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The conformational preferences of the furanose rings in methylR-D-arabinofuranoside (1), methyl
â-D-arabinofuranoside (2), methyl R-D-lyxofuranoside (3), methyl â-D-lyxofuranoside (4), methyl R-D-
ribofuranoside (5), methyl â-D-ribofuranoside (6), methyl R-D-xylofuranoside (7), and methyl â-D-
xylofuranoside (8) have been studied in the gas (B3LYP/6-31+G**//B3LYP/6-31G*) and aqueous (B3LYP/
6-31+G**//SM5.42/BPW91/6-31G*) phases. The results of these theoretical investigations are compared to
previous theoretical and experimental results to determine the northern and southern minima in solution for
each glycoside.

Introduction

It has long been appreciated that the conformational prefer-
ences of biomolecules are important determinants of their
biological activity. This realization has prompted an enormous
amount of investigation in the areas of protein and DNA
conformation, and more recently these studies have been
extended to oligo- and polysaccharides.1 Of particular impor-
tance to this paper is the increasing number of reports that have
demonstrated the important role that substrate conformation
plays in the regulation of the biological activity of nucleoside-
and glycoside-processing enzymes. For example, Boons and co-
workers recently demonstrated that large differences in the rate
of sialylation of GlcNAc acceptors by rat liverR-(2f6)-
sialyltransferase can be substantially altered by varying the
conformational preferences of the acceptor away from the
unrestrained low-energy conformation.2 Additionally, in a series
of elegant papers, Marquez and co-workers have shown that
biasing the conformation of the furanose ring in nucleosides
can alter the ability of these molecules to act as substrates for
various enzymes including adenosine deaminase, HIV-1 reverse
transcriptase, and others.3

Several years ago we initiated a research program focused
on obtaining a better understanding of the conformational
preferences of theD-arabinofuranose ring system through
experimental and theoretical methods.4 The critical role that the
arabinofuranose ring system plays in the cell wall structure of
mycobacteria, including those species responsible for the
diseases leprosy and tuberculosis, prompted our interest in this
area.5 Our investigations were undertaken with the hope that a
detailed understanding of the conformational preferences of
oligosaccharides containing arabinofuranose rings would facili-
tate the design and synthesis of potent inhibitors of the enzymes
involved in mycobacterial cell wall biosynthesis.

The model we used to describe the conformational preferences
of the furanose rings in these molecules was the one developed
by Altona and Sundaralingam for ribonucleosides.6 This model
makes use of the pseudorotational wheel (Figure 1) to describe
the possible ring conformers. Structurally similar conformers
are located near one another on the wheel such that only small

conformational distortions between twist (T) and envelope (E)
conformers are required for pseudorotation between adjacent
conformers. Atoms that lie above the plane are denoted with a
superscript and those that lie below the plane by a subscript.
For a given furanose ring, the model assumes a dynamic
equilibrium of two conformers, one in the northern hemisphere
of the pseudorotational wheel and the other in the southern
hemisphere, termed, respectively, the northern (N) and southern
(S) conformers.

Recently, we became interested in extending our conforma-
tional studies to other aldopentofuranosides (1-8, Chart 1).4a,b

Our investigations to date have enabled us to improve and clarify
the results obtained by analysis of3JH,H data with the program
PSEUROT,8 not only for the arabinofuranose ring, but also for
other aldopentofuranosides. These studies have also, however,
underscored the complexity of understanding the conformational
preferences of some of these ring systems from NMR data alone.
Therefore, using computational methods, we have studied the
conformational preferences of1-8 both in the gas phase and
in a model of aqueous solution. We report here the results of
these computational investigations. In our studies we have
employed the locked-envelope method, which has been used
successfully by both us and others to study the conformation
of furanose ring systems.4c-e,7

Methods

Density functional theory (DFT) calculations were performed
using Gaussian 989 and the MN-GSM solvation method.10 For
each methyl furanoside1-8, 30 idealized envelope conformers
were generated in both the gas (B3LYP/6-31G*)11 and solution
(SM5.42/BPW91/6-31G*)12 phases as previously reported.4aFor
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Figure 1. Pseudorotational itinerary for aD-aldofuranose ring.
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each ring system1-8, three series of 10 idealized envelope
geometries (a total of 30 structures) were constructed differing
only in the orientation about the C4-C5 bond. In one series,
the orientation of this C4-C5 bond was gg, another gt, and the
third tg (Figure 2a). In all conformers, the aglycone was placed

in the position favored by the exo-anomeric effect, antiperiplanar
to C2.13 The orientations of the hydroxyl hydrogens were initially
set as follows: OH2 anti to C3, OH3 anti to C4, and OH5 anti to
C4 (Figure 2b). Each geometry was optimized first at the
B3LYP/6-31G* level in the gas phase and then at the SM5.42/
BPW91/6-31G* level for aqueous solvation with a single
endocyclic dihedral angle fixed at 0° to maintain the envelope
ring conformation. All of the other geometric parameters (bond
distances, bond angles, and dihedral angles) were allowed to
fully optimize. Upon gas-phase minimization, the orientation
about the exocyclic C-O bonds for some conformers changed.
These changes were generally to a position more favorable for
the formation of intramolecular H-bonds. Where these changes
occurred, they are noted below in the text. For the C1-O1 or
C4-C5 bond, no substantial rotameric changes were observed;
however, slight deviations away from ideally staggered orienta-
tions were sometimes found. Single-point energies were then
determined for both the gas- and solution-phase geometries at
the B3LYP/6-31+G** level of theory using the appropriate
geometries. We,4d-g and others,14 have shown that the inclusion
of such a single-point energy is critical for providing better
relative energies for intramolecularly hydrogen-bonded systems.
The solution-phase energy of each conformer was approximated
using eqs 1 and 2. The geometrical data for these conformers
were analyzed using the program ConforMole.15

Results

A. Methyl r-D-Arabinofuranoside (1). Geometrical Prefer-
ences. Optimization of the 30 locked-envelope conformers of
1 was not without difficulty. In fact, it was not possible to obtain
an optimized geometry for the4E-gg and E3-gg ring conformers
by locking a single ring dihedral angle in either the gas or
solution phase. At both the B3LYP/6-31G* and SM5.42/
BPW91/6-31G* levels of theory, these conformers flipped from
the 4E or E3 ring conformer to either the E4 or 3E ring form,
respectively. The low barrier for ring interconversion through
the planar form may be caused by the high energy of placing
theC4-hydroxymethyl group in a pseudoaxial position, particu-
larly for the gg C4-C5 rotamer in which OH5 is over the ring.
The 28 gas-phase conformers of1 were not substantially
stabilized by H-bonds. The1E and 3E ring conformers were
stabilized by weak O2-H‚‚‚O1 and O3-H‚‚‚O2 H-bonds,
respectively, in the gas phase. The E2 ring conformer was
stabilized by both these H-bonds. Optimization of these
conformers with the SM5.42 solvation model resulted in both
a lengthening of the H-bonds and a narrowing of the angle,
suggesting an overall weakening of the geometrical importance
of these interactions in solution. The puckering amplitudes (Φm)
of all of the gas- and aqueous-phase geometries of1 were within
a range of 20-41° (Table 1). The averageΦm for the solution-

phase geometries (35.0°) was slightly greater than that of the
gas-phase conformers of1 (34.8°). Both the gas- and solution-
phase conformers showed a marked dependence ofΦm upon
theP value. The furanose rings in the southern2E, E3, 4E, and
EO ring conformers were uniformly flatter than all of the other
ring forms by approximately 5°. This was likely due to steric
interactions arising from the pseudoaxial placement of the
secondary hydroxyl groups and theC4-hydroxymethyl group
in these conformers, which can be alleviated by flattening of
the furanose ring (see the Supporting Information, Figure S9).

Energetic Profiles. The gas- and solution-phase energy
diagrams of1 are shown in Figure 3. The gas-phase energy
diagram (Figure 3a) at the B3LYP/6-31+G**//B3LYP/6-31G*
level of theory has a predictable shape. The conformers in which
the furanose ring was locked in the northeastern portion of the

CHART 1

Figure 2. (a) Definition of gg, gt, and tg rotamers about the C4-C5

bond. (b) Initial orientations about the C-O bonds.

∆Gsolvation) ESM5.42/BPW91/6-31G* - EBPW91/6-31G*(gas) (1)

EB3LYP/6-31+G**//SM5.42/BPW91/6-31G*(solution))
EB3LYP/6-31+G**//SM5.42/BPW91/6-31G*(gas)+ ∆Gsolvation (2)

TABLE 1: Range and Average Value of Puckering
Amplitudes Present in 1-8 in the Gas and Aqueous Phases

compd

gasΦm

range
(deg)

gasΦm

av (deg)

solnΦm

range
(deg)

solnΦm

av (deg)

1 20-41 34.8 22-40 35.0
2 23-39 34.5 24-40 35.8
3 29-42 36.6 28-43 37.4
4 26-43 32.5 25-44 33.9
5 27-42 32.4 28-42 33.6
6 23-43 36.2 21-43 36.2
7 31-40 36.1 30-43 37.3
8 25-42 36.4 24-43 36.7
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pseudorotational itinerary are the lowest energy structures. This
was expected as theC4-hydroxymethyl group is in an equatorial
position in the3E and E4 ring conformers. In the gas phase, the
lowest energy conformers, E2-gg and3E-gg, were stabilized by
weak H-bonds and also benefit from a pseudoequatorial
placement of the OH2 and OH3 (Figure 4a). The lowest energy
geometries in the south were the E1-tg and2E-tg conformers
(Figure 4a). Although 2.6 kcal/mol above the global minimum,
they were stabilized by placement of the aglycone in a
pseudoaxial orientation as preferred by the anomeric effect. The
geometries in the western portion of the pseudorotational
itinerary were, as expected, highest in energy. The pseudoaxial
placement of theC4-hydroxymethyl group in these conformers
was particularly disfavored for the gg C4-C5 rotamer as
demonstrated by the difficulty in isolating two of the three ring
conformers (E3 and4E) which place this group in this orientation
(see above).

When the conformers of1 were optimized using the SM5.42
solvation model, the primary result was a decrease in strength
of intramolecular H-bonds, as discussed below. The global
minimum at the B3LYP/6-31+G**//SM5.42/BPW91/6-31G*
level of theory was the E1-gt conformer (Figures 3b and 4a).
This S minimum-energy ring conformer was expected to be a
low-energy structure as it places the aglycone in the position

favored by the anomeric effect. In solution, the E1-gt conformer
was of substantially lower relative energy than in the gas phase,
and we are unsure as to the origin of this decrease. The N
minimum in solution, the E4 ring conformer, was also expected
to be a low-energy ring conformer as theC4-hydroxymethyl
group is oriented equatorially (Figure 4a). The lowest energy
C4-C5 rotamer for all of the low-energy N ring conformers
was gt. The gt conformers had a higher solution-phase dipole
moment (average 3.4 D) than the gg and tg conformers (1.1
and 3.2 D, respectively), which may explain their increased
stability in the SM5.42 model of aqueous solution. The western
ring conformers are still higher energy structures than those in
the east, although the EO-tg conformer was of significantly lower
energy in solution (Figure 3b). Regardless, the western ring
conformers are still disfavored and are unlikely to contribute
to the Boltzmann distribution in aqueous solution.

Comparison to PreVious Studies. The N and S solution
minima found in this investigation agree well with previous
studies (Table 2). The crystal structure reported for1 has an E4
ring structure, and the N minimum found at the B3LYP/6-
31+G**//SM5.42/BPW91/6-31G* level of theory was E4-gt and
had the sameΦm as the crystal structure.16 The identities of the
N and S minima are also the same as those previously predicted
by analysis of1H NMR spectra4a (E4 and E1) and similar to

Figure 3. (a) Gas-phase relative energy profile of1 at the B3LYP/6-31+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 1 at the B3LYP/6-31+G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the C4-C5 bond. The line drawn connects the lowest energy rotamer for each ring form.
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those from more extensive gas-phase computational methods
(3T4 and2T1).4d,e

B. Methyl â-D-Arabinofuranoside (2). Geometrical Prefer-
ences. Optimization of the 30 ring conformers of2 in both the
gas and solution phases proceeded without difficulty. In almost
all instances, however, the OH2 hydrogen rotated from its
starting position (anti to the C2-C3 bond) to H-bond to the
aglycone oxygen. For three of the C4-C5 gg rotamers (2E, 4E,
and E3), a hydrogen-bonding network was formed in the gas-
phase geometries among OH2, OH5, and either the ring or
aglycone oxygen (O2-H‚‚‚O5-H‚‚‚O4(1)). This hydrogen-bond-
ing network was weakened for the2E and E3 conformers upon
optimization in aqueous solution as observed by a lengthening
of the distance between O5 and the ring or aglycone oxygen,
respectively, and a decrease in the corresponding O-H‚‚‚O
angle. Interestingly, unlike what was observed with1, the
average length and angle of the H-bonds present in the gas-
phase geometries did not change significantly upon optimization
in aqueous solvent. Ring puckering in the gas- and solution-
phase conformers of2 varied from 23° to 40° with average
values of 34.5° and 35.8°, respectively (Table 1). The E4-tg
and EO-gg conformers were significantly less puckered than the
other 28 conformers with gas-phaseΦm values below 27°.
Optimization at the SM5.42/BPW91/6-31G* level of theory
significantly increased the amount of pucker in the furanose
ring of the E4-tg conformer, but the EO-gg conformer remained
quite flat with aΦm value of only 24.5°.

Energetic Profiles. The gas-phase energy distribution of2 at
the B3LYP/6-31+G**//B3LYP/6-31G* level of theory is quite
different from that of1 (compare Figures 3a and 5a). The global

minimum was the E2-gg conformer (Figure 4b). This conformer
was stabilized by a moderately strong H-bond between OH2

and O1, pseudoequatorial orientation of the secondary hydroxyl
groups, and pseudoaxial orientation of the aglycone. Another
N conformer,3E-gg, which was approximately 1 kcal/mol higher
in energy, differed primarily in that it lacked the pseudoaxial
orientation of the aglycone. The E2-gt conformer was also of
energy similar to that of the E2-gg conformer, but the tg rotamer
was significantly higher in energy, likely because it was the
only conformer of2 that was not stabilized by a H-bond of any
type. H-bonding also played a major role in stabilization of the
2E-gg,4E-gg, and E3-gg conformers. Figure 5a shows that these
conformers formed a low-energy area in the southwestern
portion of the pseudorotational itinerary, with the4E ring
conformer being the S minimum (Figure 4b). As discussed
above, these conformers were stabilized by a strong H-bonding
network in the gas phase. The relative energies of the gt and tg
conformers suggest that the2E ring conformers would likely
be the S minima without the exaggerated stabilization of this
H-bonding network. This was resolved when the effects of
solvation on2 were included.

The solution-phase energy diagram of2 at the B3LYP/6-
31+G**//SM5.42/BPW91/6-31G* level of theory is shown in
Figure 5b. The global minimum was the same ring form seen
in the gas phase, E2, but the gt rotamer was lower in energy
than the gg rotamer (Figure 4b). TheΦm of the E2-gt conformer
was 37.8°. The gt C4-C5 rotamer was found to be either lower
in energy or similar in energy to the gg rotamer for all of the
ring conformers of2 studied. This was in contrast to the gas-
phase results, in which the gg rotamer was preferred, and

Figure 4. Northern and southern minima of (a)1 and (b)2 at the B3LYP/6-31+G**//B3LYP/6-31G* (gas) and B3LYP/6-31+G**//SM5.42/
BPW91/6-31G* (solution) levels of theory.

TABLE 2: Conformational Preferences of the Furanose Rings in 1-8 As Determined by This Study,3JH,H and 3JC,O,C,H Data,4b

and X-ray Crystallography16,18

gas-phase minima solution-phase minima NMR conformer distribution

compd north south north south north family %N south family %S
crystal

structure

1 3E E1 E4 E1 E4 39 E1 61 E4

2 E2
4E E2

4E E2 87 2E 13 1T2

3 E2
2E OE E3

3E 65 4T3 35 3E
4 1E 4E E2

4E E2 77 1E 23
5 E4

2E E4
2E E1 100

6 3E 4E 1E 4E E2 86 OE 14 E2

7 OE 2E 3E E1 E1 100 2E
8 E2 E3 E2

4E E2 78 4TO 22
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suggested that the gt rotamer is better able to interact with
aqueous solvent than the gg C4-C5 rotamer. The higher average
dipole moment of the gt conformers (2.3 D) than the gg
conformers (2.0 D) supports this argument. The southern portion
of the pseudorotational itinerary was a largely flat, high-energy
surface. For each C4-C5 rotamer the lowest energy ring form
was2E. The S minimum was the2E-tg conformer, which was
stabilized by a moderate H-bond between OH2 and the O1

(Figure 4b). The gt and gg rotamers were 0.2 and 0.4 kcal/mol
higher in energy, respectively. It should be noted that the three
C4-C5 rotamers (2E, 4E, and E3) that were stabilized by a strong
H-bonding network increased dramatically in energy in com-
parison to other conformers in the pseudorotational itinerary
upon consideration of solvation effects and the conformer (E2-
tg) which was not stabilized by any H-bonds decreased in
energy. This was in agreement with intuition, which suggests
that H-bonds should be less important in aqueous solvent than
in the gas phase.

Comparison to PreVious Studies. The results of this study
are in agreement with other experimental and theoretical studies
that have demonstrated that the lowest energy structure of2 is
betweenP ) 325° and P ) 351° (Table 2). The ring forms
found by X-ray crystallography16 and 1H NMR studies,4a 1T2

and 3T2, are on either side of the E2 ring conformer found in
this study. More extensive theoretical studies have also found

the major ring conformer tobe in this region.4c The crystal
structure of2 had aΦm of 0.39 Å (∼0.39°), only 0.01 Å more
than the solution-phase global minimum in the current study.
All computational investigations of2 have found the S
conformer to be only a minor contributor to the Boltzmann
distribution. No crystal structure of a southern ring form of2
has been published, but1H NMR studies suggest that either the
E3 or 2E ring form is present as approximately 10% of the
aqueous distribution. However, this study, and previous theoreti-
cal approaches,4d,17 have found the2E ring conformer to be
slightly lower in energy than the E3 ring conformer.

C. Methyl r-D-Lyxofuranoside (3). Geometrical Prefer-
ences. Optimization of the 30 conformers of3 at the B3LYP/
6-31G* level of theory produced a family of conformers with
substantial H-bonding. This was anticipated as all three hydroxyl
groups are oriented cis and are therefore well situated for the
formation of intramolecular H-bonds. The strongest and most
prevalent H-bonding interactions were O3-H‚‚‚O2 and
O5-H‚‚‚O3. Several conformers did, however, also have O5-
H‚‚‚O2 or O3-H‚‚‚O5 H-bonding, and the1E, E2, and3E ring
conformers were further stabilized by a weak H-bond from OH2

to O1. The latter interaction was only possible in ring conformers
that situated OH2 pseudoequatorial and therefore closer to O1.
Optimization of the gas-phase conformers of3 at the SM5.42/
BPW91/6-31G* level of theory did not significantly alter the

Figure 5. (a) Gas-phase relative energy profile of2 at the B3LYP/6-31+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 2 at the B3LYP/6-31+G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the C4-C5 bond. The line drawn connects the lowest energy rotamer for each ring form.
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geometries. The length and angle of the H-bonds remained
virtually unchanged, although most H-bonds grew slightly
stronger (shorter OH‚‚‚O distance, more linear OH‚‚‚O angle)
upon optimization in aqueous solvent. Puckering of the furanose
rings of 3 did not differ significantly between the gas and
aqueous phases. The only conformer with aΦm less than 32°
was the E3-tg conformer, which had aΦm of approximately
29°. The maximum Φm was 42.7° in the solution-phase
geometry of the E4-gg conformer. Optimization at the SM5.42/
BPW91/6-31G* level of theory caused the average ring pucker-
ing to increase slightly from 36.6° in the gas phase to 37.4° in
solution (Table 1).

Energetic Profiles. The gas-phase energy distribution of3 is
shown in Figure 6a. The most general and striking feature of
this energy profile was that for almost every envelope conformer
the lowest energy C4-C5 rotamer was tg and the highest energy
C4-C5 rotamer was gt. This was entirely due to the increased
ability of the tg rotamers to form a H-bond from OH5 to O3

and the inability of the gt rotamer to form a H-bond between
OH5 and either O2 or O3. Although in the gt conformers OH5
could have formed a H-bond to O4, this was not observed. The
remarkably high energy of the3E-gg and E4-gg conformers was
similarly a result of decreased H-bonding stabilization relative
to that of the other 28 conformers. The lowest energy structures
at the B3LYP/6-31+G**//B3LYP/6-31G* level of theory were

the E1-tg, 2E-gg, and2E-tg conformers (Figure 7a). These three
conformers were stabilized by a moderately strong H-bonding
network from OH5 to O3 and from OH3 to O2. These ring forms
were further stabilized by placement of the aglycone and OH2

in stereoelectronically favored axial or pseudoaxial positions,
respectively. The gas-phase N minimum-energy structures were
the gg and tg conformers of the E2 ring conformer (Figure 7a),
although the tg conformers of theOE and E4 ring forms were
only slightly higher in energy.

The solution-phase energy distribution of3 was likely more
realistic as the B3LYP/6-31+G**//SM5.42/BPW91/6-31G*
level of theory dealt better with the effect of H-bonds than the
gas-phase calculations, which exaggerated the amount of
stabilization derived from H-bonds. The solution energy dis-
tribution of 3 (Figure 6b) did not favor or disfavor a particular
C4-C5 rotamer as seen in the gas phase. The global minimum
E3-gt conformer was stabilized by a single H-bond from OH3

to O2 (Figure 7a). This conformer may also receive stabilization
from the gauche effect with the ring oxygen as OH2 is oriented
pseudoaxially. The precise identity of the N minimum could
not be determined from this study as several low-energy
conformers exist in the eastern portion of the pseudorotational
itinerary. The OE-gg conformer is the N minimum 1.0
kcal/mol above the global minimum (Figure 7a), but the gt and
tg conformers of the E4 ring form are just 0.2 and 0.3 kcal/mol

Figure 6. (a) Gas-phase relative energy profile of3 at the B3LYP/6-31+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 3 at the B3LYP/6-31+G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the C4-C5 bond. The line drawn connects the lowest energy rotamer for each ring form.
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higher in energy, respectively. Such small energetic differences
are not particularly meaningful, especially in structures that were
optimized with a geometrical constraint. Regardless, these
conformers were significantly lower in energy than the other
northern and western ring forms and should constitute the
northern minimum in experimental studies. These conformers
are stabilized by pseudoequatorial placement of theC4-hy-
droxymethyl group and pseudoaxial placement of the aglycone.

Comparison to PreVious Studies. The conformational prefer-
ences of 3 have not been studied as extensively as the
arabinofuranose and ribofuranose ring systems, but this is not
the first study of lyxofuranose conformational preferences. The
crystal structure16 of 3 is a 3E ring conformer, as is the N, and
global, minimum from analysis of3JH,H data4a (Table 2).
Although the current study found the two adjacent envelope
conformers, E4 and E2, to be low-energy structures, the3E ring
conformer was not predicted to be a significant contributor to
the solution distribution. This may be the result of insufficient
sampling of the conformational space in the current study. The
crystal structure of3 had aΦm of 0.43 Å (∼43°), which is
substantially greater than that of the other crystalline methyl
aldopentofuranosides. Similarly, the current study also found
the furanose ring of3 to be more highly puckered than the other
seven furanose ring systems examined (Table 1). Analysis of
3JH,H data alone could not determine the identity of the S
minimum, but recently we used3JC1,H4 to clarify that the4T3

ring conformer was more likely than the2T1 conformer.4b This
proposal is validated by the current study, which found the
global minimum to be the E3 ring conformer, the one adjacent
to the conformer found by analysis of the3JH,H and3JC,H data
(Table 2). The only previous theoretical study of the confor-
mational preferences of3 used fewer starting geometries, but
did allow complete geometry optimization, and is therefore an
interesting complement to this study.18 In that investigation
Evdokimov and co-workers found a2E southern and global
minimum and an E4 northern minimum. These results are in
qualitative agreement with the current study, although it should
be noted that, without more extensive geometric sampling,
comparisons of this nature are of limited value.

D. Methyl â-D-Lyxofuranoside (4). Geometrical Prefer-
ences. The 30 optimized gas-phase conformers of4 were the
most strongly H-bonded of the eight compounds investigated.

Almost every gg and tg conformer was stabilized by an O5-
H‚‚‚O3-H‚‚‚O2-H‚‚‚O1 H-bonding network. The exceptions
to this trend were the gg rotamers of the E1, 2E, E3, and4E ring
conformations in which OH2 was H-bonded to O5 instead of
O1. The E3-gg and4E-gg conformers further differed from the
other 28 conformers of4 in that OH5 was H-bonded to O1
instead of O3. It should also be noted that for each ring
conformer the gt rotamers were stabilized by only two H-bonds
(O2-H‚‚‚O1 and O3-H‚‚‚O2). Optimization of the gas-phase
conformers of3 at the SM5.42/BPW91/6-31G* level of theory
did not dramatically change most of the geometries. For
example, the length and angle of most of the H-bonds became
stronger (e.g., shorter and wider) upon optimization in aqueous
solvent. However, several of the H-bonds that were relatively
weak in the gas phase relaxed significantly upon optimization
in aqueous solution. The H-bond between OH5 and O3 in the
2E-gg,3E-tg, and E4-tg conformers increased in length by more
than 0.5 Å, and the H-bond between the OH5 and O1 increased
in length by 0.34 Å. These rearrangements were also ac-
companied by decreases in the O-H‚‚‚O angle. The furanose
rings of 4 were less highly puckered than those of its anomer
3. The average gas-phaseΦm in 4 was 32.5°, and the puckering
only increased to 33.9° upon optimization at the SM5.42/
BPW91/6-31G* level of theory. The range ofΦm values was
25-44° (Table 1).

Energetic Profiles. The gas-phase energetic distribution of
conformers (Figure 8a) was dissimilar from those discussed
previously. This is most evident in the low energy of the western
ring conformers relative to the energy of the eastern conformers.
The net effect is an overall flattening of the potential energy
surface. This can be explained, at least in part, by the preferred
pseudoaxial placement of the aglycone, which is possible only
in the northwestern portion of the pseudorotational itinerary.
As seen in the gas-phase distribution of3, the gt rotamer was
highly disfavored, likely as a result of its decreased H-bonding
ability. The global minimum of4 at the B3LYP/6-31+G**//
B3LYP/6-31G* level of theory was the1E-tg conformer (Figure
7b). This conformer was stabilized by three H-bonds, as
discussed above, and an axial orientation of the aglycone. The
EO and E2 ring conformers were also low-energy structures, but
the southern minimum was the4E-tg conformer (Figure 7b).
However, the4E-gg conformer was only 0.1 kcal/mol higher in

Figure 7. Northern and southern minima of (a)3 and (b)4 at the B3LYP/6-31+G**//B3LYP/6-31G* (gas) and B3LYP/6-31+G**//SM5.42/
BPW91/6-31G* (solution) levels of theory.
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energy. The low energy of this ring conformer was unexpected
as it placed theC4-hydroxymethyl group axial, but can best be
understood in terms of the gg and tg rotamers’ increased ability
to form a strong network of H-bonds with minimal distortion
of covalent bonds.

The general features of the energetic distribution of4 at the
B3LYP/6-31+G**//SM5.42/BPW91/6-31G* level of theory
were similar to those in the gas phase (Figure 8b). The lowest
energy conformers were in the northwestern portion of the
pseudorotational itinerary, and the highest energy conformers
were in the southeastern portion. The N minimum, however,
was shifted slightly to the E2-gg conformer, which still placed
the aglycone in a pseudoaxial orientation, but allowed theC4-
hydroxymethyl group a less axial orientation (Figure 7b). The
E2-gg conformer was stabilized by the same H-bonding network
as most of the other conformers of4 with no significant
deviations in the distance or angle of H-bonding. The same could
be said of the H-bond stabilization of the lowest energy
conformer in the southern hemisphere,4E-tg (Figure 7b). The
4E ring conformer was also the S minimum within each family
of C4-C5 rotamers (despite the unusual O2-H‚‚‚O5-H‚‚‚O3-
H‚‚‚O2 H-bonding pattern present in the4E-gg conformer). The
increased stability of this ring conformer was likely a result of
its increased ability to form highly cooperative H-bonding
networks.

Comparison to PreVious Studies. To date, there has been little
investigation of the conformational preferences of4. No X-ray
crystal structure is available, and the analysis of3JH,H data by
PSEUROT has been frustrated by multiple possible mathemati-
cal solutions. Recently, using3JC1,H4 data, we were able to
eliminate several of the solutions found by analysis of only3JH,H

data, but it remained unclear whether the solution distribution
was a 3:1 mixture of the E2 and 1E ring conformers or a 3:2
mixture of the E4 and E3 ring conformers.4b The theoretical
approach reported here agrees well with analysis of3JH,H and
3JC,H data such that in solution,4 exists as a 3:1 mixture of the
E2 and1E ring conformers (Table 2). The results of this approach
also eliminate the E4 and E3 ring conformer solution on the
basis of the relatively high energy of these ring forms as shown
in Figure 8.

E. Methyl r-D-Ribofuranoside (5).Geometrical Preferences.
Optimization of the 30 starting geometries of5 at the B3LYP/
6-31G* level of theory proceeded without complication. In every
instance, the hydrogens of OH2 and OH3 rotated to form a O3-
H‚‚‚O2-H‚‚‚O1 H-bonding network. This was expected and
unavoidable due to the cis relationship of the secondary hydroxyl
groups and the aglycone. Surprisingly, OH3 did not H-bond to
either O1 or O4 in any of the 30 conformers studied. The average
length and angle of the O2-H‚‚‚O1 H-bond (1.92 Å, 121.4°)
indicated that it was slightly stronger than the O3-H‚‚‚O2

Figure 8. (a) Gas-phase relative energy profile of4 at the B3LYP/6-31+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 4 at the B3LYP/6-31+G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the C4-C5 bond. The line drawn connects the lowest energy rotamer for each ring form.
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H-bond (2.00 Å, 120.2°). Optimization at the SM5.42/BPW91/
6-31G* level of theory caused only minor geometrical rear-
rangements, particularly as measured by H-bond arrangements.
The average length of the O2-H‚‚‚O1 H-bond remained the
same in aqueous solvent, but the bond angle widened slightly
(to 122.6°), indicating a slight increase in H-bond strength. The
average strength of the O3-H‚‚‚O2 H-bond also increased
slightly (to 1.96 Å and 123.5°). This apparent strengthening of
H-bonds at the SM5.42/BPW91/6-31G* level of theory mirrors
that seen in the other furanosides studied. TheR-D-ribofuranosyl
rings hadΦm values from 27° to 42° in the gas and solution
phases (Table 1), and the averageΦm increased slightly from
32.4° to 33.6° upon optimization at the SM5.42/BPW91/6-31G*
level of theory. At both levels of theory, the ring conformers in
the northeastern portion of the pseudorotational itinerary (P )
18-90°) were more highly puckered (averageΦm ) 37.8°) than
the other ring conformers (averageΦm ) 31.0°; see the
Supporting Information).

Energetic Profiles. Figure 9a illustrates the gas-phase energy
distribution of 5. The N (E4-gt) and S (2E-gg) minima were
similar in energy, with the2E-gg conformer being only
0.1 kcal/mol higher in energy than the E4-gt conformer (Figures
9a and 10a). The E4 ring conformer is stabilized by an equatorial
orientation of theC4-hydroxymethyl group and the2E ring
conformer by a pseudoaxial orientation of the aglycone. The
western portion of the pseudorotational itinerary was higher in

energy than the eastern region in large measure because of the
undesirable orientation of theC4-hydroxymethyl group and the
aglycone. The energy of theR-D-ribofuranosyl rings did not
vary consistently as a function ofΦm, as detailed in the
Supporting Information.

Optimization of the gas-phase geometries at the SM5.42/
BPW91/6-31G* level of theory led to no significant changes
in the geometries. Due to the identical H-bonding pattern in all
30 conformers, the energetic distribution of5 was not altered
significantly either (Figure 9). The global and N minimum
remained the E4-gt conformer (Figure 10a). The identity of the
S minimum also remained the same,2E-gg, but it increased in
energy relative to the N minimum. At the B3LYP/6-31+G**//
SM5.42/BPW91/6-31G* level of theory, the S minimum was
0.4 kcal/mol higher in energy than the global minimum. The
conformers in the western portion of the pseudorotational
itinerary were still significantly higher in energy than the eastern
conformers, suggesting that they would not contribute to the
solution distribution of ring conformers.

Comparison to PreVious Studies. The conformational prefer-
ences of the furanose ring in5 have not been studied nearly as
extensively as itsâ-anomer,6. No crystal structure is available
for purposes of comparison, but analysis of3JH,H and3JC,H data
suggests that5 exists solely as the E1 ring conformer in solution
(Table 2).4b The present study did find the E1 ring conformer
to be the S minimum, but the global minimum, which is in the

Figure 9. (a) Gas-phase relative energy profile of5 at the B3LYP/6-31+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 5 at the B3LYP/6-31+G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the C4-C5 bond. The line drawn connects the lowest energy rotamer for each ring form.
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northern hemisphere, was 0.5 kcal/mol lower in energy. This
small energy difference could be attributed to insufficient
sampling of the conformational space of5.

F. Methyl â-D-Ribofuranoside (6).Geometrical Preferences.
Geometry optimization of the 30 conformers of6 at the B3LYP/
6-31G* level of theory created a diversity of H-bonding patterns.
The majority of conformers were stabilized by an O3-H‚‚‚O2

H-bond. EO-gt, EO-tg, and1E-tg, however, were stabilized by
an O2-H‚‚‚O3 H-bond. Several gg rotamers were stabilized by
a second H-bond from OH5 to O1 (4E and E3) or to O4 (2E). All
three C4-C5 rotamers of the2E and E1 conformers were
stabilized by a weak H-bond from the OH2 to the aglycone
oxygen. The only conformer that was not stabilized by any
H-bonds was the E2-gg conformer. Optimization of these gas-
phase conformers at the SM5.42/BPW91/6-31G* level of theory
led to more reorganization than was observed in the other ring
systems. The orientation of the1E-tg H-bond actually changed
from O2-H‚‚‚O3 in the gas phase to O3-H‚‚‚O2 in solution.
The orientation of the exocyclic bonds in other conformers
remained the same, however, with the only significant change
being a general shortening of all but two of the H-bonds. The
H-bond involving OH5 in the E3-gg and 2E-gg conformers
weakened as measured from 0.1 and 0.2 Å increases in length,
respectively. TheΦm of the furanose ring in6 varied from 21°
to 43° with an average value of 36.2° (Table 1). The eastern
OE and E1 ring forms, however, were more puckered (average
Φm ) 41.6°). The averageΦm of the â-D-ribofuranosyl ring
did not change upon optimization at the SM5.42/BPW91/6-31G*
level of theory.

Energetic Profiles. The low-energy regions of the energetic
distribution of6 at the B3LYP/6-31+G**//B3LYP/6-31G* level
of theory are dominated by strongly H-bonded conformers
(Figure 11a). The S and global minimum-energy conformer,
4E-gg, was one of three gg conformers stabilized by a
moderately strong H-bond involving OH5 (Figure 10b). The
other two conformers, E3-gg and2E-gg, were also low-energy
structures at this level of theory. The amount of stabilization
received from the weak H-bond between OH2 and O1 appeared
to be minimal as the2E and E1 ring conformers were not

particularly low energy structures. The E2-gt and 3E-gg ring
conformers were both 3.1 kcal/mol above the global minimum
and were the lowest energy northern ring conformers. Both were
stabilized by a gauche interaction between the ring oxygen and
one of the secondary hydroxyl groups. The E2 ring conformer
was further stabilized by the pseudoaxial orientation of the
aglycone.

The energetic importance of H-bonds seemed to decrease in
the solution-phase energy distribution of6 (Figure 11b). The
conformers, particularly4E-gg, with a strong H-bonding network
remained low-energy structures, but the global minimum1E-
gg conformer was stabilized by a single O3-H‚‚‚O2 H-bond
(Figure 10b). The primary stabilization of the1E-gg conformer
was from the axial orientation of the aglycone and a gauche
interaction between the ring oxygen and the pseudoaxially
located OH2. The E2 and 3E ring conformers were also low-
energy N ring forms. As already mentioned, the4E-gg conformer
was the S minimum-energy structure, largely due to stabilization
from two moderate H-bonds (Figure 10b). TheΦm of this
conformer increased to 35.0° in the solution phase.

Comparison to PreVious Studies. The conformational prefer-
ences of6 have been studied more extensively than those of
the other methyl aldopentofuranosides due to the biological
importance of nucleosides containing theâ-D-ribofuranosyl ring.
The crystal structure16 and analysis of3JH,H data4b have found
the E2 ring conformer to be the dominant ring form in solution
(Table 2). The present study found the E2 ring form to be a
low-energy structure, but the global minimum in solution was
the adjacent1E ring form. The 0.4 kcal/mol difference between
the two ring forms could easily be an artifact of the planar
constraint used to lock each ring in an envelope geometry.
Analysis of the3JH,H data also suggests that the S minimum is
the OE ring form. However, it appears from the current study
that the minor contributor to the Boltzmann distribution is more
likely the 4E ring conformer, but as it is such a minor contributor
(<10%), it would be difficult to determine this experimentally.
Ab initio studies of the conformational preferences of the
reducing sugarâ-D-ribofuranose produced results in qualitative
agreement with the current study.7b In particular, both studies

Figure 10. Northern and southern minima of (a)5 and (b)6 at the B3LYP/6-31+G**//B3LYP/6-31G* (gas) and B3LYP/6-31+G**//SM5.42/
BPW91/6-31G* (solution) levels of theory.
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found the Φm to be the greatest for conformers in the
northeastern portion of the pseudorotational itinerary and the
least for conformers in the western portion. The general
energetic trends of the two studies are similar, but as the
previous study was carried out on the reducing sugar, not with
the methyl glycoside studied here, direct comparisons are
difficult.

G. Methyl r-D-Xylofuranoside (7). Geometrical Prefer-
ences. Optimization of the 30 conformers of7 at the B3LYP/
6-31G* level of theory produced a variety of H-bonding patterns.
All conformers except the2E-gg structure were stabilized by a
H-bond from OH2 to O1. The2E-gg conformer was also atypical
in that it was the only conformer stabilized by a H-bond from
OH5 to O4. The only other gg and tg conformers that were not
stabilized by a H-bond from OH5 to O3 were the3E-gg,3E-tg,
and E4-gg conformers. None of the gt conformers were stabilized
by a H-bond involving OH5. The 2E and E3 ring conformers
were stabilized by an additional weak O3-H‚‚‚O2 H-bond.
Optimization of the gas-phase conformers at the SM5.42/
BPW91/6-31G* level of theory produced no gross reorganiza-
tion of the H-bonding patterns. The O3-H‚‚‚O2 H-bond
weakened slightly as measured by an average lengthening of
the distance between the hydrogen and acceptor oxygen of 0.06
Å and decrease of the H-bond angle by 2°. In contrast, the
average length of the O5-H‚‚‚O3 H-bond decreased and the
H-bond angle increased upon optimization, which suggests a

strengthening of this H-bond. The strength of the O2-H‚‚‚O1

H-bond appeared unchanged by optimization in the SM5.42
model of aqueous solution. Both the gas- and solution-phase
structures of7 had a small distribution ofΦm values (Table 1).
Most conformers had aΦm from 35° to 40° (see the Supporting
Information), and similar to the other rings, theΦm increased
slightly upon optimization in the SM5.42 model of aqueous
solvent (Table 1).

Energetic Profiles. The lowest energy structure at the B3LYP/
6-31+G**//B3LYP/6-31G* level of theory was the2E-tg
conformer (Figures 12a and 13a). As expected, this was one of
the more highly H-bonded structures with a total of three
H-bonds. Placement of both secondary hydroxyl groups in an
equatorial position as well as axial arrangement of the aglycone
further stabilized this conformer. The closely related E1-tg
conformer was only slightly higher in energy in the gas phase.
However, the structurally similar2E-gg conformer was stabilized
only by a single, weak H-bond and was therefore 5.6 kcal/mol
higher in energy than its counterpart with the tg orientation about
the C4-C5 bond. The entire northern portion of the pseudoro-
tational itinerary was significantly higher in energy than the
southern portion as a result of the equatorial placement of the
aglycone and axial orientation of the secondary hydroxyl groups.
The N minimumOE-tg conformer was 1.6 kcal/mol above the
global minimum (Figures 12a and 13a). This conformer was
stabilized by axial placement of the aglycone, equatorial

Figure 11. (a) Gas-phase relative energy profile of6 at the B3LYP/6-31+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 6 at the B3LYP/6-31+G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the C4-C5 bond. The line drawn connects the lowest energy rotamer for each ring form.
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placement of theC4-hydroxymethyl group, and two moderate
H-bonds as discussed above. The gt rotamers were substantially
higher in energy than the gg and tg conformers in the gas phase
because of their inability to H-bond to O3. Regardless, within
the gt conformer series, the same ring conformers were found
to be low-energy species.

Inclusion of solvent effects at the B3LYP/6-31+G**//
SM5.42/BPW91/6-31G* level of theory caused only minor
rearrangements in the energy profile compared to the gas-phase
results discussed above (Figure 12). The southern ring conform-
ers remained lowest in energy with the eastern portion of the
pseudorotational itinerary slightly lower in energy than the
western structures. The identity of the global minimum,
however, did shift slightly to the E1-gt ring conformer (Figure
13a), as a result of the decreased importance of H-bond
stabilization in the SM5.42 model for aqueous solvation. The
solution-phase global minimum (E1-gt) was stabilized only by
a H-bond from OH2 to O1, whereas the gas-phase global
minimum (2E-tg) was stabilized by three H-bonds. The gas-
phase global minimum and the other two C4-C5 rotamers of
the solution-phase E1-gt conformer were the next lowest energy
conformers in solution at approximately 2.0 kcal/mol. The axial
placement of the aglycone in these two low-energy ring
conformers suggests the importance of the anomeric effect in
stabilization of the methylR-D-xylofuranoside ring conforma-

tions. The N minimum was also a gt rotamer, the3E ring
conformer. The E2, E4, and OE ring conformers were only,
however, approximately 0.5 kcal/mol higher in energy. Among
these lower energy northern structures the3E conformer was
stabilized by pseudoequatorial arrangement of theC4-hy-
droxymethyl group and stereoelectronically preferred axial
placement of the secondary hydroxyl groups. The stabilization
achieved by H-bond formation appeared negligible in both
northern and southern conformers as observed by the lower
energy of many gt rotamers relative to gg and tg rotamers of
the same ring conformation.

Comparison to PreVious Studies. An X-ray crystal structure
of 7 was recently reported showing a2E ring conformation.16

The current study found this ring conformation to be the gas-
phase global minimum and a low-energy structure in aqueous
solution. Analysis of3JH,H data alone had been inconclusive,
but analysis of3JH,H and 3JC,H data indicates that7 exists
primarily as the E1 ring form in aqueous solution (Table 2).4b

This was also found to be a low-energy gas-phase structure and
the solution-phase global minimum in the current study.
Analysis of 3JH,H data also suggests that less than 10% of7
may exist as the1T2 ring conformation. The current study is
consistent with the proposal that the1T2 ring conformation is a
low-energy geometry as the envelope conformer adjacent to this
twist form, E2, is the low-energy N conformer in solution.

Figure 12. (a) Gas-phase relative energy profile of7 at the B3LYP/6-31+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 7 at the B3LYP/6-31+G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the C4-C5 bond. The line drawn connects the lowest energy rotamer for each ring form.
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Finally, this theoretical study confirms our earlier finding that
7 does not exist as a 2:3 mixture of the1E and E3 ring
conformations, one of two possible conformer solutions pre-
dicted by using3JH,H data alone in the conformational analyses.
As shown in Figure 12, the1E and E3 ring conformers are high-
energy structures in both the gas and solution phases. To our
knowledge, this is the first theoretical study of the conforma-
tional preferences of anR-D-xylofuranoside.

H. Methyl â-D-Xylofuranoside (8).Geometrical Preferences.
Optimization of the 30 envelope geometries of8 at the B3LYP/
6-31G* level of theory produced a family of conformers with
a large diversity of hydrogen-bonding patterns. The most
prevalent and strongest H-bond type was between OH5 and O3.
The average length of this bond for the gg and tg rotamers was
2.05 Å, and the average bond angle was 131.1°. All of the gg
and tg rotamers were stabilized by this type of H-bond except
the 4E-gg and E3-gg conformers in which OH5 was H-bonded
to O1. None of the gt rotamers were stabilized by H-bonds
involving OH5. Two conformers,3E-gg and E2-gg, were also
stabilized by a transannular H-bond from the OH3 to O1. The
southern2E and E1 ring conformers were further stabilized by
weak O2-H‚‚‚O1 and O3-H‚‚‚O2 H-bonds; the E3 ring con-
former was also stabilized by the latter type of H-bond.
Optimization at the SM5.42/BPW91/6-31G* level of theory
produced mixed results. On average, the weak H-bonds present
in the gas-phase conformers became weaker, but the moderate
H-bonds became stronger. For example, the average length of
the O3-H‚‚‚O2 H-bond increased by 0.07 Å, while the average
length of the H-bond from OH5 to O3 decreased by the same
amount. The bond angles and other H-bond types indicated the
same trend (see the Supporting Information). TheΦm of the
â-D-xylofuranosyl ring varied from 24° to 43° (Table 1). The
averageΦm in the gas phase was slightly less (36.4°) than for
the solution-phase (36.7°) conformers of8.

Energetic Profiles. The relative energy of the conformers of
8 at the B3LYP/6-31+G**//B3LYP/6-31G* level of theory were
heavily biased by H-bond strengths. The N and global minimum
E2-gg conformer was stabilized by two moderately strong

H-bonds, one from OH5 to the O3 and the other from OH3 to
the O1 (Figures 13b and 14a). The other low-energy N
conformer was 0.6 kcal/mol higher in energy and stabilized by
the same H-bonding pattern, although the OH3 to O1 H-bond
was 0.4 Å longer and 10° narrower. The S minimum was also
highly stabilized by H-bonds. The E3-tg conformer was 0.4
kcal/mol higher in energy than the global minimum, stabilized
by one moderate H-bond and one weak H-bond as described
above. The other low-energy southern structures were structur-
ally similar and also stabilized by at least one moderate H-bond
and one weak H-bond. Additional stabilization of the2E and
E3 ring conformers was achieved by equatorial placement of
the secondary hydroxyl groups.

The solution-phase energy diagram of8 at the B3LYP/6-
31+G**//SM5.42/BPW91/6-31G* level of theory was the most
featureless found in this study. The highest energy conformer
was only 2.5 kcal/mol above the global minimum. Because of
the similar energetics of the conformers studied, detailed analysis
of the results is difficult. The energy profile suggested that the
lowest energy ring conformation was in the2E to 4E range. The
other ring forms were approximately 1.0 kcal/mol higher in
energy. The highest energy ring conformation wasOE, but that
was only 1.4 kcal/mol above the global minimum. Therefore,
analysis of Figure 14b suggested that8 should exist in solution
predominantly as a southern ring form in the2E to 4E range.
The identity of the N minimum was not clarified, although the
OE ring conformation would be the most unlikely.

Comparison to PreVious Studies. To our knowledge, the only
conformational information available to date for8 is from
analysis of3JH,H and3JC,H data in aqueous solution.4b Analysis
of these data found the N minimum to be the E2 ring conformer
and the S minimum to be either the4TO or EO ring conformer
depending upon the number of data points used in the analysis.
The theoretical approach reported here found an E2 ring
conformer to be the global minimum in the gas phase and the
N minimum in solution. Both the gas- and solution-phase results
found the4E ring conformers to be lower in energy than the EO

ring conformers, suggesting that8 most likely exists as a 4:1

Figure 13. Northern and southern minima of (a)7 and (b)8 at the B3LYP/6-31+G**//B3LYP/6-31G* (gas) and B3LYP/6-31+G**//SM5.42/
BPW91/6-31G* (solution) levels of theory.
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ratio of the E2 and 4TO ring conformations as suggested by
analysis of all available variable-temperature3JH,H data (Table
2).4b

Conclusions

In this paper we have detailed the conformational preferences
of the furanose ring in1-8 in both the gas (B3LYP/6-31+G**//
B3LYP/6-31G*) and aqueous solution (B3LYP/6-31+G**//
SM5.42/BPW91/6-31G*) phases. Detailed analysis of the
geometrical and energetic data revealed the following.

(1) Intramolecular H-bonds of moderate strength in the gas
phase remained geometrically important in the SM5.42 model
of aqueous solution, although the energetic stability derived from
these H-bonds was significantly reduced in solution. H-bonds
that were weak in the gas phase generally weakened further
upon optimization in solution as measured by the length and
angle of the H-bonds. Interestingly, however, stronger hydrogen
bonds in the gas phase (shorter and more linear) generally
became stronger upon SM5.42 optimization.

(2) TheΦm of most furanose rings did vary as a function of
P value with ring conformers fromP ) 18° to P ) 90° having
the largestΦm and ring conformers fromP ) 161° to P ) 270°
having the smallest. The ring systems in which this was most
pronounced were1, 5, and6.

(3) When the gas-phase and solutionΦm values are compared,
the latter are slightly larger. This is consistent with decreased
intramolecular hydrogen bonding, which provides greater flex-
ibility to the ring.

(4) TheΦm values of the furanose ring in low-energy gas-
and solution-phase conformers of1-8 correspond well with
those seen in available crystal structures.

(5) Substantial agreement exists between the results of this
theoretical study and those from previous experimental studies.
We propose, therefore, the solution-phase conformational
preferences of all eight natural aldopentofuranosides can now
be assigned with reasonable confidence (Table 2).

These findings will enable further experimental studies of
furanose ring conformation in more complicated and larger
carbohydrate systems. Furthermore, the important structural role
played by H-bonds, even in solution, requires further analysis.
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Figure 14. (a) Gas-phase relative energy profile of8 at the B3LYP/6-31+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 8 at the B3LYP/6-31+G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the C4-C5 bond. The line drawn connects the lowest energy rotamer for each ring form.
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