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Computational Studies of the Arabinofuranose Ring: Conformational Preferences of Fully
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Two approaches for identifying the minimum energy conformers of metkgpdarabinofuranosidé, in the

gas phase have been explored and compared. In the first approach (the constrained envelope method), 30
previously reported envelope geometrieslofvere allowed to fully optimize at the B3LYP/6-31G* level.
B3LYP/6-314+G** single-point energies of these optimized structures were also determined, which led to the
identification of the®T, and?T; ring conformers as the Northern (N) and Southern (S) minima, respectively,
with the latter being the global minimum. The importance of intramolecular hydrogen bonding was probed
by optimizing another set of 30 envelope geometries with initial geometries biased against the formation of
these stabilizing interactions. These calculations led to the same two families of low-energy ring conformers
(®T4 and?Ty); however, the N, and not the S, conformer was the global minimum without hydrogen bonding.
The second approach involved the identification of conformer4 through the use of a Monte Carlo search
coupled with molecular mechanics and then further optimization of these structures at higher levels of theory
(HF/6-31G* and B3LYP/6-31G*). Subsequent B3LYP/643%&** single-point energy calculations afforded
results that are similar to the constrained envelope method, but the stochastic approach led to more low-
energy conformers, and to a new global minimum. A comparison of these computational results with the
experimentally determined solution conformationlof also presented.
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provide structural information that would facilitate the inter-
pretation of NMR-based conformational investigations of oli-
gosaccharides comprised of arabinofuranose resitiés
glycans under investigation are fragments of two polysaccha- SCHEME 2
rides, an arabinogalactan (AG) and lipoarabinomannan (LAM) North
that are the major structural components of the cell wall complex
in mycobacteria. This family of bacteria includes the human
pathogendycobacterium lepraandMycobacterium tubercu-
losis which are the causes of leprosy and tuberculosis,
respectivelyt

In mycobacterial AG and LAM, both-b- and-p-arabino-
furanosyl residues are present and, in our previous investiga:
tions!2 we have probed the conformational preferences of West
methyl a-p-arabinofuranosidel, and methylj3-p-arabinofu- pP=270
ranoside? (Scheme 1). Using a method developed by Serianni
and co-worker$,these studies were performed by minimization
of the 10 possible envelope conformers of each ring system.
Maintaining the envelope ring conformation was achieved by
fixing four of the atoms in a plane, while all of the other
parameters were allowed to relax to their preferred values. A
number of orientations about the exocyclic bonds were also South
explored. In this manner, partial potential energy surfaces for P=180
both1 and2 were determined, and it was demonstrated that in
common with other furanose rings, these systems have a local
minimum in both the northern (N) and southern (S) hemisphere that is generally used to describe the conformational preferences
of the pseudorotational wheel (Scheme 2). On the basis of theseof furanose ring$.
investigations, it appears that these rings behave according to From these studies, we obtained useful information, particu-
the traditional two-state north/south (N/S) equilibrium model larly the relative conformer energies and the dependence of
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various geometrical parameters (e.g., bond lengths, bond angles,
and dihedral angles) as a function of ring conformation. possessed a significant amount of intramolecular hydrogen
Nevertheless, the planar restraint we employed in order to bonding after optimization. To probe the importance of this
maintain the envelope conformation prohibited us not only from hydrogen bonding on the potential energy surface, we con-
determining the conformational energies of the twist conformers structed another series of envelope structures in which the
but also from understanding the minimum energy conformers hydroxyl hydrogens were initially oriented such that intramo-
of fully relaxed a-b- and 8-p-arabinofuranosyl rings. Further-  lecular hydrogen bonding was removed. The orientation of the
more, although this approach is amenable for the study of hydroxyl hydrogens were as follows: Qlnti to G, OHs anti
monosaccharides, the number of calculations required becomeso C;, and OH anti to G, (Scheme 4). As was done previously,
cumbersome with larger oligomers. the G—O; torsion angle was set antiperiplanar tg @nd each

We now report studies which address these issues. In thisof the three possible staggeregHCs rotamers was investigated.
paper, we have determined gas-phase N and S minimé, for ~ vibrational frequency analyses were performed for the
which were obtained through minimization of each of our B3LYP/6-31G* optimized geometries to confirm each stationary
previously reported envelope geometries after removal of the point as a true minimum on the potential energy surface. The

planar constraint. The effect of hydrogen bonding on the calculated zero-point vibrational energy (ZPE) corrections were
potential energy surface has also been investigated. Furthermorescaled by 0.9806t

in. the jnterest of.developing a protocol more pra}cyi.cal for US€ " Molecular Mechanics Calculations.The Systematic Pseudo
with oligofuranosides, we have explored the possibility of using - \;nte Carlo search protocol available in Macromodel Version

a C(_)m_bination of I_ow-Ieve_I molecular mechani_cs and high-level 6.5'2 was used to generate 25 000 conformerg.ois part of
gb Initio and d.e.ns'ty functional theory calculqnons to accurately the search, each conformer was minimized in the gas phase using
identify the minimum energy conformers. A library of conform- 4, AMBER force field as modified by Homa#%The default
ers ofl was generz_ated viaa M(_)nte Carlo search, COUpIe.d W'th convergence criteria available in MacroModel were used.
morl:_ac;:larImetzlhan]:csr]opt|m|zatlon, antz subsequently optlmlzed This generated 177 unique converged conformers within 15
?’Lelgesiltiiveusnio t etory t(HF/G-Bthhand Bl‘:’.LYF/g't?’lG ).I _kcal/mol of the global minimum? The geometrical data for

. g unique structures were then subjected 10 SINGIe-y,oc6 conformers were analyzed using the program, Confor-
point energy calculations with larger basis sets. These resultsMole_15 An additional 39 conformers, which were not fully

compare very favorably with those from the optimization of converged, were also found. These were discarded and not
the idealized envelope conformers, and this approach may be ’ :

. ) . S ) - subjected to further calculations.
of use in computational investigations of oligosaccharides T ]
comprising furanose rings. Optimization of Structures from Molecular Mechanics

Calculations. All 177 conformers obtained from the Monte
Carlo Search were optimized at the HF/6-31G* level of theory
to provide 118 conformers.These HF conformers were further
Ab initio molecular orbital and density functional theoty ~ refined at the B3LYP/6-31G* level to give 116 unique
calculations were conducted using Gaussiar? 88:/6-31G* structures. Single-point energies of all unique HF and B3LYP
and B3LYP/6-31G* methods were used for geometry optimi- geometries were, in turn, determined at the B3LYP/6-G1*
zationst¢8dThe default convergence criteria in Gaussian 98 were level.
used. Single-point energies for unique conformers (see text) were Nomenclature. Conformers are named by the conformation
calculated using the 6-31G** basis set. We%, and otherg? of the ring followed by the rotamer about the-&Cs bond (gg,
have shown that for intramolecular H-bonded molecules, this tg, or gt). Hence?T3 gg, is a conformer in which the ring adopts
flexible basis set provides relative energies between conformersa twist with G above the plane and;®elow the plane and
that are consistent with larger and even more flexible basis sets.with the G—Cs orientation as the gg rotamer. For the conform-
Full Optimization of Envelope Geometries.The B3LYP/ ers obtained by minimization of the envelope structures, a suffix
6-31G* envelope structures previously calculated for methyl is added to the name to designate whether the starting structure
o-D-arabinofuranosidd, were used as starting points for the had intramolecular hydrogen bonding (h) or was biased against
full optimizations. In each of these geometries, the envelope the formation of these interactions (n). In cases where more
conformation was maintained by fixing four of the ring atoms than one conformer was found with the same ring conformation
in a plane. The choice of exocyclic torsion angles was arbitrary and G—Cs bond rotamer, but with different orientations of the
except for the €-0, and G—Cs bonds (see Scheme 1 for atom other exocyclic bonds, the names are appended with numbers.
numbering). The dihedral angle about the—©; bond was These numbers correlate to the relative energy of the conformer.
initially chosen in all starting structures to maximize the exo- Lower energy conformers are appended with lower numbers.
anomeric effect; specifically, the methyl group was placed For example, théT; gg-1-h conformer is of lower energy than
antiperiplanar to @ For the G—Cs bond, each of the three that of the?T; gg-2-h conformer. In the following discussion,
staggered conformations, gg, gt, or tg were explored (SchemeP refers to the Altona-Sundaralingam pseudorotational phase
3). Therefore, 30 geometries bfvere considered, all of which  angle as previously definéd.

Methods
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TABLE 1: Optimization of the 30 Envelope Geometries of 1 with the Potential for Intramolecular Hydrogen Bonding at the
B3LYP/6-31G* Level of Theory

initial ring initial . :
starting C4—Cs optimized relative exacyclic torsion angles
geometry rotamer? conformer energy’ pe gz C:—01 C,—03 C3—03 Cs5—0Os
[os] *T499-1-h 2.2 31 0.374 183 49 —55 51
°E gt %T4gt-h 3.0 32 0.382 183 49 —59 —54
tg Estg-2-h 4.3 50 0.369 183 43 69 174
g9 *T4gg-1-h 2.2 31 0.374 183 49 —55 51
Es gt *T4gt-h 3.0 32 0.382 183 49 —59 —54
tg Estg-2-h 4.3 50 0.369 183 43 69 174
gg %T4gg-1-h 2.2 31 0.374 183 49 —55 51
OF gt 8T4gt-h 3.0 32 0.382 183 49 —59 —54
tg Estg-1-h 3.3 48 0.319 185 —57 70 175
g9 °T19g-2-h 14 146 0.394 179 —79 —172 44
E; gt ST4gt-h 3.0 32 0.382 183 49 —59 —54
tg Estg-2-h 4.3 50 0.369 183 43 69 174
g9 °T19g-1-h 0.0 148 0.400 179 —165 —169 159
’E gt 2E gt-1-h 2.6 156 0.383 177 60 —-171 —54
tg ’E tg-h 2.6 158 0.381 177 60 —-171 171
[os] °T199-1-h 0.0 148 0.400 179 —165 —169 159
Es gt ’E gt-1-h 2.6 156 0.383 177 60 —-171 —54
tg ’E tg-h 2.6 158 0.381 177 60 -171 171
g9 ’T1gg-1-h 0.0 148 0.400 179 —165 —169 159
‘E gt ’E gt-2-h 6.5 153 0.311 179 62 66 52
tg Estg-3-h 4.7 48 0.377 184 43 63 —74
[os] 5T4gg-1-h 2.2 31 0.374 183 49 —55 51
Eo gt 5T4gt—h 3.0 32 0.382 183 49 —59 —54
tg SE tg-h 7.5 25 0.367 183 50 —60 180
g9 *T4gg-2-h 2.9 45 0.395 185 —57 42 51
E gt ST4gt-h 3.0 32 0.382 183 49 —59 —54
tg Estg-1-h 3.3 48 0.319 185 —57 70 175
gg %T4gg-1-h 2.2 31 0.374 183 49 —55 51
E, gt 8T4gt-h 3.0 32 0.382 183 49 —59 —54
tg Estg-2-h 4.3 50 0.369 183 43 69 174

aSee Scheme 3 for definitionsB3LYP/6-314+G**//B3LYP/6-31G* bottom-of-the-well energy relative to the global minimum for this table, in
kcal/mol. ¢ Altona—Sundaralingam pseudorotational phase angle (in degrees) as defined ih@eémer-Pople puckering amplitude (in Angstroms)
as defined in ref 17¢ Torsion angles in degrees;€0; torsion: Ge—0;—C1—Cy; C,—0O; torsion: H—C,—0,—H. C3—0;3 torsion: H—C;—03—
H; Cs—0Os torsion: G—Cs—Os—H.

Results and Discussion hemisphere, whereas the northern local minimum is3the

In earlier work!2we have shown that although optimizations 99-1-h conformerR = 31°), which is 2.2 kcal/mol above that
at the B3LYP/6-31G* level provided geometries that are in close Of the global minimum. All 12 conformers are within 7.5
agreement with available crystal structures for these ring kcal/mol of the global minimum. These energetic trends are
systems, the energetic results are not always similar to thoseconsistent with the lowest energy envelopes identified in our
from higher level calculations. However, the B3LYP/6+33**// previous study ofl.! In that work, we demonstrated that tfe
B3LYP/6-31G* energies of these conformers do compare conformer was the local minimum in the northern hemisphere
favorably to higher levels of theory. As has been previously and that théE conformer was the global and southern minimum.
reportec®10 this is likely due to the better treatment of A comparison of the B3LYP/6-31G* optimized energies with
intramolecular hydrogen bonding interactions when basis setsthe B3LYP/6-31G** single-point energies shows that although
including diffuse functions are employed. Accordingly, although the identities of the northern and southern minima do not change,
some subsequent tables contain the B3LYP/6-31G* optimized there are substantial differences in the relative energies of some
energies for purposes of comparison, the discussion is focusedconformers. For example, the energy difference between the N
on the B3LYP/6-3%G**//B3LYP/6-31G* relative energies as ~ and the S minima decreases from 4.4 (B3LYP/6-31G*) to 2.2
we believe these are more accurate. In the discussion belowkcal/mol (B3LYP/6-3%+G**//B3LYP/6-31G*).
attention is given to the low-energy structures. Analysis of theAH,9g and AGygg data (Table 2) indicates
Conformers Found By Releasing the Planar Constraint that the TASgg term is greater for the northern conformers, as
in Envelopes.Releasing the planar constraint and full optimiza- compared to those in the south. For example, thé&gs term
tion (B3LYP/6-31G*) of the 30 previously reportednvelope is 1.1 kcal/mol for the northern minimuniT, gg, but only
geometries ofl provided 12 unique conformers as detailed in —0.1 kcal/mol for?T; gg, the southern minimum. Only one
Table 1. All conformers can be grouped into two eastern regions southern conformer’E gt-2-h) has a ASygg term larger than
of the pseudorotational wheetE—E4 (P = 24—50°, N family) 0.5 kcal/mol; whereas, for all northern conformers, this value
and?E—2T; (P = 145-158, S family). is 1.0 kcal/mol or higher. These results are in contrast to other
Relative Energies.Shown in Table 2 are the bottom-of-the- work!® on the 30-methyl analogue ofl, monosaccharid&
well energies, enthalpies, and free energies (298 K) of the 12 (Scheme 1), in which entropic terms for the southern conformers

unique, fully optimized conformers of at the B3LYP/6- were larger than for those in the north. We are unsure as to
31+G**//B3LYP/6-31G* level. When considering these bot- why methylation of one of the hydroxyl groups so significantly
tom-of-the-well energies, the global minimum is thE gg- influences the thermodynamic parameters contributing to the

1-h conformer P = 148) which is located in the southern free energy.
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TABLE 2: B3LYP/6-31+G**//B3LYP/6-31G* Energies? of the Twelve Optimized Conformers of 1 Containing Extensive
Intramolecular Hydrogen Bonding®

B3LYP/6-31G* ¢ B3LYP/6-31+G**//B3LYP/6-31G* P

conformer pe hemisphere AEgw AEgw AHg AHogg TAS,08 AGges
°T19g-1-h 148 S 0.0 0.0 0.0 0.0 0.0 0.0
T1gg-2-h 146 S 0.1 1.4 1.5 15 -0.1 1.6
3T,4gg-1-h 31 N 4.4 2.2 1.7 2.0 1.1 0.9
2Etg-h 158 S 3.0 2.6 2.1 2.3 0.5 1.8
2Egt-1-h 156 S 5.4 2.6 2.4 2.5 0.3 2.2
°T,gg-2-h 45 N 5.0 2.9 2.4 2.7 1.0 1.7
ST,4gt-h 32 N 5.7 3.0 2.4 2.7 13 14
Estg-1-h 48 N 5.7 3.3 2.2 2.6 1.2 1.4
Estg-2-h 50 N 6.7 4.3 3.6 3.9 12 2.7
Estg-3-h 48 N 6.4 4.7 4.1 4.3 1.0 3.3
2Egt-2-h 153 S 7.9 6.5 5.6 6.0 1.2 4.8
SEtg-h 25 N 10.3 7.5 6.4 6.9 1.8 51

2 Relative energies are in kcal/méiThe B3LYP/6-31-G** single-point energies were calculated using the corresponding B3LYP/6-31G* geometry
as well as the scaled ZPE corrections and thermal corrections to 298 K from the B3LYP/6-31G* vibrational frequency anal&isy Emergies
are at the bottom-of-the-well and do not include ZPE correctiditd; corresponds to relative enthalpies at 0/Ha9s corresponds to relative
enthalpies at 298 KAGygs corresponds to relative free energies at 298 Kltona—Sundaralingam pseudorotational phase angle (in degrees) as
defined in ref 6.9 See Scheme 2.Fully optimized B3LYP/6-31G* energies (bottom-of-the-well) for comparison.

TABLE 3: Intramolecular Hydrogen Bonding Patterns for the Optimized Conformers of 1 at the B3LYP/6-31G* Level?

OH3"'01 OHz“'05 OH5“'O4 OH5'“02 OH3"‘O5

conformer® Hs++O; angle Hp++-Os angle Hs*++O4 angle Hs+-O, angle Hs*++Os angle
°T;9g-1-h 2.08 136.7 1.87 157.4 c c c c c c
°T,9g-2-h 2.10 135.2 2.68 87.7 2.54 107.2 2.13 126.0 c c
3T49g9-1-hPT,gg-rf c c c c 2.29 110.1 c c c c
2E gt-1-h 211 135.5 c c 2.30 109.0 c c c c
5T49g-2-h c c c c 2.32 109.3 c c c c
ST,gt-h c c c c 2.38 107.5 c c c c
E4tg-1-h c c C c c c c c 2.16 132.0
’Etg-h c c c c c c c c 2.10 136.2
E,tg-2-h c c c c c c c c 2.17 132.1
E4tg-3-h [« c [« c [« c c c 2.24 130.5
2T,9g-n c c c c 2,57 106.0 2.19 137.4 c c
2Egt-2-h c c c c 2.27 105.3 c c c c

aHy---Oy distances are in Angstroms and angles are in degfé@sly structures with intramolecular hydrogen bonds are shéwisence of
the specified hydrogen-bonding pattefihe °T, gg-1-h and®T, gg-n conformers are identical.

Structural Features of Conformers: C,—Cs Bond Rota- H-bond between ©and OH is not possible. Although theT;
mer. In general, the ¢-Cs rotamer present in the starting gt conformer was not found, two closely relaf&tgt conform-
envelope conformer does not influence the identity of the fully ers were; however, they were of higher energy (2.6 and 6.5
optimized envelope or twist structure (Table 1). Initial envelope kcal/mol above the global minimum).

conformers from the northern hemisphetE<E,) and those In the T, conformers, strong transannular hydrogen bonds
from the east and wes?E and ) converged to northern ring  are not possible; however, the formation of a weakee @B,
conformers. The southernmost envelope conformeyaifE?E) hydrogen bond does occur. Not unexpectedly, there are smaller
converged to southern conformers. Only with thedad ‘E energy differences among the low-energy northern conformers.

geometries was the optimized ring geometry dependent uponThe 3T, gt-h conformer is 3.0 kcal/mol above the global
the C,—Cs rotamer. In all cases, the initial orientation about minimum and its two gg counterparfd;4 gg-1-h and®T, gg-

the G—Cs bond is preserved in the fully optimized structure 2-h, are of similar energy, 2.2 and 2.9 kcal/mol, respectively.
indicating that the barrier to rotation about this bond is more Both gg and gt rotamers of this ring conformation can form
significant than the energetic cost of pseudorotation. ConsistentOHs:--O4 hydrogen bonds, and both are also stabilized by
with this is our earlier work on the idealized envelope gauche interactions betweer @d the ring oxygen (£). For
conformers ofl, which identified that the barrier to pseudo- the conformers with energies greater than 3.0 kcal/mol above
rotation through the eastern pathway was approximately 3 the global minimum, a distribution of tg and gt rotamers is
kcal/mol, a value less than the expected 5 kcal/mol barrier to found.

rotation about the £-Cs bond. Structural Features of Conformers: Other Exocyclic
The three lowest energy conformers (Tablé&Egy, B3LYP/ Torsion Angles. In all conformers, the ©-Cye bond is

6-31+G**//B3LYP/6-31G*) are the’T; gg-1-h,%T; gg-2-h, and antiperiplanar to the £-C, bond (Table 1). Orientation of the

3T, gg-1-h conformers. The gg orientation about the-Cs methyl group in this fashion would be expected to allow for

bond is stabilized both by a gauche interaction with the ring maximum stabilization by the exo-anomeric effect. The orienta-
oxygen (Q) as well as intramolecular hydrogen bonding. In tion of the secondary OH hydrogens is strongly dependent upon
the 2T, conformer, the formation of strohfOH,:--Os and the ability of the conformers to form intramolecular hydrogen
OHjs---O; transannular H-bonds (Table 3) may be the driving bonds. In the S conformers possessing transannular hydrogen
force toward favoring the gg rotamer. Undoubtedl, gt and bonds £T; gg, %E gt), the H—C,—0Ox—Hjy torsion anglesx =

2T, tg conformers are not present among the 12 structures showr2, 3) approach 180 In the other conformers, a range of

in Table 2 because the formation of a strong transannular staggered orientations is present.
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TABLE 4: Optimization of the 30 Envelope Geometries of 1 at the B3LYP/6-31G* Level of Theory Starting from Geometries
Biased against the Formation of Intramolecular Hydrogen Bonds

initial ring initial . :
starting C4Cs optimized relative exacyclic torsion angles

geometry rotamer? conformer energy’ pe gz C:—01 C,—03 C3—03 Cs5—0Os
gg 5Tagg-r 0.0 31 0.374 183 49 —55 51

°E gt ST,4gt-n 3.3 37 0.390 181 50 —60 —178
tg SEtg-n 5.2 25 0.367 183 50 —61 —180

g9 SEgg-n 2.8 17 0.369 183 53 —57 —179

Es gt ST4gt-n 3.3 37 0.390 181 50 —60 —178
tg SEtg-n 5.2 25 0.367 183 50 —61 —180

g9 SEgg-n 2.8 17 0.369 183 53 —57 —179

OF gt ST,4gt-n 3.3 37 0.390 181 50 —60 —178
tg 2Etg-n 5.4 153 0.319 177 66 -57 174

g9 SEgg-n 2.8 17 0.369 183 53 —57 —179

E; gt ST4gt-n 3.3 37 0.390 181 50 —60 —178
tg 2Etg-n 5.4 153 0.319 177 66 —57 174

g9 2T1gg-n 3.3 134 0.350 178 64 —51 34

’E gt E gt-n 6.2 135 0.325 177 69 —57 —-171
tg ’Etg-n 5.4 153 0.319 177 66 —57 174

g9 SEgg-n 2.8 17 0.369 183 53 -57 -179

Es gt E gt-n 6.2 135 0.325 177 69 —57 —-171
tg ’Etg-n 5.4 153 0.319 177 66 —57 174

[o[s] SEgg-n 2.8 17 0.369 183 53 —57 —179

‘E gt E gt-n 6.2 135 0.325 177 69 -57 -171
tg ’Etg-n 5.4 153 0.319 177 66 —57 174

a9 SEgg-n 2.8 17 0.369 183 53 -57 —179

Eo gt ST,4gt-n 3.3 37 0.390 181 50 —60 —178
tg SEtg-n 5.2 25 0.367 183 50 —61 —180

[o[s] SEgg-n 2.8 17 0.369 183 53 —57 —179

E gt ST4gt-n 3.3 37 0.390 181 50 —60 —178
tg SEtg-n 5.2 25 0.367 183 50 —61 —180

g9 SEgg-n 2.8 17 0.369 183 53 —57 —179

E» gt 3T,4gt-n 3.3 37 0.390 181 50 —60 —178
tg SEtg-n 5.2 25 0.367 183 50 —61 —180

aSee Scheme 3 for definitionsB3LYP/6-314+-G**//B3LYP/6-31G* bottom-of-the-well energy relative to the global minimum in this table in
kcal/mol. ¢ Altona—Sundaralingam pseudorotational phase angle (in degrees) as defined ih@eémer-Pople puckering amplitude (in Angstroms)
as defined in ref 17¢ Torsion angles in degrees;€0; torsion: Gie—0:—Ci—Cy; C,—0; torsion: H—C,—0,—H; C3—0; torsion: H—Cs—
03—H; Cs—0Os torsion: G—Cs—0Os—H. fldentical to the’T, gg-1-h conformer (see Tables 1 and 2).

Structural Features of Conformers: Puckering Ampli- or a moderately strong hydrogen bond te (@able 3). In the
tude. The puckering amplitude of the furanose ring in most other five conformers, the Qthydrogen remained in the initial
structures remained relatively constant (Table 1). In all but the position, anti to the ¢-Cs bond.

°E gt-2-h and g tg-1-h conformers, the CremePoplé8 The distribution of conformers is similar to what was observed
puckering amplitudes are between 0.367 and 0.400 A. in the structures possessing intramolecular H-bonds. All con-
Influence of Intramolecular Hydrogen Bonding. All of the formers converge to the same two families, one in the north

conformers discussed above had one or more intramolecular(®(e—3T,, P = 17—38°) and another in the south {E%E, P =
hydrogen bonds (Table 3). It is well understdéd° °that the 134-153). As shown in Table 5, the global minimum for these
formation of such interactions greatly stabilizes carbohydrates non-hydrogen-bonded structures is in the nofih,gg-n, and

in the gas phase, and we were therefore concerned that soméhe southern minimum, which is 3.3 kcal/mol higher in energy,
conformations might be preferentially stabilized by intramo- is2T; gg-n. So, although the minimum energy ring conformers
lecular H-bonding. As intramolecular H-bonding would be resulting from optimization of both series of envelope geom-
expected to be diminished in water, we anticipated that etries are the same, the relative energies are reversed. Not
comparison of these gas-phase results with experimental datasurprisingly, the structures with extensive hydrogen bonding are
on the conformation ol obtained from its NMR spectrum in  of lower energy?® Comparison of theAH,gg and AGpgg data
aqueous solution would be problematic. Consequently, we shows that the entropic contributions are similar for both the
constructed another family of 30 envelope structures with the northern and southern non-hydrogen bonded conformers. This
hydroxyl hydrogens oriented “away” from the ring such that is in contrast to the conformers with a number of intramolecular
the formation of intramolecular H-bonds was impossible in the H-bonds, in which the free energies of the northern conformers
initial conformations. The orientation of these groups in the had significantly larger entropic contributions than for those in
starting geometry is shown in Scheme 4. the southern hemisphere.

Upon minimization, these 30 envelopes converged to seven Similar to the conformers possessing extensive intramolecular
unique conformers which are detailed in Table 4. One conformer H-bonding, in this series of structures, the rotamer about the
(®T4 gg-n) was identical to’T, gg-1-h. In all cases, the C;—Cs bond does not change upon release of the planar
orientation of the hydrogens on the secondary hydroxyl groups constraint and overall, the gg rotamer is preferred. The two
remained in the initial position, and these groups were not lowest energy structures af&, gg and®E gg. In contrast to
involved in the formation of intramolecular hydrogen bonding the extensively H-bonded conformers, thg-Cs rotamer in
in the final conformers (Table 4). In two conformef$ { gg-n the starting structure has a more profound influence on the ring
and 2T; gg-n), minimization resulted in rotation of the @H  conformation of the converged structure. For example °fhe
hydrogen to form a weak hydrogen bond with the ring oxygen E;, Es, and “E structures converge to either a northern or
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TABLE 5: B3LYP/6-31+G**//B3LYP/6-31G* Energies? of the Seven Optimized Conformers of 1 Starting from Structures
Biased against the Formation of Intramolecular Hydrogen Bond8

B3LYP/6-31G* ¢ B3LYP/6-314+-G**//B3LYP/6-31G* °
conformer pe hemisphere AEgw AEgw AHg AHogg TAS,08 AGaog
5T4gg-n 31 N 0.0 0.0 0.0 0.0 0.0 0.0
SEgg-n 17 N 3.9 2.8 2.4 2.6 0.8 1.8
ST,gt-n 37 N 4.4 3.3 2.8 3.0 0.5 25
2T1gg-n 134 S 1.5 3.3 3.3 3.2 0.5 3.7
SEtg-n 25 N 5.8 5.3 4.7 4.9 0.8 4.1
’Etg-n 153 S 51 5.4 4.9 5.0 0.2 4.8
Eigt-n 135 S 6.3 6.2 5.6 5.8 0.7 5.1

2 Relative energies are in kcal/méiThe B3LYP/6-31-G** energies were calculated using the corresponding B3LYP/6-31G* geometry as well
as the scaled ZPE corrections and thermal corrections to 298 K from the B3LYP/6-31G* vibrational frequency analysisw @eergies are at
the bottom-of-the-well and do not include ZPE correctiakisy corresponds to relative enthalpies at 0AH 295 corresponds to relative enthalpies
at 298 K.AG,gs corresponds to relative free energies at 298 Kltona—Sundaralingam pseudorotational phase angle (in degrees) as defined in ref
6.9See Scheme 2.Fully optimized B3LYP/6-31G* energies (bottom-of-the-well) for comparison.

: : : .~ TABLE 6: Boltzmann Distribution 2 of 1 at 298 K.
southern conformer depending upon the starting orientation Conformers Were Those Obtained by Full Optimization of

about the G—Cs bond (Table 4). The degree of ring puckering  Envelope Geometries Following Release of Planar Constraint
amplitude for the final conformers is similar regardless of the

initial orientations of th.e.hydroxyl hydrogens. _ _ conformer  family®  (h ﬂiﬁ%?rfgg)c (n 'Zﬁﬁﬁ?ﬁ?gres)d
From these results, it is clear that the formation of intramo- —;

lecular hydrogen bonds does preferentially stabilize some T9g-1-h N 133 A

ydrogen pretel y T, gt-h N 5.7 NA

conformers ofl relative to others. In particular, those conformers g, g-1-h N 5.7 NA

lying in the southern hemisphere (e.gT; gg-1-h) are most *T,gg-2-h N 35 NA

stabilized as two strong transannular hydrogen bonds{@b{ Estg-2-h N 0.6 NA

and OH++-Os) are present in these structures. When the starting Eéig'ﬁ'h “ 8 g “ﬁ

conformers are biased such that the formation of these intramo- ZTlg;]-l-h S 61.0 NA

lecular H-bonds is disfavored, the northern conformers are of 21 gg.5.1 s 41 NA

the lowest energy. 2E gt-2-h S 4.1 NA
Comparison with Experiment. Previous NMR studies (in Egt-1-h S 15 NA

D,0) have identified that exists as an equilibrium mixture of ~ “Etg-h S 0.1 NA

OT4 (N) and 2T3 (S) conformers in a 56:44 N:S ratfoThe *T,gg-n N NA 93.8

distribution of conformers about thes€Cs bond is 48% gg, 25 ogn I\Nl l\Nlﬁ‘ fj

38% gt, and 14% tg. In the crystal structure Ip#! the ring 3&8-}? N NA 01

adopts the Egg geometry. The gas-phase results presented here 2T,gg-n s NA 0.2

are consistent with these experimental data. First, these calcula- 2 tg-n S NA 0.0

tions predict that the £-Cs gg rotamer will be preferred. Eitg-n S NA 0.0

Second, the agreement between the identity of the ring conform-  a o, the basis oAG® from B3LYP/6-3HG**//B3LYP/6-31G*

ers is good. The northern minimum adopt3Ta gg conforma- single-point energies and thermal and entropic corrections from B3LYP/

tion, and other conformers in this family are in tRE—E,4 6-31G* vibrational frequency calculationsNorth family: 3E—E,

portion of the pseudorotational itinerary, which is adjacent to (P = 9°—62°); South family: E~E; (P = 117—17C), whereP is
the geometry of the crystal structure and close to the northernthe Altona-Sundaralingam pseudorotational phase angle (in degrees)
solution conformer. The southern minimum exists ifTa gg as defined in Reference 6Conformers listed in Table 2.Conformers
- S . li in Table 5.
conformation which is present in a range of low energy isted in Table 5

conformers in the southeast region of the itinerary adjacent to solution phases, as modeled using the MN-GSM solvation
the southern solution conformation. model?® Earlier, similar results were obtained with ethylene
However, the predicted Boltzmann distributions (Table 6) glycol by Cramer and Truhlar using the AMSOL solvation
agree poorly with the experimental results. With the family of model?*
conformers having extensive intramolecular H-bonding, there  Conformers Found Via Monte Carlo Approach. To obtain
is a roughly 30:70 N:S ratio, not the approximately 1:1 mixture a protocol more amenable to the study of oligofuranose-
present in aqueous solutidGiven that intramolecular hydrogen  containing molecules than the one described above, we explored
bonding will likely be diminished in water, the conformers with  a stochastic method for determining the preferred geometries
minimal intramolecular H-bonding might be expected to be a of 1. At the outset, the major question we wanted to answer
better representation of the solution conformational ensemble.was whether this Monte Carlo-based approach (MC) would
However, with this family of conformers, no better agreement generate a family of conformers similar to those obtained from
with experiment is seen as a 99:1 N:S ratio is predicted. It the constrained envelope method (CE) described above. We
appears, therefore, that biasing the structures against theexpected that many additional conformers would also be
formation of hydrogen bonds is not sufficient to ensure a good generated by the MC method. Moreover, we envisioned that if
agreement of conformer populations with experiment. This we had a large diversity of conformers fbrat our disposal,
suggests that some intramolecular H-bonding stabilization may then higher-level calculations, especially with consideration of
remain even under aqueous conditions. These results aresolvation via either continuum models or via the inclusion of
consistent with our recent studies on glycéfolyhich have specific water molecules, would provide better agreement with
demonstrated that the population of intramolecularly H-bonded experiment. Although these conformers could be generated
conformers does not dramatically change between the gas andnanually, as has been reported for other furanose fhgs
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TABLE 7: Summary of the AMBER, HF/6-31G*, and B3LYP/6-31G* Optimizations Depicting the Conformers within the
Lowest 5.0 kcal/mot

AMBER optimized HF optimized B3LYP optimized
relative relative relative
conformer energy’ pe g2 conformer energy pe g2 conformer energy Pe q2°
2T1 99 0.0 138 0.422 T1gg 0.0 143 0.381 2T1 99 0.0 153 0.395
2T, gg 0.7 138 0.418 2T, gg 0.7 142 0.385 2T, gg 0.6 148  0.400
2T 99 1.2 138 0.427 T1gg 1.8 137 0.382 2T1 99 2.0 146 0.394
2T, gg 1.2 138 0.427 3E gg 2.7 25  0.377 3T, gg 2.9 31 0.374
E1 g9 1.5 135  0.394 2T, gt 2.8 147  0.370 2E gt 3.0 157  0.383
E.gg 15 135  0.394 T, gt 3.1 147  0.371 2E gt 3.2 156  0.383
3T, gt 1.6 37 0.427 Egg 3.3 135 0.384 T1 g9 3.3 144 0.397
E, gt 1.9 57  0.424 5Tagg 34 44 0.396 T, gg 34 150  0.398
Esgg 1.9 58  0.432 3T, gt 35 28 0.383 Tagg 3.6 45  0.395
Esgg 1.9 57  0.432 2T1 99 35 143 0.384 3T, gt 3.6 32 0.382
2T, gt 2.1 137 0.409 Fg 3.8 46 0.376 Ftg 3.9 48  0.388
2T, gt 2.1 137 0.409 T1gg 4.0 140 0.339 T199 4.0 147 0.347
T, 09 2.1 320 0.427 g 4.2 58  0.364 Egg 4.4 54  0.368
OT, gt 2.2 71 0.416 ’Etg 4.3 153 0.366 ’Etg 4.4 160 0.381
°T,gg 2.4 75 0.414 3T, gt 4.7 45  0.387 2E tg 4.8 160  0.379
Estg 2.4 55 0.435 °Titg 4.7 153 0.365 gt 4.8 47 0.390
E.gg 2.5 135  0.398 =0 4.7 47  0.358 Ftg 4.9 50  0.369
2T, gt 3.0 139 0.414 T1gg 4.9 138 0.382 2T1 99 4.9 149 0.342
‘Togg 3.0 244 0.314 Titg 4.9 151 0.368 ’Etg 5.0 158 0.382
“E gg 3.2 241  0.334
ST, gt 3.4 6 0.420
3T, gt 34 6  0.420
ST, gt 3.4 7 0.420
Estg 35 60  0.445
Estg 35 60 0.445
E1 g9 35 133 0.404
OT, gt 3.6 64 0.425
E, gt 3.6 59  0.430
Esgg 3.6 49  0.430
Esgg 3.6 49  0.429
OT, gt 3.7 71 0.425
Esgg 3.7 61  0.421
E; gt 3.7 129 0.455
To09 3.8 320 0.411
“E gg 3.8 241  0.308
“E gg 3.9 238  0.348
°T>q9 4.0 5 0421
T, g9 4.0 321 0421
2T, g9 4.1 138 0.424
°T1 99 4.1 138 0.425
2T, g9 4.1 138 0.424
ST, g9 4.4 9 0.409
OT4tg 4.6 69  0.427
Tagg 4.6 28  0.420
3T, gt 4.6 28  0.410
ST, gt 4.6 28 0.410
Eigg 4.7 131  0.406
°Tsgg 4.7 68  0.418
3E tg 4.8 22 0.442
Esgg 4.9 56  0.424
“E gg 4.9 238 0.321
2Ty gt 5.0 139 0.414

a See text for details on the protoc6lAMBER//AMBER energy in kcal/mol¢ Altona—Sundaralingam pseudorotational phase angle (in degrees)
as defined in ref 69 Cremer-Pople puckering amplitude (in Angstroms) as defined in refeBBLYP/6-314G**//HF/6-31G* bottom-of-the-well
energy in kcal/mol relative to the global minimum at this level of thebBBLYP/6-31H-G**//B3LYP/6-31G* bottom-of-the-well energy in
kcal/mol relative to the global minimum at this level of theory.

envisioned that an approach unbiased by intuition would be led to a total of 177 fully converged conformers. All conformers
preferable. The use of molecular mechanics algorithrts were within 15 kcal/mol of the molecular mechanics global
generate and minimize a large number of conformers, a portion minimum.
of which are then studied at higher levels of theory has been Each of these conformers was optimized at the HF/6-31G*
previously reported for pyranose ring systems, including di- and level of theory and, in turn, these unique structures were again
trisaccharided’ However, these methods have not been widely further refined at the B3LYP/6-31G* level. BSLYP/6-3G**
used with furanose-containing molecufés. single-point energies of the HF/6-31G* and B3LYP/6-31G*
A Systematic Pseudo Monte Carlo search, using the protocol conformers were also calculated and, because we believe these
available in Macromodel 6.5, coupled with the AMBER force are the most accurate energies, are used in the following
field as parametrized by Homasdsvas carried out forl. A discussion. Listed in Table 7 are the conformers obtained from
total of 25 000 structures were generated in 5 CPU hours, whichthe AMBER optimizations within 5 kcal/mol of the global
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TABLE 8: Conformer Distribution from Monte Carlo and it is the approach that we recommend. Nevertheless, we
Approach were initially concerned that a loss of conformer diversity might
AMBER HF B3LYP occur upon doing the HF/6-31G* optimizations. Consequently,
all conformers total number 177 118 116 we also carried out BSLYP/6-3_16* minimizations on all 177
number in N/S 95 89 93 AMBER conformers, and obtained the same B3LYP/6-31G*
family regiong final conformers as when the HF/6-31G* calculations were used
number of eastern 21 5 2 first to reduce the number of conformers. The relative compu-
conformers tational cost between both approaches was very similar (within
?“ts.'de N/S 10%). Table S4 in the Supporting Information shows the fate
amily regiong S . -
number of western 61 24 21 of all 177 AMBER conformers upon optimization at increasingly
conformerg higher levels of theory.
conformers between total number 52 19 19 Conformers Found after HF/6-31G* Optimization. Sub-
0 and 5 kcal/mol of jecting the 177 conformers identified by the AMBER search to
global minimum number of eastern 6 o 0 HF/6-31G* optimization resulted in a number of them converg-
conformers ing to similar structures and eventually afforded 118 unique
outside N/S structures. The B3LYP/6-31G** single-point energies of these
family regiong conformers were determined, and those within 5.0 kcal/mol of
number of western 13 0 0 the global minimum are shown in Table 7. A total of 19
conformers conformers were found within this window. Upon HF/6-31G*
2 North family region: 3E—E4 (P = 9°—62°); South family region: minimization, the majority of the AMBER conformers in the
’E—E; (P = 117-17C), where P is the Altona-Sundaralingam western hemisphere converged to structures in the eastern
pseudorotational phase angle (in degrees) as defined in Péi:6:E; portion of the pseudorotational itinerary. Although many of the

regions of the pseudorotational itinerafy= 190°—35C". low-energy AMBER conformers optimized to structures that

o ) had B3LYP/6-3%#G**//HF/6-31G* energies near the global
minimum. Also presented in Table 7 are the HF/6-31G* and inimum, others were more than 3 kcal/mol higher in energy.
B3LYP/6-31G* optimized conformers with B3LYP/6-315**  gome structures with high AMBER energies5.0 kcal/mol)
single-point energies between 0 and 5 kcal/mol. The discussionminimized to conformers that were within the 5.0 kcal/mol

below focuses on the conformgrs with_in this window as they \yindow on the HF potential energy surface (Table S4 in the
would be expected to be the major contributors to the Boltzmann g nnorting Information).

distribution. Shown in Table 8 is a summary of conformer

numbers, location in the pseudorotational itinerary, and ener Ofthe 118 unique, HF-optimized conformers, 24 were present
’ P Y WYin the west, but none of these had a B3LYP/6+&**//HF/
at the three levels of theory.

Lo 6-31G* energy within the 85 kcal/mol window (Table 8). The
Conformers Found after AMBER Optimization. The 177 o
AMBER conformers were distributed over the entire pseudo- low-energy structures were distributed betweentheE, and

. o . E;—2E regions, that is, the “N family” and “S family” regions.
rotational wheel. The majority of structures were found in the S oS
eastern portion of the itinjeratr);/ and were localized betwien In the conformers within 5.0 kcal/mol of the global minimum,

b . o ) the preferred rotation about the;-€Cs bond is gg. However,

and E (the “N family region”) and betweenmRnd?E (the “S . : :
family region”). Unexpected, however, was that 61 of the 177 in contrast to the AMBER resylts, there is an approx]mately
total conformers (34%, see Table 8) were present in the Westernegtjalznggz.ezrlci;fggg}; )rmers with the gt and tg orientation (gg:
hemisphere (E-E,, P = 190-35C). The global minimum is gt ’ ) C . N
a2T; gg conformer, in the south. When considering the lowest N cases where the ring form did not change significantly
energy structures, 52 of the 177 conformers (29%) were within UPon HF minimization, the orientation about the exocyclic
5.0 kcal/mol of the global minimum. Although the majority of ~9roups remained close to their positions in the AMBER
the structures in this window were eastern conformers, 13 from conformers. However, where there were gross changes in ring
the western hemisphere were also identified at the AMBER conformation upon optimization, e.g., a western conformer
level. The preferred orientations about the-Cs bond are gg moving to a southern conformat|on_, th(_e orientation of the
and gt. The gg:gt:tg ratio of the 52 lowest-energy structures is exocyclic groups generally changed significantly. However, the
60%:30%:10%. orientation about the £-Cs bond was usually conserved.

As is apparent from the data in Table 7, a number of the The southern minimum after HF/6-31G* Optimization was
AMBER conformers were structurally very similar and nearly “T199, as was the case for the AMBER optimized conformers.
degenerate in energy. In most cases, the only differences werdlowever, the exact values & and ring puckering amplitude

slight deviations in the pseudorotational phase angl¥Y, ring of these two?Ty gg conformers were slightly different (Table
puckering amplitude, and orientation of the exocyclic groups 7) as was the orientation of the exocyclic groups (see Tables
(Table 7 and Table S1 in the Supporting Information). S1 and S2 in the Supporting Information). The northern

No molecular mechanics force field has been explicitly minimum was’E gg, not®T, gt, as found in the AMBER family
parametrized for furanose rings, with the exception of those Of conformers. Although these two levels of theory do not
found in nucleic acid3? Accordingly, we were concerned that Pprovide exact agreement for the structure of the northern
concentrating only on the low-energy AMBER conformers Mminimum, both identify a conformer in th&—E4 region of
might result in the loss of structures that would be important at the itinerary. The HF energy difference between the N and S
higher levels of theory. We therefore decided to carry out further conformers is 2.7 kcal/mol, which is larger than the energy gap
calculations on all 177 AMBER conformers. The approach we determined from the AMBER optimizations (1.6 kcal/mol),
took was to first perform HF/6-31G* optimizations, which we but consistent with the constrained envelope approach (2.2
hoped would significantly reduce the number of conformers that kcal/mol).
needed to be studied using the more expensive B3LYP/6-31G* Conformers Found after B3LYP/6-31G* Optimization.
method. As discussed below, this approach did indeed work, When the HF/6-31G* optimized conformers were further refined
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TABLE 9: Correlation of B3LYP/6-31G*-optimized, HF/6-31G*-optimized AMBER Conformers with the Results of Fully
Optimizing 60 Envelope Conformations of 1 at the B3LYP/6-31G* Level of Theory

MC AMBER matching CE MC AMBER matching CE
conformer conformer no. energy P°  q.° conformerd conformer conformerno. energy P°  q.° conformerd

T1 g9 2 0.0 153 0.395 T1gg 30 6.5 139 0.346
Tigg 1 0.6 148 0.4002T1gg-1-h Egt 182 6.6 158 0.384
T1 99 3 2.0 146 0.3942T,gg-2-h Taot 25 6.6 6 0.376
*Tagg 38 2.9 31 0.374°T,9g9-1-hfT4gg-n  2T1gg 158 6.6 145 0.396
2E gt 11 3.0 157 0.383 *Tagg 69 6.7 35 0.391
’E gt 20 3.2 156 0.3832E gt-1-h STatg 81 7.0 38 0.384
T1gg 144 3.3 144 0.397 SEgg 55 7.1 20 0.390
T1gg 48 34 150 0.398 SEtg 162 7.3 20 0.378
*Tagg 9 3.6 45 0.395°3T4gg-2-h 3Tty 192 7.4 39 0.390
STyt 7 3.6 32 0.382 °T,gt-h T 99 105 7.5 148 0.345
Estg 16 3.9 48 0.388 Hg-1-h *T.gg 146 7.5 44 0.362
’T199 5 4.0 147 0.347 ot 32 7.6 50 0.396
Esgg 15 4.4 54 0.368 *T.gg 93 7.6 40 0.362
’Etg 89 4.4 160 0.381 9 59 7.6 50 0.404
’Etg 134 4.8 160 0.379 $99 43 7.7 207 0.248
Es gt 8 4.8 47 0.390 Fag 62 7.7 51 0.390
Estg 121 4.9 50 0.369 Hg-2-h E gt 36 7.8 58 0.396
T1 g9 17 4.9 149 0.342 *Etg 61 7.8 16 0.399
’Etg 115 5.0 158 0.382 ’Etg 185 7.8 162 0.382
T1gg 73 5.2 147 0.394 T4 gt 65 7.9 37 0.386
’Etg 161 5.2 157 0.384 SEtg 82 8.1 24 0.366 °E tg-hPE tg-n
Es gt 14 53 54 0.388 *Tagg 100 8.2 45 0.378
Titg 74 5.6 143 0.422 SEtg 164 8.3 14 0.365
SEgg 13 5.7 17 0.369°E gg-n B tg 91 8.3 130 0.384
Tigt 39 5.8 138 0.433 9 174 8.4 335 0.359
T, g9 45 5.9 8 0.376 Hgg 98 8.4 134 0.369
’E gt 64 6.0 155 0.386 ’Etg 203 8.4 160 0.384
2E gt 84 6.1 157 0.386 SEgg 80 8.5 12 0.371
E gt 99 6.1 159 0.383 Titg 178 8.5 145 0.419
*T.gg 101 6.1 33 0.401 g 46 8.6 344 0.375
STyt 31 6.1 38 0.390 °T4gt-n E g9 128 8.8 50 0.373
°T4tg 54 6.1 64 0.384 ’Etg 90 8.8 161 0.323
Estg 28 6.2 52 0.407 Rg 209 8.9 62 0.365
2E gt 97 6.2 157 0.387 ‘T3 g9 67 89 225 0.310
Ty gt 87 6.3 143 0.419 T, g9 107 9.0 5 0.372
Tigg 104 6.3 149 0.341 T, gt 143 9.2 141 0.430
*T. g9 35 6.4 44 0.410

aB3LYP/6-31+G** energy of the AMBER conformers that were optimized first at the HF/6-31G* level of theory and then at the B3LYP/6-
31G* level of theory (B3LYP/6-3+G**//B3LYP/6-31G*/HF/6-31G*/AMBER) in kcal/mol.? Altona—Sundaralingam pseudorotational phase angle
(in degrees) as defined in ref 6CremerPople puckering amplitude (in Angstroms) as defined in ref¢Helated B3LYP/6-31G*-optimized
constrained envelope conformer, as determined by an exact match of absolute energies and geometry. One conformer found by the?EE method (
tg-h) was not identified by the MC method.

at the B3LYP/6-31G* level, 116 unique structures resulted. As HF/6-31G* potential energy surface. Table S4 in the Supporting
was done with the HF/6-31G* conformers, B3LYP/643G&** Information contains the orientation of all the exocyclic groups
single-point energies were calculated for all 116 structures; 19 in these conformers.
conformers are within 5.0 kcal/mol of the global minimum Comparison of Constrained Envelope (CE) and Monte
(Table 7 and Figure 1). Similar to the HF-optimized geometries, Carlo (MC) Approaches. It was expected that the B3LYP/6-
the overwhelming majority of these conformers are located in 31+G**//B3LYP/6-31G* conformer distribution and energetic
the3E—E,4 and E—2E regions of the pseudorotational itinerary. trends from the MC approach would be similar to those obtained
As indicated in Table 8, only 23 of the 116 conformers are from the CE method discussed previously. This is indeed the
found outside these regions, and none of the 23 are included incase. In general, all of the major conformers that were found to
the 19 lowest-energy conformers shown in Table 7. Further be major contributors to the Boltzmann population by optimiza-
refinement of the HF-optimized geometries at the B3LYP/6- tion of the envelope geometries dfwere also identified by
31G* level does not result in large structural changes, with only the MC methodHowever, many additional conformers were
isolated conformers moving from the northern to the southern found by the stochastic method.
family. Similarly, the orientation of the exocyclic bonds was We first compared the MC conformer distribution with that
also largely unchanged, and the ratio of-Cs rotamers was obtained by the optimization of the 30 envelope conformers of
48%:26%:26% gg:gt:tg. The major changes observed are morel that possessed intramolecular hydrogen bonds. Minimization
reasonable bond lengths due to the inclusion of electron of all 30 envelopes had identified 12 conformers (Table 2), eight
correlation, which is missing at the HF level of thedry. of which contributed more than 1% to the Boltzmann population
The B3LYP-optimized potential energy surface is very similar at room temperature (Table 6). As illustrated in Table 9, the
to that obtained from the AMBER and HF-optimized family of Monte Carlo search identified nine of these 12 conformers,
conformers. The global minimum is a southern conforrigy, including seven of the eight conformers that are appreciable
g9, and the northern minimum ¥, gg. The energy difference  contributors to the CE Boltzmann population. The only signifi-
between the two is 2.9 kcal/mol. The exact value® @ind the cant contributor (4.1%) that was found by the CE approach,
puckering amplitude differ slightly from the structures on the but not by the MC method, w&& tg-h.
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E,tg. 4.9 2T, gg, 4.9 2Etg, 5.0

Figure 1. B3LY/6-31G* conformers ofl obtained by the MC method. Only those conformers within 5.0 kcal/mol of the global minimum are
shown, see Table 7. Exocyclic torsion angles can be found in Table S3 in the Supporting Information.

Minimization of the 30 envelope conformers bfwith the between the two conformers is that in the MC minimum, the
hydroxyl hydrogens oriented such that intramolecular H-bonding Os—H group has rotated to form an intramolecular H-bond with
was unfavorable provided seven conformers (Table 5). The MC the ring oxygen. The global minimum obtained by the CE
method identified four of these, including all of those that method is the second-lowest energy conformer on the MC
contribute more than 1% to the CE Boltzmann population. The potential energy surface (Table 9). Subjecting the low-energy
three conformers which were not found each contribute less conformers found by the MC approach to vibrational frequency
than 0.2%. calculations and determination of free energies would likely

The most notable difference between the MC and CE potential produce a Boltzmann distribution even more biased toward the
energy surfaces is that the global minimum from each method southern conformers than that obtained from the “h-conformers”
is not the sameThe lowest energy conformer obtained from listed in Table 6. So, whereas we feel that the stochastic
the MC method, &T; gg structure, was not found by the CE approach is the best way to generate conformers, treatment of
approach. The energy differenc&Hgw, B3LYP/6-3HG**// solvation on the structures generated will still be necessary in
B3LYP/6-31G*) between the MC and CE global minima is 0.6 order to achieve results in agreement with experiment.
kcal/mol. However, the MC and CE minima are very similar, A final issue concerns the number of HF/6-31G* and B3LYP/
differing only slightly in terms ofP, puckering amplitude and  6-31G* optimizations of the AMBER conformers that is
exocyclic torsion angles. The most significant difference necessary to avoid “missing” structures that are contributors to
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the conformational ensemble. This information can be gleanedIndeed, the B3LYP and HF surfaces are quite similar for
from Table 9, in which the final conformers obtained from the Studies directed toward addressing the effect of solvation on
MC method are correlated with the AMBER conformer number the potential energy surface tfare currently underway.

from which they were obtained. Had only the AMBER

conformers with a relative energy within 5.0 kcal/mol of the Acknowledgment. This research has been supported by the
global minimum been carried on (AMBER conformer numbers Ohio State University and the National Science Foundation
1-52), 5 of the 19 final conformers would not have been found. (T.L.L.: CHE-9875163 and C.M.H.. CHE-9733457). We
However, these are all relatively high-energy species that would acknowledge support from the Ohio Supercomputer Center
be expected to be only minor contributors to the Boltzmann where some of these calculations were performed.
distribution. Consequently, although in these studies we carried

through all 177 of the fully converged AMBER conformers for Supporting Information Available: Cartesian coordinates
further investigation, it is clear that continuing with only the for B3LYP/6-31G* optimized structures listed in Table 7, and
50 lowest-energy conformers would have been sufficient. tables of geometrical parameters for conformers optimized at
each level of theory. This material is available free of charge
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