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Abstract: Methyl S-p-ribofuranoside5 and methyl 2-deoxy-p-erythro-pentofuranoside (methyl 2-deoxdto-
ribofuranosidep were synthesized with single sites’8€-enrichment at each carbon, and a complete sEsf!H
and3C—13C spin-coupling constants (37 couplings5m41 couplings ir6) in these molecules were obtained by 1D
and 2D NMR spectroscopy?Jcy coupling signs were determined from the observation of relative cross-peak
displacements in 2D TOCSY data. THE—H couplings (one-, two-, and three-bond) were interpreted in structural
and conformational terms with assistance from conformational modéisanfl 6 based on conventional two-state
pseudorotational analysis &fyy values (PSEUROT) and on theoretical predictions of conformational energies and
Jcn values obtained fronab initio molecular orbital calculations on the ten envelope and planar conformers of
pB-p-ribofuranoset and 2-deoxys3-p-erythro-pentofuranose (2-deoxy--ribofuranoseB. A comparison of theoretical

Jen values ind and4 allowed an assessment of the effect of C2 structure (C2e82 deoxy) on coupling magnitudes
and signs. Results show that the behavior of reldggdsalues in5 and6 may differ, especially when C2 is involved

as a coupled nucleus. In addition, sevédal, 2Jcn, and3Jcy values ing-p-ribo and 2-deoxys-p-ribo rings were
found to be sensitive to furanose ring and hydroxymethyl group conformation; in therdsoxiyng, the presence

of diastereotopic protons at C2 produces paité@d—'H coupling pathways involving H? and HZX that are
complementary, and differences in the resulting palkgdsalues are, in some instances, sensitive to ring conformation.
Jcc values ing-p-ribo and 2-deoxys-p-ribo rings also reflect differences in ring structure and geometry, although
fewer €.9, 2cscs 3Jcics 3Jcz.c9 appear useful as conformational probes. The correlations drawn between ring
structure/conformation andt/Jcc magnitude and sign iB 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
containingp-p-ribo and 2-deoxys-p-ribo rings.

Introduction carbohydrates, especially when assessing conformation about
O-glycoside linkage&-1* Jcy values can be conveniently

13C—1H and3C—13C spin-coupling constants are becoming measured by a variety of multidimensional NMR methétss;

more important in biomolecular structure determinations by example, an elegant approach involves the measurement of

NMR spectroscopy, in part due to the increased availability of cross-peak displacements in 28q, TOCSY)>16and 3D é.g,

13C-labeled samples and to improved methods to measure thes¢iMQC-TOCSY 7 spectra of3C-labeled molecules, from which

parameters in complex molecules. Thus, for exanidlg, and both the magnitudes and signs of specifley may be

3Jcc values have been used to refine NMR structure determina- obtained?3218.19 Recent improvements in théC-labeling of

tions of 13C-labeled proteins, especially for the side chdir’s.  DNAZ2° and RNA! promise increased measurement and ap-

1Jcn values have also been examined as potential probes of : :

protein backbone conformatidn? lJCH, SJCHy and3-]cc values 56(2)25xcoffler, G.; Gagnaire, D. Y.; Taravel, F. Rarbohydr. Resl974

have proven valuable in the conformational analysis of complex ™

9) N.unez, H. A.; Barker, RBiochemistry198Q 19, 489.
(10) Hayes, M. L.; Serianni, A. S.; Barker, Rarbohydr. Res1982

* Author for correspondence. 100, 87.
T Department of Chemistry and Biochemistry. (11) Duker, J.; Serianni, A. SCarbohydr. Res1993 249, 281.
* Radiation Laboratory. (12) (a) Tvaroska, ICarbohydr. Res199Q 206, 55. (b) Tvaroska, |.;
® Abstract published idvance ACS Abstract#ugust 15, 1997. Taravel, F. RCarbohydr. Res1991, 221, 83—94. (c) Tvaroska, |.; Taravel,
(1) Schmieder, P.; Kurz, M.; Kessler, Bl.. Biomol. NMR1991, 1, 403~ F. R.J. Biomol. NMR1992 2, 421-430.
420. (13) Church, T.; Carmichael, |.; Serianni, A. Sarbohydr. Res1996
(2) Biamonti, C.; Rios, C. B.; Lyons, B. A.; Montelione, G. RAdv. 280 177-186.
Biophys. Chem1994 4, 51-120. (14) Hricovini, M.; Tvaroska, IMagn. Reson. Cheni99Q 28, 862—
(3) (@) Montelione, G. T.; Winkler, M. E.; Rauenbuehler, P.; Wagner, 866.
G.J. Magn. Resorl989 82, 198-204. (b) Hu, J.-S.; Bax, Al. Am. Chem. (15) Braunschweiler, L.; Ernst, R. R. Magn. Reson1983 53, 521—
Soc.1996 118 8170-8171. 528.
(4) Egli, H.; von Philipsborn, WHely. Chim. Actal981, 64, 976—-988. (16) Bax, A.; Davis, D. GJ. Magn. Reson1985 65, 355-360.
(5) Mierke, D. F.; Grdadolnik, S. G.; Kessler, H. Am. Chem. Soc. (17) Wijmenga, S. S.; Hallenga, K.; Hilbers, C. W.Magn. Resorl1989
1992 114, 8283-8284. 84, 634-642.
(6) Vuister, G. W.; Delaglio, F.; Bax, Al. Am. Chem. S0d.992 114 (18) Serianni, A. S.; Podlasek, C. Barbohydr. Res1994 259, 277—
9674-9675. 282.
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Spin-Coupling Constants in Furanosides
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posed recently to assist in the interpretatior?®fc values in
carbohydrate$? this method was subsequently confirmed by
magnitude and sign determinations?dcc and ZJcoc values

While suitable labeled samples and NMR methodologies exist by 1*C—13C -COSY methods using triply*C-labeled com-

to extract accuratdcy and Jec values from NMR spectra of

pounds’® A detailed investigation oflcy behavior inj-p-

biomolecules, relating their magnitudes to molecular structure ribofuranosyl rings has also been reported recently in which
is often difficult. The problem is most acute in studies of nucleic the effect of ring conformation oklcy, 2Jcn, and*Jcw values
acids, especially for couplings within the sugar (furanose) was examined using experimental and computational meff§ods.

constituent. Because of the inherent conformational flexibility

of the furanose ring? J values observed in these structures

In the present investigation, we extend these previous studies
by examining Jcy and Jcc behavior in the 2-deoxy-b-

cannot be interpreted in terms of a single rigid conformation ribofuranosyl ring2 (Chart 2). We compare the structural

but rather are averag&dn a manner that reflects the presence
of a mixture of two or more interconverting conformational
isomers?*2 Pathways for conformer interconversion involve
pseudorotatio#?in which envelope (E) and twist (T) nonplanar

properties of 2-deoxy-p-erythro-pentofuranose (2-deox§-
p-ribofuranose)3 (Chart 2) derived fromab initio molecular
orbital calculations to those obtained previodsk#3°on -b-
ribofuranose4 (Chart 2). Using computational methods vali-

forms exchange without the participation of the planar (P) form dated previously/:283031 we then compare the predicted

(Chart 1), or inversiotfcin which nonplanar forms interconvert

(computed) behavior afcy values in3 with that predicted for

via the P form. This conformational averaging provides a strong relatedJcy in 4; this latter comparison provides an estimation

justification for improving the interpretation afcy and Jec
within these structure®:2%2 Given the large number dty and
Jcc values relative tdyy values ing-p-ribo 1 and 2-deoxys-

of the effect of C2 structure (C2 oxys C2 deoxy) onlcy values.
We then apply this comparative analysis in a discussion of the
complete sets ofcy and Jec values observed in methyd-o-

p-ribo 2rings (Chart 2), these couplings represent an important ribofuranoside5 (37 couplings) and methyl 2-deoxgo-
potential source of information with which to assess the erythropentofuranoside (methyl 2-deoyyo-ribofuranoside
conformational and dynamical properties of these rings. Thus, (41 couplings) (Chart 2). These couplings were obtained from

an integrated, quantitative treatmentlgfi, Jcn, andJcc values

1D and 2D NMR spectra & and6 which were singly labeled

within the furanose constituents of DNA and RNA, and other with 13C at each carbon.

biomolecules that contain these rirf§%js expected to lead to
a fuller understanding of their solution behaviors.

Previous reports have addressed the effect of furanose ring

Experimental Section

Synthesis of Labeled Methylg-p-Ribofuranosides. Singly 13C-

conformation ortJcs values and suggest a correlation between |4peled p-riboses were prepared according to previously published

C—H bond orientation, €H bond length, and coupling
magnitude?’-28 A projection resultant method has been pro-

(20) (a) Lancelot, G.; Chanteloup, L.; Beau, J. M.; Thuong, NJT.
Am. Chem. S0d.993 115 1599. (b) Sklenar, V.; Peterson, R. D.; Rejante,
M. R.; Feigon, JJ. Biomol. NMR1993 3, 721. (c) Ono, A.; Tate, S.;
Kainosho, M.J. Biomol. NMR1994 4, 581-586. (d) Wu, J.; Serianni, A.
S. Biopolymersl994 34, 1175-1186. (e) Zimmer, D. P.; Crothers, D. M.
Proc. Natl. Acad. Sci. U.S.A.995 92, 3091-3095.

(21) Nikonowicz, E. P.; Sirr, A.; Legault, P.; Jucker, F. M.; Baer, L.
M.; Pardi, A.Nucl. Acids Res1992 20, 4507-4513.

(22) Harvey, S. C.; Prabhakaran, 1.Am. Chem. S02986 108 6128~
6136.

(23) Jardetzky, OBiochem. Biophys. Actd98Q 621, 227—232.

(24) (a) Olson, W. KJ. Am. Chem. So&982 104, 278-286. (b) Altona,
C.; Sundaralingam, MJ. Am. Chem. Socl972 94, 8205-8212. (c)
Westhof, E.; Sundaralingam, M. Am. Chem. S0d.983 105 970-976.

(25) Cyr, N.; Perlin, A. SCan. J. Chem1979 57, 2504.

(26) (a) Serianni, A. S.; Barker, R. Org. Chem1984 49, 3292-3300.
(b) Cicero, D. O.; Barbato, G.; Bazzo, Retrahedron1995 51, 10303~
10316.

(27) Serianni, A. S.; Wu, J.; Carmichael,J. Am. Chem. Sod 995
117, 8645-8650.

procedured?=3¢ and only a brief account of their synthesis is given
here. p-[1-1%C]Ribose was prepared fromerythrosé’ and KI*CN by

the cyanohydrin reduction reactiéf3335the product C-2 epimers;[1-
13CJribose and-[1-1*Clarabinose, were separated by chromatography
on Dowex 50x 8 (200-400 mesh) ion-exchange resin in the?Ca
form.38 Dp-[2-13C]Ribose was prepared from[1-1°Clarabinose (the

(28) Podlasek, C. A.; Stripe, W. A.; Carmichael, I.; Shang, M.; Basu,
B.; Serianni, A. SJ. Am. Chem. S0d.996 118 1413-1425.

(29) Serianni, A. S.; Bondo, P. B.; Zajicek, J. Magn. Reson. Ser. B
1996 112 69-74.

(30) Carmichael, I.; Chipman, D. M.; Podlasek, C. A.; Serianni, Al.S.
Am. Chem. Sod993 115 10863-10870.

(31) Carmichael, 1J. Phys. Chem1993 97, 1789-1792.

(32) Serianni, A. S.; Nunez, H. A,; Barker, Rarbohydr. Res1979
72, 71-78.

(33) Serianni, A. S.; Clark, E. L.; Barker, Rarbohydr. Res1979 72,
79-91.

(34) Serianni, A. S.; Vuorinen, T.; Bondo, P. B. Carbohydr. Chem.
199Q 9, 513-541.

(35) Serianni, A. S.; Bondo, P. Bl. Biomol. Struct. Dyn1994 11,
1133-1148.
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byproduct in the synthesis of[1-13C]ribose) by molybdate-catalyzed 51
epimerizatior?®>3¢ p-[3-13C]Ribose was prepared from[2-1%C]eryth-
rose and KCN by the cyanohydrin reduction reacfi®f#;*°p-[2-13C]-
erythrose was prepared by molybdate epimerizétiaf p-[1-13C]-
threose, and the latter labeled tetrose was prepared from
p-glyceraldehyd® and K!3CN .22 p-[4-13C]Ribose was prepared from
D-[2-3C]mannose? the labeled mannose was prepared by molybdate
epimerization ofp-[1-1*C]glucose® and the labeled glucose was
prepared fromp-arabinose and RCN.32-34 p-[5-13C]Ribose was
prepared fromp-[4-13Clerythrose and KCN by the cyanohydrin
reduction reactioi?3335p-[4-13C]erythrose was prepared by treatment
of p-[6-°C]glucosé! with Pb(OACc).%’

The labeled riboses were converted into the corresponding methyl
furanosides by Fischer glycosidation (anhydrous methanol solvent,
H2SO, catalyst)243 The producii- andg-furanosides were separated 0 (') 1 "; é 4
by chromatography on Dowex & 2 (200-400 mesh) ion-exchange
resin in the OH form 4344 P/t (radians)

Synthesis of Labeled Methy! 2-Deoxy3-p-erythro-pentofurano- Figure 1. Conformational energy (total energy) profiles for 2-deoxy-
sides. Labeled methyl 2-deoxg-p-erythro-pentofuranosides (methyl B-p-erythro-pentofuranoseé (open squares) anf-p-ribofuranoses
2-deoxyg-p-ribofuranosides) were prepared from the corresponding (closed squares) determined fram initio molecular orbital calculations
labeled methyB-p-ribofuranosides according to the method of Robins  (HF/6-31G*) using the initial C+01, C2-02 (ribo only), C3-03,

et al* A general description of the procedure, as applied to the C4—C5, and C5-O5 torsion angles shown in Chart 3.
preparation of methyl 2-deox§-p-[1-:°C]erythro-pentofuranoside,

follows. s . mL/fraction) yielded methyl 2-deoxg-b-[1-13C]erythro-pentofurano-

. Methyl_ﬂ-_D—[l— 3C]r|bofuran05|_de_ (0.54 g, 3.3 mmol) was suspended gjje (126-255 mL) and methyB-p-[1-13C]ribofuranoside (458750

in dry pyridine (40 mL; freshly distilled and stored over 3A molecular | ) \vhich were identified by their characteristid chemical shifts
sieves) in an inert (B atmosphere. 1,3-Dichloro-1,1,3,3-tetraisopro- - and 1H—1H coupling constant§* Yield: 0.30 g, 2.0 mmol, 61%
pyldisiloxane (TPDS-G| 1.07 mL, 3.3 mmol) was added, and the (syrup weight) based on methgtp-[1-13C]ribofuranoside.

mixture was stirred at room temperature for 5 h. Pyridine was removed NMR Spectroscopy. NMR spectra were obtained on a Varian
by evaporationin vacuq and the residue was partition_ed betweeen UnityPlus600 MHz NMR spectrometer operating at 599.888 MHz for
EtOAc and water. The organic phase was washed with 30 mL 1H and 150.852 MHz fof3C. One-dimensionatH and 3C NMR
saturated NaHC@®and once with saturated aqueous NaCl, and the spectra were collected 0p20 and~100 mM aqueousd;0) solutions,

organic phase was dried overnight over anhydrousSRa respectively, at 30C using a conventional 5 mm broadband probe or
The solvent was removed by evaporationvacug and anhydrous 5 3" mm dual'H/:C microprobe (Nalorac). Spectra were processed
CH,CN (45 mL), 4-(dimethylamino)pyridine (DMAP, 825 mg, 6.6 it resolution enhancement (sine-bell) to facilitate the measurement
mmol), and phenylthionocarbonate chloride (PTC-CI, 0.6 mL, 3.3 ¢ sl couplings £0.8 Hz). 2D TOCSY specttal®were collected
mmol) were added. The solution was stirred for 21 h under an inert ;¢ 5 ok 2K matrix and zerofilled to 4Kx 4K. and a 50 ms mixing
atmosphere (. Solvent was then removed by evaporailonacua  ime was employed in the pulse sequence. Sine-bell functions were
and the residue was partitioned between EtOAc and water. The organicy e to both dimensions prior to fourier transformation. 2D Spectra

phase was washed with>3 30 mL saturatgd NaHC{and once with . were sufficiently digitized to observe relative cross-peak displacements
saturated aqueous NaCl, and the organic phase was dried overnight. ; 1. these data were used only for sign determinations, since accurate

over anhydrous NSO _ coupling magnitudes0.1 Hz) could be extracted straightforwardly
After removal of the solvenin vacuq the resulting syrup was from 1D 'H NMR spectra in most cases.

dissolved in toluene (80 mL, freshly distilled and stored over 3
molecular sieves), and 2;dzobis(2-methylpropionitrile) (AIBN, 0.11g,
0.7 mmol) and trin-butyltin hydride (1.2 mL, 4.5 mmol) were added.
The solution was degassed with-fee nitrogen fo 1 h and then heated

at 75°C for 6 h. Deprotection (desilylation) was effected by addition
of tetran-butylammonium fluoride (TBAF, 6 mL, 6 mmol) to the
reaction mixture, and the solution was heated &t@%or an additional

3 h. Solvent was then removed by evaporatiomacuqg and the residue
partitioned between ether and water. The ether layer was extracted
with 3 x 20 mL of water, and the aqueous fractions were pooled and
extracted with 3x 20 mL of ether. The resulting aqueous phase was
concentratedn vacuoat 30°C, and the resulting syrup applied to a
column (2.5 cmx 26 cm) containing Dowex Xk 2 (200-400 mesh)
resin in the OH form.** Elution with CO-free water (2 mL/min, 15

conformational energy (kcal/mol)

3Jun values were fit to a two-state N/S pseudorotational model using
PSEUROT 6.2/ which applies a parameterized Karplus equdfiom
the coupling data and yields pseudorotational phase anB)eand
puckering amplitudeszf,) for the preferred north (N) and south (S)
forms, and the percentage of S form in solution. Pseudorotational phase
angles P) divided by give values ranging from-62 radians which
correspond to specific E and T forme.g, P/z = 0.1 for °E, Pln =
0.3 for &, and so forth) (Figure 1).

Ab Initio Molecular Orbital Calculations. Ab initio molecular
orbital (MO) calculations were conducted (Gaussiarfd@) 2-deoxy-
f-D-erythro-pentofuranos@ using the HartreeFock (HF) procedure
and a polarized split-valence basis set (6-31G*). Ten envelope
conformers SE, E, °E, E,, %E, B, “E, E, 'E, E) (Chart 1) and the
planar (P) conformer were examined as described previtiisip>2

(36) Hayes, M. L.; Pennings, N. J.; Serianni, A. S.; BarkerJRAM. by constraining appropriate endocyclic torsion angles withio 0°

Chem. Soc1982 104, 6764-6769.

(37) Perlin, A. S.Methods Carbohydr. Chem 962 1, 64—66. (46) Raap, J.; van Boom, J. H.; van Lieshout, H. C.; Haasnoot, C. A. G.
(38) Angyal, S. J.; Bethell, G. S.; Beveridge, ®arbohydr. Res1979 J. Am. Chem. S0d.988 110, 2736-2743.

73, 9—18. (47) PSEUROT 6.2; Gorlaeus Laboratories: University of Leiden.
(39) Perlin, A. S.Methods Carbohydr. Chem 962 1, 61-63. (48) Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; Altona, Tetrahedron
(40) Wu, J.; Serianni, A. S.; Bondo, P. Barbohydr. Res1992 226, 198Q 36, 2783.

261-269. (49) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.;
(41) King-Morris, M. J.; Bondo, P. B.; Mrowca, R. A.; Serianni, A. S.  Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.

Carbohydr. Res1988 175 49-58. A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
(42) Barker, R.; Fletcher, H. G., J8. Org. Chem1961 26, 4605. J. S.; Gonzales, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J.;
(43) Kline, P. C.; Serianni, A. SI. Am. Chem. S0d.99Q 112, 7373- Stewart, J. J. P.; Pople, J. A. Gaussian 92, Revision C.3; Gaussian, Inc.:

7381. Pittsburgh, PA, 1992.

(44) Austin, P. W.; Hardy, F. E.; Buchanan, J. C.; Baddileyl. Zhem. (50) Serianni, A. S.; Chipman, D. M. Am. Chem. So&987, 109, 5297.

Soc.1963 5350-5353. (51) Garrett, E. C.; Serianni, A. S. ldomputer Modeling of Carbohy-
(45) Robins, M. J.; Wilson, J. S.; Hansske, JFAm. Chem. S0d.983 drate MoleculesFrench, A. D., Brady, J. W., Eds.; ACS Symposium Series

105, 4059. 430; American Chemical Society: Washington, DC, 1990; pp B19.
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Chart 3 Table 1. *H Chemical Shifts andH—'H Spin-Coupling Constants
in Methyl -p-ribofuranosides and Methyl

H H2 H3 2-Deoxyf-p-ribofuranosideb
H H H chemical shiftsg@ (ppm) 5 6
H1 4.977 5.310
c2 04 C1 c3 c2 c4 H2 4.114
H2R 2.248
) H2S 2.316
H4 4.092 4.076
c3 ca H5R 3.690 3.678
H5S 3.876 3.794
H5S H5R OCHs 3.480 3.477
coupling constantsl? (Hz) 50 6
H4 04 H5R H58 H1,H2 12
05 H H1,H2R 5.4
ca-Cs C5-05 :;Eg‘s 6 26
(thus, for example, ifE, the C4-04—C1—C2 dihedral angle was fixed :gg;‘g’ N277
at (°); two endocyclic torsions were fixed at th calculations on the H2R H2S _13'9
P form. All other geometric parameterse(, bond lengths, angles, H3 |_'|4 6.9 4'2
and torsions) were optimized in the calculations. H4:H5R 6.6 7.0
The choice of initial exocyclic €C and C-O torsions (C+01, H4,H5S 3.1 4.6
C3—-03, C4-C5, and C5-05 in 3) (Chart 3) was arbitrary except for H5R,H5S —12.2 —-12.0

the C1-01 torsion, which was set to optimize the exoanomeric effect,
as described in previous repoft€85¢-52 and the C4-C5 torsion angle.
The latter torsion angle was set to correspond to the hydroxymethyl Chart 4
conformation favored b¥ and6 in aqueous solution (Canti to O5;

gt conformer; Chart 3) (see Results and Discussion) in order to permit OH
a comparison between experimental and compd¢gdralues in these H5S meictH5 R Hos

structures. Thus, the full energy surface 3owas not examined since, o-| ,OCHs 825> SR
to obtain this surface,*3x 11 = 891 unique structures would need to SHs5> dHsR
be studied, which was considered impractical given present computer

limitations. It should also be appreciated that these calculations pertain HO H2R

to unsolvated, “gas-phase” structures.( solvent effects have not been . )

treated), since at present it is not possible to include solvation effects, Results and Discussion

either implicitly by a suitably configured dielectric reaction-field or A. Ring and Hydroxymethyl Conformations in 5 and 6
explicitly by selecting and locating a suitable number of solvent via Analysis of 3Juy Values. H NMR spectra of5 and 6

molecules, in suclab initio calculations with reasonable confidence. . . .
Calculation of *C—1H Spin-Coupling Constants. 13C—1H spin- obtained at 600 MHz idH,O solvent contained well-resolved

coupling constants were obtained by finite (Fermi-contact) field double Signals for the nonexchangeable protons, thus allowing straight-

perturbation theory calculatioHe at the HF and MP2 levels using a  forward extraction of chemical shifts addy values from the

basis set designed for the economical recovery of such properties anddata (Table 1). The stereochemical assignments of the dia-

a modified version of the Gaussian 92 suite of progr@mScale factors stereotopic C2 proton signals 6f(H2R, H2S) could not be

have been developed for this basis set for each of the spin-couplingmade reliably from an inspection &y data due to potential

constantsiJeu, Zcr, and*Jew, which allow the reliable prediction of  complications arising from conformational averaging. However,

reSL]f.ltS expected at a mt’gglhsi%;fr_rlﬁve' °f| ”;eoryl namely, quadrgtic these assignments could be made with confidence based on an

configuration interaction b The scale factors were estimate ; 2 - e

from the equationf, = [e(QCISD) — "JenHP[Ien(MP2) — analysis ofJciHmand JeaHzs Values as discussed below; using
this approach, the more shielded C2 proton was assigned as

"Jcu(HF)], in systems where the full QCISD calculation is possible. .
Values off, = 0.83,f, = 0.75, andfs = 0.83 were obtained for the H2R (the C2 protortisto O3) (Table 1, Chart 4). Stereochem-

present basis set which is derived from standard double-zeta represental€@l assignments of the hydroxymethyl protons Ri5155) in

tions and may be written as¢#p1d|2s].3* Note the presence ofashell 5 were made previously through selective deuterium

of five-component, polarizingl-functions on the heavy atoms (C,0).  substitution>2the more shielded C5 proton is R§Table 1,

The addition ofp-functions on hydrogen produced little change in the Chart 4). By analogy, the more shielded C5 protor6iwas

computed couplings. These values allow the estimatiorJef; initially assigned to HR and subsequently confirmed by analysis

(QCISD) values in much larger systems for which only the HF and of J.,, values (see below).

MP2 c_alculatlons are at presgnt tractable. It should be observed that 3J4y data for5 and 6 were analyzed by PSEUROT 672

ELeenﬁ'SF'nIetch C\?vrgrlg:g t%‘;‘ézlc')?liec?:;ti?ttj daeﬁealrii?ly r:s[)tirr?wil:gsd & \which fits these couplings to a simple two-state north/south (N/
' 9 poorly S) conformational model. Pseudorotational phase angles for

due to the neglect of electron correlation. The importance of these h f dNandS f B dp vel Keri
electron correlation effects is overestimated in the simplest recovery tN€ preferred N and S formgy andPs, respectively), puckering

scheme (MP2), so that the comparison with much more complete @mplitudes for these forms{(N) andzn(S), respectively), and

a24,0 solvent,~25 °C. ® Data taken from ref 43.

treatments (QCISD) leads to scale factors less than unity. the %S form in solution are obtained from this treatment. The
R— PSEUROT results (Table 2) indicate a strong preference for N
(52) Garrett, E. C.; Serianni, A. £arbohydr. Res199Q 206, 183. forms by methy}3-D-ribofuranosides (Py = —16°, Ps = 158°;

(53) (&) Lemieux, R. A.Pure Appl. Chem1971, 25, 527-548. (b)
Lemieux, R. U.; Koto, S.; Voisin, D. IMnomeric Effect: Origin and Tm(N) = 38°, 7n(S) = 42°, N/S= 94/6). In contrast, treatment
Consequenceszarek, W. A., Horton, D., Eds.; ACS Symposium Series  of 3]y data for6 gavePy = —26°, Ps = 211°, to(N) = 38°,

87; American Chemical Society: Washington, DC, 1979; pp-29. — o — ; ;
(54) (a) Kowalewski, J.; Laaksonen, A.; Roos, B.; Siegbahd, Bhem. m(S) 32, and N/S 60/40.  Thus, accor(_jln_g to this
Phys.1979 71, 2896-2902. (b) Pople, J. A.; Head-Gordon, M.; Ragha-  treatment, the preferred N forms 6fand 6 are similar {.e.,

vachari, K.J. Chem. Phys1987, 87, 5968-5975. 1T,/E,), whereas the preferred S forms differ considerafiy (
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Table 2. PSEUROT 6.2 Parameters for Methyl
[-D-ribofuranosideb and Methyl 2-Deoxys-p-ribofuranosides
Based orfJyy Datée

parametey 5 6
Py ~16° (E) —26° (Eof'To)
Ps 158 (°E) 217 (“Ts)
Tm (N) 38° 38
m (S) 42 32
N/S ratio 94/6 60/40
RMS deviatiof 0.00 0.31

aQriginal program description, ref 74; program source, ref4#,0
solvent,~25 °C. ¢ Coupling data provided in Table $In Hz.

Chart 5
H5R H5S 05
04 C3 04, C3 04 C3
05 H5S  HsR 05 H5S H5R
H4 H4 H4
gt, ap tg, -sc g9, +sc
Rotamer A Rotamer B Rotamer C

for 5, 4T3 for 6). The PSEUROT data obtained f6érare in
good agreement with those reported previously by Raah*®

Hydroxymethyl conformation is and6 has been examined
previously®5a-¢ Populations for the three GAC5 rotamers
(Chart 5) were calculated from the magnitudesSahf, ys: and
8Jnamss Values (Table 3)°P These results indicate very similar
populations (52%) of theyt rotamer in both5 and 6. The
populations of thegg (38%) andtg (10%) rotamers are
significantly different in5, whereas these populations are similar
(21% and 26%, respectively) @ The smalleitg population
in 5 relative to that found ir® is apparently related to a greater
preference for N forms in the formé& 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{-D-ribo-
furanose 3 and Comparisons to Related Data for 4 Ab initio
molecular orbital calculations were performed®to evaluate

Church et al.

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 CAC5 bond (Chart 5) was
considered is likely to skew the N/S distribution more in favor
of N forms in these computations; inclusion gff and tg
rotamers is expected to increase the percentage of S forms for
reasons discussed elsewh&® 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-81 bond
is longer in conformations in which this bond is quasi-axial or
near quasi-axialg.g, E;) and shorter in conformations in which
this bond is quasi-equatorial or near quasi-equatogia,(*E)
(Figure 2A). Similar patterns are observed for the-E2 and
C4—H4 bonds in3 and 4 (Figures 2B,C) and are consistent
with observations made previously on simpler 2-deoxyaldo-
furanoseg’:3! In contrast, the behavior of the €813 bond
length in3 and4 differs (Figure 2D). In3, the behavior of the
C3—H3 bond is consistent with previous observatiéf&that
is, the bond is longer when quasi-axial or near quasi-agigl (
3E) and shorter when quasi-equatorial or near quasi-equatorial
(e.g, E3). Thus, the behavior of the €G3H3 bond in4 is
anomalous and has been attributed to changes in theO33
torsion angle as thebo ring is optimized in different conforma-
tions27:28 The large rotation of the G303 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 iM3. This rotation induces changes in the-&33 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 C3-03 bond in3 relative to that observed i (Figure 3)
provide additional evidence of the importancevafinal lone-
pair effects on €&H bond lengths in aldofuranosyl rings.

The exocyclic C-O bond lengths ir8 exhibit a dependence
on ring conformation similar to that observeddi@Figure 4A,B).
As observed for €H bonds, the exocyclic €0 bonds are

conformational energy and structural parameters as a function|Onger when quasi-axial and shorter when quasi-equatorial; thus,

of ring conformation. Similar calculations were reported
recently on4.28 In the following discussion, data f& and4

for example, the C301 bond is longer in Ethan in%E (Figure
4A). The C1-01 bond length appears similar B and 4

are compared in order to assess the effect of C2 structure ON(Figure 4A), whereas the G303 bond in3 is predicted to be

conformational energies and structural parameters.
Previous conformational energy studiesdafonducted at the
same level of theory used in this study (HF/6-31G*) revealed
two energy minima along the pseudorotational itinerdrhe
global minimum occurred at 1.9 2{E,, N form) and a local
minimum at 0.9 Pt (°E, 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 glyco$asserved
in the crystalline staté® Similar calculations or8 also reveal
two minima, with the global minimum located at 1.97H/E,,
N form) and a barely discernable local minimum at abouP/Az3
(“E) (Figure 1). Thus, based on these data, thed&formation
appears to be the most favored N form of b8tind4, whereas
the preferred S forms o8 and 4 differ. These results are
consistent with those obtained from the treatmer#gf values
in the structurally related glycosidésand6 (Table 2), that is,
similar preferred N and S forms are identified &l analysis
and by ab initio calculations.However, the proportions of N

(55) (&) Wu, G. D.; Serianni, A. S.; Barker, R.Org. Chem1983 48,
1750-1757. (b) Kline, P. C.; Serianni, A. 34agn. Reson. Chen199Q
28, 324-330. (c) Kline, P. C.; Serianni, A. $4agn. Reson. Chen 988
26, 120-123.

shorter than that i@ for all ring conformations (Figure 4B).
This behavior is consistent with recent observations by Gelbin
et al3® based on an analysis of© bond lengths in a wide
range of nucleosides and nucleotides determined by X-ray
crystallography (see Discussion below). The endocyclieC1
04 and C4-04 bond lengths in3 and 4 show similar
correlations with ring conformation (Figure 5A,B), although
small uniform shifts in these curves are observed-{Oyeoxyino

> C1—-04ino; C4—O4yeoxyino < C4—04ino).

The exocyclic C4-C5 bond length ir8 and4 shows the same
dependence on ring conformation (Figure 6). As observed for
other exocyclic bonds, this bond is longer when quasi-agigl, (
4E) than when quasi-equatoriad.§, E4). The C4-C5 bond
length appears essentially unaffected by C2 structure {sxy
deoxy).

C1-01 bond rotation ir8 as a function of ring conformation
appears more restricted than observed, ialthough the overall
pattern is similar in both compounds (Figure 7A). Similar
behavior in the C404—C1 bond angle (Figure 7B) and

(56) Gelbin, A.; Schneider, B.; Clowney, L.; Hsieh, S.-H.; Olson, W.
K.; Berman, H. M.J. Am. Chem. S0d.996 118 519-529.
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Figure 2. Effect of ring conformation on CiH1 (A), C2—H2/C2—H2S (B), C4—H4 (C), and C3-H3 (D) bond lengths in 2-deoxg-b-erythro-
pentofuranos® (open squares) anetp-ribofuranosed (closed squares) determined frah initio molecular orbital calculations (HF/6-31G¥).

puckering amplitude ;) (Figure 7C) in3 and 4 is also experimental support for the predicted behaviot3gf 11 in 3
observed, although slightly smalley, values are predicted for

3in the eastern hemisphere of the itinerary. These latter data QN e Qi
indicate thatr, is not constant throughout the pseudorotational HO o HO o
itinerary for3 and4; smaller values are predicted in the western

hemisphere, in agreement with molecular dynamics results HO

reported by Harvey and Prabhakafan. 7 OCHjs 8 OCHj

C. Behavior of ComputedJcy Values in 3 and Compari-
sons to Related Couplings in 4.Using computational methods

described previously,28-3%3%heab initio molecular orbital data e Qi HG GH2OH
obtained or8 were used to computdcy, 2JcH, and3Jcy values Ho o) Ho o]
in 3 as a function of ring conformation. These couplings are oCH OCH,
compared to corresponding values reported previouslydor HO 8
10

in order to assess the effect of C2 structure on coupling 9
magnitudes. Having compared the behavior of individé@h
IH spin-couplings in3 and 4 derived from computational  and4 (Figure 8A). In both3 and4, 1Jcy w1 is larger for quasi-
methods, we then test these results by examining experimentally-equatorial or near quasi-equatorial-€41 bonds (shorter bond,
determined!3C—1H spin-couplings in the structurally-related mores-character) and smaller for quasi-axial or near quasi-axial
methyl glycosides5 and6 (see section E below). C1—H1 bonds (longer bond, lesscharacterf’-28

One-Bond 13C—1H Couplings. The dependence 8fcy n1 ez nzs in 3 and ey 42 in 4 show the same dependence on
magnitude on ring conformation i and 4 is essentially the ring conformation (Figure 8B), with larger values predicted
same (Figure 8A), indicating that the presence or absence ofwhen the C2-H2 bond is quasi-equatoria.g, E;) and smaller

an hydroxyl group at C2 has little effect 3dc1 11 magnitude. values predicted when the bond is quasi-axab( 2E). In
Similar behavior is observed in the methyl pyranosides of addition, the absence of an oxygen substituent at Gxauses
D-glucose and 2-deoxy-glucose (2-deoxy-arabino-hex- a large and fairly uniform reduction~17 Hz) in coupling
ose): Wc1 n1 (a-gluco7) = 170.1 Hz,YJcy 11 (2-deoxye-gluco magnitude. Jcanz in 3 and 4 exhibits the same general
8) = 170.4 Hz,YJc1 1 (B-gluco9) = 161.3 Hz, andJcy p1 (2- dependence on ring conformation, Bz nzin 3is reduced in

deoxy$-gluco10) = 161.8 Hz. These data indicate tAd¢; 1 magnitude by~4 Hz relative tolJcz s in 4.
values are essentially the same in conformationally defined Jc4ps in 3 and 4 are similar in magnitude and exhibit
aldopyranoses and their 2-deoxy analogs, thus providing essentially the same dependence on ring conformation (Figure
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C3-03 torsion angle (deg)

Figure 3. Effect of ring conformation on the G303 torsion angle
(defined as H3-C3—03—H) in 3 (open squares) antl(closed squares)
determined fronab initio molecular orbital calculations (HF/6-31G*).

A

C1-01 bond length (A)

C3-03 bond length (A)

Figure 4. Effect of ring conformation on exocyclic-€0 bond lengths
in 3 (open squares) andl (closed squares) determined frah initio
molecular orbital calculations (HF/6-31G*). (A) €D1 bond and (B)

C3—03 bond.
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A shift to slightly smaller values is predicted for
conformers of3 (relative to4) lying in the southern hemisphere
of the itinerary. As found for othe¥Jcy in 3 and4, WJcgpais
larger when the C4H4 bond is quasi-equatoriad g, “E) and

smaller when this bond is quasi-axi&.g, Es).

Two-Bond 3C—1H Couplings. 2Jcinzsin 3 andJcy w2 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 fd@ is shifted to more negative

C4-04 bond length (&)

I
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Church et al.

Figure 5. Effect of ring conformation on endocyclic-€D bond lengths
in 3 (open squares) atl (closed squares) determined frah initio
molecular orbital calculations (HF/6-31G*). (A) €04 bond and (B)

C4—04 bond.
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Figure 6. Effect of ring conformation on the exocyclic €£€5 bond
length in3 (open squares) andl(closed squares) determined frah

initio molecular

orbital calculations (HF/6-31G*).

couplings relative to that fo# (~ —4—6 Hz), indicating that
the loss of an electronegative substituent at the carbon bearing
the coupled proton (EC—H coupling pathway) causes a shift
to morenegatve couplings. A similar trend is observed for
2Jca Hz Which exhibits the same dependence on ring conforma-
tion in 3 and 4 yet is shifted to morenegatie values in3

(~ —1 Hz) (Figure 9B). In contrastJcypi in 3 and 4 is
relatively insensitive to ring conformation, with mopesitive
couplings predicted iB (Figure 9C). The latter result suggests
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(C) puckering amplituder(,) in 3 (open squares) artl(closed squares)
determined fronab initio molecular orbital calculations (HF/6-31G*).
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that bearing the coupled proton can affédgcy magnitude.
Related “remote” effects ofdecn values have been observed
previously in aldopyranosyl rings.

Three-Bond 3C—1H Couplings. 3Jcy values in carbohy-
drates exhibit a dihedral angle dependence as expetted,
although other factorse(g, a-substituent effects) also influ-
ence the magnitudes of these couplings. SixG=-C—H and
two C—O—C—H coupling pathways exist i8 that are poten-
tially sensitive to ring conformation, and the correspondirg-HC
torsion angles determined froaf initio calculations are shown
in Figure 10. Two couplings pathways, namely,~€12—C3—

H3 and C4-C3—C2—H2R, show essentially the same depend-
ence of dihedral angle on ring conformation, and, tRds; 13
and3Jc4 nx should exhibit similar overall correlations with ring
conformation in 2-deoxy-p-ribo rings.

The response ofJcy p3 to ring conformation in3 and 4 is
similar (Figure 11A), indicating that structural differences at
C2 do not appreciably affect coupling magnitude. This
observation is consistent with those made previddsly the
methyl pyranosides af-glucose and 2-deoxy-glucose:3Jci ps
(0-gluco 7) = ~0 Hz, 3Jcy 13 (2-deoxye-gluco 8) = ~0 Hz,
3Jc1.n3 (B-gluco9) = 1.3 Hz, and?Jcy 3 (2-deoxyB-gluco 10)
= <0.8 Hz. These latter data suggest similar or smallef 13
values upon deoxygenation at the central carbon of-&€
C—H coupling pathway, at least for-&C—C—H dihedral angles
of ~60°.

8Jc1.na values show a similar dependence on ring conforma-
tion in 3 and4 (Figure 11B). As observed fotcy 13 (Figure
11A), small differences are observed at the larger dihedral
angles, with3 exhibiting slightly larger couplings; this latter
result (which is also observed in othi8ey as discussed below)
cannot be attributed to differences in—-C—C—H dihedral
angle, since ring puckering i8 is less than or approximately
equal to that in4 (Figure 7C). Like3Jcy na 3Jcany values are
very similar in3 and4 and show essentially the same correlation
with ring conformation (Figure 11C). The overall change in
coupling magnitude observed f&lcg ygaand3Jeg yi (~0—8 Hz)
is larger than that observed félc; y3 (~0—6 Hz) (Figure 11A),
which is consistent with previous experimental observations
made in aldopyranosidésthe presence of a heteroatom in the
C—0O—C—H coupling pathway generally increases coupling
magnitude relative to a-€C—C—H pathway involving the same
dihedral angle.

Notable differences are observed in the respons&©fi,
to ring conformation ind3 and4 (Figure 11D). In contrast to
the behavior 0fJci p3 3Jcinge and3Jca g, the overall change
in coupling magnitude fotJcz nais 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 fat the maxima differ. In the latter
case, the “enhanced” coupling may be attributed-substituent
effect$® caused when O2 lies in the EZ3—C4—H4 plane.

that the loss of an electronegative substituent at the coupled®iven the biphasic nature of the curves in Figure 11D, the

carbon (C-C—H coupling pathway) results in a shift to more
positive couplings. A similar shift is observed féjc 13 which
exhibits the same dependence on ring conformatichand4
but is displaced to morpositive values in3 (Figure 9D).

2Jcsna Values are similar in magnitude and negative in sign
in 3 and4 and are relatively insensitive to ring conformation

(Figure 9E). In contrastlca na exhibits a strong sensitivity to
ring conformation ir8 and4, with couplings displaced to slightly
more negative (less positive) values3ifFigure 9F). This latter

(57) Podlasek, C. A.; Wu, J.; Stripe, W. A.; Bondo, P. B.; Serianni, A.
S.J. Am. Chem. S0d.995 117, 8635-8644.

(58) (a) Schwarcz, J. A.; Perlin, A. &an. J. Chem1972 50, 3667
3676. (b) Spoormaker, T.; de Bie, M. J. Recl. Tra.. Chim. Pays-Bas.
1978 97, 85. (c) Tvaroska, |.; Gajdos, Garbohydr. Res1995 271, 151~
162. (d) Mulloy, B.; Frenkiel, T. A.; Davies, D. BCarbohydr. Res1988
184, 39. (e) Tvaroska, I.; Hricovini, H.; Petrakova, Earbohydr. Res1989
189 359.

(59) van Beuzekom, A. A.; de Leeuw, F. A. A. M.; Altona, ®agn.
Reson. Chenil99Q 28, 68—74.

(60) Bandyopadhyay, T.; Wu, J.; Serianni, A.5.0rg. Chem1993

shift suggests that structural changes at a carbon adjacent t®8, 5513-5517.
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Figure 8. Computed-Jc values in3 (open squares) artl(closed squares) as a function of ring conformation: &) w1, (B) Jez,nd*Jcanzs (C)
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interpretation ofJco nain 3 and4 in conformational terms is sensitive to ring conformation A, namely,ryi—ps. In 3, two

likely to be complicated, as discussed previol#sly. distances change substantially with ring conformation, namely,
The response ofJcz ni to ring conformation in3 and 4 is rHi-na and ryor—ps (Figure 12A). The remainingH—'H

similar (Figure 11E) and, as observed fdg; nz and 3Jcy pa, distances ir8 that do not involve HR and H5S are relatively

couplings in3 are slightly larger than those observed4irat insensitive to ring conformation (Figure 12B,C). Data in Figure

the larger dihedral angles. These results suggest that structurel2 are in general agreement with those reported previously by
at the intervening C2 carbon affects coupling magnitude. Withrich$?
Interestingly,3Jcs 11 in methyl a-p-glucopyranoside is 0.6 Hz The H1-H4 and HR—H4 distances i3 respond differently
larger than3Jcswa in methyl a-p-mannopyranoside despite  to ring conformation (Figure 12A). Thus, for example, in a
similar C3-C2—C1—-H1 dihedral angles ~180°),5 again conventional N/S exchange procesgy( 3EFPE), ryi—n4 remains
suggesting that structure at C2 influences the coupling. The relatively constant at3.3 A in both forms; in contrast, for a
overall change in coupling fodcs wain 3 and4 is smaller €4 similar exchange processizr-na changes from~2.7 A in 3E
Hz) than observed fotJcy ws (<6 Hz) (Figure 11A), which is to ~4.0 Ain2E. It is well-known that conformational exchange
consistent with observations made previously on related couplingcauses nonlinear averaging #1—H distances derived from
pathways in aldopyranosyl rings. NOE or relaxation measuremens.Thus, for a simpleELE
3Jcamz values exhibit the same dependence on ring conforma- exchange pathway 114 values derived experimentally will
tion in 3 and4 (Figure 11F). The overall change in coupling be ~3.3 A regardless of the proportion of N and S forms in
magnitude is considerably greater{ Hz), and the pattern is  solution. More importantly, however,r—nsa values will be
less complex than observed for the reverse pathweay C2— skewed in favor of the lower distance-2.7 A) unless S forms
C3—C4—H4) for both 3 and 4 (Figure 11D). The similar are very highly favoredif., > ~95%) in solution. For
behavior 0ffJcs p2in 4 and3Jcs s in 3 suggests that the loss  proportions of S forms<~95%, ryxr-ng values derived
of an electronegative substituent at G.2 ( the carbon bearing  experimentally will approack-2.7 A due to the ¢ dependence
the coupled proton) does not affect coupling magnitude sig- of the NOE and relaxation rates. Consequently, appropriate
nificantly, although some differences are observed at the largercaution must be exercised when interprefidg-H internuclear
dihedral angles. distances ir8 in terms of N/S conformational equilibria, even
D. Internuclear IH—1H Distances in 3. Previous studies  when these distances are sensitive to changes in ring conforma-
have show?#62that only one!H—1H internuclear distance is  tion.

(61) Bandyopadhyay, T.; Wu, J.; Stripe, W. A.; Carmichael, |.; Serianni, (62) Withrich, K. NMR of Proteins and Nucleic Acidk Wiley and
A. S.J. Am. Chem. S0d997, 119 1737 1744. Sons: New York, 1986.
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Figure 10. Effect of ring conformation on the eight-€H torsion angles

in 3 determined fromab initio molecular orbital calculations (HF/6-
31G*). Only those torsions sensitive to ring conformation are shown.

E. Analysis of Jcy and Jcc Values in Methyl f-p-
Ribofuranoside 5 and Methyl 2-Deoxyg-p-ribofuranoside
6. 13C—1H and!3C—13C spin-coupling constants (one-, two-,
and three-bond) observed $rand6 in 2H,O solvent are given
in Table 4. In the following discussion, these couplings are
examined as potential probes to asstghchemical shifts of

diastereotopic protons and to assess hydroxymethyl group an

ring conformations irb and6.
Assignment of the Diastereotopic C2 and C5 Protons, and
Hydroxymethyl Conformation. As shown recently in 2

deoxyribonucleoside®, 2c; pxr and?Jc; qxs values in 2-deoxy-
B-p-ribofuranosyl ring2 can differ substantiallyg(.g, 2Jcy 12s
—5.7 Hz and?Jcy y2r = 0.4 Hz in 2-deoxyadenosiné.
Using deoxypyranose model compounds, it was demonstrated
that largenegatie couplings are possible only féicy 1zs, While

2Jcr nzr is considerably smaller in absolute value. Data in
Figure 13A confirm this behavior i. This difference can be
exploited to assign the HRand HZ signals in the'H NMR
spectrum of6. In 6, the less shielded C2 proton exhibits a
coupling of—4.6 Hz, and the more shielded a coupling-df.5

Hz. Thus, the more-shielded C2 proton may be assigned to
H2R (Table 1).

Assignment of the HR and H5S signals of5 and 6 can be
made usingJun values $Jua psr, 2Jnanss) in conjunction with
2Jcn (Acanm canss) or 3en (Cdeanm, cans) values, as
illustrated previously in the assignment of the prochiral C4
proton signals of tetrofuranoses and their derivatd?@sThese
couplings can be predicted in the three staggered Cztbond
rotamers ¢g, gt, tg) (Chart 5) using appropriate Karplus
equations for3Jy*® and 3Jc®8¢ and empirical rules for
predicting the magnitudes and signs ¥y values>82.63.64
Correlations between coupling magnitude and sign, an¢ C4
C5 rotamer, for various) values are given in Table 5. In
contrast to other couplings found in Table B¢s 14 values

dannot be used to assign theRignd HB signals but are useful

(63) Schwarcz, J. A.; Cyr, N.; Perlin, A. £an. J. Chem1975 53,
1872.
(64) Bock, K.; Pedersen, QActa Chem. Scand. Ser. B377, 31, 354.
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Figure 11. ComputedfJcn values in3 (open squares) artl(closed squares) as a function of ring conformation: ) ns, (B) 3Jc1m4 (C) 3Jcam,
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in assessing the relative populations of the three rotamers, as HO o]
discussed below. —WOH
Data in Table 5 can be used qualitatively to assign thR H5 HO  OH

and H3 signals in5. The more shielded C5 proton (defined 11

as HB) exhibits a larger coupling to H4 (6.6 Hz) than the less

shielded C5 proton (defined as H5; 3.1 Hz) (Table 1). Thus, Hz; thus H5= H5Sand H5 = H5R, in accord with assignments
H5' experiences #&rans relationship with H4 more frequently ~ based on selective deuteratitd.

than does H5, and two arrangements about the €&l bond An alternative method to assign the Ri&and H5 signals
are consistent with these data, one in whictRitbantiperiplanar involves the concerted use &fyy and2Jcy values. Thus, for

to H4 (rotamer A, Chart 5) and one in which BSs 5, rotamers A and B in Chart 5 can be distinguished by noting
antiperiplanar to H4 (rotamer B, Chart 5). The two possibilities that 2Jc4 px Will be small and negative whil&Jcg nss will be

are distinguished by noting that C3 exhibits similar couplings large and positive in rotamer Ag{), while both2Jcy values

to H5 and H5in 5 (~3.0 and 2.1 Hz, respectively) (Table 4).  will be small and negative in rotamer Byf (Table 5). In both
These data are more consistent with rotamer A than with rotamer5 and6, a relatively large difference is observed between these
B (Chart 5), since C3 igaucheto both H5 and H5in the 2)cy values A = ~1.8 and~3.4 Hz, respectively) (Table 4),
former. Therefore, the more shielded C5 proton'jH%n be with the less shielded C5 proton (H5) exhibiting the more

assigned as H% this conclusion is consistent with RAH5S positive (less negative) coupling. These data are consistent with
signal assignments based on selective deutergftioA.similar rotamer A (Chart 5) and permit an assignment of the more
treatment of corresponding coupling daté&ileads to the same  shielded C5 proton to H®%in both compounds.
conclusion (e., the more shielded C5 proton is Rp(Table Assignment of the HR and H55 signals in5 and 6 allows
1). an estimation of C4C5 rotamer populations based &dy

The above approach is not limited #n4 psr and 3Jpa pss values (Table 3).2)cs n4 values in5 and6 are consistent with
values that differ in magnitude, such as observe® sind 6 populations determined from the magnitudes3af; y= and
(Table 1). For example, in methgt--ribofuranosidel 1, 33y ps 3Jha,nss2%P Conversion ob to 6 results in essentially no change
= 3.3 Hz and®Jysns = 4.6 Hz** One C4-C5 rotamer is in Py but a substantial increase igyBnd decrease ingp(Table
consistent with these data in which H4gaucheto both HRR 3). This change in populations should induce a shift to a less

and HB (rotamer C, Chart 5). The stereochemical assignments positive (more negative) value f8ics 14 as observedcs va
can be made by noting thélcs ys = 4.3 Hz andBJcz ps = 2.2 = —0.9 Hz in5 and?Jcs hga = —1.7 Hz in6).
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A Table 3. C4—C5 Bond Rotamer Populatiohfor Methyl
f-D-ribofuranosides and Methyl 2-Deoxys-p-ribofuranosideb
Based orfJyy Date

4.5

= rotamef 5 6
o g9, +sc 0.38 (0.04) 0.21 (0.02)
€ 401 gt, ap 0.52 (0.04) 0.52 (0.03)
% tg, —sc 0.10 (0.02) 0.26 (0.01)
i —&— Hi-H4 - -
5 —0— H2R-H4 apData taken from ref 55b; ifH,O solvent,~25 °C; values in
2 857 parentheses are standard deviati®i$us pss and3Jus pss data provided
2 in Table 1.¢ Rotamers shown in Chart 5.
D
E 301 Table 4. 8C—'H and'3C—3C Spin-Couplingsin Methyl
T p-b-ribofuranosides and Methyl 2-Deoxys-p-ribofuranosides
= compound compounds
2'50.0 05 10 15 20 coupled nuclei J (Hz) coupled nuclei J (Hz)
Pin (radians) C1-H1 174.3 CtH1 173.9
Cl-H2 0 CI1-H2R -15
B C1-H3 1.2 CHH2S —4.6
Cl-H4 2.9 CHH3 2.7
C1-0OCHs; 4.3 C1-H4 4.8
48] C2-H1 ~ 0.8 C1OCH; 45
< C2—H2 154.6 C2-H1 21
8 40 ./‘_N/“\ C2-H3 +1.2 C2-H2R 132.2
S C2—H4 0.9 C2-H2S 134.0
2 —m— HiHzs C3-H1 3.1 C2-H3 0 (br)
f_’ 3.51 —0O— Hi-HzR C3—H2 -0.7 C2-H4 ~1.2
s —e— H1-H3 C3—H3 148.0 C3-H1 3.3
g C3—H4 ~—55 C3-H2R —6.4
E 397 _/./'"_'“'\-\_\-_. C3-H5R 2.1 C3-H2s 2.1
g C3—H5S ~3.0 C3-H3 149.5
- 251 C4—H1 4.5 C3-H4 ~-55
I e C4-H2 ~43 C3-H5R 2.9
C4—H3 —-0.7 C3-H5S 2.7
2.0 T T T 1 C4—H4 148.1 C4-H1 5.0
0.0 0.5 1.0 1.5 20 C4—H5R ~ =27 C4-H2R 2.0
Pin (radians) C4—H5S -0.9 C4-H2S 4.2
C5—-H3 ~4.8 C4-H3 1.9
C 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
g 40 '_.—_H_'_'/O—o\. Cl-C2 46.8 C5-H4 -1.7
° C1-C3 3.0 C5-H5R 143.8
2 Cl-C4 0 C5-H5S 142.2
% —®— H2R.H2S C1-C5 br
S 301 —O— H2S-H3 C1-OCHs 2.0 C1-C2 40.5
e T c2-C3 37.2 CrC3 br
2 O HRHG C2-C4 1.0 CrC4 0
§ [Tt eea® A HaHe C2-C5 18 CLCs 0
8 201 C2-0CHs 35 C1-OCHj 1.8
£ . C3-C4 39.2 C2-C3 354
T C3—-C5 2.3 C2-C4 1.4
z C4-C5 42.0 C2-C5 1.1
1.0 T T T — C2—0CHgs; 3.0
0.0 0.5 1.0 1.5 2.0 C3-C4 37.9
P/r (radians) C3-C5 3.6
C4-C5 41.5

Figure 12. Effect of ring conformation on internucleaH—!H
distances ir8 determined fronab initio molecular orbital calculations 2~30 °C, £0.1 Hz unless otherwise indicatedSign uncertain.
(HF/6-31G*).

_ _ . Ring Conformation. One-Bond*C—H Couplings. Jc1r1
In oligonucleotides, conformation about the'€€5 bond in 5 and 6 are 174.3 and 173.9 Hz, respectively. These

is relatively constrained, thus leading to obseréédy nsrs, couplings are predicted to be similar due to the effects of
2Joa Hsrs, and?Jes g values that are consistent with a single  conformational averaging. Using the two-state models5for
rotamer. Thus, as shown by Griesinger and co-workers, and6 based on an analysis &y values (Table 2) and data in
residues in RNA oligomers in which thgg conformation about Figure 8A (ibo: 159.5 Hz in B, 157.1 Hz inE; deoxyibo:
the C4—C5 bond is preferred (rotamer C, Chart 5) vield 160.4 Hz in B, 159.8 Hz in E), couplings of 159.4 and 160.2
2Jea nsr and Jea wss values similar to those predicted by  Hz are calculated fokJer g in 5 and 6, respectively. While
empirical methods1.5 Hz and—4.4+1.0 Hz, respectively),  not accurate in absolute terms, the approximately similar
thus making HR and HE assignments more straight- computed values fokdcy 1 in 5 and6 are consistent with the
forward 965 experimental data.

(65) Marino, J. P.; Schwalbe, H.; Glaser, S. J.; Griesinger).GAm. Ycz Hzand ez pzvalues in5 are substantially different (154.6
Chem. Soc1996 118 4388-4395. and 148.0 Hz, respectively) (Table 4). This difference is caused
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Table 5. Predicted Coupling Magnitudes and Signs in €E€5
Bond Rotamers 06 and6 in Chart 5

C4—CS5 rotamer

coupled nuclei gg gt tg
C3,HR +, small +, small +, large
C3,H55 +, large +, small +, small
C4,HR +, large —, small —, small
C4,H55 —, small +, large —, small
C5,H4 +, large —, small —, small
H4,H5R +, small +, large +, small
H4,H5S +, small =+, small +, large

aFor Jen values: small= 0—2 Hz; large= 4—6 Hz. Magnitudes
approximated fronfJeccn (gauchey@Nd 3JcccH rans)Values observed in
aldopyranosyl ring8! magnitudes and signs &fc values approximated
by the projection rulé* For Juy values: small= 1-2 Hz; large=
8—10 Hz; predicted from the modified Karplus equation described by
Haasnooget al*®

Church et al.

for 2Jc1 s in N forms of 6. In contrast2Jcy ps in 2-deoxy-
B-D-[1-13C]glucopyranose is-8.3 Hz8in good agreement with
the projection rule prediction of- —8 Hz; this situation is
similar to that for 2Jciqs in S forms of 6. Thus, the
experimental data in these model compounds support the
computed behavior ofJcy has in Figure 9A and suggest that
the projection rule may not be completely reliable when applied
to couplings involving the C2 protons 6f Nevertheless, the
more negative coupling observedais in qualitative agreement
with the predictions when N/S populations are taken into account
(Table 2). 2Jc1 2 is —2.4 Hz in methyl3-p-erythrofuranoside
12?6agnd—1.7 to—3.2 Hz in ribonucleosidégwhere N and S
forms are present is comparable proportions, whetéasy>

is —4.1 Hz in erythroadenosin&3 which highly prefers S
forms2867 In RNA oligomers, residues preferring S forms yield
2Jcr nz values of =3 to —5 Hz!® Thus, the small coupling

by at least two factors: differences in the-©22 and C3-H3 NH,
bond lengths (which have not been addressed experimentally N7 N
at the present time) and different average orientations of the OCH, |\ | />
C2—H2 and C3-H3 bonds. Sincé highly prefers the E SN N
conformation (Table 2), the latter average orientations are quasi- o
equatorial and quasi-axial, respectively. Thus, the larger value HO  OH Ql
of e relative to WJeczps may be expected based on 12 HO  OH
differences in G-H bond orientation, sincélcy values for a 13

given C-H bond are enhanced when the bond is quasi-
equatorial’ In addition, the values oflcp 2 andlJcz pzin 5

are similar in magnitude t&Jcz p (159 & 2 Hz) andJcz 3
(145 + 3 Hz) values observed in RNA oligomers for residues
in the3E (N) conformatiorf® thus providing additional evidence
of a preferred N conformation fds. In contrast,\Jcz 12 in
ribonucleosides is 151F 1.6 Hz{®¥which is smaller thadlcy 12

observed irb is consistent with a preferred N conformation. In
2'-deoxyribonucleoside®Jc vzs = ~ —5.7 Hz?® this larger
value relative to that observed @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 #lcy pz, which is—1.5 Hz in6

in 5. The latter difference is attributed to the higher percentage and <0.4 Hz in 2-deoxyribonucleoside¥.

of S forms in aqueous solutions of ribonucleosides; in S forms

(e.g, %E), the C2-H2 bond is guasi-axial or near quasi-axial,
resulting in a smaller value fddc, 12 than expected in N forms

in which this bond is quasi-equatorial or near quasi-equatorial.

ez im andeo v assume different values #(132.2 and

The difference betweeflc; nr and2Jcyps in 6 (A = 3.1
Hz) can be used to evaluate N/S equilibrium, as suggested
previously®® As shown in Figure 13A%2Jc1 1s becomes more
negative (less positive) in the conversion of N to S forms,
whereas the opposite is observed fd¢;nx  Thus, the

134.0 Hz, respectively) (Table 4). These couplings are expecteddifferencebetween these couplings should be large in S forms
to exhibit complementary dependencies on ring conformation (~7 Hz) and minimal in N forms €1 Hz). The observed

(Figure 13B), in concert with changes ir-El bond orientation/
Iength. In &, l\]cg,st > 1\]C2,H2R (124.1 and 119.0 HZ), whereas
the opposite is predicted ing§117.0 and 122.1 Hz) (Figure
13B).
couplings are consistent with a slight excess population of N
forms in solution.

LJcapavalues ins and6 are 148.1 and 149.0 Hz, respectively.
An inspection of the predicted dependencelds s On ring

difference in6 (3.1 Hz) indicates relatively equal proportions
of N and S forms, which is consistent with the,/H3
conformational model based ddyy analysis (Table 2). The

The observed relative magnitudes of the observed difference betweerfdcr nzr and 2Jcy nzs is larger in 2-

deoxyribonucleosides~5—6 Hz)® than in 6, which reflects
differences in N/S populations and/or the preferred N and S
forms.

2Jcom1is ~ —0.8 Hz in5 and +2.1 Hz in 6, that is, more

conformation (Figure 8D) and considerations of the N/S models positive in the deoxyfuranose. Data in Figure 9C indicate that

for 5 and6 derived from3Jyy analysis (Table 2) indicate that
LJcanashould be slightly larger i than in5 (computed values
of 140.7 and 141.6 Hz, respectively), in accord with experi-
mental observations.

Les nw (143.74 0.2 Hz) is slightly larger thailcs pss (142.3
+ 0.1 Hz) in5 and 6, but this small difference cannot be
interpreted in structural terms at the present time.

Two-Bond ¥C—'H Couplings. 2Jcinz is ~0 Hz in 5,
whereas the correspondifdcy s in 6 is —4.6 Hz (Table 4).
The projection rul& predicts values of- +2.5 Hz and~ —5
Hz for N (E) and S {E) forms of 5, respectively, whereas
corresponding values ef0 Hz and~ —8 Hz are predicted for
6. These predictions are consistent with data in Figure 9A for
the 8-b-ribo ring but differ from computed values for N forms
of the 2-deoxyB-p-ribo ring. Interestingly2Jci yrin 2-deoxy-
o-D-[1-13C]glucopyranose is-3.8 Hz5% although the projection
rule predicts a value of0 Hz; this situation is similar to that

this coupling is relatively insensitive to ring conformation in
both compounds.?Jc, 11 is also predicted to be consistently
more positive ir6 than in5 (Figure 9C), in agreement with the
observed couplings and with predictions based on the projection
rule®* (~0 Hz for 5 and ~ +2.5 Hz for6 in both & and2E
forms). The difference in the observed coupling8 (0 Hz) is
similar to the average difference between the computed cou-
plings (~3.1 Hz, Figure 9C). In contrast)cy ny = —3.3 %+
0.2 Hz in ribonucleoside® —2 to —4 Hz in residues of RNA
oligomers preferring N form& and ~0 Hz in 2-deoxyribo-
nuclesides} that is, about 2.5 Hz more negative than corre-
sponding values irb 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 investigétion.
2Jconz in 5 and 6 are +1.2 and~0 Hz, respectively. In
ribonucleoside® and 2-deoxyribonucleoside, e 13 is smalll
(absolute value<0.8 Hz), and values of2—3 Hz and—1.9 to
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—2.4 Hz have been observed in RNA oligomers for residues considerably smaller thatdcy nz in ribonucleosides (3:05.1
preferring N and S forms, respectivély. Application of the Hz) A3 suggesting a greater proportion of S forms in the latter,
projection rulé* predicts thatJc, s should be~0 Hz in N again consistent wittfJyy data®l 3Jcips in 6 (2.7 Hz) is
(E2) and S {E) forms of 2-deoxyribonucleosides, whereas considerably smaller thaflcy nz in 2'-deoxyribonucleosides
values of~ +3 Hz and~ —2 Hz are predicted for N and S  (4.5-5.3 Hz)® which is consistent with the larger percentage
forms of ribonucleosides, respectively. These predictions for of S forms in the latter indicated byJyn analysiss? By

the 8-p-ribo ring differ from computed behavior (Figure 9D), comparison3Jcy nz values of~6.6 Hz have been reported in
as noted previousiE and the discrepancy may be due to effects residues of RNA oligomers that highly prefer S foriis.

caused by the large rotation about the-33 bond that occurs 8Jcina in 5 (2.9 Hz) is smaller than that i6 (4.8 Hz).
during geometry optimization (Figure 3fJco s is predicted  Inspection of Figure 11B shows essentially the same dependence
to become slightly more positive in the 2-degfyp-ribo ring on ring conformation in both compounds. Thus, the larger value

as N forms convert to S forms (Figure 9D), which differs from observed ir6 indicates a larger proportion of S forms relative
projection rule predictions. These results, especially those forto 5. Interestingly,3Jcy qa in ribonucleoside® and 2-deoxy-
the 8-p-ribo ring, indicate that further study 88c,nsbehavior  ribonucleoside® are <1.3 and<2.9 Hz, respectively, that is,
is needed. considerably smaller than corresponding valuesamd6. This
2Jcanz2in 5is —0.7 Hz, whereas the relatédcs pzs in 6 is result suggests that different N and S forms are involved in the
—2.1 Hz. Data in Figure 9B indicate that this coupling should N/S equilibria of5, 6, ribonucleosides, and-Bleoxyribonucle-
become more positive (less negative) in the conversion of N to sides. Inspection of Figure 11B shows that N/S equilibria
S forms in both compounds and are consistent with predictions involving 3 and?E forms (the conventional model for N/S
for the S-p-ribo and 2-deoxys-p-ribo rings based on the  exchange)would result in a small obserdégr s value, since
projection rulé* (ribo: — ~2.5 Hz in B, + ~3 Hz in 2%E; couplings< ~2.5 Hz are associated with these forms. On the
deoxyribo: — ~5 Hz in B, + ~2 Hz in?E). This coupling is other hand, the #°E and E/*T; conformational equilibria
more negative (less positive) Bithan in4 for any given ring proposed for5 and 6, respectively (Table 2), would produce
form (Figure 9B); a similar shift is predicted by the projection considerably largetJci s values, as observed.
rule54 Considerations of N/S populations (Table 2) show that  3Jc, 4 = 0.9 Hz for5 and~1.2 Hz for6. 3Jcz ng values

2)cahzs in 6 should be~1 Hz more negative thafics 2 in 5, are <1.6 Hz in ribonucleosidé3 and <1.1 Hz in 2-deoxy-

in good agreement with the experimental data. He7 Hz ribonucleoside8? These couplings are very similar for com-
coupling in5 is less negative than those observed in RNA pounds having considerably different conformational properties,
oligomers for residues preferring N conformation®(9 to—1.7 suggesting thatlco g is Not a sensitive conformational probe

Hz),'° and this difference may be due, in part, to variations in in 8-p-ribo and 2-deoxys-p-ribo rings. The complex response
the preferred N forms. In RNA oligomers, N conformers near of this coupling to conformation (Figure 11D) and/or the
3E appear more probable than those neamibereas the latter  relatively small range of values for this coupling (-4 Hz for
are preferred bg; coupling inE is slightly more negativethan 4, < ~2 Hz for 3) are responsible for this insensitivity.
that in & (Figure 9B). Interestingly 2Jcz na values of 0.3-1.6 Hz have been observed
2)ca v and2Jcs ps are considerably different i (—6.4 and in residues of RNA oligomers that prefer N fordfsgain small
—2.1 Hz, respectively). These couplings are predicted to be as found in5.
negative in sign in nearly all ring conformations (Figure 13C), The similar values 0¥Jc31in 5 (3.1 Hz) and6 (3.3 Hz) are
with 2Jcs nr more negative thafles 1z in each ring form, in - consistent with the conformational models based 33my
agreement with experimental observations. The difference in analysis (Table 2). Fob, weighted averaging of the,RE
the observed couplings (4.3 Hz) is consistent with a computed model predicts a value ef2.4 Hz, whereas similar averaging
difference of 4.5 Hz 6.0 Hz for 2Jcs i and —1.5 Hz for for 6 (Ez/*T3 model) yields a value of-2.5 Hz (Figure 11E).
2)c3 Hzs) determined from data in Figure 13C assuming the E By comparison, values of 0.6 Hz have been observed in residues
4T3 conformational model derived frosdyy treatment (Table of RNA oligomers that prefer S formis.

2). 8Jca 1 is slightly larger in6 (5.0 Hz) than in5 (4.5 Hz).
2Jca nais essentially the same Band6 (~ —5.5 Hz). This The favored N forms of both compounds,jEre predicted to
coupling is predicted to be negative in all ring conformations yield similar couplings (Figure 11C), whereas the preferred S
and relatively insensitive to ring conformation (Figure 9E). form of 6 (“Ts) should give a larger coupling than the preferred
2Jcanzis 1.5 Hz (sign uncertain) i6 and—0.7 Hz in5. Data S form of 5 (2E). Conformational averaging (data in Figure
in Figure 9F indicate that conformational averagingifE,/ 11C and N/S data in Table 2) yields a coupling that is 0.7 Hz
4T3) and in5 (E2/E) will yield a more positive (less negative) larger in6 (5.6 Hz) than ir5 (4.9 Hz), in good agreement with

coupling for 6 than for5. We thus expectlcspsin 6 to be the observed difference (0.5 Hz). Given the nature ofdbgny/
positive in sign. In comparisofJcs nz values of+2—5 Hz ring conformation curve (Figure 11C), this coupling will not
have been observed in residues of an RNA oligomer that preferbe highly sensitive to conventional N/S exchange.,(’(EE),

S conformations and values 6f~2.6 Hz in residues that prefer  since3Jca 1 is small in these two conformers<8 Hz).

N forms!® Thus, the larger percentage of S formsishould 3JcarziS ~4.3 Hz in5 and3Jcspzs is 4.2 Hz in6. Data in
result in a less negative (more positivi)esns value than  Figure 11F show similar dependencies on ring conformation,
observed irb. and conformational averaging is expected to lead to similar

Three-Bond 3C—1H Couplings. 3Jcinzin 5is considerably values of these couplings (4.2 and 3.6 Hz, respectively). By
smaller (1.2 Hz) than that i6 (2.7 Hz). Data in Figure 11A  comparison3Jcs 2 Values range from 3:85.8 Hz in residues
show that the dependence of this coupling on ring conformation of RNA oligomers preferring N form& In 6, 3Jcapyxr = 2.0
is similar in both compounds. Thus, the larger value observed Hz, which is considerably smaller thddcs = These paired
in 6 suggests a larger percentage of S forms in solution, since couplings are expected to exhibit complementary behavior, with
this coupling increases in magnitude as the proportion of S forms 3Jc4 vz > 3Jcanak for N conformers andlca s < 3Jca g for
increases. This result is consistent with conclusions drawn from S conformers (Figure 13D). The N/S model ®rbased on
the treatment ofJyy data (Table 2).3Jcipzin 5 (1.2 Hz) is 3Jyn analysis (Table 2) and data in Figure 13D lead to the
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Figure 13. ComputedJcy values involving HR and HXS in 3 determined fromab initio molecular orbital calculations (HF/6-31G*).

prediction thaBJcs s should be~2.3 Hz larger thates iz,
in good agreement with observation.

3Jcs nz values in5 and 6 are similar ¢4.8 and 4.0 Hz,
respectively), and the smaller value observe@ is consistent
with 3Jyy conformational models (this effect is attributed to the
different preferred S forms & and6, in which the C5-C4—
C3—H3 dihedral angle is slightly larger fo8 than for 5).
Previous studies ofJcs n3 in the 8-p-ribo ring suggested that

Hz in ribonucleoside$ and 36.94 0.3 Hz in 2-deoxyribo-
nucleoside$! values which are-4 Hz smaller than correspond-
ing values in5 and6. The less electronegative nitrogen at C1
in the nucleosides (relative to oxygen3mand6) is probably
responsible for the smallédcy c2 in nucleosides.

ca.cais 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'2leoxyribonucleosides~2.2 Hz)5! These

this coupling might not be useful to assess conformational ¢4 pjings are also similar in magnitude to those observed in

exchange due to its limited sensitivity to conformatf8nThis

ribonucleosides (37.& 0.1 Hz)*® and 2-deoxyribonucleosides

conclusion was based on the extrapolation of Karplus behavior (35 64 .1 Hz)6t

reported for G-C—C—H coupling pathways in carbohydratés
for dihedral angles of+40° (Figure 10). However, the
computed behavior &fcs yzin 3 and4 determined in this study
(Figure 14A) differs considerably from that reported previ-
ously28 and we attribute this discrepancy to faulty extrapolation
of coupling constants at the smaller dihedral angles.

computed data (Figure 14A) reveal a moderate dependence o

8Jcs.n3 ON ring conformation i3 and 4, with values ranging
from ~1.5-5.5 Hz. Itis interesting to note that the computed
dependence dflcs 4z 0n dihedral angle is not symmetric about
0° (Figure 14B), at least for conformers having titeconforma-
tion about the C4C5 bond. This behavior results in the loss
of the expected biphasic behavior in Figure 14A for this cisoidal
coupling.

One-Bond 18C—13C Couplings. YJcic2in 5 (46.8 Hz) is
smaller than'Jcy c2in 6 (40.5 Hz). The differenceX = 6.3
Hz) is similar to that observed between ribonucleosides and 2
deoxyribonucleosidesA( = ~5.9 Hz)36061and is attributed

LJcs cais slightly larger in5 than in6; corresponding values
in nucleosides have not yet been reported. Interestikify cs
is similar in5 and6 (42.0 Hz and 41.5 Hz, respectively) and is
considerably larger thaldcz czandJcs c4values despite similar

The substitution patterns on the- fragment. Similar enhanced
]couplings have been observed in the exocyclie-Cb fragment

of aldopyranosyl ring&?

Two-Bond 13C—13C Couplings. The threeintraring two-
bond13C—13C spin-couplings irb and6 (Jci.ca Jei.ca Jez2.cd
are dual pathway couplings€., 2"3Jcc); for example Jci c3is
governed by the C1C2—C3 and C104—C4—C3 coupling
pathways. 2t3Jc; cais essentially zero i and6; 2+3Jcy cq in
ribonucleosides is<0.9 HZ® and appears to be only slightly
larger in 2-deoxyribonucleoside®. 23], ¢4 values are also
essentially the same Band6 (~1.2 Hz); corresponding values
in ribo- and 2-deoxyribonucleosides are 8:4.0*3 and~0 Hz 8!
respectively. These results suggest #idfcy csand? 3o cq

mainly to the loss of an electronegative substituent on one of are not particularly sensitive to differences in the conformational

the coupled carbons. Interestinglycr c2 averages 42.8 0.2

behavior ofg-p-ribo and 2-deoxys-b-ribo rings.
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A Table 6. Changes inlcy Values Predicted bgb Initio Methods
for 2-Deoxyf-b-ribofuranose3 and 3-b-ribofuranose4
_ 8 coupling full itinerary 3EE mode?
N
< 2-Deoxy#3-p-ribo 3
2 5 C1-H1 10.0 4.5
_g. C2—-H2R 55 55
8 4 C2-H2s 8.1 7.9
o C3—H3 4.2 2.7
T C4—H4 8.1 5.0
8 31 C1-H2R 3.3 2.3
3 C1l-H2S 4.5 35
s C2—-H1 1.7 0.2
g 2] C2-H3 2.9 1.4
8 C3—H2R 2.6 2.0
] . , . . C3-H2S 3.0 1.9
00 05 10 15 20 C3-H4 11 0.6
C4—H3 5.6 4.7
P/n (radians) C1-H3 6.5 6.5
Cl-H4 8.7 2.7
B C2-H4 2.6 0.8
6 C3-H1 4.1 2.4
= o C4—H1 7.6 25
- =l [ ] C4—H2R 4.4 3.3
o 51 o o C4—H2S 7.1 7.1
£ o C5-H3 3.6 0.9
o [ | ]
3 4™ . B-o-ribo 4
] Cl-H1 9.6 44
S i a C2—H2 11.1 10.1
c 3 C3-H3 45 1.8
H mo C4—H4 9.7 5.5
3, ° C1-H2 7.5 6.4
[ ]
£ . C2-H1 1.4 0.5
8 C2-H3 2.5 0.4
1 T T r ] C3—H2 2.8 2.3
50 25 0 25 50 C3—H4 1.8 1.0
dihedral angle (deg) C4—H3 7.3 5.7
C1-H3 5.8 5.8
Figure 14. (A) Computed®Jcsns values in3 (open squares) and Cl1—H4 76 1.6
(closed squares) as a function of ring conformation. (B) Effect of the C2—H4 4.1 0.9
C5—C4—C3-H3 dihedral angle ofcs h3magnitude 3, open squares; C3—H1 3.2 1.5
4, closed squares). C4—H1 7.7 1.4
In contrast t"3Jcy c4and?3Jco.cq 2731 c3is significantly gg:ﬂg g:g 15 'é)
different in6 (<0.8 Hz) andb (3.0 Hz), and the latter is probably
positive in sigrf Corresponding values in ribo- and-2 . LI, S o & two-SIatBE exchange model.
; i 3 1 ; . - .
de(_)xyrlbonu_clt_a05|des are 3:3.8and 0.8 HZ, respect!vely, Values<2 Hz are indicated in bold; these couplings are considered to
which are similar to those observed #nand6, respectively.  pe of limited value in conformational analysis.
We have shown recently thdt3Jc; c3is insensitive to ring
conformation and that the difference observed between will be affected by ring conformation and hydroxymethyl group

ribo and 2-deoxyB-b-ribo rings is dut_e to substitution effects  conformation (C4-C5 torsion). Previous analyses &3 cs
along the two-bond (CC2-C3) coupling pathwa§* Thefact i pentofuranose ring&led to the prediction that this coupling
that similar couplings are observed nand ribonucleosides  ghould be relatively large in conformers négrfor o-ribo- and
and 6 and 2-deoxyribonucleosides, despite differences in p-arabinofuranosyl rings in which thgt conformation about
conformational behavior, provides additional support for this the c4-C5 bond (Ogaucheto H4 and 04) is favored. Indeed,

explanation. The smaller couplings observe8 and6 relative in p-p-ribofuranose,2Jcscs = 1.8 Hz% 2czcs in 5 is
to those observed in the corresponding nucleosides may beconsiderably smaller thakdes csin 6, and this difference is not
caused by substitution effects at C1 {(810). expected to arise from differences in substitution at C2. The

ZJciock in 5 and6 are 2.0 and 1.8 Hz, respectively (Table preferred conformation o6 is E (N form, 94%), wherea$
4). These values are probably negative in sign, as predictedprefers comparable proportions of NjJand S Ts) forms (60/
by the projection resultant methéﬂ?%nd are expected intwo 40 (Table 2). Furthermore, thgt conformation is equally
C1-O1 rotamers, namely, those having §ucheto HL and  hopylated in5 and 6 (Table 3). Therefore, the larg@dcs cs
04 and CH gaucheto C2 and O4. The remaining €D1 value observed i6 may be attributed to the enhanced proportion
rotamer (CH gaucheto H1 and C2) is predicted to give a small  f the 4T, form in solution, which is similar in structure t&E
or zero value for‘z\]c_lyoc,.k.13 ‘Therefore, the data suggest that (Chart 1) (we assume here that the differences irgthendtg
the latter rotamer is not highly populated fnand 6. The populations irs and6 (Table 3) do not significantly affect the

relatively large magnitudes ofJczocr, in 5 and 6 (see  gpserved2Jes s values). These results suggest tRats cs
Discussion below) further suggest that, of the two possible

preferred rotamers, that having €gaucheto H1 and O4 is (66) Varani, G.; Tinoco, ., JrJ. Am. Chem. Sod99], 113 9349-

9354
more favored. ) (67) Kline, P. C.; Serianni, A. Sl. Org. Chem1992 57, 1772-1777.
Jes,cs values in5 and 6 are 2.3 and 3.6 Hz, respectively (68) Wu, J.; Bondo, P. B.; Vuorinen, T.; Serianni, A.5.Am. Chem.

(Table 4) and probably have a positive signThese couplings  Soc.1992 114 3499-3505.
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Figure 15. Effect of ring conformation on the two-€C torsion angles B ]
involving C5 of 3 determined fromab initio molecular orbital = 8
calculations (HF/6-31G*). Corresponding data 4aare essentially the z 6
same. 8 41
c
should be further explored as a probe of furanose N/S g 2]
conformation in DNA and RNA, since hydroxymethyl confor- £ 07
mation in these biopolymers is constraingg ¢conformation), o 21
thus making ring conformation the only key determinént. ‘_‘51 4]
Three-Bond 13C—13C Couplings. 3Jcicsis very small in § ]
both5 and6 (<0.8 Hz); corresponding values in ribonucleosides 81
and 2-deoxyribonucleosides are—@.8% and ~0.8 HzS! 0

respectively. Considering the effect of ring conformation on 00 05 10 15 20
the C1-04—C4—CS5 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 observe®;in
this coupling, however, will be very small, since torsion angles
of 90°—125 are involved. 3Jc; csis expected to be large inE
and°E forms (dihedral angles of160°) and small in*E and
E, forms (dihedral angles of90°).

3Jc2,csis 1.8 Hz in5. Corresponding values in pyrimidine
ribonucleosides (pyrR) and purine ribonucleosides (purR) are
1.6 and~0 Hz, respectively® This coupling is expected to
increase in magnitude as N forms become more favored, based
on the effect of ring conformation on the EZ3—C4—-C5
torsion angle (Figure 15)3J4y data suggest th&6 N forms in
solution decreases in the order- pyrR > purR, and®Jcy.cs

P/n (radians)

coupling difference (Hz) O
S & b 9

values reflect this trend. 0.0 0i5 1j0 15 20
8Jca.csis 1.1 Hz inG; in contrast, values of 1.3 and0 Hz P/n (radians)

are observed in pyrimidine'-2leoxyribonucleosides (pyrDR)

and purine 2deoxyribonucleosides (purDR), respectivelylyy D &7

data suggest th&o N forms in solution decreases in the order
pyrDR ~ 6 > purDR, and?Jc, csdata are in accord with this
trend.

3Jc2,0cr in 5 and6 are 3.5 and 3.0 Hz, respectively (Table
4). These three-bond couplings are related 38g; cs in

(69) The application of the projection resultant metidd 2Jcs csin 5
and 6 yields predictions regarding the sensitivity of this coupling to ring
and hydroxymethyl conformation. F&E/E, conformers (N forms), predicted
2Jcs.csvalues are~ —2 Hz (gg), 0—1 Hz (gt), and~ —2 Hz (tg); for Es/*E

coupling difference (Hz)
A b o N »

conformers (S forms), these couplings are1Q 3—4, and G-1 Hz, 61

respectively. While these predictdd/alues cannot be considered accurate

(the method was devised forC—C coupling pathways involving 8 . . . .
nonterminal coupled carbons), the trends are probably reliable. Thus, for 0.0 05 1.0 15 20

example, the E*E (gt) conformer is predicted to yield a more positive .
coupling than B“E (gg) and B/*E (tg) conformers, which is consistent P/ (radians)
with previous empirical predictions (in the former conformations, both O3 Figyre 16. Coupling difference plots fodey values involving HR

and O5 lie in the C3C4—C5 plane)® Furthermore, considerable differ- . 2 _2 1 _1 2
ences in coupling are predicted depending on ring and hydroxymethyl group and HB0f 3: (A) *errz = *Jormzs, (0) Jeznz = Nz (C) Jospm

conformation €.g, ~5—6 Hz betweerJcscsin 3E/E, (gg) and B*E (gt)). — ez mzs, and (D)3 Jeanmr — Joa iz
In oligonucleotides where hydroxymethyl conformation is fixed in gige
rotamer,2Jcs cs may differ by as much as 3 Hz between N and S forms, aldopyranosides, since both involve a0—C—C coupling

although the extent of the difference will be influenced by the preferred N h | d ides havi HE f .
and S forms €.g, 3EPE exchange may be accompanied by a smaller Pathway. Ino-aldopyranosides having ti€; conformation,

difference in2Jcs cs values than BE exchange). 3Jc1,ce Varies from 3.3-4.5 Hz®.70 The latter couplings are
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associated with a €0—C—C dihedral angle of~180; the energy surface available ®and4, and thus these data must
observed range of values is apparently caused mainly by thebe viewed with appropriate reservation; this limitation is
effects of terminal hydroxyl group orientation (O1 and O6) on confirmed by computations conducted®uosing the Consistent
coupling magnitude o-substituent effects), although small Force Field method which show that exocyclie-O and C-C
deviations from ideal chair geometry in different ring configura- torsions indeed affect conformational enerdiesSimilar limita-
tions may also make a contributiéh.Based on these data, the tions apply to the observed structural trenids.(bond lengths,
observed values ofc20ck, in 5 and 6 are consistent with a  bond angles, bond torsions).

preferred C2-C1-O—CH; dihedral angle approaching 180 Extrapolation of the present results to coupling behavior in
which orients the methyl carbogaucheto O4 and H1. This  gligonucleotides assumes that the preferggoconformation
arrangement is consistent with expectations based on stereoghout the C4-C5 bond in these structures does not significantly
electronic considerations (exoanomeric EﬁéCt It should be affect coupling behavior. The latter assumption is probably
appreciated, however, that the coupling pathways governing valid for coupled nuclei within the furanose ring. On the other
2Jc2.0ck in 5 and 6, and indeed the reference €D5—-C5— hand, couplings such &3cs cs 3Jc1.cs 3Jcz.cs and3Jes qz may

C6 pathway in aldopyranosyl rings, are not similarly substituted. pe affected by the orientation of the terminal oxygen on C5
For example, Only one of the COUp|6d carbons (CZ) is SUbStitUtEdwith respect to the Coup]ing pathwaa-éubstituent effects).
with an electronegative atom 5) whereas none are B This 13C—1H couplings involving HR and HSS are also affected by
substitution effect alone could cause the 0.5 Hz difference in the C4-C5 torsion angle, but their dependence can be predicted
%Jcz,0c1 values observed betwesrands, that is, this difference  qualitatively, as discussed in this report. Furthermore, direct
may not reflect different GOl torsional behavior. Thus,  application of this study to oligonucleotides assumes that
given these limitations, the above €01 conformational O-phosphorylation (at O3 and O5) does not affégt or Jec
cqnclusions _based d?r‘_iC]-,CG reference values must be viewed pehavior significantly. The validity of this assumption remains
with appropriate caution. to be tested with the use of suitable model sugar phosphates.

Observedlcy values in5 and6 were interpreted in structural
and conformational terms in this work with the use of computed
Three-dimensional structure determination of nucleic acids couplings and/or the application of the projection féiléfor
has benefited greatly from the use!é€- and'®*N-enrichment, 2Jch)- In most cases, both tools gave internally consistent results
which permits the application of multidimensional heteronuclear which led to reasonable interpretations of the observed coupling
NMR methods required for spectral dispersion and signal data. However, in two cases, namel¥s. 13 (Figure 9D) and
assignment.13C-enrichment also permits the determination of 3Jcz,+sa (Figure 11D), discrepancies were observed, and these
13C—1H and*3C—13C spin-couplings within the furanose rings findings require further scrutiny. Furthermore, the application
and across thal-glycosidic linkages of these structures which of the projection rulé} which was developed for €C—H
are potentially useful as conformational probes. In the presentcoupling pathways involving hydroxylated carbons, may not be
investigation, we have compared the behaviors of one-, two-, appropriate for the analysis é8ccH values involving C2 of
and three-bond3C—H and13C—13C spin-coupling constants  the 2-deoxyB-D-ribo ring; this problem will need to be
within s-p-ribo 1 and 2-deoxy8-p-ribo 2 rings. Computational ~ addressed by examinifjcch values in deoxysugars having
approaches were applied in an effort to assess the effect of C2defined conformationse(g, deoxypyranosyl rings).
substitution (oxyvs deoxy) on the magnitudes and signslef Despite the above-noted limitations, however, a number of
values. In a previous repordcy behavior ing-p-ribo rings observations have been made which have important implications
was examined using similar calculational methods, and the latterfor the anticipated use dt andJcc values as conformational
were validated by measuringy values in conformationally-  probes in furanose rings.
constrgined aldopyranqsyl _rings containing c_:oupling pathways (a) The behavior ofJcy values in the 2-deoxg-b-ribo ring
that mimic those found in discrete conformations of this fhg. 2 js consistent with previous observations on the relationship
The results of this prior worl_< showed that, while t@bsolute between G-H bond orientation andcy; coupling magnitudes
valuesof the couplings predicted by the computations cannot i, the 2-deoxyg-p-glycerotetrofuranos& andp-o-ribofuranose
be considered accurate, thieends were reliable. Since the rings28 C—H bond orientation appears to play an important
present stud.y relies m{:unly. on trends rather than on .absolutero|e in determiningtdcys values, with quasi-equatorial orienta-
values, we did not consider it necessary to prepare a wide rang&jons giving larger couplings than quasi-axial orientations for a
of model deoxypyranoses to further validate the method, given G-H bond. However, at least two additional factors
althoggh couplings in a fevy model compounds have bgen affect G-H bond length, and thuklcy values, in these rings.
examined. Indeed, comparisons between related couplingsyicinal lone-pair effectsd.g, the interaction of lone-pair orbitals
within the furanose constituents of oligonucleotides can yield gn 03 with the C3-H3 bond) appear to be substantial, with
important information on conformational differences, since all antiperiplanar arrangements causimgnd lengtheningas re-
furanqsyl rings within natural oligomers yviII have f[he same ported previously:2859-52 |n addition, recent studiésuggest
chemical structure. Model compounds will be required, how- 5t 1,3-interactions between oxygen lone-pair orbitals anti C

Conclusions

ever, in future studies of absolute coupling magnitudes. bonds €.g, the interaction of lone-pair orbitals on O3 with the
It should be appreciated that, due to present computer c4—H4 bond) also affect EH bond lengths in a consistent
limitations, only one set of exocyclic torsion angles3iand4 fashion. These latter interactions, when present, appear to cause

was inspected in this work. The €D1 torsions were chosen  phond shorteningand this effect is discussed in a recent refort.

to maximize the exoanomeric effeé€tand thegt conformation Thus, it appears that-€H bond orientation, while important,
about the C4-C5 bond was selected because dp#nd6 favor may not be the sole determinant of~@ bond length in

this conformation (Table 3). The remaining exocyclie-O aldofuranosy! rings.
torsions were chosen arbitrarily. Thus, conformational energy

data shown in Figure 1 represent a small portion of the total  (71) Wiorkiewicz-Kuczera, J.; Rabczenko, A.Chem. Soc. Perkin Trans.
Il 1986 437-442.

(70) King-Morris, M. J.; Serianni, A. SJ. Am. Chem. S0d.987, 109 (72) Kennedy, J.; Wu, J.; Drew, K.; Carmichael, I.; Serianni, AJS.
3501-3508. Am. Chem. Sodn press.
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(b) Exocyclic bonds other than-€H bonds é.g, C2-02, 6). The two couplings that appear minimally affected by ring
C3-03, and C4-C5 bonds) are also sensitive to bond orienta- conformation are?Jcon; and 2Jcapg these couplings are
tion, again with quasi-axial orientations correlated with longer predicted to change by2 Hz throughout the pseudorotational
bonds and quasi-equatorial orientations correlated with shorteritinerary for bothj3-b-ribo and 2-deoxy3-p-ribo rings (Table
bonds (Figure 4A,B; Figure 6). This predicted (computed) 6). 3Jc, 4 may also be of limited use due to its more complex
behavior is consistent with recent analyses of X-ray crystal- dependence on conformation (Figure 11D). The sensitivity of
lographic data or>100 nucleosides and nucleotides reported 3Jcsu3 to ring conformation in3 and 4 may be greater than
by Berman and co-workefS. This latter study shows that the  previously expecte@ this coupling may indeed be useful as a
mean values of the C202 bond length inS-p-ribo rings 1 conformational probe in these ring configurations despite its
are 1.412 A'irrE (shorter, quasi-equatorial) and 1.420 A cisoidal nature. Interestingly, the utility acy values as
forms (longer, quasi-axial), whereas the mean values of the C3 - o ormational probes appears more restricted if a simple two-

03 b30nd are 1.427 and 1'417. A féE (!onger, quasli-axial) state3EE exchange process is operating; under these condi-
and 3E forms (shorter, quasi-equatorial), respectively. In tions, nine of the 17 couplings listed in Table 6 she@ Hz

2-deoxyp-p-ribo rings 2, the mean C3-O3 bond length is I 0 .
i o changes for thg-b-ribo ring, while six of the 21 couplings for
1.435 A'in2E (longer, quasi-axial) and 1.419 A # (shorter, the 2-deoxy8--ribo ring show a<2 Hz change. Thus, in

quasi-equatorial) forms. The C303 bond lengths ire are instances where a conventioRBI2E exchange process occurs,

also, on average, longer than those observed, iagain in I ber ol | ilb ful t the tw
agreement with computed behavior (Figure 4B). Furthermore, S;;:J?at?(;nnsum €r Qlex values will be usetuito assess the two

the computed behavior of the endocyclic-624 and C4-04
bonds inribo and deoxyibo rings (c1-o4 giboy < Fc1-04 (deoxyibo) 2-Deoxy$-p-ribo rings contain several paired-& coupling
andrca-oa gibo) > T'ca-04 (deoxyiboy) (Figure 5A,B) is in accord pathways involving HR and HZXS (e.g, C1-H2R/C1-H2S
with crystallographic results (mean G104 values are 1.415  C2—-H2R/C2-H2S C3-H2R/C3—-H2S C4-H2R/C4—-H2S).
A (ribo) and 1.420 A (deoxybo) for 2E forms and 1.412 A The coupling behaviors of these paired pathways differ signifi-
(ribo) and 1.418 A (deoxybo) for 3E forms, whereas mean cantly (Figure 13), and these differences should prove useful
values of C404 are 1.454 A (ibo) and 1.446 A (deoxgbo) to assess conformation, as illustrated in Figure 16. For example,
for 2E forms and 1.451 Ar{bo) and 1.449 A (deoxybo) for Yernr—ec1nzs ranges from 67 Hz (Figure 16A), whereas
3E forms). While the behavior of the G104 and C4-O4 bond 8Jcanr—3JcaHos ranges ranges6 to 4 Hz (Figure 16D).
Iengths may depend_ on the_nature of _the supstituent at C1 (f) 2carms values have been shown previod8i§f to be
(n_nro_geq _basesOH), itis less I|kelythatth|s substituentchange | seful parameters to assign the Rimnd H5 signals in
will significantly affect the behavior of the C202 and C3- oligonucleotides where the €45 bond rotamer is limited to
03 bond lengths. Thus, we interpret the ol?served agreementy, o gg conformation. In this report, we have shown that
betweer_1 the computed and crystgllograpmc k_)e_ha\_/lor of the 2)cansvs and 3dcanss When applied in conjunction with
?hxgiy;::ZEE;sbobnedtvxllzggntg—lagoi\gdlz rrl]cih a;az't eml—?”bec():rtf dthat 3Jna,nsrs Values, can be used to make similar assignments in

. . X . eng furanosyl rings in general and to estimate the proportions of
orientation are valid, although experimental support for the latter . : .

thegg, gt, andtg rotamers in solution. In additiodJcs 14 Was

remains to be obtained. found to be sensitive to CAC5 bond rotation, being large and

(c) Deoxygenation at the C2 position ofsep-ribofuranosyl itive in th i d Il and tivedanandt
ring can, in some instances, result in substantial changes in the?OSItIve [n thegg rotamer and small and negativeghandtg
rotamers (Table 5).

behavior ofJcy values within the ring.1Jca p1 and*Jea waappear
to be essentially unaffected (Figure 8A,D), wherkls yizs and (9) Acs,csvalues ins-p-ribo and 2-deoxy-p-ribo rings are
LJcs nzare shifted to smaller values in the dedky ring (Figure ~ affected by hydroxymethyl and ring conformation. Since
8B,C) . Likewise2Jc1 nas, 2caHzs and?Jcqa qaare less positive hydroxymethyl conformation in oligonucleotides is limited to
(more negative) in the deosippo ring (Figure 9A,B,F), whereas  the gg rotamer, ring conformation is likely to be the most
the opposite is predicted f8dc, 11 and2Jco w3 (Figure 9C,D). important determinant of its magnitude in these structures. In
The latter results suggest that, for a two-bonrd@-H coupling the latter regard, the application of the projection resultant
pathway, the loss of an electronegative substituent on the carbormethod?36°predicts that conformations in which O3 lies in the
bearing the coupled hydrogen causes a shift to more negativecoupling plane €.g, Ez/*E) will give more positive couplings
(less positive) couplings, whereas the loss of an electronegativethan when O3 lies out-of-planee.g, 3E/Es), although this
substituent on the coupled carbon causes a shift to more positiveprediction will require experimental validation.

(less negative) couplings. The former observation is consistent

with recent studies ofJcon: values in simple furanoses,

furanosides, and nucleosides; for example, in nucleosides which  Acknowledgment. The research reported herein was sup-
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(d) 2Jcn behavior ins-p-ribo 1 and 2-deoxys-p-ribo 2 rings of South Bend, IN. This is Document No. NDRL-3974 from
show essentially similar behavior except f&l, 4 Which the Notre Dame Radiation Laboratory.

appears smaller iin some conformations (Figure 11D). Small

deviations observed for antiperiplanar arrangements (Figure 11)

are attributed mainly to substituent effeétsather than differ-

ences in pUCkenr.]g amp“tUdes (Figure 7C). . . (73) Parella, T.; Sanchez-Ferrando, F.; Virgili, Magn. Reson. Chem.
(e) Jcn values ing-p-ribo 1 and 2-deoxys-p-ribo 2 rings 1994 32, 657—664.

exhibit different sensitivities to conformational change (Table  (74) de Leeuw, F. A. A. M.; Altona, CJ. Comp. Cheml983 4, 428.
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