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Abstract: The effect of hydroxymethyl conformatiogd

, gt, andtg rotamers about the G4AC5 bond) on the

conformational energies and structural parameters (bond lengths, bond angles, bond torsions) of the 10 envelope
forms of the biologically relevant aldopentofuranose, 2-defxyerythropentofuranose (2-deoxy-ribo-
furanose@, has been investigated by ab initio molecular orbital calculations at the HF/6-31G* level of theory.
C4—C5 bond rotation induces significant changes in the conformational energy pra2ii@gf and2tg exhibit

one global energy minimum, wherezgg exhibits two nearly equivalent energy minima), and structural changes,
especially those in bond lengths, are consistent with predictions based on previously reported vicinal, 1,3- and
1,4-oxygen lone pair effects. HF/6-31G*-optimized envelope geometrizggofiere re-optimized using density
functional theory (DFT, B3LYP/6-31G*), and the resulting structures were used in DFT calculations of NMR
spin—spin coupling constants involvingC (i.e.,Jcy andJcc over one, two, and three bonds)dgg according

to methods described previously. The compulexbuplings were compared to those reported previously in
2gtto assess the effect of €£€5 bond rotation on scalar couplings within the furanose ring and hydroxymethyl
side chain. The results confirm prior predictions of correlations betw&en 3Jcn, 2Jcc and3Jcc, and ring
conformation, and verify the usefulness of a concerted application of these couplings (both their magnitudes
and signs) in assigning preferred ring and-@b bond conformations in aldopentofuranosyl rings. The new
calculatedJ-couplings in2gg have particular relevance to relat@¢@ouplings in DNA (and RNA indirectly),

where thegg rotamer, rather than thgt rotamer, is ob

served in most native structures. The effects of two

additional structural perturbations @mwere also studied, namely, deoxygenation at C5 (yielding 2,5-dideoxy-

pB-p-erythropentofuranose4) and methyl glycosidat

ion at O1 (yielding methyl 2-deqsep-erythro

pentofuranosid®) at the HF/6-31G* level. The conformational energy profiledafesembles that found for

2gt, not 2gg, indicating tha# is an inappropriate structural mimic of the furanose ring in DNA. Glycosidation
failed to induce differential stabilization of ring conformations containing an axiat@1 bond (anomeric
effect), contrary to experimental data. The latter discrepancy indicates that either the magnitude of this differential
stabilization depends on ring configuration or that solvent effects, which are neglected in these calculations,

play a role in promoting this stabilization.

Introduction

The 5-p-ribofuranosel and 2-deoxys-p-erythro-pentofura-
nose?2 (2-deoxyg-b-ribofuranose) constituents of RNA and
DNA play key roles in conferring conformational flexibility to
these important biopolymetsWhile considerable effort has
been devoted to understanding their conformational properties
using a range of experimental and theoretical metRods,
experimental determinations are often limited by insufficient
parameters on which to assign conformation or to test predictions
of conformation and dynamics based on theoretical approaches
IH—1H J-couplings and NOEs are commonly used to assess
solution properties of furanosyl ringsut these parameters are
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relatively few in number and are not without their limitations.
This problem can, in principle, be reduced if additional structural
constraints are obtained from scalar or dipolar couplings
involving 13C; for example, 17ntra-ring Jcy values exist irl
compared to only 33y values, but the former data are virtually
ignored at preseritWhile the potential value of these parameters
is self-evident, their use has been hampered by insufficient
guantitative correlations between their magnitudes and molecular
structure. Recent improvements C-labeling methodology

and in theoretical treatments of NMRcoupling$ now allow
these correlations to be established. Thus, the sugg&sdia

1 and 2 assume a two-state conformational equilibrium in
solution, characterized by exchange between generic N (north)
(®E) and S (south)?E) conformers predominantly via the eastern
pathway of a pseudorotational itinerary (Schemé-Pcan be
subjected to more rigorous experimental scrutiny. While this
model has been widely accepted and invok&tit remains
unclear whether it applies to all furanosyl rings regardless of

10.1021/ja002525x CCC: $20.00 © 2001 American Chemical Society
Published on Web 04/27/2001



4782 J. Am. Chem. Soc., Vol. 123, No. 20, 2001

Scheme 1

P/r (radians)

E = envelope

south = twist

their configuration, state of substitution, or environment. Studies
of furanosyl rings other thal and 2 have been rare, and
systematic studies of ring-substitution effects are virtually
nonexistent, although theoretical studies of metimdrabino-
furanoside appeared recently.

Ab initio molecular orbital methods have been applied
previously at various levels of theory to investigate the structural
properties ofl and2 and to computeg-couplings {cp, Jcc) in
these rings for comparison to those obtained by experifient.
In addition, the effect of replacing O1 @fwith an amino group,
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yielding 3, on computed conformational properties add
couplings has been examinEdThese investigations were
restricted to a single rotamer about the-625 bond, namely,
that having O5anti to C3 (gt rotamer, Scheme 2), to allow
comparison of calculated-couplings to those observed in
solution, where thegt form predominate$! However, direct
application of these prior findings to structural studies of nucleic
acids is hampered, in part, by the fact that ggerotamer is
observed in these biopolymée&Since our long-term objective
is to apply these scalar couplings to DNA and RNA structure
determinations, we were compelled to investigate the effect of
C4—C5 bond rotation on conformational energies, structural
properties, and NMR-couplings {cy andJcc) in 2. In addition,
the effects of O5 deoxygenation and methyl glycosidation of
, giving 4 and 5, respectively, on computed structures and
conformational energies were studied. The latter studies were
stimulated by the frequent use of 5-deoxy analogues in
theoretical studies of and 2, leading to the question of how
well these models mimic the real molecules. The present results
yield new information on the effect of exocyclic conformation
on structure andJ-couplings in furanose rings of general
importance to nucleic acid structure determination, new insights
into factors that influence structure and geometry of aldofuranose
rings, and the identification of important limitations in the use
of structural mimics oflL and 2.

HO—I o TH —l j’
HO OH
1
Ha H

NH2
CH, CHZ0

Computational Methods

A. Geometry Optimization. Ab initio MO and DFT calculations
were performed with a modifié&version of the Gaussian 94 suite of
programst3 For geometric optimization at the HartreEock (HF) and
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DFT levels of theory, the polarized split-valence 6-31G* basi$*set c
was employed. For DFT, the standard B3LYP functional, due to S 1.0
Becke!® was used in all calculations. This functional comprises both §
local® and nonlocdf exchange contributions and contains terms 0.5
accounting for locaf and nonlocdP correlation corrections.
The 10 envelope forms di, 4, and5 were examined by holding 0.0 : ; . )
one endocyclic torsion angle fixed in each of 10 computations (i.e., 0.0 0.5 1.0 15 20

for °E, the C4-04—C1—-C2 torsion was held constant af)0as
described in prior work:>1°All remaining structural parameters were
allowed to relax in each calculation unless otherwise noted. Individual Figure 1. Conformational energy profiles fo2 as a function of
envelope forms are identified throughout the manuscript by their hydroxymethyl group rotation (HF/6-31G*). Closed squagisppen
corresponding pseudorotational phase anfjleScheme 1), and are ~ squaresgg; closed circlestg (Scheme 2). One full rotation around the
represented in graphical plots Bér radians, wheréE = 0.1 P/n P pseudorotational itinerary is equivalent te-® P/x, where 0.1P/x =
=18, B, = 0.3P/x (P = 54°), and so forth. %E, 0.3P/n = E4, 0.5P/x = °E, and so forth (Scheme 1).

B. Calculations of NMR Spin—Spin Coupling Constants.'3C—
!H and 3C—*3C NMR spin-spin coupling constants in the DFT- same initial C+01 and C3-O3 exocyclic torsion angles
optimized structures were obtained by finite-field (Fermi-contact) double applied to 2. Ten envelope geometries ef and 5 were
perturbation theo calculations at the B3LYP level using a basis set  examined.

([5s2p1d,2s]) previously constructed for similar systétwgppropriate Geometric optimizations proceeded smoothly for the 10

values for the perturbing fields imposed on the coupled nuclei were envelope forms ofgt; changes in the initial exocyclic bond

chosen to ensure sufficient numerical precision while still allowing a torsi inimal. vieldi timized struct f
satisfactory low-order finite-difference representation of the effect of orsions were minimal, yielding optimized structures confor-

the perturbation. Only the Fermi contact component of each coupling mationally Sim”fr t? the initial geometries. However, fdgy
constant was considered due to the dominant relationship of this term conformers (g, “E, 'E, and E) and three2tg conformers (k&

P/m (radians)

in J values involving carbon and hydrogen in saturated systems. 3E, and B) experienced significant exocyclic bond rotations
_ _ during geometric optimization. Inggand“E of 2gg, the C4-
Results and Discussion C5—05—H torsion changed from-180° to ~60° upon opti-
A. General Considerations. All calculations on2 were mization, which was presumably driven by the formation of an
conducted as a function of pseudorotation phase aRgy intramolecular hydrogen bond between O1 and-G5 In E

holding one endocyclic torsion angle constant at (ee  and B of2gg, Fhe H1-C1-O1-H torsion angle changed from
Computational Methods): this torsion was the only structural ~-60" t0 ~150"; again intramolecular hydrogen bonding between
parameter held constant in the calculations unless otherwise© and O-H appeared responsible. In,EE, and & of 2tg,
noted. All 10 envelope forms were considered, and in each the C2-C3-03—H torsion angle changed from60" to ~180,
calculation the followingnitial exocyclic torsion angles were ~ Presumably driven by hydrogen bonding between OS ane O3
used: HEC1-O1—H, 60°; H3—C3—-03—H, —60°: C4—C5— H. The occurrence of these spontaneous transitions during
O5-H, 180 (Scheme 3). The G303 and C5-O5 torsions geometric optimization complicated the calculations, since the
were chosen arbitrarily, whereas the-G1 torsion was chosen resulting structures could not be reliably compared energetically
to optimize the exoanomeric effeétInitial C4—C5 torsion or structurally. To avoid this problem, the relevant torsion angles
angles were chosen to orient the hydroxymethy! side chain in Weré held constant during geometric optimization of these
the gg, gt and tg conformations (Scheme 2). A total of 30 structures, with the realization that the additional structural
structures oP were examined, that is, 10 envelope formof constraints introduce uncertainty in the subsequent analysis of
in each of the three hydroxymethyl group conformations conformational energies, structural parameters Jacaliplings.
(hereafter denoteglgg, 2gt and 2tg). We reasoned, however, that errors introduced as a result of
Calculations ors were conducted in thgt conformation only, employing a second geometric constraint would be less serious

and initial exocyclic torsion angles (ED1, C3-03, C5-05) than those intrpduced _by comparing significantly differe_nt
were the same as used f2r Calculations ord also used the  structures; this is especially true for conformational energies,
since the presence of a hydrogen bond in some structures but

(14) Hehre, W. J.; Ditchfield, R.; Pople, J. A&. Chem. Phys1972 56, not in others would lead to an erroneous assessment of preferred
zszg)zéggke’ A. D.J. Chem. Phys1993 98, 5648-5652. conformation. We sought to keep the number and type of

(16) Slater, J. CThe Self-Consistent Field for Molecules and Sglids ~ interactions as constant as possible between conformers to
McGraw-Hill: New York, 1974. permit a more reliable comparison of energy and structure. In

(17) Becke, A. D.ACS Symp. Sefl989 394, 165.

(18) Vosko. S. H.: Wilk, L. Nusair, MCan. J. Phys198Q 58, 1200 the following discussion, these additional constraints are identi-
(19) Lee, C.; Yang, W.: Parr, R. ®hys Re. B 1988 37, 785. ' fied when there is reason to believe that they may influence
(20) Kowalewski, J.; Laaksonen, A.; Roos, B.; Siegbahn).RChem. the interpretation of results.

Phys.1979 71, 2896-2902. -
(1) (a) Lemieux, R. U.. Koto, STetrahedron1974 30, 1933-1944. B. Effect of Hydroxymethyl Group Conformation on the

(b) Praly, J.-P.; Lemieux, R. UCan. J. Chem1987, 65, 213-223. (c) Conformational Energy and Structure of 2. The conforma-
Lemieux, R. U.Pure Appl. Chem1971, 25, 527-548. tional energy profiles ogg, 2gt, and 2tg (Figure 1) differ
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Scheme 4
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significantly. Theglobal minimum energy structure i2gg in

the B conformation; the same conformation lies at the energy
minimum for 2gt but not2tg (Es). A comparison of the energy
profiles for 2gt and 2tg shows that southern and western
conformations of the latter are stabilized relative to the same
conformations in the former. Interestingly, the conformational
energy profile for2gg is biphasic, showing defined energy
minima in the N and S regions of the itinerary, whereas that
for 2gt shows a single minimum and fdtg an extended,
relatively flat region from 1 to 2.0P/z. The conformational
behavior exhibited b2ggis consistent with the widely applied
two-state N/S conformational model, in contrast to thos2gbf
and 2tg. These data show that hydroxymethyl conformation
influences the conformational energy profile2$ignificantly.

Activation barriers to pseudorotation f@gg, 2gt, and 2tg

Cloran et al.

of 1,3-lone-pair effect from O5 on the C4H4 bond in2gt
and 2tg (Scheme 4C); this effect is absent i2gg.

Corresponding €C bond lengths exhibit similar dependen-
cies on ring conformation i&gg, 2gt, and2tg (see Supporting
Information, Figure 2). The exocyclic G101 bond length in
2ggis consistently shorter in west conformers (see Supporting
Information, Figure 3). This bond is expected to lengthen when
quasi-axial (i.e., in‘E),22-23-25 due to bond orientation and to
Nos — Oc1,01* lone-pair donation (also causes €04 bond
contraction; see below). The suppressed bond lengthening in
2gg may partly explain the higher-energy western form2gg
relative to those for2gt and 2tg (Figure 1), an argument
supported by the behavior of the €04 bond in2gg discussed
below. The exocyclic C303 bond length shows the same
general dependence on ring conformation, but appears uniformly
longer in2gg (see Supporting Information, Figure 3).

The endocyclic C+04 bond length decreases in length
significantly in western conformers @gt and 2tg relative to
those of2gg (see Supporting Information, Figure 3), suggesting
less potent O4 lone-pair donationdgg and possibly explaining
the higher energy of western conformerg§ relative to those
of 2gt and 2tg. The C4-04 (and C4-C5; see above) bond
lengths are longer faztg relative to those foRgg and2gt (see
Supporting Information, Figure 3). In contrast, the exocyclic
C5-05 bond length exhibits a significantly different depen-
dence on ring conformation 2gg, 2gt, and2tg (see Supporting
Information, Figure 3), which is attributed to the influence of
03 and 04 lone-pair effects on this bond.

Puckering amplitudez(,) is smaller in west forms o2gg
relative to those ofgt and 2tg (see Supporting Information,
Figure 4), presumably caused by minimization of destabilizing
1,3 interactions between O1 and C5. A relatively large decrease
in 7, is also observed in fof 2tg, presumably caused by the
avoidance of 1,3-interactions between O3 and O5.

Changes in the exocyclic G101, C3-03, C5-05, and C4-

C5 torsion angles with ring conformation fagg, 2gt, and2tg

are similar. Conformational energies determined for the planar are small (data not shown), with discontinuities caused by the

geometries of2gg and 2gt are ~0.3 and ~1.4 kcal/mol,
respectively,higher in energy than the least stable envelope
form, whereas the plan&tg form is ~0.4 kcal/mollower in

need to “fix” these torsions in some ring conformations (see
above).
C. Comparison of NMR Spin—Spin Coupling Constants

energy than the least stable envelope form. Thus, nonplanar(j.y, and Jec) in 2gg and 2gt. The 10 envelope forms dfgg

conformer interconversion via pseudorotation 2gg and 2gt

which were geometrically optimized at the HF/6-31G* level of

appears more favored than that via an inversion pathway, buttheory were re-optimized using density functional theory (DFT,

inversion may play a role in nonplanar conformer exchange for
2tg.

The dependencies of the EH1 and C2-H2R bond lengths
on ring conformation are not affected significantly by hy-
droxymethyl conformation, whereas the behaviors of the-C2
H2S C3—H3, and C4-H4 bond lengths differ (see Supporting
Information, Figure 1). The conformational dependence of the
C3—H3 bond differs in each CAC5 rotamer, with the longest
bonds predicted i@gt. Presumably bond shortening2gg and
2tg is caused by 1,4-lone pair effects involving &5which
are stronger in ring conformations between 0.5 and Rl/b
(south (S) forms, Scheme 1) fatg (Scheme 4A). The further
reduction in length found in ring conformations between 1.5
and 0.5P/x (north (N) forms, Scheme 1) fd2gg relative to
2tg may be caused by the additive effects of the O5 lone-pairs,
both of which are in proximity to H3 in these conformations
(Scheme 4B); in S forms, only one O5 lone-pair is near H3,
and thus the effect mimics that found in S forms2tg. The
behavior of the C4H4 bond length is similar fo2gg, 2gt,
and?2tg, but the curves foRgt and2tg are displaced to slightly

B3LYP/6-31G*), and the resulting structures used to calculate
Jcn andJcc values from DFT as described previouh?827In

the following discussion, these couplings are compared to
corresponding values iPgt, which were computed previously
using identical calculational metho8fs.

1. Ycy. The conversion ofgt to 2gg is accompanied by
substantial changes in-@H bond lengths on the same face of
the ring (i.e., C2H2Sand C3-H3) and smaller but discernible
changes in €H bonds on the opposite face (i.e.,- €41, C2—
H2R, C4—H4). Given that C-H bond length is an important
determinant otJcy magnitude, substantial differencesiia, s

(22) Kennedy, J.; Wu, J.; Drew, K.; Carmichael, |.; Serianni, AJS.
Am. Chem. Sod997, 119, 8933-8945.

(23) Juaristi, E.; Cuevas, G:he Anomeric EffectCRC Press: Boca
Raton, FL, 1995.

(24) Lemieux, R. U. InMolecular Rearrangementsle Mayo, P., Ed.;
Wiley-Interscience: New York, 1963: p 713.

(25) CosseBarbi, A.; Dubois, J.-EJ. Am. Chem. S0&987, 109, 1503~
1511.

(26) Cloran, F.; Carmichael, I.; Serianni, A. 5.Am. Chem. Sod.999
121, 9843-9851.

(27) Cloran, F.; Carmichael, I.; Serianni, A.5.Am. Chem. So2000

shorter bond lengths. This shortening is caused by the presence22 396-397.
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andJc3 3 are expected betweetyt and 2gg. For C2-H2S, these conformers dgg. In contrast!Jcs wzis uniformlylarger
substantialocal differences are observed in S conformers, where in 2gg than in2gt (Figure 2D), consistent with the uniformly
larger NJco 1 are observed ir2gg (Figure 2C); the larger shorter bonds in the former. The €84 bond lengths are also
couplings correlate with the shorter €R12S bonds found in uniformly longer in2gg than in2gt, translating into uniformly
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smaller WJcans in the former (Figure 2E). Local, smaller constraints imposed on sevegalg conformers (see above) or
differences are observed f&ici 1 andtJeo vz (Figure 2A,B) to differences in €&H torsion angles (e.g., the significantly
and also correlate with differences in-& bond length, with reduced puckering amplitude in W forms 2gg translates into
shorter bonds yielding larger couplings. These results show thatsmaller G-H torsion angles and thus into smalfdey). The
structural factors that influence-GH bond length, such as the  aberant behavior e s reported previously i2gt¥aPis also

orientation of large substituents (e.g-CH,OH) “over” the  observed in2gg (Figure 4C), reinforcing the contention that
furanose ring, can cause significant changesén magnitude.  this coupling is less useful than the remainifty as a
2.2)cy (Intra-ring). The dependencies 83c1 nz, 2Jcimzs, conformational probe.

2Jc3 Hm and?Jcq w3 on ring conformation are virtually identical

in 2gt and 2gg (Figure 3). While larger differences appear to
exist for 2Jcz 1, 2cona and3Jes pg these differences<(~0.5

Hz) are comparable to those observed in the above intra-ring
2JcH (note the different scales on tlyeaxes of plots in Figure

3). 2canzs exhibits the largest difference (Figure 3F), being

4.2)cy and 2Jcy (Hydroxymethyl). Six Joy values involve
coupled atoms in the hydroxymethyl group Bf and their
magnitudes/signs are affected by hydroxymethyl conformation.
These couplings include thl’é)éc}-q (ZJ(:4,H5R, 2\]C4,H5& 2~]C5,H4;
Figure 5) and threéJCH (3J(;3'H5q, 3JCS,H51 3Jc51|-|3; Figure 6)

smaller in2ggin S and W conformers (difference of—1 Hz). 2Jca i and?Jcs a are substantially more positive 2gg than

In general, the intra-ringJc values are not affected signifi- N 29t (AJcans is ~—6 Hz in 2gt and~2 Hz in 2gg; 2Jcs Hais

cantly by the conversion dlgt to 2gg, with 2Jc3 s being a ~ ~—3 Hz in 2gt and~5 Hz in 2gg) (Figure 5A,C). In contrast,

possible exception. 2Jca nssis substantially more negative #gg (~—5 Hz) than in
3.3Jch (Intra-ring) . The dependencies of intra-rifdcy on 2gt (~1 Hz) (Figure 5B). Recent experimental and theoretical

ring conformation are virtually identical ibgt and2gg (Figure studies have vyielded correlations between hydroxymethyl

4). Small, local differences are attributed to the geometric conformation and the magnitudes/signs of these gemaat
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1H couplings?22829and the present results provide a means to the value of?Jcy as general experimental probes of hydroxy-
test these predictions. Using an empirical projection 8um, methyl conformation in saccharides, since both magnitude and

2Jcans Was predicted to bek) large in2gg and () small in sign vary substantially with bond conformation.
2qt, 2Jca,nssWas predicted to be-{) small in2ggand (t) large Correlations betweetlcy and hydroxymethyl conformation
in 2gt, and?Jcs nawas predicted to bet() large in2ggand () are based on the known Karplus dependency of these vicinal

small in2gt (see Table 5 in ref 9a). These predicted trends are couplings3! Thus,3Jcs u values are small igt and2gg since
consistent with the present data with regard to coupling sign, C3 and HR are gauche in both conformers (Figure 6A).
but inconsistent with respect to coupling magnitude. The latter However, the couplings are not equivalent; smaller values are
inconsistency was documented recefitly] general, the positive  expecte@? and are found ir2ggg where HR is anti to O4.

and negativéJcy have smaller and larger magnitudes, respec- 3Jc; g5 is small in2gt (C3 and H% gauche) and large ifigg
tively, than predicted by the empirical projection sum, especially (C3 and HS ant) (Figure 6B). The cisoidallcs 3 Shows the

for 2Jcq v @and?Jcs wss. Importantly, these new results confirm

(31) (a) Schwarcz, J. A.; Perlin, A. &an. J. Chem1972 50, 3667
(28) Hines, J. V.; Varani, G.; Landry, S. M.; Tinoco, |., JrAm. Chem. 3676. (b) Spoormaker, T.; de Bie, M. J. Recl. Tra. Chim. Pays-Bas.

S0c.1993 115 11002-11003. 1978 97, 85—87. (c) Tvaroska, |.; Gajdos, Carbohydr. Res1995 271,
(29) Marino, J. P.; Schwalbe, H.; Glaser, S. J.; Griesinger).GAm. 151-162.

Chem. Soc1996 118 4388-4395. (32) (a) Ginther, H.NMR Spectroscopylohn Wiley and Sons: New
(30) Bock, K.; Pedersen, @cta Chem. Scand. Ser.1®77, 31, 354— York, 1995; p 119. (b) Marshall, J. L.; Walter, S. R.; Barfield, M.; Marchand,

358. A. P.; Marchand, N. W.; Segre, A. [Tetrahedron1976 32, 537-542.
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. ) . . by noting that, in2gt, O5 can assume an in-plane orientation
expected biphasic dependency but with dissimilar maxima and it respect to the G2C3—C4—C5 fragment (in &), whereas
qnnima ('i'gl_”e 6C). For exampl&Jcs 3in Ey is smaller than i, 504 this arrangement is not possible in any ring conformation.

Josz in *E in both2gt and 2gg, and differences in the C5 This difference translates into smaller couplings 4gg at

C4—C3—H3 torsion angles in Eand’E do not fully explain —  yeometries near £relative to that in2gt, and confirms prior
the predicted trend. This behavior may be caused by a Barfield predictions®

effecf20:33on cisoidal®Jcy in furanose rings, although further 8.2+3]cc. Three dual-pathwa§?C—13C spin-couplings exist
study is needed to con_firm this explanation. in 2, namely,2+3Jc1 ca 2+3Jc1 ca and2+3Je; ¢4 Overall correla-

5. 1‘]C.°' O"e?a” coupling trenqls are conserved for endo_— and tions between these coupliﬁgs and ring conformation are similar
exocyclicJec in 2gt and 2gg (Figure 7A-C). The exocyclic o 54t and 2gg (Figure 10). Conversion dgt to 2gg leaves
1Jca,csexhibits the expected dependency on ring conformation 243)¢, c,essentially unaffected, whereas local changek iz)
in both 2gt and 2gg (Figure 7D), being largest when the €4 .o "hcerved for the remaining two couplings. The most
C5 bond is quasi-equatorial {Fand smallest when this bond significant differences occur fot"3Jcocsin S forms, where
is quasi-axial {E). Differences betweeBgg and2gt may be ., 1jing is reduced i2gg. These results suggest that rotation
caused by the reported dependence'let on O-C—C-0O of the C4-C5 bond exerts some effect on coupling along one

i 4
torsion angles! . L or both of the contributing pathways, but the overall effect is
6. 2Jcc. One geminallcc exists in2gt and 2gg, namely, relatively small.

“Jeacs and a relationship betweétcs,cs magnitude/sign and D. Substituent Effects on the Structure and Conforma-
hydroxymethyl com_‘qrmanon _has bee_n p_redlcted recénty tional Energy of 2. 1. C5-DeoxygenationMolecular orbital
the basis of an empirically derived projection resultant me#od. calculations (HF/6-31G*) o were performed to evaluate the

. " . .
As shown in Figure BJcscsis (1) large in2gt but () small effect of O5 deoxygenation on the structure and conformational

n Zg”g n exc‘igllent ag{egm.enzt with the pI’IO(; Eretﬂd!onzil.:—he energy of2. Since previous computational studies have used
sma’ller couplingnagnitudesn 2gg are caused by e INability 55 3 “structural model of the 2-deoxyribofuranose ring of

of O5 to attain an in-plane geometry with the ©33—C4— 22,37 : e
C5 fragment, a geometry achievable’ of 2gt where2Jcs cs :z'\jllf;tifiedwe sought to determine whether this simplification
is maximal. While the sensitivity Gllc csto ring conformation The conformational energy profile fot is similar to that
in 2gg is reduced relative t®gt, in agreement with prior . - L
o= b - . : observed for2gt (Figure 11A) and differs significantly from
predictions’® the combined magnitudand sign change may h b d fo2 d2ta (Fi 1), Th he basi
still be sufficient to warrant the use &fcs csas a conformational those observe gg and2tg ( gure ) us, on the basis
f of considerations of conformational energyjs not a good

constraint in structural studies of nucleic acids containing the . . .
structural mimic of the&gg structure found commonly in nucleic
gg rotamer. : .
3 . . . acids. In4, S conformers appear slightly more stable than those
7.3Jcc. Correlations betweeflc; csand ring conformation 2
in 2gt and 2gg are virtually identical (Figure 9A) and follow of 2gt. The shallow local energy minimum observed rigof
) 99 y 9 . 2gt is more defined i4 and appears shifted toward the E
the Karplus dependency reported for-O—C—C coupling S
fragment2536 In addition to torsion anale values are conformer. The global energy minimum conformers 4axnd
9 ' gi€+icocc 2gt are identical (E). Given the similar energy profile fo#

m_fluenceéjsg)y the orientation of terminal electronegative sub- 2gt, structural comparisons are hereafter made betwleen
stituents?®:36In 2gt and2gg, one of the terminal electronegative and 2gt

substituents (O5) cannot achieve an in-plane orientation with Deoxvaenation at O5 has no effect on the overall depend-
respect to the O1C1-04—C5 fragment, thus explaining the €0Xyg ' . . v P
encies of C-H bond length on ring conformation, although some

similar curves (the Ct04—C4—CS5 torsion angle differences o . . .
in 2gt and2gg are relatively small). In contrast, the dependence Sh'ft'ng of the curves is o_bserved (see Supporting Information,
of 3Jc2 cs0n ring conformation is affected significantly by €4 Efgﬁfg.onM d();tinr;,o:ﬁglr? if;gﬁ;ﬁggg&ﬁgﬁya&? rtizg lf(c))rr]r?qzr
C5 conformation (Figure 9B). The latter finding is explained the latter presumably caused by the loss of a bond-length

(33) Cloran, F.; Carmichael, |.; Serianni, A. S., unpublished results.  reducing 1,3-lone-pair effect involving O5 fgt, similar to that

(34) Carmichael, I.; Chipman, D. M.; Podlasek, C.; Serianni, AJ.S. i i ; i
Am. Chem. Sod993 115 10863-10870. depicted for2tg in Scheme 4 (C). Previous NMR studies of

(35) Church, T.; Carmichael, I.; Serianni, A. Sarbohydr. Res1996 5-O-methyl$-b-pentofuranoses and 5-deoglye-pentofuranoses
280, 177-186. revealed a systematic changéi@ and'H chemical shifts upon
(36) Bose, B.; Zhao, S.; Stenutz, R.; Cloran, F.; Bondo, P. B.; Bondo,
G.; Hertz, B.; Carmichael, |.; Serianni, A. $.Am. Chem. S0d.998 120, (37) Brameld, K. A.; Goddard, W. A., 11J. Am. Chem. So4999 121,

11158-11173. 985-993.
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Figure 11. Conformational energy profiles for (A) (closed squares)
and 2gt (open squares) (HF/6-31G*) and (B)(closed squares) and
2gt (open squares) (HF/6-31G*). One full rotation around the pseu-
dorotational itinerary is equivalent to-@ P/z, where 0.1P/x = 3E,

0.3 P/m = E4, 0.5P/r = °E, and so forth (Scheme 1).

C5-deoxygenatio®® An alternating shieldingdeshielding-
shielding pattern was observed for the -G43—H3 ring
fragment, respectively, upon C5 deoxygenation, with larger than
expected effects observed at the more remotelE3fragment.
The latter shielding is observed regardless of ring configuration,
that is, in structures having H3 cis and trans to C5, suggesting
a through-bond mechanism. These chemical shielding effects
may be mediated partly by the above-noted changes-iil C
bond length.

As observed for €H bond lengths, the effect of ring
conformation on endocyclic and exocyclic-O bond lengths
in 4 and2gt is identical, although some shifting of the curves
is noted (see Supporting Information, Figure 5). The-C1L
curves are virtually identical, but a small increase in the-C3
O3 bond length is observed # which may be correlated to
the above-noted shorter €813 bond in4. The C+04 bond
length in4 shows a more significant local decrease in west forms
near E/1E (relative to that in2gt), while the C4-0O4 curve
shows a uniform shift to slightly longer bonds 4drrelative to
that in 2gt.

The endocyclic €&C bond lengths i and 2gt show an
identical dependence on ring conformation with respect to trends
and absolute values, but the €&5 bond length in4 is
displaced uniformly to larger values (see Supporting Informa-

tion, Figure 6). Substitution of CHor CH,OH in 2 causes a
systematic decrease in the €04 bond length (for most
conformers), an increase in the €@4 bond length, and an
increase in the C4C5 bond length. It is interesting to note
that 2Jcs ce values inp-glucopyranoses are larger (43.43.6
Hz) than corresponding-couplings in 6-deoxyp-glucopyra-
noses (40.941.2 Hz)3% While the extent of this difference will
depend on the distribution of C8C6 rotamers in the former
due to the influence of the ©C—C—O torsion angle oAJcc,®*

the smallefJcc in the deoxy analogue appears consistent with
the longer C-C bond found in these structures (this effect is
commonly attributed qualitatively to the loss of an electrone-
gative substituent on the-&C fragmen£43?but the underlying
cause may reside in the resulting-C bond elongation).

The C4-01—C1 bond angle i@ shows the same dependence
on ring conformation as observed 2gt; absolute values are
also identical. Puckering amplitude,{) as a function of phase
angle,P, for 4 and2gtis also virtually identical (see Supporting
Information, Figure 7).

Overall, the energetic and structural propertiegl afind 2gt
are very similar, thereby demonstrating tdas a better mimic
of 2gt than of2gg or 2tg. This result can be explained by noting
that, in2gt, O5 is pointing “away” from the furanose ring, and
thus its (through-space) effects on ring conformation and
structure are expected to be small. Consequently, the loss of
O5 would be expected to result in only small changes in
conformational energy and structural parameters via through-
bond mechanisms.

2. Methyl Glycosidation. It is well known that glycosidation
of reducing sugars reinforces the anomeric effect in both
aldofuranosyl and aldopyranosy! ringfs2> We reasoned that
this effect might introduce additional stability to ring conformers
of 2 having the C+0O1 bond quasi-axial or near quasi-axial,
thus affecting the conformational energy profile, as suggested
from prior experimental studie8:*°To examine this possibility,
ab initio calculations were conducted brigt rotamer) and the
resulting energy and structure parameters compared to those
found previously for2gt.

Contrary to expectation, the conformational energy curves
for 5 and2gt are virtually identical, with both showing a global
energy minimum at Eand a local energy minimum &g
(Figure 11B). Energies of S forms &fare slightly lower than
observed for the same forms @fjit. Methyl glycosidation,
therefore, failed to introduce additional stability to forms
containing a quasi-axial G101 bond; at least ir2gt, methyl

(38) Snyder, J. R.; Serianni, A. €arbohydr. Res1987 163 169-
188.

(39) Duker, J.; Serianni, A. SCarbohydr. Res1993 249 281-303.
(40) Serianni, A. S.; Barker, Rl. Org. Chem1984 49, 3292-3300.
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glycosidation exerts virtually no effect on preferred conforma- profiles in which only one geometry, or a group of similar
tion in these in vacuo calculations. geometries, is highly preferred. In solution, solvation may play
All endocyclic CG-H bond lengths show the same dependence a key role in affecting these profiles; in the present study only
on ring conformation in5 and 2gt; absolute values are also theintrinsic intramolecular forces withi2 have been probed,
virtually identical (see Supporting Information, Figure 8). Only and only a few of the available degrees of freedom have been
the C1-H1 bond length changes noticeably upon glycosidation inspected. It is possible that, upon inspection of the complete
and is uniformly longer irb. It is interesting to note that, in the  energy surface or upon inclusion of solvation effe@gt and
conversion of 59-methyl-b-pentofuranoses to methgtpento- 2tg may display behavior more consistent with a two-state N/S
furanosidesgy; shifts upfield by~0.35 ppm, while all other model, but this issue remains to be addressed.
1H chemical shifts remain essentially unaltered upon glycosi-  Prior NMR studies have led to estimations of the populations
dation in configurations having O1 cis to €5The change in of hydroxymethyl group rotamers in methyl 2-deofyp-
C1—H1 bond length upon conversion 2§t to 4gt may be partly erythro-pentofuranosidé and 50-methyl 2-deoxyj-p-erythro-
responsible for thi®y; effect. pentofuranosé in aqueous solutioft42 In both 5 and 6, the
Both C—O bonds involving C1 are affected by methyl gt conformer appears to be most abundanb@%), with the
glycosidation (see Supporting Information, Figure 8), but the ggandtg rotamers approximately equally populated-&5%.
overall dependencies on ring conformation are identical. The These experimental findings are at odds with the relative
C1—-01 bond is uniformly shorter in the glycoside. The decrease Stabilities of 29g, 2gt, and 2tg predicted by the present
in C1—04 bond length in western conformers is more pro- calculations, wher@gg is found to be marginally more stable
nounced in5 than in2gt. The C4-04 bond length shows the than2gt and2tg. This discrepancy suggests a potential role of
same dependence on ring conformatios and2gt, but a small solvent in influencing these rotamer distributions or to limita-
decrease is observed uniformly in the glycoside; in contrast, tions in the conventional experimental applicatiori#; values
the C3-03 and C5-O5 curves are nearly superimposable for used to estimate these populations.

5 and2gt (see Supporting Information, Figure 9). The conformational preferences of aldopentofuranosyl rings,
In contrast to the comparatively large overall change irrC1  of which2is an example, will be influenced by several structural
01 bond length irs with ring conformation, the O*CHz bond factors?? including stereoelectronic anomeric and gauche ef-

exhibits only a very small change (See Supporting Information, fects?32#In 2, the ring oxygen (O4) plays a central role in the
Figure 8). Its dependence on ring conformation is biphasic, with latter effects, being involvedimultaneouslyin two gauche
minima located atE and E, and maxima located &E and E. effects with O3 and O5, and in an anomeric effect with O1.
Puckering amplitudet{,) and the C404—C1 bond angle Ring conformation modulates the anomeric effect and gauche
remain essentia”y the same %hand th, as do the endo- and effect with 03, whereas CAC5 bond rotation modulates the

exocyclic G-C bond lengths (see Supporting Information, gauche effect with O5. Thus, a complex interplay of stereo-

Figures 10 and 11). Very little change in €D1—CH; bond electronic forces is at work ig; the strength of each of these
angles is observed in the different ring conformer&diata factors is likely to be influenced by the nature of the remaining
not shown). two. For example, rotation of the €45 bond in2 may

The C1-O1 torsion angle exhibits essentially the same Modulate the strength of the anomeric effect by influencing the
dependence on ring conformationSrand2gt but is shifted to electronic character of O4. A quantitative determination of the
smaller values irb (see Supporting Information, Figure 12), effect of_ overall molecular structure on each of these stereo-
presumably in response to the greater steric demand of theelectronic factors will require systematic studies of deoxy
methyl aglycone. The remaining exocyclic torsions (T3, analogues of (i.e.,. removal of O3 or O1). It.would be useful,
C5—05, C4-C5) are virtually identical irb and 2gt. however, to quantify these effects f[o _establlsh th_e nature_of the

Overall, methyl glycosidation exerts minimal effects on the mterplay_between them and how this interplay ultimately directs
conformational energy and structure 2ijt, with most of the geometric preference.

minor structural changes occurring in the vicinity of C1 (e.g.,  While not discussed in this report, the present HF/6-31G*
C1—H1 bond lengthened; G101, C1-04, and C4-04 bonds calculations suggest the possible presence -6Hydrogen
shortened). bonds in west conformations &fg (between O1 and Hj that
may play a role in stabilizing these structures. The role of this
Conclusions type of hydrogen bonding in dictating carbohydrate conforma-

o o ) tion is presently unknown, but given the high concentration of
This investigation has examined the effect of three structural gjectronegative substituents in saccharides, it is conceivable that

variables on the conformatlonal energies, structural parametersgome G-H bonds will be sufficiently polarized to promote these
andJcy andJec NMR spin-couplings in 2-deoxy-p-erythro- interactions under some conditions. This potential structural
pentofuranos@ using molecular orbital theory (HF/6-31G* and  factor is worthy of further investigation.
B3LYP/6-31G* for geometry optimization; B3LYP/[5s2p1d,2s] (b) Rotation of the C4C5 bond has allowed further
for J-coupling calculations): rotation about the €85 bond exploration of the factors affecting-H, C—C, and G-O bond
(hydroxymethyl conformation), deoxygenation at C5, and methyl |engths in furanoses. The influence of 1,3- and 1,4-oxygen lone
glycosidation. A number of useful observations evolved from n5ir effects on these bond lengths, which were identified in

this work, which are summarized as follows: previous workl922has been confirmed. It should be appreciated
(a) Rotation of the C4C5 bond exerts major effects on the  that furanose rings are ideal test systems with which to evaluate

conformational energy and structure &f Overall conforma-  structural factors affecting saccharide molecular geometry. The

tional profiles differ significantly for2gg, 2gt, and 2tg. conformational flexibility of these rings allows straightforward

Importantly,2gg yields an energy profile consistent with a two-  and systematic sampling of a full range of bond orientations in
state exchange between N and S forms having comparable

energies, that is, a conformational model consistent with the __(41) Kline, P. C.; Serianni, A. SVlagn. Reson. Chenl99Q 28, 324-
common assumption underlying the treatment of NMR (42) Serianni, A. S.; Kline, P. C.; Snyder, J. RAm. Chem. S0499Q
couplings in furanose rings. In contra2gt and2tg yield energy 112 5886-5887.
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structures along the pseudorotational itinerary that are energeti-cally. The latter effort will help fulfill the long-term goal of
cally similar, in contrast to pyranose rings where such changesdeveloping an integrated, computerized analysis of the multiple
are made less easily and systematically and yield structuresJ-couplings within these rings to improve the assignment of
highly dissimilar in energy. preferred geometry and motional properties in solution.

(c) The results of this and previous work serve to emphasize  (e) The conformational energy profile and structural param-
the significant effects that bond rotations exert on the energies eters observed in the dideoxy analogugosely resemble those
and structures of saccharides. Meaningful comparisons betweemhserved ir2gt, but differ significantly from those observed in
different structures can only be made when the states of all 2ggand2tg. These observations lead to the conclusion that the
potentially rotatable bonds (with the exception of that which yse of4 as a simple structural mimic of the 2-deoxyribofuranose
has been purposely altered to evaluate its effect) are similarring in DNA in experimental and theoretical investigations is
between the compared stuctures. Unintended torsional changesiot justified, since C4C5 bond conformation igg in the
can occur spontaneously in geometric optimizations of saccha-pjopolymer.

rides and appear to be driven largely by the formation of (f) Methyl glycosidation of2 does not cause significant

intramolecular hydrogen bonds. Failure to identify, and correct changes in conformational energy profile and structural param-

or acco_unt for, these changes can lead t(? inappropriate andeters. An enhanced anomeric effect, as manifested in a selective,

misleading structgral arguments or c_oncl_usmng,. increased stabilization of conformers containing a quasi-axial
(d) The comparison of NMR-couplings involving*C (Jeu C1-01 bond, is not observed, at least not Bin these gas-

andJec) in 2gtand2gg provides new and valuable information  yhase calculations. As noted above, solvation effects may induce

on the effect of C4C5 bond rotation on scalar couplings2n such an effect in solution, as suggested by NMR regBif&

This comparison is essential to ongoing efforts to interpret these, \+ theintrinsic forces in2 do not appear to dictate such a

par?meter.s in Inucleic acids for V‘I’hiCh additional (Iaxperimﬁntal change upon methyl glycosidation. It is possible that, in other
conformationa 'cogstralnts would be beneficial. Of & ring configurations and substitution patterns, these effects will
couplings examinedJci; appear most affected by this rotation,  apifest themselves in gas-phase calculations, since a complex

presumably because substantial changes-H®ond length  jnierpiay of comparatively weak forces dictates ring geometry
accompany the rotation, in large part mediated by oxygen lone- , ihese compounds.

pair effects. These bond length changes appear to exert less
influence or?J and?3J values. Importantly, overall correlations
between) magnitude and ring conformation are conserved for
all couplings examined, and deviations, when observed, are
predictable on the basis of the findings of prior work. Predictions
of the effect of C4-C5 bond rotation orJ-couplings within

the ring and hydroxymethyl gro8pPhave been fulfilled in this
study, lending credibility to the rules for calculating/predicting
these couplings in new structures, and providing renewed
incentive to further develop these parameters as NMR probes
in nucleic acids. One factor that remains to be examined is the
effect of O-phosphorylation on these couplings, and efforts are
underway to examine this factor experimentally and theoreti- JA002525X
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