complete sets ofJCH andJCC values observed in methylâ-D-
ribofuranoside5 (37 couplings) and methyl 2-deoxy-â-D-
erythro-pentofuranoside (methyl 2-deoxy-â-D-ribofuranoside)6
(41 couplings) (Chart 2). These couplings were obtained from
1D and 2D NMR spectra of5 and6which were singly labeled
with 13C at each carbon.

Experimental Section

Synthesis of Labeled Methylâ-D-Ribofuranosides. Singly 13C-
labeledD-riboses were prepared according to previously published
procedures,32-36 and only a brief account of their synthesis is given
here. D-[1-13C]Ribose was prepared fromD-erythrose37 and K13CN by
the cyanohydrin reduction reaction;32,33,35the product C-2 epimers,D-[1-
13C]ribose andD-[1-13C]arabinose, were separated by chromatography
on Dowex 50× 8 (200-400 mesh) ion-exchange resin in the Ca2+

form.38 D-[2-13C]Ribose was prepared fromD-[1-13C]arabinose (the
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byproduct in the synthesis ofD-[1-13C]ribose) by molybdate-catalyzed
epimerization.35,36 D-[3-13C]Ribose was prepared fromD-[2-13C]eryth-
rose and KCN by the cyanohydrin reduction reaction;32,33,35D-[2-13C]-
erythrose was prepared by molybdate epimerization36 of D-[1-13C]-
threose, and the latter labeled tetrose was prepared from
D-glyceraldehyde39 and K13CN.33 D-[4-13C]Ribose was prepared from
D-[2-13C]mannose;40 the labeled mannose was prepared by molybdate
epimerization ofD-[1-13C]glucose,36 and the labeled glucose was
prepared fromD-arabinose and K13CN.32-34 D-[5-13C]Ribose was
prepared fromD-[4-13C]erythrose and KCN by the cyanohydrin
reduction reaction;32,33,35D-[4-13C]erythrose was prepared by treatment
of D-[6-13C]glucose41 with Pb(OAc)4.37

The labeled riboses were converted into the corresponding methyl
furanosides by Fischer glycosidation (anhydrous methanol solvent,
H2SO4 catalyst).42,43 The productR- andâ-furanosides were separated
by chromatography on Dowex 1× 2 (200-400 mesh) ion-exchange
resin in the OH- form.43,44

Synthesis of Labeled Methyl 2-Deoxy-â-D-erythro-pentofurano-
sides. Labeled methyl 2-deoxy-â-D-erythro-pentofuranosides (methyl
2-deoxy-â-D-ribofuranosides) were prepared from the corresponding
labeled methylâ-D-ribofuranosides according to the method of Robins
et al.45 A general description of the procedure, as applied to the
preparation of methyl 2-deoxy-â-D-[1-13C]erythro-pentofuranoside,
follows.
Methyl â-D-[1-13C]ribofuranoside (0.54 g, 3.3 mmol) was suspended

in dry pyridine (40 mL; freshly distilled and stored over 3Å molecular
sieves) in an inert (N2) atmosphere. 1,3-Dichloro-1,1,3,3-tetraisopro-
pyldisiloxane (TPDS-Cl2, 1.07 mL, 3.3 mmol) was added, and the
mixture was stirred at room temperature for 5 h. Pyridine was removed
by evaporationin Vacuo, and the residue was partitioned betweeen
EtOAc and water. The organic phase was washed with 3× 30 mL
saturated NaHCO3 and once with saturated aqueous NaCl, and the
organic phase was dried overnight over anhydrous Na2SO4.
The solvent was removed by evaporationin Vacuo, and anhydrous

CH3CN (45 mL), 4-(dimethylamino)pyridine (DMAP, 825 mg, 6.6
mmol), and phenylthionocarbonate chloride (PTC-Cl, 0.6 mL, 3.3
mmol) were added. The solution was stirred for 21 h under an inert
atmosphere (N2). Solvent was then removed by evaporationin Vacuo,
and the residue was partitioned between EtOAc and water. The organic
phase was washed with 3× 30 mL saturated NaHCO3 and once with
saturated aqueous NaCl, and the organic phase was dried overnight
over anhydrous Na2SO4.
After removal of the solventin Vacuo, the resulting syrup was

dissolved in toluene (80 mL, freshly distilled and stored over 3Å
molecular sieves), and 2,2′-azobis(2-methylpropionitrile) (AIBN, 0.11g,
0.7 mmol) and tri-n-butyltin hydride (1.2 mL, 4.5 mmol) were added.
The solution was degassed with O2-free nitrogen for 1 h and then heated
at 75°C for 6 h. Deprotection (desilylation) was effected by addition
of tetra-n-butylammonium fluoride (TBAF, 6 mL, 6 mmol) to the
reaction mixture, and the solution was heated at 75° C for an additional
3 h. Solvent was then removed by evaporationin Vacuo, and the residue
partitioned between ether and water. The ether layer was extracted
with 3 × 20 mL of water, and the aqueous fractions were pooled and
extracted with 3× 20 mL of ether. The resulting aqueous phase was
concentratedin Vacuoat 30 °C, and the resulting syrup applied to a
column (2.5 cm× 26 cm) containing Dowex 1× 2 (200-400 mesh)
resin in the OH- form.44 Elution with CO2-free water (2 mL/min, 15

mL/fraction) yielded methyl 2-deoxy-â-D-[1-13C]erythro-pentofurano-
side (120-255 mL) and methylâ-D-[1-13C]ribofuranoside (450-750
mL), which were identified by their characteristic1H chemical shifts
and 1H-1H coupling constants.43,46 Yield: 0.30 g, 2.0 mmol, 61%
(syrup weight) based on methylâ-D-[1-13C]ribofuranoside.
NMR Spectroscopy. NMR spectra were obtained on a Varian

UnityPlus600 MHz NMR spectrometer operating at 599.888 MHz for
1H and 150.852 MHz for13C. One-dimensional1H and 13C NMR
spectra were collected on∼20 and∼100 mM aqueous (2H2O) solutions,
respectively, at 30°C using a conventional 5 mm broadband probe or
a 3 mm dual1H/13C microprobe (Nalorac). Spectra were processed
with resolution enhancement (sine-bell) to facilitate the measurement
of small couplings (g0.8 Hz). 2D TOCSY spectra15,16were collected
as a 2K× 2K matrix and zerofilled to 4K× 4K, and a 50 ms mixing
time was employed in the pulse sequence. Sine-bell functions were
applied to both dimensions prior to fourier transformation. 2D Spectra
were sufficiently digitized to observe relative cross-peak displacements
>1 Hz; these data were used only for sign determinations, since accurate
coupling magnitudes ((0.1 Hz) could be extracted straightforwardly
from 1D 1H NMR spectra in most cases.

3JHH values were fit to a two-state N/S pseudorotational model using
PSEUROT 6.2,47 which applies a parameterized Karplus equation48 to
the coupling data and yields pseudorotational phase angles (P) and
puckering amplitudes (τm) for the preferred north (N) and south (S)
forms, and the percentage of S form in solution. Pseudorotational phase
angles (P) divided byπ give values ranging from 0-2 radians which
correspond to specific E and T forms (e.g., P/π ) 0.1 for 3E, P/π )
0.3 for E4, and so forth) (Figure 1).
Ab Initio Molecular Orbital Calculations. Ab initio molecular

orbital (MO) calculations were conducted (Gaussian 92)49 on 2-deoxy-
â-D-erythro-pentofuranose3 using the Hartree-Fock (HF) procedure
and a polarized split-valence basis set (6-31G*). Ten envelope
conformers (3E, E4, 0E, E1, 2E, E3, 4E, E0, 1E, E2) (Chart 1) and the
planar (P) conformer were examined as described previously27,28,50-52
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Figure 1. Conformational energy (total energy) profiles for 2-deoxy-
â-D-erythro-pentofuranose3 (open squares) andâ-D-ribofuranose4
(closed squares) determined fromab initiomolecular orbital calculations
(HF/6-31G*) using the initial C1-O1, C2-O2 (ribo only), C3-O3,
C4-C5, and C5-O5 torsion angles shown in Chart 3.
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(thus, for example, in3E, the C4-O4-C1-C2 dihedral angle was fixed
at 0°); two endocyclic torsions were fixed at 0° in calculations on the
P form. All other geometric parameters (i.e., bond lengths, angles,
and torsions) were optimized in the calculations.
The choice of initial exocyclic C-C and C-O torsions (C1-O1,

C3-O3, C4-C5, and C5-O5 in3) (Chart 3) was arbitrary except for
the C1-O1 torsion, which was set to optimize the exoanomeric effect,53

as described in previous reports,27,28,50-52 and the C4-C5 torsion angle.
The latter torsion angle was set to correspond to the hydroxymethyl
conformation favored by5 and6 in aqueous solution (C3anti to O5;
gt conformer; Chart 3) (see Results and Discussion) in order to permit
a comparison between experimental and computedJCH values in these
structures. Thus, the full energy surface for3was not examined since,
to obtain this surface, 34 × 11) 891 unique structures would need to
be studied, which was considered impractical given present computer
limitations. It should also be appreciated that these calculations pertain
to unsolvated, “gas-phase” structures (i.e., solvent effects have not been
treated), since at present it is not possible to include solvation effects,
either implicitly by a suitably configured dielectric reaction-field or
explicitly by selecting and locating a suitable number of solvent
molecules, in suchab initio calculations with reasonable confidence.
Calculation of 13C-1H Spin-Coupling Constants. 13C-1H spin-

coupling constants were obtained by finite (Fermi-contact) field double
perturbation theory calculations54a at the HF and MP2 levels using a
basis set designed for the economical recovery of such properties and
a modified version of the Gaussian 92 suite of programs.31 Scale factors
have been developed for this basis set for each of the spin-coupling
constants,1JCH, 2JCH, and3JCH, which allow the reliable prediction of
results expected at a much higher level of theory, namely, quadratic
configuration interaction (QCISD).54b The scale factors were estimated
from the equation,fn ) [nJCH(QCISD) - nJCH(HF)]/[nJCH(MP2) -
nJCH(HF)], in systems where the full QCISD calculation is possible.
Values of f1 ) 0.83, f2 ) 0.75, andf3 ) 0.83 were obtained for the
present basis set which is derived from standard double-zeta representa-
tions and may be written as [5s2p1d|2s].31 Note the presence of a shell
of five-component, polarizingd-functions on the heavy atoms (C,O).
The addition ofp-functions on hydrogen produced little change in the
computed couplings. These values allow the estimation ofnJCH
(QCISD) values in much larger systems for which only the HF and
MP2 calculations are at present tractable. It should be observed that
trends in the computed coupling constants are already reproduced at
the HF level, whereas theabsolute magnitudesare poorly estimated
due to the neglect of electron correlation. The importance of these
electron correlation effects is overestimated in the simplest recovery
scheme (MP2), so that the comparison with much more complete
treatments (QCISD) leads to scale factors less than unity.

Results and Discussion

A. Ring and Hydroxymethyl Conformations in 5 and 6
via Analysis of 3JHH Values. 1H NMR spectra of5 and 6
obtained at 600 MHz in2H2O solvent contained well-resolved
signals for the nonexchangeable protons, thus allowing straight-
forward extraction of chemical shifts and3JHH values from the
data (Table 1). The stereochemical assignments of the dia-
stereotopic C2 proton signals of6 (H2R, H2S) could not be
made reliably from an inspection of3JHH data due to potential
complications arising from conformational averaging. However,
these assignments could be made with confidence based on an
analysis of2JC1,H2Rand2JC1,H2Svalues as discussed below; using
this approach, the more shielded C2 proton was assigned as
H2R (the C2 protoncis to O3) (Table 1, Chart 4). Stereochem-
ical assignments of the hydroxymethyl protons (H5R, H5S) in
5 were made previously through selective deuterium
substitution;55a the more shielded C5 proton is H5R (Table 1,
Chart 4). By analogy, the more shielded C5 proton in6 was
initially assigned to H5Rand subsequently confirmed by analysis
of JCH values (see below).

3JHH data for5 and 6 were analyzed by PSEUROT 6.247

which fits these couplings to a simple two-state north/south (N/
S) conformational model. Pseudorotational phase angles for
the preferred N and S forms (PN andPS, respectively), puckering
amplitudes for these forms (τm(N) andτm(S), respectively), and
the %S form in solution are obtained from this treatment. The
PSEUROT results (Table 2) indicate a strong preference for N
forms by methylâ-D-ribofuranoside5 (PN ) -16°, PS ) 158°;
τm(N) ) 38°, τm(S)) 42°, N/S) 94/6). In contrast, treatment
of 3JHH data for6 gavePN ) -26°, PS ) 211°, τm(N) ) 38°,
τm(S) ) 32°, and N/S) 60/40. Thus, according to this
treatment, the preferred N forms of5 and6 are similar (i.e.,
1T2/E2), whereas the preferred S forms differ considerably (2E

(52) Garrett, E. C.; Serianni, A. S.Carbohydr. Res.1990, 206, 183.
(53) (a) Lemieux, R. A.Pure Appl. Chem.1971, 25, 527-548. (b)

Lemieux, R. U.; Koto, S.; Voisin, D. InAnomeric Effect: Origin and
Consequences; Szarek, W. A., Horton, D., Eds.; ACS Symposium Series
87; American Chemical Society: Washington, DC, 1979; pp 17-29.

(54) (a) Kowalewski, J.; Laaksonen, A.; Roos, B.; Siegbahn, P.J. Chem.
Phys.1979, 71, 2896-2902. (b) Pople, J. A.; Head-Gordon, M.; Ragha-
vachari, K.J. Chem. Phys.1987, 87, 5968-5975.

Chart 3 Table 1. 1H Chemical Shifts and1H-1H Spin-Coupling Constants
in Methyl â-D-ribofuranoside5 and Methyl
2-Deoxy-â-D-ribofuranoside6

chemical shifts,δa (ppm) 5 6

H1 4.977 5.310
H2 4.114
H2R 2.248
H2S 2.316
H3 4.236 4.438
H4 4.092 4.076
H5R 3.690 3.678
H5S 3.876 3.794
OCH3 3.480 3.477

coupling constants,Ja (Hz) 5b 6

H1,H2 1.2
H1,H2R 5.4
H1,H2S 2.6
H2,H3 4.6
H2R,H3 ∼5.7
H2S,H3 6.7
H2R,H2S -13.9
H3,H4 6.9 4.2
H4,H5R 6.6 7.0
H4,H5S 3.1 4.6
H5R,H5S -12.2 -12.0

a 2H2O solvent,∼25 °C. bData taken from ref 43.

Chart 4
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for 5, 4T3 for 6). The PSEUROT data obtained for6 are in
good agreement with those reported previously by Raapet al.46

Hydroxymethyl conformation in5 and6 has been examined
previously.55a-c Populations for the three C4-C5 rotamers
(Chart 5) were calculated from the magnitudes of3JH4,H5R and
3JH4,H5Svalues (Table 3).55b These results indicate very similar
populations (52%) of thegt rotamer in both5 and 6. The
populations of thegg (38%) and tg (10%) rotamers are
significantly different in5, whereas these populations are similar
(21% and 26%, respectively) in6. The smallertg population
in 5 relative to that found in6 is apparently related to a greater
preference for N forms in the former;55b in N forms, a
destabilizing 1,3-interaction exists between O3 and O5 in the
tg rotamer, thus reducing its population in solution.
B. Molecular Orbital Calculations on 2-Deoxy-â-D-ribo-

furanose 3 and Comparisons to Related Data for 4.Ab initio
molecular orbital calculations were performed on3 to evaluate
conformational energy and structural parameters as a function
of ring conformation. Similar calculations were reported
recently on4.28 In the following discussion, data for3 and4
are compared in order to assess the effect of C2 structure on
conformational energies and structural parameters.
Previous conformational energy studies of4 conducted at the

same level of theory used in this study (HF/6-31G*) revealed
two energy minima along the pseudorotational itinerary;28 the
global minimum occurred at 1.9 P/π (E2, N form) and a local
minimum at 0.9 P/π (2E, S form) (Chart 1, Figure 1). The more
favored N form was found to be structurally similar to the two
conformations of the corresponding methyl glycoside5 observed
in the crystalline state.28 Similar calculations on3 also reveal
two minima, with the global minimum located at 1.9 P/π (E2,
N form) and a barely discernable local minimum at about 1.3P/π
(4E) (Figure 1). Thus, based on these data, the E2 conformation
appears to be the most favored N form of both3 and4, whereas
the preferred S forms of3 and 4 differ. These results are
consistent with those obtained from the treatment of3JHH values
in the structurally related glycosides5 and6 (Table 2), that is,
similar preferred N and S forms are identified by3JHH analysis
and by ab initio calculations.However, the proportions of N

and S forms determined by the two methods differ, and we
attribute this discrepancy, in part, to the limitations imposed
by restricting theab initio calculations to one set of exocyclic
torsion angles (Chart 3). Thus, for example, the fact that only
the gt conformation about the C4-C5 bond (Chart 5) was
considered is likely to skew the N/S distribution more in favor
of N forms in these computations; inclusion ofgg and tg
rotamers is expected to increase the percentage of S forms for
reasons discussed elsewhere.55b The exclusion of solvent water
in the present calculations may also affect the computed N/S
ratios.
C-H bond lengths in3 and 4 show the same general

dependence on ring conformation (Figure 2). The C1-H1 bond
is longer in conformations in which this bond is quasi-axial or
near quasi-axial (e.g., E1) and shorter in conformations in which
this bond is quasi-equatorial or near quasi-equatorial (e.g., 1E)
(Figure 2A). Similar patterns are observed for the C2-H2 and
C4-H4 bonds in3 and 4 (Figures 2B,C) and are consistent
with observations made previously on simpler 2-deoxyaldo-
furanoses.27,51 In contrast, the behavior of the C3-H3 bond
length in3 and4 differs (Figure 2D). In3, the behavior of the
C3-H3 bond is consistent with previous observations,27,28that
is, the bond is longer when quasi-axial or near quasi-axial (e.g.,
3E) and shorter when quasi-equatorial or near quasi-equatorial
(e.g., E3). Thus, the behavior of the C3-H3 bond in 4 is
anomalous and has been attributed to changes in the C3-O3
torsion angle as theribo ring is optimized in different conforma-
tions.27,28 The large rotation of the C3-O3 bond in4 as a
function of ring conformation (Figure 3) is apparently induced
by intramolecular H-bonding between O2 and O3, which is not
possible in3. This rotation induces changes in the C3-H3 bond
length by altering the geometric relationship between this bond
and the lone-pair orbitals on O3. The “normal” behavior of
the C3-H3 bond in3 and the relatively limited rotation about
the C3-O3 bond in3 relative to that observed in4 (Figure 3)
provide additional evidence of the importance ofVicinal lone-
pair effects on C-H bond lengths in aldofuranosyl rings.
The exocyclic C-O bond lengths in3 exhibit a dependence

on ring conformation similar to that observed in4 (Figure 4A,B).
As observed for C-H bonds, the exocyclic C-O bonds are
longer when quasi-axial and shorter when quasi-equatorial; thus,
for example, the C1-O1 bond is longer in E0 than in0E (Figure
4A). The C1-O1 bond length appears similar in3 and 4
(Figure 4A), whereas the C3-O3 bond in3 is predicted to be
shorter than that in4 for all ring conformations (Figure 4B).
This behavior is consistent with recent observations by Gelbin
et al.56 based on an analysis of C-O bond lengths in a wide
range of nucleosides and nucleotides determined by X-ray
crystallography (see Discussion below). The endocyclic C1-
O4 and C4-O4 bond lengths in3 and 4 show similar
correlations with ring conformation (Figure 5A,B), although
small uniform shifts in these curves are observed (C1-O4deoxyribo
> C1-O4ribo; C4-O4deoxyribo < C4-O4ribo).
The exocyclic C4-C5 bond length in3 and4 shows the same

dependence on ring conformation (Figure 6). As observed for
other exocyclic bonds, this bond is longer when quasi-axial (e.g.,
4E) than when quasi-equatorial (e.g., E4). The C4-C5 bond
length appears essentially unaffected by C2 structure (oxyVs
deoxy).
C1-O1 bond rotation in3 as a function of ring conformation

appears more restricted than observed in4, although the overall
pattern is similar in both compounds (Figure 7A). Similar
behavior in the C4-O4-C1 bond angle (Figure 7B) and(55) (a) Wu, G. D.; Serianni, A. S.; Barker, R.J. Org. Chem.1983, 48,

1750-1757. (b) Kline, P. C.; Serianni, A. S.Magn. Reson. Chem.1990,
28, 324-330. (c) Kline, P. C.; Serianni, A. S.Magn. Reson. Chem.1988,
26, 120-123.

(56) Gelbin, A.; Schneider, B.; Clowney, L.; Hsieh, S.-H.; Olson, W.
K.; Berman, H. M.J. Am. Chem. Soc.1996, 118, 519-529.

Table 2. PSEUROT 6.2a Parameters for Methyl
â-D-ribofuranoside5 and Methyl 2-Deoxy-â-D-ribofuranoside6
Based on3JHH Datac

parameterb 5 6

PN -16° (E2) -26° (E2/1T2)
PS 158° (2E) 211° (4T3)
τm (N) 38° 38°
τm (S) 42° 32°
N/S ratio 94/6 60/40
RMS deviationd 0.00 0.31

aOriginal program description, ref 74; program source, ref 47.b 2H2O
solvent,∼25 °C. cCoupling data provided in Table 1.d In Hz.

Chart 5
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puckering amplitude (τm) (Figure 7C) in 3 and 4 is also
observed, although slightly smallerτm values are predicted for
3 in the eastern hemisphere of the itinerary. These latter data
indicate thatτm is not constant throughout the pseudorotational
itinerary for3 and4; smaller values are predicted in the western
hemisphere, in agreement with molecular dynamics results
reported by Harvey and Prabhakaran.22

C. Behavior of ComputedJCH Values in 3 and Compari-
sons to Related Couplings in 4.Using computational methods
described previously,27,28,30,31theab initiomolecular orbital data
obtained on3were used to compute1JCH, 2JCH, and3JCH values
in 3 as a function of ring conformation. These couplings are
compared to corresponding values reported previously for428

in order to assess the effect of C2 structure on coupling
magnitudes. Having compared the behavior of individual13C-
1H spin-couplings in3 and 4 derived from computational
methods, we then test these results by examining experimentally-
determined13C-1H spin-couplings in the structurally-related
methyl glycosides,5 and6 (see section E below).
One-Bond 13C-1H Couplings. The dependence of1JC1,H1

magnitude on ring conformation in3 and4 is essentially the
same (Figure 8A), indicating that the presence or absence of
an hydroxyl group at C2 has little effect on1JC1,H1magnitude.
Similar behavior is observed in the methyl pyranosides of
D-glucose and 2-deoxy-D-glucose (2-deoxy-D-arabino-hex-
ose): 1JC1,H1 (R-gluco7) ) 170.1 Hz,1JC1,H1 (2-deoxy-R-gluco
8) ) 170.4 Hz,1JC1,H1 (â-gluco9) ) 161.3 Hz, and1JC1,H1 (2-
deoxy-â-gluco10) ) 161.8 Hz. These data indicate that1JC1,H1
values are essentially the same in conformationally defined
aldopyranoses and their 2-deoxy analogs, thus providing

experimental support for the predicted behavior of1JC1,H1 in 3

and4 (Figure 8A). In both3 and4, 1JC1,H1 is larger for quasi-
equatorial or near quasi-equatorial C1-H1 bonds (shorter bond,
mores-character) and smaller for quasi-axial or near quasi-axial
C1-H1 bonds (longer bond, lesss-character).27,28

1JC2,H2S in 3 and1JC2,H2 in 4 show the same dependence on
ring conformation (Figure 8B), with larger values predicted
when the C2-H2 bond is quasi-equatorial (e.g., E2) and smaller
values predicted when the bond is quasi-axial (e.g., 2E). In
addition, the absence of an oxygen substituent at C2 in3 causes
a large and fairly uniform reduction (∼17 Hz) in coupling
magnitude. 1JC3,H3 in 3 and 4 exhibits the same general
dependence on ring conformation, but1JC3,H3 in 3 is reduced in
magnitude by∼4 Hz relative to1JC3,H3 in 4.

1JC4,H4 in 3 and 4 are similar in magnitude and exhibit
essentially the same dependence on ring conformation (Figure

Figure 2. Effect of ring conformation on C1-H1 (A), C2-H2/C2-H2S (B), C4-H4 (C), and C3-H3 (D) bond lengths in 2-deoxy-â-D-erythro-
pentofuranose3 (open squares) andâ-D-ribofuranose4 (closed squares) determined fromab initio molecular orbital calculations (HF/6-31G*).
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8D). A shift to slightly smaller values is predicted for
conformers of3 (relative to4) lying in the southern hemisphere
of the itinerary. As found for other1JCH in 3 and4, 1JC4,H4 is
larger when the C4-H4 bond is quasi-equatorial (e.g., 4E) and
smaller when this bond is quasi-axial (e.g., E4).
Two-Bond 13C-1H Couplings. 2JC1,H2S in 3 and2JC1,H2 in

4 show a similar dependence on ring conformation, with more
negative (less positive) couplings found in S forms than in N
forms (Figure 9A). The curve for3 is shifted to more negative

couplings relative to that for4 (∼ -4-6 Hz), indicating that
the loss of an electronegative substituent at the carbon bearing
the coupled proton (C-C-H coupling pathway) causes a shift
to morenegatiVe couplings. A similar trend is observed for
2JC3,H2, which exhibits the same dependence on ring conforma-
tion in 3 and 4 yet is shifted to morenegatiVe values in3
(∼ -1 Hz) (Figure 9B). In contrast,2JC2,H1 in 3 and 4 is
relatively insensitive to ring conformation, with morepositiVe
couplings predicted in3 (Figure 9C). The latter result suggests

Figure 3. Effect of ring conformation on the C3-O3 torsion angle
(defined as H3-C3-O3-H) in 3 (open squares) and4 (closed squares)
determined fromab initiomolecular orbital calculations (HF/6-31G*).

Figure 4. Effect of ring conformation on exocyclic C-O bond lengths
in 3 (open squares) and4 (closed squares) determined fromab initio
molecular orbital calculations (HF/6-31G*). (A) C1-O1 bond and (B)
C3-O3 bond.

Figure 5. Effect of ring conformation on endocyclic C-O bond lengths
in 3 (open squares) and4 (closed squares) determined fromab initio
molecular orbital calculations (HF/6-31G*). (A) C1-O4 bond and (B)
C4-O4 bond.

Figure 6. Effect of ring conformation on the exocyclic C4-C5 bond
length in3 (open squares) and4 (closed squares) determined fromab
initio molecular orbital calculations (HF/6-31G*).
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that the loss of an electronegative substituent at the coupled
carbon (C-C-H coupling pathway) results in a shift to more
positiVecouplings. A similar shift is observed for2JC2,H3, which
exhibits the same dependence on ring conformation in3 and4
but is displaced to morepositiVe values in3 (Figure 9D).

2JC3,H4 values are similar in magnitude and negative in sign
in 3 and4 and are relatively insensitive to ring conformation
(Figure 9E). In contrast,2JC4,H3exhibits a strong sensitivity to
ring conformation in3and4, with couplings displaced to slightly
more negative (less positive) values in3 (Figure 9F). This latter
shift suggests that structural changes at a carbon adjacent to

that bearing the coupled proton can affect2JCCH magnitude.
Related “remote” effects on2JCCH values have been observed
previously in aldopyranosyl rings.57

Three-Bond 13C-1H Couplings. 3JCH values in carbohy-
drates exhibit a dihedral angle dependence as expected,58

although other factors (e.g., R-substituent effects)59 also influ-
ence the magnitudes of these couplings. Six C-C-C-H and
two C-O-C-H coupling pathways exist in3 that are poten-
tially sensitive to ring conformation, and the corresponding C-H
torsion angles determined fromab initio calculations are shown
in Figure 10. Two couplings pathways, namely, C1-C2-C3-
H3 and C4-C3-C2-H2R, show essentially the same depend-
ence of dihedral angle on ring conformation, and, thus,3JC1,H3
and3JC4,H2R should exhibit similar overall correlations with ring
conformation in 2-deoxy-â-D-ribo rings.
The response of3JC1,H3 to ring conformation in3 and4 is

similar (Figure 11A), indicating that structural differences at
C2 do not appreciably affect coupling magnitude. This
observation is consistent with those made previously60 in the
methyl pyranosides ofD-glucose and 2-deoxy-D-glucose:3JC1,H3
(R-gluco 7) ) ∼0 Hz, 3JC1,H3 (2-deoxy-R-gluco 8) ) ∼0 Hz,
3JC1,H3 (â-gluco9) ) 1.3 Hz, and3JC1,H3 (2-deoxy-â-gluco10)
) <0.8 Hz. These latter data suggest similar or smaller3JC1,H3
values upon deoxygenation at the central carbon of a C-C-
C-H coupling pathway, at least for C-C-C-H dihedral angles
of ∼60°.

3JC1,H4 values show a similar dependence on ring conforma-
tion in 3 and4 (Figure 11B). As observed for3JC1,H3 (Figure
11A), small differences are observed at the larger dihedral
angles, with3 exhibiting slightly larger couplings; this latter
result (which is also observed in other3JCH as discussed below)
cannot be attributed to differences in C-C-C-H dihedral
angle, since ring puckering in3 is less than or approximately
equal to that in4 (Figure 7C). Like3JC1,H4, 3JC4,H1 values are
very similar in3 and4 and show essentially the same correlation
with ring conformation (Figure 11C). The overall change in
coupling magnitude observed for3JC1,H4and3JC4,H1(∼0-8 Hz)
is larger than that observed for3JC1,H3(∼0-6 Hz) (Figure 11A),
which is consistent with previous experimental observations
made in aldopyranosides;57 the presence of a heteroatom in the
C-O-C-H coupling pathway generally increases coupling
magnitude relative to a C-C-C-H pathway involving the same
dihedral angle.
Notable differences are observed in the response of3JC2,H4

to ring conformation in3 and4 (Figure 11D). In contrast to
the behavior of3JC1,H3, 3JC1,H4 and3JC4,H1, the overall change
in coupling magnitude for3JC2,H4 is small (<4 Hz). Moreover,
the dependence on ring conformation is biphasic, that is, two
discrete maxima and minima are observed along the pseudo-
rotational itinerary. For3, these minima and maxima have
similar values, whereas for4 the maxima differ. In the latter
case, the “enhanced” coupling may be attributed toR-substituent
effects59 caused when O2 lies in the C2-C3-C4-H4 plane.
Given the biphasic nature of the curves in Figure 11D, the

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

(58) (a) Schwarcz, J. A.; Perlin, A. S.Can. J. Chem.1972, 50, 3667-
3676. (b) Spoormaker, T.; de Bie, M. J. A.Recl. TraV. Chim. Pays-Bas.
1978, 97, 85. (c) Tvaroska, I.; Gajdos, J.Carbohydr. Res.1995, 271, 151-
162. (d) Mulloy, B.; Frenkiel, T. A.; Davies, D. B.Carbohydr. Res.1988,
184, 39. (e) Tvaroska, I.; Hricovini, H.; Petrakova, E.Carbohydr. Res.1989,
189, 359.

(59) van Beuzekom, A. A.; de Leeuw, F. A. A. M.; Altona, C.Magn.
Reson. Chem.1990, 28, 68-74.

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

Figure 7. Effect of ring conformation on (A) the C1-O1 torsion angle
(defined as H1-C1-O1-H), (B) the C4-O4-C1 bond angle, and
(C) puckering amplitude (τm) in 3 (open squares) and4 (closed squares)
determined fromab initiomolecular orbital calculations (HF/6-31G*).
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interpretation of3JC2,H4 in 3 and4 in conformational terms is
likely to be complicated, as discussed previously.61

The response of3JC3,H1 to ring conformation in3 and4 is
similar (Figure 11E) and, as observed for3JC1,H3 and 3JC1,H4,
couplings in3 are slightly larger than those observed in4 at
the larger dihedral angles. These results suggest that structure
at the intervening C2 carbon affects coupling magnitude.
Interestingly,3JC3,H1 in methylR-D-glucopyranoside is 0.6 Hz
larger than3JC3,H1 in methyl R-D-mannopyranoside despite
similar C3-C2-C1-H1 dihedral angles (∼180°),57 again
suggesting that structure at C2 influences the coupling. The
overall change in coupling for3JC3,H1 in 3 and4 is smaller (<4
Hz) than observed for3JC1,H3 (<6 Hz) (Figure 11A), which is
consistent with observations made previously on related coupling
pathways in aldopyranosyl rings.57

3JC4,H2values exhibit the same dependence on ring conforma-
tion in 3 and4 (Figure 11F). The overall change in coupling
magnitude is considerably greater (<7 Hz), and the pattern is
less complex than observed for the reverse pathway (i.e., C2-
C3-C4-H4) for both 3 and 4 (Figure 11D). The similar
behavior of3JC4,H2 in 4 and3JC4,H2S in 3 suggests that the loss
of an electronegative substituent at C2 (i.e., the carbon bearing
the coupled proton) does not affect coupling magnitude sig-
nificantly, although some differences are observed at the larger
dihedral angles.
D. Internuclear 1H-1H Distances in 3. Previous studies

have shown28,62 that only one1H-1H internuclear distance is

sensitive to ring conformation in4, namely,rH1-H4. In 3, two
distances change substantially with ring conformation, namely,
rH1-H4 and rH2R-H4 (Figure 12A). The remaining1H-1H
distances in3 that do not involve H5R and H5Sare relatively
insensitive to ring conformation (Figure 12B,C). Data in Figure
12 are in general agreement with those reported previously by
Wüthrich.62

The H1-H4 and H2R-H4 distances in3 respond differently
to ring conformation (Figure 12A). Thus, for example, in a
conventional N/S exchange process (e.g., 3E/2E), rH1-H4 remains
relatively constant at∼3.3 Å in both forms; in contrast, for a
similar exchange process,rH2R-H4 changes from∼2.7 Å in 3E
to∼4.0 Å in 2E. It is well-known that conformational exchange
causes nonlinear averaging of1H-1H distances derived from
NOE or relaxation measurements.23 Thus, for a simple3E/2E
exchange pathway,rH1-H4 values derived experimentally will
be∼3.3 Å regardless of the proportion of N and S forms in
solution. More importantly, however,rH2R-H4 values will be
skewed in favor of the lower distance (∼2.7 Å) unless S forms
are very highly favored (i.e., > ∼95%) in solution. For
proportions of S forms<∼95%, rH2R-H4 values derived
experimentally will approach∼2.7 Å due to ther-6 dependence
of the NOE and relaxation rates. Consequently, appropriate
caution must be exercised when interpreting1H-1H internuclear
distances in3 in terms of N/S conformational equilibria, even
when these distances are sensitive to changes in ring conforma-
tion.

(61) Bandyopadhyay, T.; Wu, J.; Stripe, W. A.; Carmichael, I.; Serianni,
A. S. J. Am. Chem. Soc.1997, 119, 1737-1744.

(62) Wüthrich, K. NMR of Proteins and Nucleic AcidsJ. Wiley and
Sons: New York, 1986.

Figure 8. Computed1JCH values in3 (open squares) and4 (closed squares) as a function of ring conformation: (A)1JC1,H1, (B) 1JC2,H2/1JC2,H2S, (C)
1JC3,H3, and (D)1JC4,H4.
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E. Analysis of JCH and JCC Values in Methyl â-D-
Ribofuranoside 5 and Methyl 2-Deoxy-â-D-ribofuranoside
6. 13C-1H and13C-13C spin-coupling constants (one-, two-,
and three-bond) observed in5 and6 in 2H2O solvent are given
in Table 4. In the following discussion, these couplings are
examined as potential probes to assign1H chemical shifts of
diastereotopic protons and to assess hydroxymethyl group and
ring conformations in5 and6.
Assignment of the Diastereotopic C2 and C5 Protons, and

Hydroxymethyl Conformation. As shown recently in 2′-

deoxyribonucleosides,60 2JC1,H2Rand2JC1,H2Svalues in 2-deoxy-
â-D-ribofuranosyl rings2 can differ substantially (e.g., 2JC1′,H2′S
) -5.7 Hz and2JC1′,H2′R ) (0.4 Hz in 2′-deoxyadenosine).60
Using deoxypyranose model compounds, it was demonstrated
that largenegatiVecouplings are possible only for2JC1′,H2′S, while
2JC1′,H2′R is considerably smaller in absolute value. Data in
Figure 13A confirm this behavior in3. This difference can be
exploited to assign the H2R and H2S signals in the1H NMR
spectrum of6. In 6, the less shielded C2 proton exhibits a
coupling of-4.6 Hz, and the more shielded a coupling of-1.5
Hz. Thus, the more-shielded C2 proton may be assigned to
H2R (Table 1).
Assignment of the H5R and H5S signals of5 and6 can be

made using3JHH values (3JH4,H5R, 3JH4,H5S) in conjunction with
2JCH (2JC4,H5R, 2JC4,H5S) or 3JCH (3JC3,H5R, 3JC3,H5S) values, as
illustrated previously in the assignment of the prochiral C4
proton signals of tetrofuranoses and their derivatives.26a These
couplings can be predicted in the three staggered C4-C5 bond
rotamers (gg, gt, tg) (Chart 5) using appropriate Karplus
equations for3JHH48 and 3JCH58a-c and empirical rules for
predicting the magnitudes and signs of2JCH values.58a,63,64

Correlations between coupling magnitude and sign, and C4-
C5 rotamer, for variousJ values are given in Table 5. In
contrast to other couplings found in Table 5,2JC5,H4 values
cannot be used to assign the H5Rand H5Ssignals but are useful

(63) Schwarcz, J. A.; Cyr, N.; Perlin, A. S.Can. J. Chem.1975, 53,
1872.

(64) Bock, K.; Pedersen, C.Acta Chem. Scand. Ser. B1977, 31, 354.

Figure 9. Computed2JCH values in3 (open squares) and4 (closed squares) as a function of ring conformation: (A)2JC1,H2/2JC1,H2S, (B) 2JC3,H2/
2JC3,H2S, (C) 2JC2,H1, (D) 2JC2,H3, (E) 2JC3,H4, and (F)2JC4,H3.

Figure 10. Effect of ring conformation on the eight C-H torsion angles
in 3 determined fromab initio molecular orbital calculations (HF/6-
31G*). Only those torsions sensitive to ring conformation are shown.
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in assessing the relative populations of the three rotamers, as
discussed below.
Data in Table 5 can be used qualitatively to assign the H5R

and H5S signals in5. The more shielded C5 proton (defined
as H5′) exhibits a larger coupling to H4 (6.6 Hz) than the less
shielded C5 proton (defined as H5; 3.1 Hz) (Table 1). Thus,
H5′ experiences atrans relationship with H4 more frequently
than does H5, and two arrangements about the C4-C5 bond
are consistent with these data, one in which H5R is antiperiplanar
to H4 (rotamer A, Chart 5) and one in which H5S is
antiperiplanar to H4 (rotamer B, Chart 5). The two possibilities
are distinguished by noting that C3 exhibits similar couplings
to H5 and H5′ in 5 (∼3.0 and 2.1 Hz, respectively) (Table 4).
These data are more consistent with rotamer A than with rotamer
B (Chart 5), since C3 isgaucheto both H5 and H5′ in the
former. Therefore, the more shielded C5 proton (H5′) can be
assigned as H5R; this conclusion is consistent with H5R/H5S
signal assignments based on selective deuteration.55a A similar
treatment of corresponding coupling data in6 leads to the same
conclusion (i.e., the more shielded C5 proton is H5R) (Table
1).
The above approach is not limited to3JH4,H5R and 3JH4,H5S

values that differ in magnitude, such as observed in5 and6
(Table 1). For example, in methylR-D-ribofuranoside11, 3JH4,H5
) 3.3 Hz and3JH4,H5′ ) 4.6 Hz.43 One C4-C5 rotamer is
consistent with these data in which H4 isgaucheto both H5R
and H5S(rotamer C, Chart 5). The stereochemical assignments
can be made by noting that3JC3,H5) 4.3 Hz and3JC3,H5′ ) 2.2

Hz; thus H5) H5Sand H5′ ) H5R, in accord with assignments
based on selective deuteration.55a

An alternative method to assign the H5R and H5S signals
involves the concerted use of3JHH and2JCH values. Thus, for
5, rotamers A and B in Chart 5 can be distinguished by noting
that 2JC4,H5R will be small and negative while2JC4,H5S will be
large and positive in rotamer A (gt), while both 2JCH values
will be small and negative in rotamer B (tg) (Table 5). In both
5 and6, a relatively large difference is observed between these
2JCH values (∆ ) ∼1.8 and∼3.4 Hz, respectively) (Table 4),
with the less shielded C5 proton (H5) exhibiting the more
positive (less negative) coupling. These data are consistent with
rotamer A (Chart 5) and permit an assignment of the more
shielded C5 proton to H5R in both compounds.
Assignment of the H5R and H5S signals in5 and6 allows

an estimation of C4-C5 rotamer populations based on3JHH
values (Table 3).2JC5,H4 values in5 and6 are consistent with
populations determined from the magnitudes of3JH4,H5R and
3JH4,H5S.55b Conversion of5 to 6 results in essentially no change
in Pgt but a substantial increase in Ptg and decrease in Pgg (Table
3). This change in populations should induce a shift to a less
positive (more negative) value for2JC5,H4, as observed (2JC5,H4
) -0.9 Hz in5 and2JC5,H4 ) -1.7 Hz in6).

Figure 11. Computed3JCH values in3 (open squares) and4 (closed squares) as a function of ring conformation: (A)3JC1,H3, (B) 3JC1,H4, (C) 3JC4,H1,
(D) 3JC2,H4, (E) 3JC3,H1, and (F)3JC4,H2/3JC4,H2S.

8956 J. Am. Chem. Soc., Vol. 119, No. 38, 1997 Church et al.



In oligonucleotides, conformation about the C4′-C5′ bond
is relatively constrained, thus leading to observed3JH4′,H5′R/S,
2JC4′,H5′R/S, and2JC5′,H4′ values that are consistent with a single
rotamer. Thus, as shown by Griesinger and co-workers,65

residues in RNA oligomers in which theggconformation about
the C4′-C5′ bond is preferred (rotamer C, Chart 5) yield
2JC4′,H5′R and 2JC4′,H5′S values similar to those predicted by
empirical methods ((1.5 Hz and-4.4(1.0 Hz, respectively),
thus making H5R and H5S assignments more straight-
forward.19,65

Ring Conformation. One-Bond13C-1H Couplings. 1JC1,H1
in 5 and 6 are 174.3 and 173.9 Hz, respectively. These
couplings are predicted to be similar due to the effects of
conformational averaging. Using the two-state models for5
and6 based on an analysis of3JHH values (Table 2) and data in
Figure 8A (ribo: 159.5 Hz in E2, 157.1 Hz in2E; deoxyribo:
160.4 Hz in E2, 159.8 Hz in E3), couplings of 159.4 and 160.2
Hz are calculated for1JC1,H1 in 5 and6, respectively. While
not accurate in absolute terms, the approximately similar
computed values for1JC1,H1 in 5 and6 are consistent with the
experimental data.

1JC2,H2and1JC3,H3values in5 are substantially different (154.6
and 148.0 Hz, respectively) (Table 4). This difference is caused

(65) Marino, J. P.; Schwalbe, H.; Glaser, S. J.; Griesinger, C.J. Am.
Chem. Soc.1996, 118, 4388-4395.

Figure 12. Effect of ring conformation on internuclear1H-1H
distances in3 determined fromab initiomolecular orbital calculations
(HF/6-31G*).

Table 3. C4-C5 Bond Rotamer Populationsa for Methyl
â-D-ribofuranoside5 and Methyl 2-Deoxy-â-D-ribofuranoside6
Based on3JHH Datab

rotamerc 5 6

gg, +sc 0.38 (0.04) 0.21 (0.02)
gt, ap 0.52 (0.04) 0.52 (0.03)
tg, -sc 0.10 (0.02) 0.26 (0.01)

aData taken from ref 55b; in2H2O solvent,∼25 °C; values in
parentheses are standard deviations.b 3JH4,H5Rand3JH4,H5Sdata provided
in Table 1.cRotamers shown in Chart 5.

Table 4. 13C-1H and13C-13C Spin-Couplingsa in Methyl
â-D-ribofuranoside5 and Methyl 2-Deoxy-â-D-ribofuranoside6

compound5 compound6

coupled nuclei J (Hz) coupled nuclei J (Hz)

C1-H1 174.3 C1-H1 173.9
C1-H2 0 C1-H2R -1.5
C1-H3 1.2 C1-H2S -4.6
C1-H4 2.9 C1-H3 2.7
C1-OCH3 4.3 C1-H4 4.8
C2-H1 ∼ -0.8 C1-OCH3 4.5
C2-H2 154.6 C2-H1 2.1
C2-H3 +1.2 C2-H2R 132.2
C2-H4 0.9 C2-H2S 134.0
C3-H1 3.1 C2-H3 0 (br)
C3-H2 -0.7 C2-H4 ∼1.2
C3-H3 148.0 C3-H1 3.3
C3-H4 ∼ -5.5 C3-H2R -6.4
C3-H5R 2.1 C3-H2S -2.1
C3-H5S ∼ 3.0 C3-H3 149.5
C4-H1 4.5 C3-H4 ∼ -5.5
C4-H2 ∼ 4.3 C3-H5R 2.9
C4-H3 -0.7 C3-H5S 2.7
C4-H4 148.1 C4-H1 5.0
C4-H5R ∼ -2.7 C4-H2R 2.0
C4-H5S -0.9 C4-H2S 4.2
C5-H3 ∼ 4.8 C4-H3 1.5b

C5-H4 -0.9 C4-H4 149.0
C5-H5R 143.5 C4-H5R -3.4
C5-H5S 142.4 C4-H5S 0

C5-H3 4.0
C1-C2 46.8 C5-H4 -1.7
C1-C3 3.0 C5-H5R 143.8
C1-C4 0 C5-H5S 142.2
C1-C5 br
C1-OCH3 2.0 C1-C2 40.5
C2-C3 37.2 C1-C3 br
C2-C4 1.0 C1-C4 0
C2-C5 1.8 C1-C5 0
C2-OCH3 3.5 C1-OCH3 1.8
C3-C4 39.2 C2-C3 35.4
C3-C5 2.3 C2-C4 1.4
C4-C5 42.0 C2-C5 1.1

C2-OCH3 3.0
C3-C4 37.9
C3-C5 3.6
C4-C5 41.5

a∼30 °C, (0.1 Hz unless otherwise indicated.b Sign uncertain.
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by at least two factors: differences in the C2-H2 and C3-H3
bond lengths (which have not been addressed experimentally
at the present time) and different average orientations of the
C2-H2 and C3-H3 bonds. Since5 highly prefers the E2
conformation (Table 2), the latter average orientations are quasi-
equatorial and quasi-axial, respectively. Thus, the larger value
of 1JC2,H2 relative to 1JC3,H3 may be expected based on
differences in C-H bond orientation, since1JCH values for a
given C-H bond are enhanced when the bond is quasi-
equatorial.27 In addition, the values of1JC2,H2 and1JC3,H3 in 5
are similar in magnitude to1JC2′,H2′ (159( 2 Hz) and1JC3′,H3′
(145( 3 Hz) values observed in RNA oligomers for residues
in the3E (N) conformation,66 thus providing additional evidence
of a preferred N conformation for5. In contrast,1JC2′,H2′ in
ribonucleosides is 151.7( 1.6 Hz,43which is smaller than1JC2,H2
in 5. The latter difference is attributed to the higher percentage
of S forms in aqueous solutions of ribonucleosides; in S forms
(e.g., 2E), the C2-H2 bond is quasi-axial or near quasi-axial,
resulting in a smaller value for1JC2,H2 than expected in N forms
in which this bond is quasi-equatorial or near quasi-equatorial.

1JC2,H2R and1JC2,H2S assume different values in6 (132.2 and
134.0 Hz, respectively) (Table 4). These couplings are expected
to exhibit complementary dependencies on ring conformation
(Figure 13B), in concert with changes in C-H bond orientation/
length. In E2, 1JC2,H2S> 1JC2,H2R (124.1 and 119.0 Hz), whereas
the opposite is predicted in E3 (117.0 and 122.1 Hz) (Figure
13B). The observed relative magnitudes of the observed
couplings are consistent with a slight excess population of N
forms in solution.

1JC4,H4values in5 and6 are 148.1 and 149.0 Hz, respectively.
An inspection of the predicted dependence of1JC4,H4 on ring
conformation (Figure 8D) and considerations of the N/S models
for 5 and6 derived from3JHH analysis (Table 2) indicate that
1JC4,H4should be slightly larger in6 than in5 (computed values
of 140.7 and 141.6 Hz, respectively), in accord with experi-
mental observations.

1JC5,H5R (143.7( 0.2 Hz) is slightly larger than1JC5,H5S (142.3
( 0.1 Hz) in 5 and 6, but this small difference cannot be
interpreted in structural terms at the present time.
Two-Bond 13C-1H Couplings. 2JC1,H2 is ∼0 Hz in 5,

whereas the corresponding2JC1,H2S in 6 is -4.6 Hz (Table 4).
The projection rule64 predicts values of∼ +2.5 Hz and∼ -5
Hz for N (E2) and S (2E) forms of 5, respectively, whereas
corresponding values of∼0 Hz and∼ -8 Hz are predicted for
6. These predictions are consistent with data in Figure 9A for
theâ-D-ribo ring but differ from computed values for N forms
of the 2-deoxy-â-D-ribo ring. Interestingly,2JC1,H2R in 2-deoxy-
R-D-[1-13C]glucopyranose is-3.8 Hz,60 although the projection
rule predicts a value of∼0 Hz; this situation is similar to that

for 2JC1,H2S in N forms of 6. In contrast,2JC1,H2S in 2-deoxy-
â-D-[1-13C]glucopyranose is-8.3 Hz,60 in good agreement with
the projection rule prediction of∼ -8 Hz; this situation is
similar to that for 2JC1,H2S in S forms of 6. Thus, the
experimental data in these model compounds support the
computed behavior of2JC1,H2S in Figure 9A and suggest that
the projection rule may not be completely reliable when applied
to couplings involving the C2 protons of6. Nevertheless, the
more negative coupling observed in6 is in qualitative agreement
with the predictions when N/S populations are taken into account
(Table 2). 2JC1,H2 is -2.4 Hz in methylâ-D-erythrofuranoside
1226aand-1.7 to-3.2 Hz in ribonucleosides43 where N and S
forms are present is comparable proportions, whereas2JC1′,H2′
is -4.1 Hz in erythroadenosine13 which highly prefers S
forms.28,67 In RNA oligomers, residues preferring S forms yield
2JC1′,H2′ values of-3 to -5 Hz.19 Thus, the small coupling

observed in5 is consistent with a preferred N conformation. In
2′-deoxyribonucleosides,2JC1,H2′S ) ∼ -5.7 Hz;60 this larger
value relative to that observed in6 results from differences in
the preferred N and S forms, differences in N/S populations,
and/or substituent effects (at C1). Similar factors are probably
responsible for differences in2JC1,H2R, which is-1.5 Hz in6
and<0.4 Hz in 2′-deoxyribonucleosides.60

The difference between2JC1,H2R and2JC1,H2S in 6 (∆ ) 3.1
Hz) can be used to evaluate N/S equilibrium, as suggested
previously.60 As shown in Figure 13A,2JC1,H2Sbecomes more
negative (less positive) in the conversion of N to S forms,
whereas the opposite is observed for2JC1,H2R. Thus, the
differencebetween these couplings should be large in S forms
(∼7 Hz) and minimal in N forms (<1 Hz). The observed
difference in6 (3.1 Hz) indicates relatively equal proportions
of N and S forms, which is consistent with the E2/4T3
conformational model based on3JHH analysis (Table 2). The
difference between2JC1′,H2′R and 2JC1′,H2′S is larger in 2′-
deoxyribonucleosides (∼5-6 Hz)60 than in 6, which reflects
differences in N/S populations and/or the preferred N and S
forms.

2JC2,H1 is ∼ -0.8 Hz in 5 and+2.1 Hz in 6, that is, more
positive in the deoxyfuranose. Data in Figure 9C indicate that
this coupling is relatively insensitive to ring conformation in
both compounds.2JC2,H1 is also predicted to be consistently
more positive in6 than in5 (Figure 9C), in agreement with the
observed couplings and with predictions based on the projection
rule64 (∼0 Hz for 5 and∼ +2.5 Hz for 6 in both E2 and 2E
forms). The difference in the observed couplings (∼3.0 Hz) is
similar to the average difference between the computed cou-
plings (∼3.1 Hz, Figure 9C). In contrast,2JC2′,H1′ ) -3.3 (
0.2 Hz in ribonucleosides,43 -2 to-4 Hz in residues of RNA
oligomers preferring N forms,19 and∼0 Hz in 2′-deoxyribo-
nuclesides,61 that is, about 2.5 Hz more negative than corre-
sponding values in5 and 6. This shift has been attributed
primarily to substitution effects at C1 (N vs O) rather than to
conformational factors, as discussed in a recent investigation.61

2JC2,H3 in 5 and 6 are +1.2 and∼0 Hz, respectively. In
ribonucleosides43 and 2′-deoxyribonucleosides,61 2JC2′,H3′ is small
(absolute value<0.8 Hz), and values of+2-3 Hz and-1.9 to

Table 5. Predicteda Coupling Magnitudes and Signs in C4-C5
Bond Rotamers of5 and6 in Chart 5

C4-C5 rotamer

coupled nuclei gg gt tg

C3,H5R +, small +, small +, large
C3,H5S +, large +, small +, small
C4,H5R +, large -, small -, small
C4,H5S -, small +, large -, small
C5,H4 +, large -, small -, small
H4,H5R +, small +, large +, small
H4,H5S +, small +, small +, large

a For JCH values: small) 0-2 Hz; large) 4-6 Hz. Magnitudes
approximated from3JCCCH (gauche)and 3JCCCH (trans)values observed in
aldopyranosyl rings;57magnitudes and signs of2JCH values approximated
by the projection rule.64 For JHH values: small) 1-2 Hz; large)
8-10 Hz; predicted from the modified Karplus equation described by
Haasnootet al.48
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-2.4 Hz have been observed in RNA oligomers for residues
preferring N and S forms, respectively.19 Application of the
projection rule64 predicts that2JC2,H3 should be∼0 Hz in N
(E2) and S (2E) forms of 2′-deoxyribonucleosides, whereas
values of∼ +3 Hz and∼ -2 Hz are predicted for N and S
forms of ribonucleosides, respectively. These predictions for
theâ-D-ribo ring differ from computed behavior (Figure 9D),
as noted previously,28 and the discrepancy may be due to effects
caused by the large rotation about the C3-O3 bond that occurs
during geometry optimization (Figure 3).2JC2,H3 is predicted
to become slightly more positive in the 2-deoxy-â-D-ribo ring
as N forms convert to S forms (Figure 9D), which differs from
projection rule predictions. These results, especially those for
theâ-D-ribo ring, indicate that further study of2JC2,H3behavior
is needed.

2JC3,H2 in 5 is -0.7 Hz, whereas the related2JC3,H2S in 6 is
-2.1 Hz. Data in Figure 9B indicate that this coupling should
become more positive (less negative) in the conversion of N to
S forms in both compounds and are consistent with predictions
for the â-D-ribo and 2-deoxy-â-D-ribo rings based on the
projection rule64 (ribo: - ∼2.5 Hz in E2, + ∼3 Hz in 2E;
deoxyribo: - ∼5 Hz in E2, + ∼2 Hz in 2E). This coupling is
more negative (less positive) in3 than in4 for any given ring
form (Figure 9B); a similar shift is predicted by the projection
rule.64 Considerations of N/S populations (Table 2) show that
2JC3,H2S in 6 should be∼1 Hz more negative than2JC3,H2 in 5,
in good agreement with the experimental data. The-0.7 Hz
coupling in 5 is less negative than those observed in RNA
oligomers for residues preferring N conformations (-0.9 to-1.7
Hz),19 and this difference may be due, in part, to variations in
the preferred N forms. In RNA oligomers, N conformers near
3E appear more probable than those near E2, whereas the latter
are preferred by5; coupling in3E is slightly more negative than
that in E2 (Figure 9B).

2JC3,H2Rand2JC3,H2Sare considerably different in6 (-6.4 and
-2.1 Hz, respectively). These couplings are predicted to be
negative in sign in nearly all ring conformations (Figure 13C),
with 2JC3,H2Rmore negative than2JC3,H2S in each ring form, in
agreement with experimental observations. The difference in
the observed couplings (4.3 Hz) is consistent with a computed
difference of 4.5 Hz (-6.0 Hz for 2JC3,H2R and-1.5 Hz for
2JC3,H2S) determined from data in Figure 13C assuming the E2/
4T3 conformational model derived from3JHH treatment (Table
2).

2JC3,H4 is essentially the same in5 and6 (∼ -5.5 Hz). This
coupling is predicted to be negative in all ring conformations
and relatively insensitive to ring conformation (Figure 9E).
2JC4,H3 is 1.5 Hz (sign uncertain) in6 and-0.7 Hz in5. Data
in Figure 9F indicate that conformational averaging in6 (E2/
4T3) and in5 (E2/2E) will yield a more positive (less negative)
coupling for6 than for5. We thus expect2JC4,H3 in 6 to be
positive in sign. In comparison,2JC4′,H3′ values of+2-5 Hz
have been observed in residues of an RNA oligomer that prefer
S conformations and values of-∼2.6 Hz in residues that prefer
N forms.19 Thus, the larger percentage of S forms in6 should
result in a less negative (more positive)2JC4,H3 value than
observed in5.
Three-Bond13C-1H Couplings. 3JC1,H3 in 5 is considerably

smaller (1.2 Hz) than that in6 (2.7 Hz). Data in Figure 11A
show that the dependence of this coupling on ring conformation
is similar in both compounds. Thus, the larger value observed
in 6 suggests a larger percentage of S forms in solution, since
this coupling increases in magnitude as the proportion of S forms
increases. This result is consistent with conclusions drawn from
the treatment of3JHH data (Table 2).3JC1,H3 in 5 (1.2 Hz) is

considerably smaller than3JC1′,H3′ in ribonucleosides (3.0-5.1
Hz),43 suggesting a greater proportion of S forms in the latter,
again consistent with3JHH data.61 3JC1,H3 in 6 (2.7 Hz) is
considerably smaller than3JC1′,H3′ in 2′-deoxyribonucleosides
(4.5-5.3 Hz),60 which is consistent with the larger percentage
of S forms in the latter indicated by3JHH analysis.61 By
comparison,3JC1′,H3′ values of∼6.6 Hz have been reported in
residues of RNA oligomers that highly prefer S forms.19

3JC1,H4 in 5 (2.9 Hz) is smaller than that in6 (4.8 Hz).
Inspection of Figure 11B shows essentially the same dependence
on ring conformation in both compounds. Thus, the larger value
observed in6 indicates a larger proportion of S forms relative
to 5. Interestingly,3JC1′,H4′ in ribonucleosides43 and 2′-deoxy-
ribonucleosides60 are<1.3 and<2.9 Hz, respectively, that is,
considerably smaller than corresponding values in5 and6. This
result suggests that different N and S forms are involved in the
N/S equilibria of5, 6, ribonucleosides, and 2′-deoxyribonucle-
sides. Inspection of Figure 11B shows that N/S equilibria
involving 3E and2E forms (the conventional model for N/S
exchange) would result in a small observed3JC1′,H4′ value, since
couplings< ∼2.5 Hz are associated with these forms. On the
other hand, the E2/2E and E2/4T3 conformational equilibria
proposed for5 and6, respectively (Table 2), would produce
considerably larger3JC1,H4 values, as observed.

3JC2,H4 ) 0.9 Hz for 5 and∼1.2 Hz for 6. 3JC2′,H4′ values
are<1.6 Hz in ribonucleosides43 and<1.1 Hz in 2′-deoxy-
ribonucleosides.60 These couplings are very similar for com-
pounds having considerably different conformational properties,
suggesting that3JC2,H4 is not a sensitive conformational probe
in â-D-ribo and 2-deoxy-â-D-ribo rings. The complex response
of this coupling to conformation (Figure 11D) and/or the
relatively small range of values for this coupling (< ∼4 Hz for
4, < ∼2 Hz for 3) are responsible for this insensitivity.
Interestingly,3JC2′,H4′ values of 0.3-1.6 Hz have been observed
in residues of RNA oligomers that prefer N forms,19 again small
as found in5.
The similar values of3JC3,H1 in 5 (3.1 Hz) and6 (3.3 Hz) are

consistent with the conformational models based on3JHH
analysis (Table 2). For5, weighted averaging of the E2/2E
model predicts a value of∼2.4 Hz, whereas similar averaging
for 6 (E2/4T3 model) yields a value of∼2.5 Hz (Figure 11E).
By comparison, values of 0.6 Hz have been observed in residues
of RNA oligomers that prefer S forms.19

3JC4,H1 is slightly larger in6 (5.0 Hz) than in5 (4.5 Hz).
The favored N forms of both compounds (E2) are predicted to
yield similar couplings (Figure 11C), whereas the preferred S
form of 6 (4T3) should give a larger coupling than the preferred
S form of 5 (2E). Conformational averaging (data in Figure
11C and N/S data in Table 2) yields a coupling that is 0.7 Hz
larger in6 (5.6 Hz) than in5 (4.9 Hz), in good agreement with
the observed difference (0.5 Hz). Given the nature of the3JC4,H1/
ring conformation curve (Figure 11C), this coupling will not
be highly sensitive to conventional N/S exchange (i.e., 3E/2E),
since3JC4,H1 is small in these two conformers (<3 Hz).

3JC4,H2 is ∼4.3 Hz in5 and3JC4,H2S is 4.2 Hz in6. Data in
Figure 11F show similar dependencies on ring conformation,
and conformational averaging is expected to lead to similar
values of these couplings (4.2 and 3.6 Hz, respectively). By
comparison,3JC4′,H2′ values range from 3.8-5.8 Hz in residues
of RNA oligomers preferring N forms.19 In 6, 3JC4,H2R ) 2.0
Hz, which is considerably smaller than3JC4,H2S. These paired
couplings are expected to exhibit complementary behavior, with
3JC4,H2S> 3JC4,H4R for N conformers and3JC4,H2S< 3JC4,H2R for
S conformers (Figure 13D). The N/S model for6 based on
3JHH analysis (Table 2) and data in Figure 13D lead to the
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prediction that3JC4,H2S should be∼2.3 Hz larger than3JC4,H2R,
in good agreement with observation.

3JC5,H3 values in5 and 6 are similar (∼4.8 and 4.0 Hz,
respectively), and the smaller value observed in6 is consistent
with 3JHH conformational models (this effect is attributed to the
different preferred S forms of5 and6, in which the C5-C4-
C3-H3 dihedral angle is slightly larger for6 than for 5).
Previous studies of3JC5,H3 in the â-D-ribo ring suggested that
this coupling might not be useful to assess conformational
exchange due to its limited sensitivity to conformation.28 This
conclusion was based on the extrapolation of Karplus behavior
reported for C-C-C-H coupling pathways in carbohydrates58a

for dihedral angles of(40° (Figure 10). However, the
computed behavior of3JC5,H3 in 3 and4 determined in this study
(Figure 14A) differs considerably from that reported previ-
ously,28 and we attribute this discrepancy to faulty extrapolation
of coupling constants at the smaller dihedral angles. The
computed data (Figure 14A) reveal a moderate dependence of
3JC5,H3 on ring conformation in3 and4, with values ranging
from∼1.5-5.5 Hz. It is interesting to note that the computed
dependence of3JC5,H3on dihedral angle is not symmetric about
0° (Figure 14B), at least for conformers having thegt conforma-
tion about the C4-C5 bond. This behavior results in the loss
of the expected biphasic behavior in Figure 14A for this cisoidal
coupling.
One-Bond 13C-13C Couplings. 1JC1,C2 in 5 (46.8 Hz) is

smaller than1JC1,C2 in 6 (40.5 Hz). The difference (∆ ) 6.3
Hz) is similar to that observed between ribonucleosides and 2′-
deoxyribonucleosides (∆ ) ∼5.9 Hz)43,60,61 and is attributed
mainly to the loss of an electronegative substituent on one of
the coupled carbons. Interestingly,1JC1′,C2′ averages 42.8( 0.2

Hz in ribonucleosides43 and 36.9( 0.3 Hz in 2′-deoxyribo-
nucleosides,61 values which are∼4 Hz smaller than correspond-
ing values in5 and6. The less electronegative nitrogen at C1′
in the nucleosides (relative to oxygen in5 and6) is probably
responsible for the smaller1JC1′,C2′ in nucleosides.

1JC2,C3 is 1.8 Hz larger in5 (37.2 Hz) than in6 (35.4 Hz),
and this difference is similar to that observed between ribo-
nucleosides and 2′-deoxyribonucleosides (∼2.2 Hz).61 These
couplings are also similar in magnitude to those observed in
ribonucleosides (37.8( 0.1 Hz)43 and 2′-deoxyribonucleosides
(35.6( 0.1 Hz).61

1JC3,C4 is slightly larger in5 than in6; corresponding values
in nucleosides have not yet been reported. Interestingly,1JC4,C5
is similar in5 and6 (42.0 Hz and 41.5 Hz, respectively) and is
considerably larger than1JC2,C3and1JC3,C4values despite similar
substitution patterns on the C-C fragment. Similar enhanced
couplings have been observed in the exocyclic C5-C6 fragment
of aldopyranosyl rings.68

Two-Bond 13C-13C Couplings. The threeintraring two-
bond13C-13C spin-couplings in5 and6 (JC1,C3, JC1,C4, JC2,C4)
are dual pathway couplings (i.e., 2+3JCC); for example,JC1,C3is
governed by the C1-C2-C3 and C1-O4-C4-C3 coupling
pathways. 2+3JC1,C4 is essentially zero in5 and6; 2+3JC1′,C4′ in
ribonucleosides is<0.9 Hz43 and appears to be only slightly
larger in 2′-deoxyribonucleosides.61 2+3JC2,C4 values are also
essentially the same in5 and6 (∼1.2 Hz); corresponding values
in ribo- and 2′-deoxyribonucleosides are 0.4-1.043 and∼0 Hz,61
respectively. These results suggest that2+3JC1,C4and2+3JC2,C4
are not particularly sensitive to differences in the conformational
behavior ofâ-D-ribo and 2-deoxy-â-D-ribo rings.

Figure 13. ComputedJCH values involving H2R and H2S in 3 determined fromab initio molecular orbital calculations (HF/6-31G*).
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In contrast to2+3JC1,C4and2+3JC2,C4, 2+3JC1,C3is significantly
different in6 (<0.8 Hz) and5 (3.0 Hz), and the latter is probably
positive in sign.61 Corresponding values in ribo- and 2′-
deoxyribonucleosides are 3.3-3.843 and 0.8 Hz,61 respectively,
which are similar to those observed in5 and6, respectively.
We have shown recently that2+3JC1,C3 is insensitive to ring
conformation and that the difference observed betweenâ-D-
ribo and 2-deoxy-â-D-ribo rings is due to substitution effects
along the two-bond (C1-C2-C3) coupling pathway.61 The fact
that similar couplings are observed in5 and ribonucleosides
and 6 and 2′-deoxyribonucleosides, despite differences in
conformational behavior, provides additional support for this
explanation. The smaller couplings observed in5 and6 relative
to those observed in the corresponding nucleosides may be
caused by substitution effects at C1 (NVsO).

2JC1,OCH3 in 5 and6 are 2.0 and 1.8 Hz, respectively (Table
4). These values are probably negative in sign, as predicted
by the projection resultant method,13,29and are expected in two
C1-O1 rotamers, namely, those having CH3 gaucheto H1 and
O4 and CH3 gaucheto C2 and O4. The remaining C1-O1
rotamer (CH3 gaucheto H1 and C2) is predicted to give a small
or zero value for2JC1,OCH3.13 Therefore, the data suggest that
the latter rotamer is not highly populated in5 and 6. The
relatively large magnitudes of3JC2,OCH3 in 5 and 6 (see
Discussion below) further suggest that, of the two possible
preferred rotamers, that having CH3 gaucheto H1 and O4 is
more favored.

2JC3,C5 values in5 and 6 are 2.3 and 3.6 Hz, respectively
(Table 4) and probably have a positive sign.13 These couplings

will be affected by ring conformation and hydroxymethyl group
conformation (C4-C5 torsion). Previous analyses of2JC3,C5
in pentofuranose rings68 led to the prediction that this coupling
should be relatively large in conformers near4E for D-ribo- and
D-arabinofuranosyl rings in which thegt conformation about
the C4-C5 bond (O5gaucheto H4 and O4) is favored. Indeed,
in â-D-ribofuranose, 2JC3,C5 ) 1.8 Hz.68 2JC3,C5 in 5 is
considerably smaller than2JC3,C5in 6, and this difference is not
expected to arise from differences in substitution at C2. The
preferred conformation of5 is E2 (N form, 94%), whereas6
prefers comparable proportions of N (E2) and S (4T3) forms (60/
40) (Table 2). Furthermore, thegt conformation is equally
populated in5 and6 (Table 3). Therefore, the larger2JC3,C5
value observed in6may be attributed to the enhanced proportion
of the 4T3 form in solution, which is similar in structure to4E
(Chart 1) (we assume here that the differences in theggandtg
populations in5 and6 (Table 3) do not significantly affect the
observed2JC3,C5 values). These results suggest that2JC3,C5

(66) Varani, G.; Tinoco, I., Jr.J. Am. Chem. Soc.1991, 113, 9349-
9354.

(67) Kline, P. C.; Serianni, A. S.J. Org. Chem.1992, 57, 1772-1777.
(68) Wu, J.; Bondo, P. B.; Vuorinen, T.; Serianni, A. S.J. Am. Chem.

Soc.1992, 114, 3499-3505.

Figure 14. (A) Computed3JC5,H3 values in3 (open squares) and4
(closed squares) as a function of ring conformation. (B) Effect of the
C5-C4-C3-H3 dihedral angle on3JC5,H3magnitude (3, open squares;
4, closed squares).

Table 6. Changes inJCH Values Predicted byab Initio Methods
for 2-Deoxy-â-D-ribofuranose3 andâ-D-ribofuranose4

coupling full itinerarya 3E/2E modelb

2-Deoxy-â-D-ribo 3

C1-H1 10.0 4.5
C2-H2R 5.5 5.5
C2-H2S 8.1 7.9
C3-H3 4.2 2.7
C4-H4 8.1 5.0
C1-H2R 3.3 2.3
C1-H2S 4.5 3.5
C2-H1 1.7 0.2
C2-H3 2.9 1.4
C3-H2R 2.6 2.0
C3-H2S 3.0 1.9
C3-H4 1.1 0.6
C4-H3 5.6 4.7
C1-H3 6.5 6.5
C1-H4 8.7 2.7
C2-H4 2.6 0.8
C3-H1 4.1 2.4
C4-H1 7.6 2.5
C4-H2R 4.4 3.3
C4-H2S 7.1 7.1
C5-H3 3.6 0.9

â-D-ribo 4

C1-H1 9.6 4.4
C2-H2 11.1 10.1
C3-H3 4.5 1.8
C4-H4 9.7 5.5
C1-H2 7.5 6.4
C2-H1 1.4 0.5
C2-H3 2.5 0.4
C3-H2 2.8 2.3
C3-H4 1.8 1.0
C4-H3 7.3 5.7
C1-H3 5.8 5.8
C1-H4 7.6 1.6
C2-H4 4.1 0.9
C3-H1 3.2 1.5
C4-H1 7.7 1.4
C4-H2 5.3 5.0
C5-H3 3.8 1.8

aMaximum change in coupling over the full pseudorotational
itinerary. bChange predicted for a two-state3E/2E exchange model.
Values<2 Hz are indicated in bold; these couplings are considered to
be of limited value in conformational analysis.
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should be further explored as a probe of furanose N/S
conformation in DNA and RNA, since hydroxymethyl confor-
mation in these biopolymers is constrained (gg conformation),
thus making ring conformation the only key determinant.69

Three-Bond 13C-13C Couplings. 3JC1,C5 is very small in
both5 and6 (<0.8 Hz); corresponding values in ribonucleosides
and 2′-deoxyribonucleosides are 0-1.843 and ∼0.8 Hz,61

respectively. Considering the effect of ring conformation on
the C1-O4-C4-C5 torsion angle (Figure 15), the N/S con-
formational model for5 is predicted to produce a coupling
similar to (or perhaps slightly larger than) that observed in6;
this coupling, however, will be very small, since torsion angles
of 90°-125° are involved. 3JC1,C5is expected to be large in E4
and0E forms (dihedral angles of∼160°) and small in4E and
E0 forms (dihedral angles of∼90°).

3JC2,C5 is 1.8 Hz in5. Corresponding values in pyrimidine
ribonucleosides (pyrR) and purine ribonucleosides (purR) are
1.6 and∼0 Hz, respectively.43 This coupling is expected to
increase in magnitude as N forms become more favored, based
on the effect of ring conformation on the C2-C3-C4-C5
torsion angle (Figure 15).3JHH data suggest that % N forms in
solution decreases in the order5 > pyrR > purR, and3JC2,C5
values reflect this trend.

3JC2,C5 is 1.1 Hz in6; in contrast, values of 1.3 and∼0 Hz
are observed in pyrimidine 2′-deoxyribonucleosides (pyrDR)
and purine 2′-deoxyribonucleosides (purDR), respectively.61 3JHH
data suggest that % N forms in solution decreases in the order
pyrDR≈ 6 > purDR, and2JC2,C5 data are in accord with this
trend.

3JC2,OCH3 in 5 and6 are 3.5 and 3.0 Hz, respectively (Table
4). These three-bond couplings are related to3JC1,C6 in

aldopyranosides, since both involve a C-O-C-C coupling
pathway. InD-aldopyranosides having the4C1 conformation,
3JC1,C6 varies from 3.3-4.5 Hz.68,70 The latter couplings are

(69) The application of the projection resultant method13 to 2JC3,C5 in 5
and6 yields predictions regarding the sensitivity of this coupling to ring
and hydroxymethyl conformation. For3E/E4 conformers (N forms), predicted
2JC3,C5values are∼ -2 Hz (gg), 0-1 Hz (gt), and∼ -2 Hz (tg); for E3/4E
conformers (S forms), these couplings are 0-1, 3-4, and 0-1 Hz,
respectively. While these predictedJ values cannot be considered accurate
(the method was devised for C-C-C coupling pathways involving
nonterminal coupled carbons), the trends are probably reliable. Thus, for
example, the E3/4E (gt) conformer is predicted to yield a more positive
coupling than E3/4E (gg) and E3/4E (tg) conformers, which is consistent
with previous empirical predictions (in the former conformations, both O3
and O5 lie in the C3-C4-C5 plane).68 Furthermore, considerable differ-
ences in coupling are predicted depending on ring and hydroxymethyl group
conformation (e.g.,∼5-6 Hz between2JC3,C5in 3E/E4 (gg) and E3/4E (gt)).
In oligonucleotides where hydroxymethyl conformation is fixed in thegg
rotamer,2JC3,C5may differ by as much as 3 Hz between N and S forms,
although the extent of the difference will be influenced by the preferred N
and S forms (e.g., 3E/2E exchange may be accompanied by a smaller
difference in2JC3,C5 values than E4/4E exchange).

Figure 15. Effect of ring conformation on the two C-C torsion angles
involving C5 of 3 determined fromab initio molecular orbital
calculations (HF/6-31G*). Corresponding data for4 are essentially the
same.

Figure 16. Coupling difference plots forJCH values involving H2R
and H2Sof 3: (A) 2JC1,H2R - 2JC1,H2S, (b) 1JC2,H2R - 1JC2,H2S, (C) 2JC3,H2R
- 2JC3,H2S, and (D)3JC4,H2R - 3JC4,H2S.

8962 J. Am. Chem. Soc., Vol. 119, No. 38, 1997 Church et al.



associated with a C-O-C-C dihedral angle of∼180°; the
observed range of values is apparently caused mainly by the
effects of terminal hydroxyl group orientation (O1 and O6) on
coupling magnitude (R-substituent effects), although small
deviations from ideal chair geometry in different ring configura-
tions may also make a contribution.68 Based on these data, the
observed values of3JC2,OCH3 in 5 and6 are consistent with a
preferred C2-C1-O-CH3 dihedral angle approaching 180°,
which orients the methyl carbongaucheto O4 and H1. This
arrangement is consistent with expectations based on stereo-
electronic considerations (exoanomeric effect53). It should be
appreciated, however, that the coupling pathways governing
2JC2,OCH3 in 5 and6, and indeed the reference C1-O5-C5-
C6 pathway in aldopyranosyl rings, are not similarly substituted.
For example, only one of the coupled carbons (C2) is substituted
with an electronegative atom in5, whereas none are in6. This
substitution effect alone could cause the 0.5 Hz difference in
3JC2,OCH3 values observed between5 and6, that is, this difference
may not reflect different C1-O1 torsional behavior. Thus,
given these limitations, the above C1-O1 conformational
conclusions based on3JC1,C6 reference values must be viewed
with appropriate caution.

Conclusions

Three-dimensional structure determination of nucleic acids
has benefited greatly from the use of13C- and15N-enrichment,
which permits the application of multidimensional heteronuclear
NMR methods required for spectral dispersion and signal
assignment.13C-enrichment also permits the determination of
13C-1H and13C-13C spin-couplings within the furanose rings
and across theN-glycosidic linkages of these structures which
are potentially useful as conformational probes. In the present
investigation, we have compared the behaviors of one-, two-,
and three-bond13C-1H and13C-13C spin-coupling constants
within â-D-ribo 1 and 2-deoxy-â-D-ribo 2 rings. Computational
approaches were applied in an effort to assess the effect of C2
substitution (oxyVsdeoxy) on the magnitudes and signs ofJCH
values. In a previous report,JCH behavior inâ-D-ribo rings
was examined using similar calculational methods, and the latter
were validated by measuringJCH values in conformationally-
constrained aldopyranosyl rings containing coupling pathways
that mimic those found in discrete conformations of this ring.28

The results of this prior work showed that, while theabsolute
Valuesof the couplings predicted by the computations cannot
be considered accurate, thetrendswere reliable. Since the
present study relies mainly on trends rather than on absolute
values, we did not consider it necessary to prepare a wide range
of model deoxypyranoses to further validate the method,
although couplings in a few model compounds have been
examined. Indeed, comparisons between related couplings
within the furanose constituents of oligonucleotides can yield
important information on conformational differences, since all
furanosyl rings within natural oligomers will have the same
chemical structure. Model compounds will be required, how-
ever, in future studies of absolute coupling magnitudes.
It should be appreciated that, due to present computer

limitations, only one set of exocyclic torsion angles in3 and4
was inspected in this work. The C1-O1 torsions were chosen
to maximize the exoanomeric effect,53 and thegt conformation
about the C4-C5 bond was selected because both5 and6 favor
this conformation (Table 3). The remaining exocyclic C-O
torsions were chosen arbitrarily. Thus, conformational energy
data shown in Figure 1 represent a small portion of the total

energy surface available to3 and4, and thus these data must
be viewed with appropriate reservation; this limitation is
confirmed by computations conducted on6 using the Consistent
Force Field method which show that exocyclic C-O and C-C
torsions indeed affect conformational energies.71 Similar limita-
tions apply to the observed structural trends (i.e., bond lengths,
bond angles, bond torsions).
Extrapolation of the present results to coupling behavior in

oligonucleotides assumes that the preferredgg conformation
about the C4′-C5′ bond in these structures does not significantly
affect coupling behavior. The latter assumption is probably
valid for coupled nuclei within the furanose ring. On the other
hand, couplings such as2JC3,C5, 3JC1,C5, 3JC2,C5, and3JC5,H3may
be affected by the orientation of the terminal oxygen on C5
with respect to the coupling pathway (R-substituent effects).
13C-1H couplings involving H5Rand H5Sare also affected by
the C4-C5 torsion angle, but their dependence can be predicted
qualitatively, as discussed in this report. Furthermore, direct
application of this study to oligonucleotides assumes that
O-phosphorylation (at O3 and O5) does not affectJCH or JCC
behavior significantly. The validity of this assumption remains
to be tested with the use of suitable model sugar phosphates.
ObservedJCH values in5 and6were interpreted in structural

and conformational terms in this work with the use of computed
couplings and/or the application of the projection rule64 (for
2JCH). In most cases, both tools gave internally consistent results
which led to reasonable interpretations of the observed coupling
data. However, in two cases, namely,2JC2,H3 (Figure 9D) and
3JC2,H4 (Figure 11D), discrepancies were observed, and these
findings require further scrutiny. Furthermore, the application
of the projection rule,64 which was developed for C-C-H
coupling pathways involving hydroxylated carbons, may not be
appropriate for the analysis of2JCCH values involving C2 of
the 2-deoxy-â-D-ribo ring; this problem will need to be
addressed by examining2JCCH values in deoxysugars having
defined conformations (e.g., deoxypyranosyl rings).
Despite the above-noted limitations, however, a number of

observations have been made which have important implications
for the anticipated use ofJCH andJCC values as conformational
probes in furanose rings.
(a) The behavior of1JCH values in the 2-deoxy-â-D-ribo ring

2 is consistent with previous observations on the relationship
between C-H bond orientation and1JCH coupling magnitudes
in the 2-deoxy-â-D-glycero-tetrofuranose27 andâ-D-ribofuranose
rings.28 C-H bond orientation appears to play an important
role in determining1JCH values, with quasi-equatorial orienta-
tions giving larger couplings than quasi-axial orientations for a
given C-H bond. However, at least two additional factors
affect C-H bond length, and thus1JCH values, in these rings.
Vicinal lone-pair effects (e.g., the interaction of lone-pair orbitals
on O3 with the C3-H3 bond) appear to be substantial, with
antiperiplanar arrangements causingbond lengtheningas re-
ported previously.27,28,50-52 In addition, recent studies72 suggest
that 1,3-interactions between oxygen lone-pair orbitals and C-H
bonds (e.g., the interaction of lone-pair orbitals on O3 with the
C4-H4 bond) also affect C-H bond lengths in a consistent
fashion. These latter interactions, when present, appear to cause
bond shortening, and this effect is discussed in a recent report.72

Thus, it appears that C-H bond orientation, while important,
may not be the sole determinant of C-H bond length in
aldofuranosyl rings.

(70) King-Morris, M. J.; Serianni, A. S.J. Am. Chem. Soc.1987, 109,
3501-3508.

(71) Wiorkiewicz-Kuczera, J.; Rabczenko, A.J. Chem. Soc. Perkin Trans.
II 1986, 437-442.

(72) Kennedy, J.; Wu, J.; Drew, K.; Carmichael, I.; Serianni, A. S.J.
Am. Chem. Soc.In press.
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(b) Exocyclic bonds other than C-H bonds (e.g., C2-O2,
C3-O3, and C4-C5 bonds) are also sensitive to bond orienta-
tion, again with quasi-axial orientations correlated with longer
bonds and quasi-equatorial orientations correlated with shorter
bonds (Figure 4A,B; Figure 6). This predicted (computed)
behavior is consistent with recent analyses of X-ray crystal-
lographic data on>100 nucleosides and nucleotides reported
by Berman and co-workers.56 This latter study shows that the
mean values of the C2′-O2′ bond length inâ-D-ribo rings 1
are 1.412 Å in2E (shorter, quasi-equatorial) and 1.420 Å in3E
forms (longer, quasi-axial), whereas the mean values of the C3′-
O3′ bond are 1.427 and 1.417 Å for2E (longer, quasi-axial)
and 3E forms (shorter, quasi-equatorial), respectively. In
2-deoxy-â-D-ribo rings 2, the mean C3′-O3′ bond length is
1.435 Å in2E (longer, quasi-axial) and 1.419 Å in3E (shorter,
quasi-equatorial) forms. The C3′-O3′ bond lengths in2 are
also, on average, longer than those observed in1, again in
agreement with computed behavior (Figure 4B). Furthermore,
the computed behavior of the endocyclic C1-O4 and C4-O4
bonds inribo and deoxyribo rings (rC1-O4 (ribo) < rC1-O4 (deoxyribo)
andrC4-O4 (ribo) > rC4-O4 (deoxyribo)) (Figure 5A,B) is in accord
with crystallographic results (mean C1′-O4′ values are 1.415
Å (ribo) and 1.420 Å (deoxyribo) for 2E forms and 1.412 Å
(ribo) and 1.418 Å (deoxyribo) for 3E forms, whereas mean
values of C4′-O4′ are 1.454 Å (ribo) and 1.446 Å (deoxyribo)
for 2E forms and 1.451 Å (ribo) and 1.449 Å (deoxyribo) for
3E forms). While the behavior of the C1-O4 and C4-O4 bond
lengths may depend on the nature of the substituent at C1
(nitrogen baseVsOH), it is less likely that this substituent change
will significantly affect the behavior of the C2-O2 and C3-
O3 bond lengths. Thus, we interpret the observed agreement
between the computed and crystallographic behavior of the
exocyclicC-O bond lengths as evidence, albeit indirect, that
the correlations between C-H bond length and C-H bond
orientation are valid, although experimental support for the latter
remains to be obtained.
(c) Deoxygenation at the C2 position of aâ-D-ribofuranosyl

ring can, in some instances, result in substantial changes in the
behavior ofJCH values within the ring.1JC1,H1and1JC4,H4appear
to be essentially unaffected (Figure 8A,D), whereas1JC2,H2Sand
1JC3,H3are shifted to smaller values in the deoxyribo ring (Figure
8B,C) . Likewise,2JC1,H2S, 2JC3,H2S, and2JC4,H3are less positive
(more negative) in the deoxyribo ring (Figure 9A,B,F), whereas
the opposite is predicted for2JC2,H1 and2JC2,H3 (Figure 9C,D).
The latter results suggest that, for a two-bond C-C-H coupling
pathway, the loss of an electronegative substituent on the carbon
bearing the coupled hydrogen causes a shift to more negative
(less positive) couplings, whereas the loss of an electronegative
substituent on the coupled carbon causes a shift to more positive
(less negative) couplings. The former observation is consistent
with recent studies of2JC2,H1 values in simple furanoses,
furanosides, and nucleosides; for example, in nucleosides which
bear the less electronegative substituent at C1 (i.e., nitrogen),
2JC2,H1 is more negative by∼2.5 Hz.61

(d) 3JCH behavior inâ-D-ribo 1 and 2-deoxy-â-D-ribo 2 rings
show essentially similar behavior except for3JC2,H4, which
appears smaller in2 in some conformations (Figure 11D). Small
deviations observed for antiperiplanar arrangements (Figure 11)
are attributed mainly to substituent effects73 rather than differ-
ences in puckering amplitudes (Figure 7C).
(e) JCH values inâ-D-ribo 1 and 2-deoxy-â-D-ribo 2 rings

exhibit different sensitivities to conformational change (Table

6). The two couplings that appear minimally affected by ring
conformation are2JC2,H1 and 2JC3,H4; these couplings are
predicted to change by<2 Hz throughout the pseudorotational
itinerary for bothâ-D-ribo and 2-deoxy-â-D-ribo rings (Table
6). 3JC2,H4may also be of limited use due to its more complex
dependence on conformation (Figure 11D). The sensitivity of
3JC5,H3 to ring conformation in3 and 4 may be greater than
previously expected;28 this coupling may indeed be useful as a
conformational probe in these ring configurations despite its
cisoidal nature. Interestingly, the utility ofJCH values as
conformational probes appears more restricted if a simple two-
state3E/2E exchange process is operating; under these condi-
tions, nine of the 17 couplings listed in Table 6 show<2 Hz
changes for theâ-D-ribo ring, while six of the 21 couplings for
the 2-deoxy-â-D-ribo ring show a<2 Hz change. Thus, in
instances where a conventional3E/2E exchange process occurs,
a smaller number ofJCH values will be useful to assess the two
populations.

2-Deoxy-â-D-ribo rings contain several paired C-H coupling
pathways involving H2R and H2S (e.g., C1-H2R/C1-H2S,
C2-H2R/C2-H2S, C3-H2R/C3-H2S, C4-H2R/C4-H2S).
The coupling behaviors of these paired pathways differ signifi-
cantly (Figure 13), and these differences should prove useful
to assess conformation, as illustrated in Figure 16. For example,
1JC1,H2R-1JC1,H2S ranges from 0-7 Hz (Figure 16A), whereas
3JC4,H2R-3JC4,H2S ranges ranges-6 to 4 Hz (Figure 16D).

(f) 2JC4,H5R/S values have been shown previously19,65 to be
useful parameters to assign the H5R and H5S signals in
oligonucleotides where the C4-C5 bond rotamer is limited to
the gg conformation. In this report, we have shown that
2JC4,H5R/S and 3JC3,H5R/S, when applied in conjunction with
3JH4,H5R/S values, can be used to make similar assignments in
furanosyl rings in general and to estimate the proportions of
thegg, gt, andtg rotamers in solution. In addition,2JC5,H4was
found to be sensitive to C4-C5 bond rotation, being large and
positive in thegg rotamer and small and negative ingt and tg
rotamers (Table 5).

(g) 2JC3,C5values inâ-D-ribo and 2-deoxy-â-D-ribo rings are
affected by hydroxymethyl and ring conformation. Since
hydroxymethyl conformation in oligonucleotides is limited to
the gg rotamer, ring conformation is likely to be the most
important determinant of its magnitude in these structures. In
the latter regard, the application of the projection resultant
method13,69predicts that conformations in which O3 lies in the
coupling plane (e.g., E3/4E) will give more positive couplings
than when O3 lies out-of-plane (e.g., 3E/E4), although this
prediction will require experimental validation.
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