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Gas- and Solution-Phase Energetics of the Methyd- and f-p-Aldopentofuranosides
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The conformational preferences of the furanose rings in methyl-arabinofuranoside 1j, methyl
p-p-arabinofuranoside 2§, methyl a-p-lyxofuranoside 8), methyl g-p-lyxofuranoside 4), methyl o-b-
ribofuranoside %), methyl g-p-ribofuranoside €), methyl a-p-xylofuranoside 7), and methyl 5-b-
xylofuranoside §) have been studied in the gas (B3LYP/6+33**//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.
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It has long been appreciated that the conformational prefer- =0 B,
ences of biomolecules are important determinants of their i/ \OT
biological activity. This realization has prompted an enormous E °f X 000 04
amount of investigation in the areas of protein and DNA i | E
conformation, and more recently these studies have been To\\ /~°T1
extended to oligo- and polysaccharide®f particular impor- E pa:
tance to this paper is the increasing number of reports that have ATy 1800 2Ty

; ; E
demonstrated the important role that substrate conformation som B

plays in the regulation of the biological activity of nucleoside- Figure 1. Pseudorotational itinerary for m-aldofuranose ring.

and glycoside-processing enzymes. For example, Boons and co- . . . .

workers recently demonstrated that large differences in the rateconformational distortions between twist (T) and envelope (E)
of sialylation of GIcNAc acceptors by rat livee-(2—6)- conformers are required for pseudorotation between adjacent
sialyltransferase can be substantially altered by varying the cOnformers. Atoms that lie above the plane are denoted with a
conformational preferences of the acceptor away from the SUPerscript and those that lie below the plane by a subscript.
unrestrained low-energy conformatidAdditionally, in a series ~ FOr @ given furanose ring, the model assumes a dynamic
of elegant papers, Marquez and co-workers have shown that€auilibrium of two conformers, one in the northern hemisphere
biasing the conformation of the furanose ring in nucleosides ©f the pseudorotational wheel and the other in the southern
can alter the ability of these molecules to act as substrates for"€misphere, termed, respectively, the northern (N) and southern

various enzymes including adenosine deaminase, HIV-1 reverselS) conformers. _ ) )
transcriptase, and othets. Recently, we became interested in extending our conforma-

dtional studies to other aldopentofuranosides§, Chart 1)*2°
Our investigations to date have enabled us to improve and clarify
the results obtained by analysis%f; 4 data with the program
PSEUROTS not only for the arabinofuranose ring, but also for

f other aldopentofuranosides. These studies have also, however,

underscored the complexity of understanding the conformational

mycobacteria, including those species responsible for the ; ¢ fth . " ¢ NMR data al
diseases leprosy and tuberculosis, prompted our interest in thi references of some of these ring systems from ata alone.
herefore, using computational methods, we have studied the

area® Our investigations were undertaken with the hope that a : tonal bref 4£-8 both in th h d
detailed understanding of the conformational preferences of conformational preterences oth In the gas phase an

oligosaccharides containing arabinofuranose rings would facili- It?] a model ofta?ueolus SOI”J'Ont: We rleport hetre dt_he resulkt]s of
tate the design and synthesis of potent inhibitors of the enzymes ese computational investigations. In our studies we have
employed the locked-envelope method, which has been used

involved in mycobacterial cell wall biosynthesis. )
. . successfully by both us and others to study the conformation
The model we used to describe the conformational preferences ff . o7
. . uranose ring systenf§:e:
of the furanose rings in these molecules was the one developecxo
by Altona and Sundaralingam for ribonucleosi@&sis model
. ; . _Methods
makes use of the pseudorotational wheel (Figure 1) to describe ) _ )
the possible ring conformers. Structurally similar conformers ~ Density functional theory (DFT) calculations were performed
are located near one another on the wheel such that only smallusing Gaussian 9&nd the MN-GSM solvation methdd For
each methyl furanoside-8, 30 idealized envelope conformers

*To whom correspondence should be addressed. E-mail: lowary.2@ Were generated in both the gas (B3LYP/§'31@ahd solution
osu.edu, hadad.1@osu.edu. (SM5.42/BPW91/6-31G*f phases as previously reporttdror
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Several years ago we initiated a research program focuse
on obtaining a better understanding of the conformational
preferences of thep-arabinofuranose ring system through
experimental and theoretical methddEhe critical role that the
arabinofuranose ring system plays in the cell wall structure o
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each ring systeni—38, three series of 10 idealized envelope
geometries (a total of 30 structures) were constructed differing
only in the orientation about the,€Cs bond. In one series,
the orientation of this &-Cs bond was gg, another gt, and the
third tg (Figure 2a). In all conformers, the aglycone was placed
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Figure 2. (a) Definition of gg, gt, and tg rotamers about the-Cs
bond. (b) Initial orientations about the<© bonds.

in the position favored by the exo-anomeric effect, antiperiplanar
to C,.13 The orientations of the hydroxyl hydrogens were initially
set as follows: Oklanti to G, OHs anti to G, and OH 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/
BPW091/6-31G* level for aqueous solvation with a single
endocyclic dihedral angle fixed af @ 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 €0 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-O; or
C,—Cs bond, no substantial rotameric changes were observed;
however, slight deviations away from ideally staggered orienta-
tions were sometimes found. Single-point energies were then

Houseknecht et al.
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Results

A. Methyl a-p-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 tH&-gg and k-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 *E or E; ring conformer to either the for °E ring form,
respectively. The low barrier for ring interconversion through
the planar form may be caused by the high energy of placing
the C4-hydroxymethyl group in a pseudoaxial position, particu-
larly for the gg G—Cs rotamer in which OHis over the ring.
The 28 gas-phase conformers @fwere not substantially
stabilized by H-bonds. ThéE and®E ring conformers were
stabilized by weak @-H---O; and Q—H---O, H-bonds,
respectively, in the gas phase. The iing 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)(
of all of the gas- and aqueous-phase geometriésaadre within
arange of 26-41° (Table 1). The averag®, for the solution-

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

gasdn, soin®p,

range gas®nm range soln®y,

compd (deg) av (deg) (deg) 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 28-43 374
4 26—-43 325 25-44 33.9
5 27-42 324 28-42 33.6
6 23-43 36.2 2143 36.2
7 31-40 36.1 30-43 37.3
8 25-42 36.4 24-43 36.7

phase geometries (38)0was slightly greater than that of the

determined for both the gas- and solution-phase geometries afgas-phase conformers ©f(34.8). Both the gas- and solution-

the B3LYP/6-31%G** level of theory using the appropriate
geometries. Wé4-9 and otherd# have shown that the inclusion

of such a single-point energy is critical for providing better
relative energies for intramolecularly hydrogen-bonded systems.

phase conformers showed a marked dependenceofipon
the P value. The furanose rings in the southé E;, “E, and
Eo ring conformers were uniformly flatter than all of the other
ring forms by approximately 5 This was likely due to steric

The solution-phase energy of each conformer was approximatedinteractions arising from the pseudoaxial placement of the
using eqs 1 and 2. The geometrical data for these conformerssecondary hydroxyl groups and ti&-hydroxymethyl group

were analyzed using the program ConforMble.

AGgovation= Esws.a2/8pwore 316+ — EBPWQl/G—slG*(gas) 1)

EBBLYP/6—31+G**//SM5.42/BPW91/6—31G*(so|ution) =

EB3LYP/6—31+G**//SM5.42/BPW91/6—31G*(gas)+ AGsolvation (2)

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 ofl are shown in Figure 3. The gas-phase energy

diagram (Figure 3a) at the B3LYP/6-3G**//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
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Figure 3. (a) Gas-phase relative energy profileloat the B3LYP/6-3%+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 1 at the B3LYP/6-3%+G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the G—Cs bond. The line drawn connects the lowest energy rotamer for each ring form.
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pseudorotational itinerary are the lowest energy structures. Thisfavored by the anomeric effect. In solution, thedE conformer
was expected as th&-hydroxymethyl group is in an equatorial ~ was of substantially lower relative energy than in the gas phase,
position in the’E and g ring conformers. In the gas phase, the and we are unsure as to the origin of this decrease. The N
lowest energy conformersfgg and®E-gg, were stabilized by ~ minimum in solution, the Ering conformer, was also expected
weak H-bonds and also benefit from a pseudoequatorial to be a low-energy ring conformer as tig-hydroxymethyl
placement of the Ofand OH; (Figure 4a). The lowest energy  group is oriented equatorially (Figure 4a). The lowest energy
geometries in the south were the-f§ and?E-tg conformers C4—Cs rotamer for all of the low-energy N ring conformers
(Figure 4a). Although 2.6 kcal/mol above the global minimum, was gt. The gt conformers had a higher solution-phase dipole
they were stabilized by placement of the aglycone in a moment (average 3.4 D) than the gg and tg conformers (1.1
pseudoaxial orientation as preferred by the anomeric effect. Theand 3.2 D, respectively), which may explain their increased
geometries in the western portion of the pseudorotational stability in the SM5.42 model of aqueous solution. The western
itinerary were, as expected, highest in energy. The pseudoaxialring conformers are still higher energy structures than those in
placement of th&,-hydroxymethyl group in these conformers the east, although the;Hg conformer was of significantly lower
was particularly disfavored for the gg4€Cs rotamer as energy in solution (Figure 3b). Regardless, the western ring
demonstrated by the difficulty in isolating two of the three ring conformers are still disfavored and are unlikely to contribute
conformers (gand“E) which place this group in this orientation  to the Boltzmann distribution in aqueous solution.
(see above). Comparison to Preious StudiesThe N and S solution
When the conformers df were optimized using the SM5.42  minima found in this investigation agree well with previous
solvation model, the primary result was a decrease in strengthstudies (Table 2). The crystal structure reportedlfbas an &
of intramolecular H-bonds, as discussed below. The global ring structure, and the N minimum found at the B3LYP/6-
minimum at the B3LYP/6-31G**//SM5.42/BPW91/6-31G* 31+G**//SM5.42/BPW91/6-31G* level of theory wast and
level of theory was the Egt conformer (Figures 3b and 4a). had the samé, as the crystal structufé.The identities of the
This S minimum-energy ring conformer was expected to be a N and S minima are also the same as those previously predicted
low-energy structure as it places the aglycone in the position by analysis offH NMR spectrd? (E4 and &) and similar to
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Figure 4. Northern and southern minima of (d)and (b)2 at the B3LYP/6-3%+G**//B3LYP/6-31G* (gas) and B3LYP/6-3tG**//SM5.42/
BPW91/6-31G* (solution) levels of theory.

TABLE 2: Conformational Preferences of the Furanose Rings in 3-8 As Determined by This Study,3Jy 4 and 3Jc o cn Data,*®
and X-ray Crystallography16.18

gas-phase minima solution-phase minima NMR conformer distribution crystal
compd north south north south north family %N south family %S structure

1 SE =1 E4 Ex Es 39 =] 61 E
2 E, E E ‘E E 87 ’E 13 T,
3 E, ’E OE Es SE 65 “Ts 35 SE
4 E E E ‘E E 77 E 23

5 Es ’E Es ’E =1 100

6 °E ‘E E ‘E E 86 OE 14 B
7 OE ’E SE E: = 100 ’E
8 E, Es E, ‘E E 78 “To 22

those from more extensive gas-phase computational methodsminimum was the Egg conformer (Figure 4b). This conformer

(®T4 and?2T,).4de was stabilized by a moderately strong H-bond betweern, OH
B. Methyl B-p-Arabinofuranoside (2). Geometrical Prefer- and Q, pseudoequatorial orientation of the secondary hydroxyl
ences Optimization of the 30 ring conformers @fin both the groups, and pseudoaxial orientation of the aglycone. Another

gas and solution phases proceeded without difficulty. In almost N conformer2E-gg, which was approximately 1 kcal/mol higher
all instances, however, the QHhydrogen rotated from its  in energy, differed primarily in that it lacked the pseudoaxial
starting position (anti to the £ C3 bond) to H-bond to the  orientation of the aglycone. Thefgt conformer was also of
aglycone oxygen. For three of the-0Cs gg rotamers?g, “E, energy similar to that of theggg conformer, but the tg rotamer
and B), a hydrogen-bonding network was formed in the gas- was significantly higher in energy, likely because it was the
phase geometries among @HOHs, and either the ring or  only conformer of2 that was not stabilized by a H-bond of any
aglycone oxygen (&-H:--Os—H-:+O4(1)). This hydrogen-bond-  type. H-bonding also played a major role in stabilization of the
ing network was weakened for tRE and & conformers upon  2E-gg,*E-gg, and B-gg conformers. Figure 5a shows that these
optimization in aqueous solution as observed by a lengtheningconformers formed a low-energy area in the southwestern
of the distance betweens@nd the ring or aglycone oxygen, portion of the pseudorotational itinerary, with tH& ring
respectively, and a decrease in the correspondirgH® O conformer being the S minimum (Figure 4b). As discussed
angle. Interestingly, unlike what was observed withthe above, these conformers were stabilized by a strong H-bonding
average length and angle of the H-bonds present in the gas-network in the gas phase. The relative energies of the gt and tg
phase geometries did not change significantly upon optimization conformers suggest that tR& ring conformers would likely
in aqueous solvent. Ring puckering in the gas- and solution- be the S minima without the exaggerated stabilization of this
phase conformers d varied from 23 to 40° with average H-bonding network. This was resolved when the effects of
values of 34.5 and 35.8, respectively (Table 1). The,Hg solvation on2 were included.
and EB-gg conformers were significantly less puckered thanthe  The solution-phase energy diagram 2ft the B3LYP/6-
other 28 conformers with gas-phads, values below 27 31+G**//SM5.42/BPW91/6-31G* level of theory is shown in
Optimization at the SM5.42/BPW91/6-31G* level of theory Figure 5b. The global minimum was the same ring form seen
significantly increased the amount of pucker in the furanose in the gas phase,zEbut the gt rotamer was lower in energy
ring of the &-tg conformer, but the &gg conformer remained  than the gg rotamer (Figure 4b). Ttig, of the E-gt conformer
quite flat with a®y, value of only 24.5. was 37.8. The gt G—Cs rotamer was found to be either lower
Energetic ProfilesThe gas-phase energy distribution2cdt in energy or similar in energy to the gg rotamer for all of the
the B3LYP/6-31#-G**//B3LYP/6-31G* level of theory is quite ring conformers of studied. This was in contrast to the gas-
different from that oflL (compare Figures 3a and 5a). The global phase results, in which the gg rotamer was preferred, and
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Figure 5. (a) Gas-phase relative energy profileat the B3LYP/6-3%+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 2 at the B3LYP/6-3%G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the G—Cs bond. The line drawn connects the lowest energy rotamer for each ring form.

suggested that the gt rotamer is better able to interact with the major ring conformer tobe in this regiéhThe crystal
aqueous solvent than the gg-€Cs rotamer. The higher average  structure of2 had a®y, of 0.39 A (~0.39), only 0.01 A more
dipole moment of the gt conformers (2.3 D) than the gg than the solution-phase global minimum in the current study.
conformers (2.0 D) supports this argument. The southern portion All computational investigations of have found the S
of the pseudorotational itinerary was a largely flat, high-energy conformer to be only a minor contributor to the Boltzmann
surface. For each &£ Cs rotamer the lowest energy ring form  distribution. No crystal structure of a southern ring form2of
was?E. The S minimum was théE-tg conformer, which was  has been published, bt NMR studies suggest that either the
stabilized by a moderate H-bond between Oahd the @ Ez or 2E ring form is present as approximately 10% of the
(Figure 4b). The gt and gg rotamers were 0.2 and 0.4 kcal/mol aqueous distribution. However, this study, and previous theoreti-
higher in energy, respectively. It should be noted that the three cal approache¥:1? have found the’E ring conformer to be
C4—Cs rotamers{E, “E, and B) that were stabilized by a strong  slightly lower in energy than thes&ing conformer.
H-bonding network increased dramatically in energy in com-  C. Methyl a-pD-Lyxofuranoside (3). Geometrical Prefer-
parison to other conformers in the pseudorotational itinerary ences Optimization of the 30 conformers &fat the B3LYP/
upon consideration of solvation effects and the conformer (E  6-31G* level of theory produced a family of conformers with
tg) which was not stabilized by any H-bonds decreased in substantial H-bonding. This was anticipated as all three hydroxyl
energy. This was in agreement with intuition, which suggests groups are oriented cis and are therefore well situated for the
that H-bonds should be less important in aqueous solvent thanformation of intramolecular H-bonds. The strongest and most
in the gas phase. prevalent H-bonding interactions were 3-€H---O, and
Comparison to Preious StudiesThe results of this study = Os—H---Os. Several conformers did, however, also hawe-O
are in agreement with other experimental and theoretical studiesH-:-O, or O;—H-++Os H-bonding, and théE, E,, and3E ring
that have demonstrated that the lowest energy structueésof ~ conformers were further stabilized by a weak H-bond fromyOH
betweenP = 325° and P = 351° (Table 2). The ring forms  to Oy. The latter interaction was only possible in ring conformers
found by X-ray crystallograpH§ and'H NMR studies? 1T, that situated Oklpseudoequatorial and therefore closer to O
andS3T,, are on either side of the,Eing conformer found in Optimization of the gas-phase conformers3dt the SM5.42/
this study. More extensive theoretical studies have also found BPW91/6-31G* level of theory did not significantly alter the
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Figure 6. (a) Gas-phase relative energy profileht the B3LYP/6-3+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 3 at the B3LYP/6-3%+G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the G—Cs bond. The line drawn connects the lowest energy rotamer for each ring form.

geometries. The length and angle of the H-bonds remainedthe E-tg, 2E-gg, anc’E-tg conformers (Figure 7a). These three
virtually unchanged, although most H-bonds grew slightly conformers were stabilized by a moderately strong H-bonding
stronger (shorter OH-O distance, more linear OHO angle) network from OH to Oz and from OH to O,. These ring forms
upon optimization in aqueous solvent. Puckering of the furanose were further stabilized by placement of the aglycone ang OH
rings of 3 did not differ significantly between the gas and in stereoelectronically favored axial or pseudoaxial positions,
aqueous phases. The only conformer wittbg less than 32 respectively. The gas-phase N minimum-energy structures were
was the B-tg conformer, which had &, of approximately the gg and tg conformers of the Eng conformer (Figure 7a),
29°. The maximum®, was 42.7 in the solution-phase  although the tg conformers of tfRE and g ring forms were
geometry of the Egg conformer. Optimization at the SM5.42/  only slightly higher in energy.
BPW91/6-31G* level of theory caused the average ring pucker-  The solution-phase energy distribution®fvas likely more
ing to increase slightly from 36°6n the gas phase to 37.4h realistic as the B3LYP/6-3tG**//SM5.42/BPW91/6-31G*
solution (Table 1). level of theory dealt better with the effect of H-bonds than the
Energetic ProfilesThe gas-phase energy distribution3of gas-phase calculations, which exaggerated the amount of
shown in Figure 6a. The most general and striking feature of stabilization derived from H-bonds. The solution energy dis-
this energy profile was that for almost every envelope conformer tribution of 3 (Figure 6b) did not favor or disfavor a particular
the lowest energy £-Cs rotamer was tg and the highest energy C,—Cs rotamer as seen in the gas phase. The global minimum
C,—Cs rotamer was gt. This was entirely due to the increased Ez-gt conformer was stabilized by a single H-bond from OH
ability of the tg rotamers to form a H-bond from Qkb O3 to O, (Figure 7a). This conformer may also receive stabilization
and the inability of the gt rotamer to form a H-bond between from the gauche effect with the ring oxygen as QOsloriented
OHs and either Q or Os. Although in the gt conformers OH pseudoaxially. The precise identity of the N minimum could
could have formed a H-bond to,Cthis was not observed. The not be determined from this study as several low-energy
remarkably high energy of thi€-gg and k-gg conformers was  conformers exist in the eastern portion of the pseudorotational
similarly a result of decreased H-bonding stabilization relative itinerary. The °E-gg conformer is the N minimum 1.0
to that of the other 28 conformers. The lowest energy structureskcal/mol above the global minimum (Figure 7a), but the gt and
at the B3LYP/6-3%+G**//B3LYP/6-31G* level of theory were tg conformers of the Ering form are just 0.2 and 0.3 kcal/mol
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Figure 7. Northern and southern minima of (8)and (b)4 at the B3LYP/6-3%+G**//B3LYP/6-31G* (gas) and B3LYP/6-3tG**//SM5.42/
BPW91/6-31G* (solution) levels of theory.

higher in energy, respectively. Such small energetic differences Almost every gg and tg conformer was stabilized by a0
are not particularly meaningful, especially in structures that were H---O3—H---O,—H---O; H-bonding network. The exceptions
optimized with a geometrical constraint. Regardless, these to this trend were the gg rotamers of thg ¥, E, and*E ring
conformers were significantly lower in energy than the other conformations in which OKHlwas H-bonded to ©instead of
northern and western ring forms and should constitute the O;. The &-gg and*E-gg conformers further differed from the
northern minimum in experimental studies. These conformers other 28 conformers o# in that OH was H-bonded to ©
are stabilized by pseudoequatorial placement of @heny- instead of @. It should also be noted that for each ring
droxymethyl group and pseudoaxial placement of the aglycone. conformer the gt rotamers were stabilized by only two H-bonds
Comparison to Preious StudiesThe conformational prefer-  (O,—H---O; and Q@—H-:-O,). Optimization of the gas-phase
ences of3 have not been studied as extensively as the conformers of3 at the SM5.42/BPW91/6-31G* level of theory
arabinofuranose and ribofuranose ring systems, but this is notdid not dramatically change most of the geometries. For
the first study of lyxofuranose conformational preferences. The example, the length and angle of most of the H-bonds became
crystal structur® of 3 is a3E ring conformer, as is the N, and  stronger (e.g., shorter and wider) upon optimization in aqueous

global, minimum from analysis ofJyy datd? (Table 2). solvent. However, several of the H-bonds that were relatively
Although the current study found the two adjacent envelope weak in the gas phase relaxed significantly upon optimization
conformers, Eand &, to be low-energy structures, tBE ring in aqueous solution. The H-bond between £dd G in the

conformer was not predicted to be a significant contributor to 2E-gg,3E-tg, and E-tg conformers increased in length by more
the solution distribution. This may be the result of insufficient than 0.5 A, and the H-bond between the £itd Q increased
sampling of the conformational space in the current study. The in length by 0.34 A. These rearrangements were also ac-
crystal structure o3 had a®,, of 0.43 A (~43°), which is companied by decreases in the-B---O angle. The furanose
substantially greater than that of the other crystalline methyl rings of 4 were less highly puckered than those of its anomer
aldopentofuranosides. Similarly, the current study also found 3. The average gas-pha$e, in 4 was 32.8, and the puckering
the furanose ring o3 to be more highly puckered than the other only increased to 33°9upon optimization at the SM5.42/
seven furanose ring systems examined (Table 1). Analysis of BPW91/6-31G* level of theory. The range dfy, values was
8Jun data alone could not determine the identity of the S 25-44° (Table 1).
minimum, but recently we usetlc; a4 to clarify that the*Ts Energetic Profiles The gas-phase energetic distribution of
ring conformer was more likely than tB&; conformer** This conformers (Figure 8a) was dissimilar from those discussed
proposal is validated by the current study, which found the previously. This is most evident in the low energy of the western
global minimum to be the &ring conformer, the one adjacent ring conformers relative to the energy of the eastern conformers.
to the conformer found by analysis of tB&; 4 and3Jc 4 data The net effect is an overall flattening of the potential energy
(Table 2). The only previous theoretical study of the confor- surface. This can be explained, at least in part, by the preferred
mational preferences & used fewer starting geometries, but pseudoaxial placement of the aglycone, which is possible only
did allow complete geometry optimization, and is therefore an in the northwestern portion of the pseudorotational itinerary.
interesting complement to this stuéf/In that investigation As seen in the gas-phase distribution3pthe gt rotamer was
Evdokimov and co-workers found % southern and global  highly disfavored, likely as a result of its decreased H-bonding
minimum and an Enorthern minimum. These results are in  ability. The global minimum o# at the B3LYP/6-3%+G**//
qualitative agreement with the current study, although it should B3LYP/6-31G* level of theory was th¥-tg conformer (Figure
be noted that, without more extensive geometric sampling, 7b). This conformer was stabilized by three H-bonds, as
comparisons of this nature are of limited value. discussed above, and an axial orientation of the aglycone. The
D. Methyl p-p-Lyxofuranoside (4). Geometrical Prefer- Eo and E ring conformers were also low-energy structures, but
ences The 30 optimized gas-phase conformerddafere the the southern minimum was tH&-tg conformer (Figure 7b).
most strongly H-bonded of the eight compounds investigated. However, theé'E-gg conformer was only 0.1 kcal/mol higher in
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Figure 8. (a) Gas-phase relative energy profiledat the B3LYP/6-3%+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 4 at the B3LYP/6-3%G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the G—Cs bond. The line drawn connects the lowest energy rotamer for each ring form.

energy. The low energy of this ring conformer was unexpected Comparison to Preious StudiesTo date, there has been little

as it placed the&,-hydroxymethyl group axial, but can best be

investigation of the conformational preferencegtoNo X-ray

understood in terms of the gg and tg rotamers’ increased ability crystal structure is available, and the analysisJpfy data by

to form a strong network of H-bonds with minimal distortion
of covalent bonds.

The general features of the energetic distributiod at the
B3LYP/6-31+G**//SM5.42/BPW91/6-31G* level of theory

PSEUROT has been frustrated by multiple possible mathemati-
cal solutions. Recently, usinglcing data, we were able to
eliminate several of the solutions found by analysis of Gy
data, but it remained unclear whether the solution distribution

were similar to those in the gas phase (Figure 8b). The lowestwas a 3:1 mixture of the Fand'E ring conformers or a 3:2
energy conformers were in the northwestern portion of the mixture of the & and B ring conformers? The theoretical
pseudorotational itinerary, and the highest energy conformersapproach reported here agrees well with analysi&ef; and
were in the southeastern portion. The N minimum, however, *Jc+ data such that in solutiod, exists as a 3:1 mixture of the

was shifted slightly to the £g9g conformer, which still placed
the aglycone in a pseudoaxial orientation, but allowedGhe

E, and!E ring conformers (Table 2). The results of this approach
also eliminate the Eand E ring conformer solution on the

hydroxymethyl group a less axial orientation (Figure 7b). The basis of the relatively high energy of these ring forms as shown
E>-gg conformer was stabilized by the same H-bonding network in Figure 8.

as most of the other conformers df with no significant

E. Methyl a-p-Ribofuranoside (5). Geometrical Preferences

deviations in the distance or angle of H-bonding. The same could Optimization of the 30 starting geometries®at the B3LYP/
be said of the H-bond stabilization of the lowest energy 6-31G* level of theory proceeded without complication. In every

conformer in the southern hemisphetg;tg (Figure 7b). The
4E ring conformer was also the S minimum within each family
of C4—Cs rotamers (despite the unusugl-H-+-Os—H---O3—
H---O, H-bonding pattern present in thE-gg conformer). The
increased stability of this ring conformer was likely a result of
its increased ability to form highly cooperative H-bonding
networks.

instance, the hydrogens of @QEnd OH; rotated to form a @-
H-++O,—H---O; H-bonding network. This was expected and
unavoidable due to the cis relationship of the secondary hydroxyl
groups and the aglycone. Surprisingly, ©did not H-bond to
either Q or Oy in any of the 30 conformers studied. The average
length and angle of the ©-H---O; H-bond (1.92 A, 121.9)
indicated that it was slightly stronger than thg----O,
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Figure 9. (a) Gas-phase relative energy profilesoat the B3LYP/6-3%+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 5 at the B3LYP/6-3%G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the G—Cs bond. The line drawn connects the lowest energy rotamer for each ring form.

H-bond (2.00 A, 120.9. Optimization at the SM5.42/BPW91/
6-31G* level of theory caused only minor geometrical rear-

energy than the eastern region in large measure because of the
undesirable orientation of thHey-hydroxymethyl group and the

rangements, particularly as measured by H-bond arrangementsaglycone. The energy of the-p-ribofuranosyl rings did not

The average length of the,©H---O; H-bond remained the

vary consistently as a function ob,, as detailed in the

same in aqueous solvent, but the bond angle widened slightly Supporting Information.

(to 122.6), indicating a slight increase in H-bond strength. The
average strength of the 3©H---O, H-bond also increased
slightly (to 1.96 A and 1233. This apparent strengthening of
H-bonds at the SM5.42/BPW91/6-31G* level of theory mirrors
that seen in the other furanosides studied. diteribofuranosyl
rings had®y, values from 27 to 42 in the gas and solution
phases (Table 1), and the averabg 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 itinerBry=(
18—90°) were more highly puckered (averagg, = 37.8) than
the other ring conformers (averagb, = 31.0°; see the
Supporting Information).

Energetic ProfilesFigure 9a illustrates the gas-phase energy
distribution of 5. The N (&-gt) and S {E-gg) minima were
similar in energy, with the’E-gg conformer being only
0.1 kcal/mol higher in energy than the-gt conformer (Figures
9a and 10a). The&ing conformer is stabilized by an equatorial
orientation of theC4-hydroxymethyl group and théE ring

Optimization of the gas-phase geometries at the SM5.42/
BPW091/6-31G* 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 ®fvas not altered
significantly either (Figure 9). The global and N minimum
remained the gt conformer (Figure 10a). The identity of the
S minimum also remained the samE;gg, but it increased in
energy relative to the N minimum. At the B3LYP/6-8G**//
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 Preious StudiesThe conformational prefer-
ences of the furanose ring fhave not been studied nearly as
extensively as itg-anomer6. No crystal structure is available
for purposes of comparison, but analysi$&fy and3Jc y data
suggests théi exists solely as the Eing conformer in solution

conformer by a pseudoaxial orientation of the aglycone. The (Table 2)*f The present study did find the; Eing conformer

western portion of the pseudorotational itinerary was higher in

to be the S minimum, but the global minimum, which is in the
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Figure 10. Northern and southern minima of (&)and (b)6 at the B3LYP/6-3%+G**//B3LYP/6-31G* (gas) and B3LYP/6-3tG**//SM5.42/

BPW91/6-31G* (solution) levels of theory.

northern hemisphere, was 0.5 kcal/mol lower in energy. This particularly low energy structures. The-gt and3E-gg ring

small energy difference could be attributed to insufficient
sampling of the conformational space ®f

F. Methyl #-p-Ribofuranoside (6). Geometrical Preferences
Geometry optimization of the 30 conformers6adt the B3LYP/
6-31G* level of theory created a diversity of H-bonding patterns.
The majority of conformers were stabilized by ag®---O,
H-bond. B-gt, Eo-tg, andE-tg, however, were stabilized by
an Q—H---O3 H-bond. Several gg rotamers were stabilized by
a second H-bond from Ofto O; (“E and &) or to Oy (3E). Al
three G—Cs rotamers of the’E and B conformers were
stabilized by a weak H-bond from the Qkb the aglycone
oxygen. The only conformer that was not stabilized by any
H-bonds was the £gg conformer. Optimization of these gas-

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. TherlBg 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 ®{Figure 11b). The
conformers, particularl§E-gg, with a strong H-bonding network
remained low-energy structures, but the global minimiin
gg conformer was stabilized by a singlg-€H---O, H-bond
(Figure 10b). The primary stabilization of thE-gg conformer
was from the axial orientation of the aglycone and a gauche

phase conformers at the SM5.42/BPW91/6-31G* level of theory interaction between the ring oxygen and the pseudoaxially
led to more reorganization than was observed in the other ring located OH. The E and3E ring conformers were also low-

systems. The orientation of tRE-tg H-bond actually changed
from O,—H---O3 in the gas phase to ©OH---O, in solution.
The orientation of the exocyclic bonds in other conformers

energy N ring forms. As already mentioned, tBegg conformer
was the S minimum-energy structure, largely due to stabilization
from two moderate H-bonds (Figure 10b). Tk, of this

remained the same, however, with the only significant change conformer increased to 35.ih the solution phase.

being a general shortening of all but two of the H-bonds. The
H-bond involving OH in the EB-gg and?E-gg conformers

Comparison to Preious StudiesThe conformational prefer-
ences of6 have been studied more extensively than those of

weakened as measured from 0.1 and 0.2 A increases in lengththe other methyl aldopentofuranosides due to the biological

respectively. The&by, of the furanose ring i varied from 22
to 43 with an average value of 36.4Table 1). The eastern
OE and g ring forms, however, were more puckered (average
®,, = 41.6"). The averageb, of the -p-ribofuranosyl ring
did not change upon optimization at the SM5.42/BPW91/6-31G*
level of theory.

Energetic ProfilesThe low-energy regions of the energetic
distribution of6 at the B3LYP/6-3%+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 QHFigure 10b). The
other two conformers, £gg and?E-gg, were also low-energy
structures at this level of theory. The amount of stabilization
received from the weak H-bond between £dthd Q appeared
to be minimal as theE and g ring conformers were not

importance of nucleosides containing fhe-ribofuranosyl ring.
The crystal structuf€ and analysis ofJy 1 daté® have found
the B ring conformer to be the dominant ring form in solution
(Table 2). The present study found the iihg form to be a
low-energy structure, but the global minimum in solution was
the adjacentk 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 theJ, 4 data also suggests that the S minimum is
the ©E ring form. However, it appears from the current study
that the minor contributor to the Boltzmann distribution is more
likely the *E 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 sugap-p-ribofuranose produced results in qualitative
agreement with the current stuéyIn particular, both studies
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Figure 11. (a) Gas-phase relative energy profile6oit the B3LYP/6-3%+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 6 at the B3LYP/6-3%G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the G—Cs bond. The line drawn connects the lowest energy rotamer for each ring form.

found the @, to be the greatest for conformers in the strengthening of this H-bond. The strength of the-@&---O;
northeastern portion of the pseudorotational itinerary and the H-bond appeared unchanged by optimization in the SM5.42
least for conformers in the western portion. The general model of agueous solution. Both the gas- and solution-phase
energetic trends of the two studies are similar, but as the structures o7 had a small distribution ob, values (Table 1).
previous study was carried out on the reducing sugar, not with Most conformers had @, from 35’ to 40° (see the Supporting
the methyl glycoside studied here, direct comparisons are Information), and similar to the other rings, tdg, increased

difficult. slightly upon optimization in the SM5.42 model of aqueous
G. Methyl a-p-Xylofuranoside (7). Geometrical Prefer- solvent (Table 1).
ences Optimization of the 30 conformers @fat the B3LYP/ Energetic ProfilesThe lowest energy structure at the B3LYP/

6-31G* level of theory produced a variety of H-bonding patterns. 6-314+G**//B3LYP/6-31G* level of theory was the’E-tg

All conformers except théE-gg structure were stabilized by a  conformer (Figures 12a and 13a). As expected, this was one of
H-bond from OH to Oy. The2E-gg conformer was also atypical the more highly H-bonded structures with a total of three
in that it was the only conformer stabilized by a H-bond from H-bonds. Placement of both secondary hydroxyl groups in an
OHs to O4. The only other gg and tg conformers that were not equatorial position as well as axial arrangement of the aglycone
stabilized by a H-bond from OHo O; were the®E-gg, °E-tg, further stabilized this conformer. The closely relategtd

and E-gg conformers. None of the gt conformers were stabilized conformer was only slightly higher in energy in the gas phase.
by a H-bond involving Ol The 2E and & ring conformers However, the structurally simil&E-gg conformer was stabilized
were stabilized by an additional weaks€H---O, H-bond. only by a single, weak H-bond and was therefore 5.6 kcal/mol
Optimization of the gas-phase conformers at the SM5.42/ higher in energy than its counterpart with the tg orientation about
BPW091/6-31G* level of theory produced no gross reorganiza- the G—Cs bond. The entire northern portion of the pseudoro-
tion of the H-bonding patterns. The 36H---O, H-bond tational itinerary was significantly higher in energy than the
weakened slightly as measured by an average lengthening ofsouthern portion as a result of the equatorial placement of the
the distance between the hydrogen and acceptor oxygen of 0.0éaglycone and axial orientation of the secondary hydroxyl groups.
A and decrease of the H-bond angle by th contrast, the The N minimumCE-tg conformer was 1.6 kcal/mol above the
average length of the $£H---O; H-bond decreased and the global minimum (Figures 12a and 13a). This conformer was
H-bond angle increased upon optimization, which suggests astabilized by axial placement of the aglycone, equatorial
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Figure 12. (a) Gas-phase relative energy profile7oat the B3LYP/6-3%+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 7 at the B3LYP/6-3%G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the G—Cs bond. The line drawn connects the lowest energy rotamer for each ring form.

placement of theC,-hydroxymethyl group, and two moderate

tions. The N minimum was also a gt rotamer, tfe ring

H-bonds as discussed above. The gt rotamers were substantiallgonformer. The E E;, and °E ring conformers were only,
higher in energy than the gg and tg conformers in the gas phasehowever, approximately 0.5 kcal/mol higher in energy. Among

because of their inability to H-bond tozORegardless, within

these lower energy northern structures ¥geconformer was

the gt conformer series, the same ring conformers were foundstabilized by pseudoequatorial arrangement of @wehy-

to be low-energy species.
Inclusion of solvent effects at the B3LYP/6-BG**//
SM5.42/BPW91/6-31G* level of theory caused only minor

droxymethyl group and stereoelectronically preferred axial
placement of the secondary hydroxyl groups. The stabilization
achieved by H-bond formation appeared negligible in both

rearrangements in the energy profile compared to the gas-phas@orthern and southern conformers as observed by the lower
results discussed above (Figure 12). The southern ring conform-energy of many gt rotamers relative to gg and tg rotamers of
ers remained lowest in energy with the eastern portion of the the same ring conformation.

pseudorotational itinerary slightly lower in energy than the
western structures. The identity of the global minimum,
however, did shift slightly to the £gt ring conformer (Figure

Comparison to Preious StudiesAn X-ray crystal structure
of 7 was recently reported showing?& ring conformatiort®
The current study found this ring conformation to be the gas-

13a), as a result of the decreased importance of H-bondphase global minimum and a low-energy structure in aqueous

stabilization in the SM5.42 model for aqueous solvation. The
solution-phase global minimum {Et) was stabilized only by

a H-bond from OH to O;, whereas the gas-phase global
minimum @E-tg) was stabilized by three H-bonds. The gas-
phase global minimum and the other tw@—<Cs rotamers of
the solution-phase:Egt 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

solution. Analysis offJ, 4 data alone had been inconclusive,
but analysis of®Jyy and 3Jcy data indicates tha¥ exists
primarily as the E ring form in aqueous solution (Table ).
This was also found to be a low-energy gas-phase structure and
the solution-phase global minimum in the current study.
Analysis of 3Jy y data also suggests that less than 10% of
may exist as théT, ring conformation. The current study is
consistent with the proposal that thE, ring conformation is a

conformers suggests the importance of the anomeric effect inlow-energy geometry as the envelope conformer adjacent to this

stabilization of the methy-p-xylofuranoside ring conforma-

twist form, B, is the low-energy N conformer in solution.
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Figure 13. Northern and southern minima of (@)and (b)8 at the B3LYP/6-3%+G**//B3LYP/6-31G* (gas) and B3LYP/6-3tG**//SM5.42/
BPW91/6-31G* (solution) levels of theory.

Finally, this theoretical study confirms our earlier finding that H-bonds, one from OKlto the Q and the other from Oklto
7 does not exist as a 2:3 mixture of tHE and B ring the O (Figures 13b and 14a). The other low-energy N
conformations, one of two possible conformer solutions pre- conformer was 0.6 kcal/mol higher in energy and stabilized by
dicted by usingJy 4 data alone in the conformational analyses. the same H-bonding pattern, although the Q61 O; H-bond
As shown in Figure 12, thtE and E ring conformers are high- ~ was 0.4 A longer and FOnarrower. The S minimum was also
energy structures in both the gas and solution phases. To outhighly stabilized by H-bonds. ThesEg conformer was 0.4
knowledge, this is the first theoretical study of the conforma- kcal/mol higher in energy than the global minimum, stabilized
tional preferences of aa-p-xylofuranoside. by one moderate H-bond and one weak H-bond as described
H. Methyl f-p-Xylofuranoside (8). Geometrical Preferences ~ above. The other low-energy southern structures were structur-
Optimization of the 30 envelope geometries8ait the B3LYP/ ally similar and also stabilized by at least one moderate H-bond
6-31G* level of theory produced a family of conformers with and one weak H-bond. Additional stabilization of t and
a large diversity of hydrogen-bonding patterns. The most E; ring conformers was achieved by equatorial placement of
prevalent and strongest H-bond type was betweep @id Q. the secondary hydroxyl groups.
The average length of this bond for the gg and tg rotamers was The solution-phase energy diagram &fat the B3LYP/6-
2.05 A, and the average bond angle was 131A1l of the gg 31+G**//SM5.42/BPW91/6-31G* level of theory was the most
and tg rotamers were stabilized by this type of H-bond except featureless found in this study. The highest energy conformer
the “E-gg and k-gg conformers in which Okiwas H-bonded was only 2.5 kcal/mol above the global minimum. Because of
to O;. None of the gt rotamers were stabilized by H-bonds the similar energetics of the conformers studied, detailed analysis
involving OHs. Two conformers?E-gg and B-gg, were also of the results is difficult. The energy profile suggested that the

stabilized by a transannular H-bond from the £18l O;. The lowest energy ring conformation was in tfeto “E range. The
southerr?E and & ring conformers were further stabilized by  other ring forms were approximately 1.0 kcal/mol higher in
weak Q—H---O; and Q—H---O, H-bonds; the Ering con- energy. The highest energy ring conformation W&s but that

former was also stabilized by the latter type of H-bond. was only 1.4 kcal/mol above the global minimum. Therefore,
Optimization at the SM5.42/BPW91/6-31G* level of theory analysis of Figure 14b suggested tBahould exist in solution
produced mixed results. On average, the weak H-bonds presenpredominantly as a southern ring form in tfe to “E range.

in the gas-phase conformers became weaker, but the moderat@he identity of the N minimum was not clarified, although the
H-bonds became stronger. For example, the average length ofE ring conformation would be the most unlikely.

the @—H-:-O, H-bond increased by 0.07 A, while the average ~ Comparison to Preious StudiesTo our knowledge, the only
length of the H-bond from Oklto O; decreased by the same conformational information available to date f8ris from
amount. The bond angles and other H-bond types indicated theanalysis ofJy 4 and3Jc 1 data in aqueous solutidf Analysis

same trend (see the Supporting Information). Thg of the of these data found the N minimum to be therlag conformer
B-D-xylofuranosyl ring varied from 24to 43 (Table 1). The and the S minimum to be either th&o or Eo ring conformer
averagedn, in the gas phase was slightly less (3§.than for depending upon the number of data points used in the analysis.
the solution-phase (36’) conformers of8. The theoretical approach reported here found anrigg

Energetic ProfilesThe relative energy of the conformers of conformer to be the global minimum in the gas phase and the
8 at the B3LYP/6-3%+G**//B3LYP/6-31G* level of theory were N minimum in solution. Both the gas- and solution-phase results
heavily biased by H-bond strengths. The N and global minimum found the*E ring conformers to be lower in energy than the E
E>-gg conformer was stabilized by two moderately strong ring conformers, suggesting th@tmost likely exists as a 4:1
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Figure 14. (a) Gas-phase relative energy profilegt the B3LYP/6-3%+G**//B3LYP/6-31G* level of theory. (b) Solution-phase relative energy
profile of 8 at the B3LYP/6-3%G**//SM5.42/BPW91/6-31G* level of theory. See Figure 2 for the definitions of the gg, gt, and tg rotamers about
the G—Cs bond. The line drawn connects the lowest energy rotamer for each ring form.

ratio of the & and “To ring conformations as suggested by (3) When the gas-phase and solutbp values are compared,
analysis of all available variable-temperatédg 4 data (Table the latter are slightly larger. This is consistent with decreased

2).4b intramolecular hydrogen bonding, which provides greater flex-
ibility to the ring.
Conclusions (4) The @, values of the furanose ring in low-energy gas-
In this paper we have detailed the conformational preferences@nd solution-phase conformers b8 correspond well with

of the furanose ring in—8 in both the gas (B3LYP/6-32G**// those seen in available crystal structures.

B3LYP/6-31G*) and aqueous solution (B3LYP/6-BG**// (5) Substantial agreement exists between the results of this
SM5.42/BPW91/6-31G*) phases. Detailed analysis of the theoretical study and those from previous experimental studies.
geometrical and energetic data revealed the following. We propose, therefore, the solution-phase conformational

(1) Intramolecular H-bonds of moderate strength in the gas Preferences of all eight natural aldopentofuranosides can now
phase remained geometrically important in the SM5.42 model be assigned with reasonable confidence (Table 2).
of aqueous solution, although the energetic stability derived from  These findings will enable further experimental studies of
these H-bonds was significantly reduced in solution. H-bonds furanose ring conformation in more complicated and larger
that were weak in the gas phase generally weakened furthercarbohydrate systems. Furthermore, the important structural role
upon optimization in solution as measured by the length and played by H-bonds, even in solution, requires further analysis.
angle of the H-bonds. Interestingly, however, stronger hydrogen
bonds in the gas phase (shorter and more linear) generally Acknowledgment. This work was funded by grants from

became stronger upon SM5.42 optimization. the National Science Foundation (CHE-9875163 and CHE-
(2) Thedy, of most furanose rings did vary as a function of 9733457) and the Ohio Supercomputer Center. J.B.H. was
P value with ring conformers fror® = 18° to P = 90° having supported as a graduate research fellow by an NIH Training

the largestb, and ring conformers fror® = 161° to P = 27C¢° Grant for Chemistry at the Biology Interface. We thank
having the smallest. The ring systems in which this was most Professors Christopher Cramer and Donald Truhlar (Minnesota)
pronounced weréd, 5, and6. for access to the MN-GSM solvation code.
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