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Abstract—One hundred and two conformations of o~ and B-p-allopyranose, the C-3 substituted epimer of glucopyranose, were
geometry optimized using the density functional, B3LYP, and the basis set, 6-311++G™*. Full geometry optimization was
performed on different ring geometries and on the hydroxymethyl rotamers (gg/gt/tg). Analytically derived Hessians were used to
calculate zero point energy, enthalpy, and entropy. The lowest energy and free energy conformation found is the o-tg(g—)-*C;-c
conformation, which is only slightly higher in electronic (~0.2 kcal/mol) and free energy than the lowest energy a-D-glucopyranose.
The in vacuo calculations showed a small (~0.3 kcal/mol) energetic preference for the a- over the B-anomer for allopyranose in the
4Cy conformation, whereas in the ' C, conformation a considerable (~1.6 kcal/mol) energetic preference for the p- over the o-anomer
for allopyranose was encountered. The results are compared to previous aldohexose calculations in vacuo. Boat and skew forms
were found that remained stable upon gradient optimization although many starting boat conformations moved to other skew
forms upon optimization. As found for glucose, mannose, and galactose the orientation and interaction of the hydroxyl groups
make the most significant contributions to the conformation/energy relationship in vacuo. A comparison of different basis sets

and density functionals is made in the Discussion section, confirming the appropriateness of the level of theory used here.

Published by Elsevier Ltd.
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1. Introduction
1.1. Background

Allopyranose (allose) is a rare aldohexose, which has
lately gained attention for a variety of uses, namely, as
a potential cancer inhibitor,"? a sweetener,’ and as use
as a bulk agent.* For example, it was recently shown
that p-allose has a significant inhibitory effect on
ovarian cancer cell production.! Such studies were only
recently possible because of the progress made in
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synthesizing large quantities of rare sugars via enzy-
matic reactions®’ instead of the costly cyanohydrin
reaction.® Allopyranose is extremely rare in nature
but is found in the leaves of the passion fruit plant in
the form of benzylic p-b-allopyranosides.'”

The conformational preferences of allose and its deriv-
atives have been probed experimentally by NMR "4
studies, Vibrational Raman Optical Activity (ROA),"
and Vibrational Circular Dichroism (VCD)'® measure-
ments, and X-ray crystal structure.'” In the crystalline
form, the B-gg-*C; conformation is found, in which all
hydroxyl groups act as proton donors and acceptors,
except for the C-3 hydroxyl, which acts only as a donor.
NMR studies''™'* show that o- and p-p-allose prefer the
4C, conformation in aqueous solution with preference
given to the B-anomer with an o/B-anomeric ratio
reported to be ~15/85%.'1:18
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A computational study of allose of this scope and at
this level of theory has not been reported although spe-
cific *C; conformations have been studied at a level of
theory similar to that used here.'>** Empirical potentials
have previously been used by Dowd?' and Damm?®? to
study glucose epimers including p-allopyranose;”! unfor-
tunately, the results in Dowd’s paper were not presented
in sufficient detail (i.e., the hydroxyl groups rotation and
hydroxymethyl conformations were not included in the
table of energies, nor were internal coordinates) to make
either energy or structural comparisons to our results. A
comparison with Damm’s**> work will be presented in the
Discussion section, along with a description of the effect
of hydration on the o/f anomeric ratio. In addition,
relative energy differences between nine different Pople
basis sets and different density functionals are included
in the Discussion section.

This work is a continuation study of the structure and
energetics of epimers of glucose from this laboratory.
Standard density functional methods are applied to the
structural study of the 4C, and 'C, conformations as
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well as boat and skew conformations of o- and B-D-
allose. The driving force behind this study is to investigate
the effects of epimerization at the C-3 position on the
energy/property relationships of the pyranose carbo-
hydrates, and apply these relationships in the design of
new carbohydrate polymers with desired properties.

Previous DFT calculations from this laboratory on
glucose,”® mannose,”* and galactose® are briefly com-
pared with the allose results as are specific experimen-
tal/computational studies in which structural or
energetic material is presented.

2. Methodology
2.1. Computational methods
The initial chair, boat, and skew conformations were
constructed using constraining potentials on ring dihe-

dral angles, different low energy combinations of hydr-
oxyl and hydroxymethyl group orientations, and briefly

Table 1. Calculated® and ideal® improper dihedral angles for p-allopyranose ring conformations®

Conformations Improper dihedrals? Puckering parameters® Pattern
ol o2 o3 (0] ¢ 0

Alpha Mo —33.1 -29.7 —31.8 0.549 3-320 42
Beta —36.3 —26.2 —-35.1 0.568 1-349 6.7
Ideal —35.0 —35.0 —35.0 0-360 0.0 ——
Alpha 'cy 33.5 30.6 27.3 0.529 218-335 174.7
Beta 28.9 33.6 25.8 0.510 5-352 172.8
Ideal 35.0 35.0 35.0 0-360 180.0 44
Alpha 'S, 58.6 —53.1 -29 0.735 213.9 89.0
Beta 42.7 —54.3 —-0.8 0.643 206.3 81.7
Ideal 60.0 —60.0 0.0 210.0 90.0 R )
Beta 1S5 51.4 3.1 —554 0.712 273.6 89.0
Ideal 60.0 0.0 —60.0 270.0 90.0 +0-’
Beta 38, —62.1 45.8 1.3 0.713 35.1 84.4
Ideal —60.0 60.0 0.0 30.0 90.0 =+0
Alpha °s, —4.0 56.1 —55.1 0.736 331.5 90.4
Beta —12.6 62.7 —50.1 0.751 340.4 91.6
Ideal 0.0 60.0 —60.0 330.0 90.0 04—’
Beta 2So 2.5 —55.9 39.4 0.646 157.2 81.4
Ideal 0.0 —60.0 60.0 150.0 90.0 ‘0—-+
Alpha 4B 61.0 -39.9 -21.5 0.711 230.6 87.9
Ideal 60.0 —-30.0 —30.0 240.0 90.0 +--’
Beta B4 —65.6 33.1 10.9 0.697 48.4 82.3
Ideal —60.0 30.0 30.0 60.0 90.0 =
Alpha B,s 34.8 12.3 —62.7 0.698 287.5 83.1
Ideal 30.0 30.0 —60.0 300.0 90.0 ++-
Beta Bs.o 16.1 —64.4 323 0.690 170.7 81.3
Ideal 30.0 —60.0 30.0 180.0 90.0 -

#The listed values represent averaged values where possible.
®The ideal improper dihedral angles were taken from Ref. 38.
¢ All dihedral angles are in degrees.

9 The improper dihedrals are defined as a1 = C4-05-C2-Cl, a2 = 05-C2-C4-C3, 03 = C2-C4-05-C5.
¢The Cremer-Pople puckering parameter Q is in A and the angles ¢ and 0 are in degrees.
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Table 2. Hydroxyl orientations, improper dihedral angles, and relative electronic energies AE (kcal/mol) and free energies AGg%(kcal/mol)"l for
geometry optimized chair forms of p-allopyranose®

Geometry Starting Hydroxy Hydroxyl Improper dihedrals’ Cremer—Pople AE A(AGggg)
optimized conformations® methyl orientation® puckering
conformations® orientation (C1,C2,C3,C4) parameters®

(C5-C6-06-H) ol o0 3 0 P )
0-gg-*C, gt rerr —33.81 —-30.73 —-28.07 0.534 105.1 3.8  0.393 0.924
o-gg-*C) gt cOcc —3425 -30.51 -3143 0.561 579 2.5  0.647 0.441
0-gg-*C, a-gg-B;3 0 g— rerr —32.82 —-31.09 -30.86 0.547 137.7 1.0 2.561 2.783
0-gg-*C, t rerr —33.75 —-30.97 -28.17 0.534 110.9 3.7 2769 2717
0-gg-*C, t cOcc —33.71 -30.86 —33.10 0.568 20.5 1.4 3.053 2.326
0-gg-*Cy g— cree —3440 -30.78 —30.73 0.558 74.6 29 6459 5773
a-gt-*Cy a-1g-*C, g— rerr —33.89 —30.22 -30.12 0.544 787 22 0.335 0816
a-gt-*C, g— cOcc —34.16 —-30.75 -31.37 0.562 62.3 2.6 1960 1.897
a-gt-*Cy a-1g-*C, t rerr —33.78 —30.09 -31.06 0.547 56.6 1.6 2.455 2433
o-gt-*Cy g+ rerr —3379 —-30.24 -29.92 0.541 84.4 22 2932 2.882
o-gt-*Cy gt cOcc —35.07 -29.81 —-31.31 0.560 52.9 3.7 5720 4.800
a-1g-*Cy g— cOcc —35.04 -29.95 -31.39 0.560 57.2 3.6 0.000 0.732
0-1g-Cy gt crrr —31.61 —29.48 —33.23 0.546 316.6 24 1.724 2.578
a-1g-*C, g+ rrrr —25.05 —-24.39 —40.08 0.530 296.2 13.6 2.164 2.559
0-1g-*Cy t ceee —28.93 —-21.51 —40.22 0.534 3199 134 3.065 3.067
a-1g-*C, a-gt-*C, g+ crer —33.02 -31.24 —-33.20 0.566 2.6 7.1 3326 2574
B-gg-*Cy gt rrrr —37.11 -27.33 -31.63 0.554 35.0 59 0.253 0.065
B-gg-*Cy g— rrrr —35.89 —-27.29 —-34.61 0.568 4.9 53  3.082 2315
B-gg-*Cy gt ceee —-36.46 —25.75 —-35.36 0.570 341.3 0.8 3.326 3.899
B-gg-*Cy t ceee -34.05 -2647 -38.32 0.578 338.1 7.6 5.750 4.205
B-gg-*Cy g— Occe —3579 -27.09 -—-34.33 0.567 124 6.1 9314 7312
B-gr-*C, g— rrrr —37.53 —-26.05 -34.09 0.566 15.6 7.2 0.294 0.000
B-gr-*C, t rrrr —3748 —-26.22 —33.73 0.566 19.0 7.0 3.842 2.791
B-gt-*C, gt rrrr —37.73 2641 —-32.45 0.560 29.5 7.0 3.957 2907
B-gr-*C, g— ceee —37.38 2522 3546 0.571 7.4 8.0 4512 3712
B-gt-*Cy g— ccOr —35.57 -26.04 —35.06 0.564 5.8 7.1  6.956 6.408
B-gr-*C, gt Occe —36.39 —2597 —-3498 0.569 9.7 7.5 8477 6.492
B-gr-*C, t ccOr —33.86 —26.68 —37.84 0.576 337.4 7.2 11.81 9.575
B-tg-*C gt rrrr —36.78 —25.64 —35.55 0.569 0.9 7.3  0.488 0.636
B-1g-*C t ceee —38.05 —2497 -—-34.53 0.565 16.5 82 2.665 2.663
B-1g-*C, g— ceee —35.80 —26.04 —35.30 0.566 6.7 7.2 3.062 2.026
B-1g-*C, o-gt-*Cy gt Occr —35.05 -26.33 —-37.09 0.579 348.6 7.3 6.006 5.573
0-gg-'Cy o-gg-(gH)-1Cy 1 cerr 35.26 28.31 2597 0.523 2619 1724 3961 4.518
o-gg-1Cy o-gg-(g+)-'Cs ¢ rrer 33.10 3344  24.82 0.530 312.6 172.5 4275 4.379
0-gg-'Cy o-gg-(gt)-'Cy ¢ cec0 32.67 28.46 28.61 0.520 2545 176.6 4353 4.674
o-gg-1Cy t cere 32.67 31.67 27.07 0.533 297.7 1748 5848 5.929
0-gg-'C4 o-gg-(gt)-1Cy ¢ rrrr 33.75 22.96 2724 0475 2179 1724 8.197 17.572
o-gg-1Cy o-gg-(gt)-1Cy ¢ ceee 33.69 23.86 27.13 0.485 228.0 172.1 10.02 9.297
o-gt-'Cy g— cec0 32.96 29.04 29.19 0.527 256.1 177.0 4202 4.693
a-gt-'C, g— rrer 32.87 33.85 2581 0.535 3183 1732 4763 4.804
o-gt-'Cy g— cere 32.53 32.22 28.25 0.540 3053 1757 4979 5.256
o-gt-1Cy gt rrer 34.25 31.69 29.50 0.549 291.8 1769 5839 5.567
o-gt-'Cy t rrer 33.75 32.05 28.97 0.546 3043 176.8 6.515 6.201
a-gt-'C, t cere 31.52 31.71 31.03 0.546 3354 178.5 8361 7.902
o-1g-1Cy g— cerr 34.11 29.58 2770 0.529 2694 1747 5383 5.689
o-1g-1Cy t cerr 33.33 30.15 27.86 0.529 2788 1754 5474 5.612
o-1g-1Cy o-gt-'Cy gt rrer 33.07 33.38 27.15 0.540 318.1 1747 6.736 6.480
a-1g-'C, gt cec0 32.55 28.58 30.72  0.531 2219 1779 7.091 6.965
o-1g-1Cy g— ceer 35.36 32.93 2444 0.541 290.7 1709 7.925 8.009
a-1g-'C, g+ ceer 36.00 32.28 2480 0.544 2846 171.2 10.14 9.498
B-gg-'C4 gt rec0 25.66 30.11 28.03 0483 333 1747 2.601 3.898
B-gg-'C4 gt rere 26.51 33.80 26.36 0.504 51 172.0 4.070 4.941
B-gg-'C4 g+ rrer 27.38 34.01 24.57 0.500 351.1 171.3 4.645 5.225
B-gg-'C4 t rrer 28.98 34.51 23.19 0.509 332.1 170.3 5.008 5.872
B-gg-'C4 g— rec0 28.86 31.58 2537 0.500 331.6 1741 5780 6.492
B-gg-'Cy t rere 27.97 33.43 2575 0.509 3448 1729 6411 7.133
B-gg-'C4 g— rrer 29.66 34.32 2327 0.512 3283 170.6 6.433 6.917
B-gg-'C4 g— rere 28.29 33.12 26.33 0.512 3449 173.6 7979 8.461

-gt-'Cy — rec0 28.05 33.09 2454 0.496 3438 1722 4903 5.145
8 g
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Table 2 (continued)

Geometry Starting Hydroxy Hydroxyl Improper dihedrals® Cremer—Pople AE A(AGYy)
optimized conformations®  methyl orientation® puckering
conformations® orientation (C1,C2,C3,C4) parameters®
(C5-C6-06-H) A 2 w3 0 P 0

-gt-1Cy + rrer 3149 3278 2776 0.530 329.0 1755 5.863 6.083

4 4
B-gt-'C4 g— rere 27.55 35.62 25.10 0.514 351.7 170.5 6.016 5.935
B-gt-'Cy g— rrer 29.50 36.15 21.60 0.512 3324 168.1 6.253 6.043
B-gt-'C, gt rere 31.01 3256 2856 0.531 3382 1762 6.764 6.585
B—gt—1C4 t rrer 30.39 3244 2870 0.527 350.5 1763 7.163 7.069
B-1g-'C,4 g— rerr 30.24  32.02 25.16 0.503 3264 173.6 4.707 5.107

-1g-'Cy t rerr 29.25 3238 25.86 0.503 339.6 173.9 4.851 5.039

&

B-1g-'C, t rere 28.93  34.59 26.09 0.518 347.6 172.3 5.797 5.499
B-lg-1C4 g— rere 29.33 3458 25.88 0.519 3439 172.3 6411 6.015
B-1g-'C, gt rrer 29.23 3496 25.13 0.518 3435 171.6 7.498 6.994
B-1g-'Cy4 g— cOrr 30.04 31.62 2535 0.503 322.1 1740 9.333 9.232

A AGSs = E+ (H — TS) +RT.
® All dihedral angles are in degrees.
°B3LYP/6-311++G"* optimized geometries.

dStarting conformations are the same as the optimized geometries unless noted otherwise.

¢ Orientation of the hydroxyl groups in the 1-, 2-, 3-, and 4-positions: a clockwise orientation is marked as ‘¢’ and a counter clockwise direction is
marked as ‘7, the marking ‘0’ indicates a trans direction relative to the methine hydrogen between ‘¢’ and ‘7.

"The improper dihedrals are defined as ol = C4-05-C2-C1, 02 = 05-C2-C4-C3, a3 = C2-C4-05-C5.

€The Cremer—Pople puckering parameter Q is in A and the angles ¢ and 0 are in degrees.

pre-optimized (PM3) under constraints using Hyper-
Chem v7.5.%° The generated initial conformations were
examined to confirm the correct conformation with no
high energy contacts, and then fully optimized using
the B3LYP non-local exchange functionals with the
6-31+G™ and subsequently 6-3114++G"* basis sets as
described previously by this group.? 2>"?® Other groups
have used these large basis sets in their DFT investiga-
tions of carbohydrates.”” 3! Convergence criteria for
the optimization were set at 1 x 10~® Hartree for the en-
ergy and a gradient of less than 3 x 10~* a.u. To ensure
that the geometry optimized conformations are at local
minima, vibrational frequencies (not presented here)
were calculated using an analytical Hessian, which pro-
vided zero point vibrational energies (ZPVE), enthalpies
(H), and entropies (S). DFT in vacuo studies from this
laboratory on  monosaccharides,” %>  disaccha-
rides,?”?®3? and explicitly hydrated glucose**** and cel-
lobiose®>*® have shown that the B3LYP/6-311++G™*
level of theory will give consistently reliable geometries,
conformations, and energies for carbohydrates. For this
reason, all allose structures reported here are at the
B3LYP/6-311++G™ level of theory, although the smal-
ler basis set optimized structures are directly compared
to the larger set structures in the discussion. The DFT
calculations were carried out on Parallel Quantum Solu-
tions software and hardware.>’ The results have been
displayed using HyperChem v7.5.%°

2.2. Nomenclature and conventions

The standard numbering scheme is used for the pyra-
nose ring.*®° The geometric assignments of the chair,

boat, and skew forms were made using improper di-
hedral angles as described previously.?>**%° It should be
noted here that using improper dihedrals for the confor-
mational assignment can still be difficult because the
improper dihedral angles can differ significantly from the
ideal improper dihedrals (see Table 1). Another way to
consider the conformational assignment is by using a
‘“+/—’ pattern of the improper dihedrals, for example,
for the *C; conformation the pattern would be ‘— — —
as shown in Table 1. The pattern for each of the confor-
mations is unique to the ring conformation. Still when
one of the ideal improper dihedral angles is close to zero
(all of the skew conformations), a tolerance of +/—10°
was imposed to allow or disallow a particular assignment.
The addition of the Cremer—Pople*' puckering para-
meters to Tables 1-3 allows analysis for those familiar
with these parameters.

The different rotamer conformations of the hydroxy-
methyl are denoted by:

tg 06 is trans to the ring oxygen O5
(O5-C5-C6-06 dihedral ~180°)

gg C6-06 bond is gauche to the C5-O5
and C5-C4 bonds
(O5-C5-C6-06 dihedral <0°)

gt C6-06 bond is gauche to the C5-O5
bond and trans to the C5-C4 bond
(O5-C5-C6-06 dihedral >0°)

In this study, the orientations of the hydroxyl groups
in the 1-, 2-, 3-, and 4-positions are defined by this
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Table 3. Hydroxyl orientations, improper dihedral angles, and relative electronic energies AE (kcal/mol) and free energies AGY, (kcal/mol)* for

geometry optimized boat and skew forms of p-allopyranose®

Geometry Starting Hydroxy Hydroxyl Improper dihedrals’ Cremer—Pople AE A(AGggs)
optimized conformations® methyl orientation® puckering
conformations® orientation (C1,C2,C3,C4) parameters®

(C5-C6-O6-H) 2l 22 3 R 0
o-gg-'*B gt ceee 60.96 —39.89 —21.50 0.711 230.6 87.9 8.797  7.595
o-1g-By 5 gt Frrr 3481 1231 —62.70 0.698 287.5 83.1 6.017 5.922
B-gg-B14 gt e —65.58 3311  10.87 0.697 484 823 8119 7.210
B-gg-Bs.o gt ccOr 1826 —63.68  30.18 0.676 172.6 81.7 8.555 8.487
B-gg-Bs.0 B-gg-(g—)-Bso ¢ Orrr 13.85 —65.18 3448 0.705 168.8 80.9 9.061  9.660
0-gg-'S3 o-gg-'*B t e 59.83 —49.09 —6.32 0.715 2174 89.4 7.534  6.995
o-gt-1S; 0-gt-Bs 0 g— rrrr 59.64 —4837 —7.45 0.710 218.1 89.1 8.082  7.357
o-1g-18; 0-tg-Bs 0 g+ ccOr 56.36 —61.72 517 0.780 2064 88.6 9.561 10.24
B-gg-'S; B-gg-'*B g+ rece 4270 —54.33 —0.82 0.643 2063 81.7 7.850 6.471
B-gg-'Ss B-gg-Bss gt reee 50.20 444 5739 0720 2755 884 5999 5451
B-gg-'Ss B-gg-Bs s gt rece 50.19 445 5744 0720 2755 884 6.006  5.380
B-gg-'S; B-gg-Bs s gt e 52.08 3.15 —53.67 0.703 272.8 90.1 8.137 7.644
B-gt-'Ss B-gt-Bs s g— FrrE 52.06 228 —5401 0.706 2724 89.5 7.744  7.145
B-1g-'Ss B-tg-Bss gt e 52.63 1.16 —54.57 0712 2719 889 6916 7.015
B-gg->S, B-gg-+°B gt rrr —62.51 4332 0.79 0.703 373 840 6.715 5.830
B-gt-3S, B-gt->°B g— e —61.79 4837 —343 0723 329 847 6928 5979
B-gg->S; gt cOrr —4948 5999 —1821 0.732 163 88.7 9.599 8.778
0-gg-%S, 0-gg-Bs s gt rre0 -3.10 6191 —50.73 0.748 3343 950 3.284 3.826
a-gg-°S, o-gg-B> s gt cecee 1.28 4795 —60.63 0.720 3239 86.7 5.657 5.149
0-gg-%S, 0-gg-B 4 gt ceee 1.56  47.71 —60.72 0.719 3237 86.7 5.668 5.110
0-gg-%S, gt ceee —10.95 6347 —49.72 0.752 339.6 92.7 5.855 5.844
o-gt-95, g— ceee —11.08  63.83 —49.57 0.753 339.9 929 6.164 6.258
0-gg-°S, 0-gg-Bs 5 t cec —899 5996 —51.73 0.736 337.0 91.5 7.343 1131
0-g1-9S, o-gt-+°B g— rre0 —4.60 6275 —51.08 0.756 3353 946 3.343  3.756
o-gt-98, g— ceee —0.66 5049 —59.95 0.726 3262 873 6480  5.692
0-1g-9S, a-1g-"*B t ceee 0.99 4697 —61.39 0.715 323.8 86.1 5.136 4.720
B-gg-°S, gt rec —1721  61.19 —47.47 0.731 3438 90.0 6.056 5.643
B-gr-°S, gt rre0 —11.02  63.65 —51.66 0.764 339.0 92.1 9370  8.086
B-gg-°S, B-gg->°B g— rre0 -9.69 6327 —51.11 0.758 3384 927 1027  8.679
B-gg->So B-gg-Bs.0 gt rrrr 493 —57.03 3613 0.638 160.4 804 6.545 6.711
B-gg->So B-gg-"*B g+ rrrr 502 —57.05  36.13 0.638 1604 80.5 6.567 6.621
B-1g->So B-tg-Bs.0 a— rrrr —233 —5375 4593 0.662 150.8 834 10.09  9.366
##See legends in Table 2.
orientation relative to the O5 ring oxygen. The notion 3. Results

used is ‘¢’ for clockwise and ‘#’ for counter clockwise
orientation. In some cases it was necessary to use the
label zero ‘0’ to indicate that the orientation was
neither ‘¢’ nor ‘7’, found here to be most often trans
to the methine hydrogen. The full definition of every
hydroxyl orientation (r, ¢, or 0) can be found for each
structure in Tables 2 and 3. In addition, the specific
orientation of the H-O6 hydroxyl group is specified
by the value of the C5-C6-0O6-H dihedral angle as fol-
lows: g+ (C5-C6-O6-H dihedral >0°), g— (C5-C6-
O6-H dihedral <0°), and ¢ (C5-C6-O6-H dihedral
~180°). This addition to the notation was needed be-
cause the orientation of the H-O6 hydroxyl group with
respect to the OS5 ring oxygen is of energetic impor-
tance, for example, the energy difference between a
gg-(gt+) and a gg-(g—) conformation can be on the
order of 1-2 kcal/mol.

3.1. Conformations

In the present work, 102 unique allopyranose conforma-
tions have been found. The B3LYP/6-311++G™* opti-
mized conformations and relative energies are listed in
Tables 2 and 3 together with the assignment of the
hydroxyl orientations and the improper dihedral angles.
The *C; conformations have relative electronic energies
in the range of 0 — 11 kcal/mol and a relative free en-
ergy range of 0 — 9 kcal/mol. Similarly, the ' C4 confor-
mations have a relative energy of ~3 — 10 kcal/mol and
relative free energy range of ~3 — 9 kcal/mol. The sta-
ble boat and skew forms examined are ~4-11 kcal/mol
higher in energy than the lowest energy *C; conformer,
but only ~1-7 kcal/mol higher in energy than the lowest
energy ' C4 conformer. Of the boat conformations exam-
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ined (see Table 3 under Starting conformations), the B, s
conformer formed the most stable boat form. Many
other starting boat conformations optimized to stable
skew forms as shown in Tables 2 and 3. In agreement
with our previous studies>> > of epimers of p-gluco-
pyranose, the *C; conformation is energetically preferred.

3.2. *Cy Chairs: general remarks
Selected calculations for the vacuum *C; conformations

of o- and B-p-allopyranose rotamers are presented in
Tables 4 and 5 (see also Figs. 1 and 2), respectively.

Anomeric effects, rotamer conformations, and the
orientation of the hydroxyls (with an emphasis on the
C-3 hydroxyl orientation) are the focus of the *C; con-
formational investigations. In the case of glucopyranose,
the a-gf(g—)-*Cy-r conformation was of lowest energy,
while in the allopyranose structures studied here, the o-
tg(g—)-*Cy-c conformation has the lowest energy. Inter-
estingly, the allose electronic energy of o-fg(g—)-*Ci-c
is only slightly higher than the best structure found for
glucose (~0.2 kcal/mol) but is ~0.6 kcal/mol lower in en-
ergy than the lowest energy mannose conformation using
the same DFT methods and basis set. The resulting

Table 4. Geometry optimized B3LYP/6-311++G** energies (E), harmonic zero point vibrational energies (ZPVE), enthalpies (H), entropies (S), free

energies (G) for a-*C; conformations of p-allopyranose®

o-Anomer?

gg(gt+)-r gH(g—)-r 1g(g+)-r gg(gt)-c gH(g—)-c 1g(g—)-c
E —431352.864 —431352.922 —431351.533 —431352.610 —431351.297 —431353.257
AE 0.393 0.335 1.724 0.647 1.960 0.000
ZPVE 124.276 124.273 124.498 123.999 123.987 124.454
E+ ZPVE —431228.588 —431228.649 —431227.035 —431228.611 —431227.310 —431228.803
A(E + ZPVE) 0.600 0.539 2.153 0.577 1.878 0.385
H 132.379 132.403 132.501 132.335 132.273 132,511
S (cal/mol K) 104.925 105.174 104.249 107.250 106.562 104.696
A(AGYy)° 0.924 0.816 2.578 0.441 1.897 0.732
Hydrogen bonds®
05---H-01 2.605 2.602
H-O1---H-02 2.238 2.557 2.550 2.588
H-02-.-H-03 2.594
H-03---H-02 2.444 2.451 2.530 2.535 2.512
H-03---H-04 2.207 2.222 2.267
H-04.--H-03 2.296 2.267 2.238
H-04---H-06 2.118
H-06.--H-04 2.014
05---H-06 2.396 2.431 2.476 2.343
Bond lengths
01-Cl 1.426 1.425 1.413 1.401 1.400 1.401
05-Cl1 1.408 1.409 1.412 1.428 1.429 1.431
05-C5 1.449 1.449 1.435 1.434 1.434 1.425
Cl-C2 1.538 1.538 1.542 1.543 1.543 1.543
Bond angles
Cl1-05-C5 1159 115.5 116.0 115.6 1159 115.1
01-C1-05 111.8 112.1 114.0 113.2 113.4 113.1
01-Cl1-C2 107.6 107.5 111.0 112.8 113.0 112.9
05-Cl1-C2 111.2 110.7 110.4 108.8 108.5 108.7
02-C2-C1 112.2 112.4 111.5 112.6 112.6 112.6
05-C5-C6 105.5 105.8 106.6 105.9 105.1 105.7
Cl1-C2-C3 110.4 110.4 111.0 110.4 110.4 110.4
05-C5-C4 111.4 110.7 109.2 109.8 109.9 110.6
Dihedral angles
C5-05-C1-C2 —57.8 —59.2 —59.3 —61.1 —61.1 —61.6
05-C1-C2-C3 55.7 55.4 52.4 56.0 56.0 56.6
C1-C2-C3-C4 —52.7 —52.2 —50.4 —534 —53.8 —53.3
05-C5-C6-06 —58.2 61.9 168.9 —63.0 61.7 179.9
C5-C6-06-H 59.6 -59.2 52.5 61.5 -50.4 —90.5

# All energies in kcal/mol unless otherwise noted. All bond lengths are in A and bond angles and dihedral angles are in degrees.

® AGSys = E + (H — TS) + RT.

“The distance for the hydrogen bond cutoff was selected to be <2.6 A.

9 Hydroxyl orientations are shown in a condensed form. The full description for the hydroxyl orientations can be found in Tables 2 and 3.
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Table 5. Geometry optimized B3LYP/6-311++G** energies (E), harmonic zero point vibrational energies (ZPVE), enthalpies (H), entropies (.S), free
energies (G), and X-ray diffraction for B-*C, conformations of p-allopyranose?

B-Anomer®

gg(gt)-r gug—)-r 1g(gt)-r g8(gt)-c gi(g—)-c 1g(1)-c X-ray®
E —431353.004 —431352.963 —431352.769 —431349.931 —431348.745 —431350.592
AE 0.253 0.294 0.488 3.326 4.512 2.665
ZPVE 123.816 123.780 124.005 123.575 123.490 123918
E+ZPVE —431229.188 —431229.183 —431228.764 —431226.356 —431225.255 —431226.674
A(E + ZPVE) 0.000 0.005 0.424 2.832 3.933 2.514
H 132.087 132.091 132.185 132.006 131.940 132.120
S (cal/mol K) 106.359 106.728 105.560 107.979 107.919 105.845
A(AGY)? 0.065 0.000 0.636 2.574 3.712 2.663
Hydrogen bonds*
05---H-01 2.518 2.540 2.497
H-02---H-0O1 2.412 2.416 2.394
H-Ol1.--H-02 2.467 2.468 2.479
H-02---H-03 2.311 2.294 2.289
H-03.--H-02 2.211 2.208 2.210
H-03---H-04 2.169 2.183 2.191
H-04.--H-03 2.302 2.271 2.201
H-04---H-06 2.090
H-06---H-04 1.958
05---H-06 2.367 2.421 2.480 2.342
Bond lengths
01-C1 1.399 1.399 1.398 1.399 1.399 1.398 1.386
05-Cl1 1.418 1.419 1.419 1.414 1.415 1.416 1.432
05-C5 1.441 1.442 1.435 1.432 1.432 1.424 1.447
Cl-C2 1.527 1.527 1.528 1.536 1.536 1.535 1.528
Bond angles
C1-05-C5 113.7 112.7 112.4 112.7 112.6 112.3 112.3
01-C1-05 108.9 109.2 109.1 105.8 105.9 105.9 107.0
01-C1-C2 107.2 107.1 107.0 111.4 111.6 111.6 114.1
05-Cl1-C2 109.8 109.4 109.9 109.6 109.0 109.2 108.3
02-C2-Cl1 111.8 111.9 111.9 110.5 110.7 110.5 112.3
05-C5-C6 105.9 106.3 107.2 106.2 105.5 105.1 108.5
Cl1-C2-C3 110.4 110.5 110.7 110.8 110.7 110.6 108.2
05-C5-C4 110.2 109.5 108.6 109.0 108.9 109.9 107.8
Dihedral angles
C5-05-C1-C2 —63.4 —65.2 —65.3 —64.9 —66.1 —65.9 —65.1
05-C1-C2-C3 57.3 57.1 56.1 55.9 56.6 57.2 61.6
Cl-C2-C3-C4 —51.0 -50.0 —49.0 —49.0 —49.0 —49.0 —58.0
05-C5-C6-06 -57.0 61.6 169.1 —62.9 60.2 —178.4 -75.3
C5-C6-06-H 57.0 —57.6 50.9 61.5 —52.5 177.1

#See legends in Table 4.
®The X-ray diffraction data were taken from Ref. 17.

~0.2 kcal/mol difference in energy favoring glucose over
allose is within the error limits expected from these calcu-
lations. When the energy is corrected for ZPVE the
energy difference becomes ~0.85 kcal/mol, with glucose
remaining favored over allose. Thus, epimerization at
the C-3 position results in an increase in overall
electronic and free energy relative to the lowest energy
glucose structure, o-g#(g—)-*Cy-r. A similar destabiliza-
tion was observed in the mannose study** in which
epimerization is at the 2-position. Overall, the energetic
sequence of the epimers of D-glucopyranose is galac-
tose < glucose < allose < mannose with a B3LYP/6-
311++G™ energy ranging from —431354.03 kcal/mol
for galactose to —431352.62 kcal/mol for mannose.

It is also of interest to examine the energy difference
between the lowest energy o- and B-anomers. The energy
difference is ~0.2 kcal/mol, giving preference to the a-
anomer. When the energy is corrected for the ZPVE,
the preference changes to the B-anomer with an energy
difference of ~0.4 kcal/mol. The energy difference is
small when compared to that found in glucose,
mannose, and galactose. Examination of the exocyclic
hydroxyl group orientations shows that the ‘¢’ orienta-
tion is favored in the o-anomer case, whereas the r’
orientation is favored in the f-anomer with a free-energy
difference of ~1 kcal/mol.

A comparison of the X-ray'’ bond distances with the
calculated values (see Table 5) for B-*C; shows that the
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o-gg(gh)-"Crr
AE=0.393 kcal/mol

o-gg(g+)-'Crc
AE=0.647 kcal/mol

carbon—carbon ring bond distances are lower by
~0.02 A relative to the X-ray diffraction data. The
experimental bond angles C1-O5-C5, O1-C1-05, and
05-C1-C2 are reproduced well by the calculations,
being within ~2° or better. On the other hand, the bond
angle O1-C1-C2 is smaller by ~7° relative to the exper-
imental value of 114°. The above differences between the
calculated and experimental bond angles may be attrib-
uted to distortion of the structure of B-p-allose in the
crystal lattice.

3.3. *C; Chair: orientation of exocyclic hydroxyls and
hydroxylmethyl group

As mentioned in the previous papers,”>>° the orienta-
tions of the hydroxyl groups and their synergistic ener-
gies are crucial factors in relating geometry to energy
for the *C; conformations. For the o- and B-anomers
of 4C; allose, both " and ‘¢’ conformations contain a
chain of H-O4- - -H-0O3- - -H-02- - -H-Ol1 intramolecular
interactions (see Tables 4 and 5 and Figs. 1 and 2) with
hydrogen-bond distances starting from ~2.1 A. The g
conformers show an additional intramolecular interac-
tion between H-O4- - -H-O6 in ‘¢’ and H-O6-H-04 in
‘7’ that exhibit relatively short hydrogen-bond distances

a-gt(g-)-'C;-r
AE=0.335 kcal/mol

a- g1 g—)-"C -C
AE=1.960 kcal/mol

Figure 1. B3LYP/6-311++G** geometry optimized a-p-allopyranose structures in the *C; conformation from Table 4.

g é
o-1g(g +)'4C r
AE=1.724 kcal/mol

5

a-tg(g-)-'Cr-c
AE=0.000 kcal/mol

of ~2.1-2.0 A, respectively. In comparison, the gg and
gt conformers show an additional interaction formed
between OS5---H-O6 with an average hydrogen-bond
distance of ~2.4 A. The formation of the short hydrogen-
bond interaction in the o-7g and B-7g conformers low-
ered the overall electronic energies compared to the gg
and gt conformers. At this point, it should be mentioned
that the discussion refers to the optimum orientation of
the H-O6 hydroxyl group either to the ring oxygen OS5,
or to the H-O4 group. The energetically preferred H-O6
orientation is (g+) for the gg conformer, (g—) for the gz,
and (g—) for the 7g conformer. For example, the
0-gg(g+)-*Cy-r conformer (see Table 2), in which the
H-0O6 points toward the ring oxygen O35, has a relative
energy of ~0.4 kcal/mol whereas the a-gg(g—)-*C;-r has
a relative energy of ~2.6 kcal/mol. The energy difference
reflects in part breaking the H-O6- - -O5 hydrogen bond
going from the (g+) to the (g—) conformation. Thus,
care should be taken in defining specific hydroxymethyl
conformations.

The lowest energy conformation of allopyranose in
this investigation, the o-rg(g—)-*Ci-¢, possesses an
extensive network of hydrogen bonding, pointing in
the clockwise direction around the ring. A similar net-
work of hydrogen bonding is observed for the o-gg-r
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B-gg(g+)-"Crr
AE=0.253 kcal/mol

B-gg(gH)-'Crc
AE=3.326 kcal/mol

Figure 2. B3LYP/6-311++G** geometry optimized p-p-allopyranose structures in the *C; conformation from Table 5.

and o-gt-r conformers, respectively. The a-tg-r confor-
mation has the energetic advantage of a shorter H-
06---H-0O4 interaction compared to the longer H-
06- - -O5 interaction (see Table 4) found in gg and gt,
respectively. The picture is reversed in the B-anomer.
The energy advantage is given to the counter clockwise
‘7’ conformation (see Table 5 and Fig. 2). The energy
difference of ~1 kcal/mol can be attributed to the addi-
tional H-O1---O5 interaction present in the ‘¥’ confor-
mation, which is not present in the ‘¢’ conformation.

In the a-anomers special H-O3-.--H-O1 and H-
Ol---H-03 interactions are observed (see Fig. 1). This
type of interaction occurs in the a-*C; conformers of
allopyranose because of the axial C-1 and C-3 hydroxyl
groups. Interactions of axial excocyclic hydroxyls across
one ring carbon can be found when there are two non-
neighboring exocyclic hydroxyl groups as in other rare
sugar epimers of p-glucopyranose.** This interaction is
not present in the B-*C; conformers.

3.4. 4C, Chair: anomeric influence

The relative energy differences of all examined *C; con-
formations are listed in Table 2 and selected molecular
geometries can be found in Tables 4 and 5. The thirty-
two calculated o- and B-*C; conformations of allopyran-

B-gt(g-)-'Crr
AE=0.294 kcal/mol

B-gt(g-)-'Cr-c
AE=4.512 kcal/mol

B-1g(g +)'4C1"’
AE=0.488 kcal/mol

B-1g® 4Cre
AE=2.665 kcal/mol

ose fall within ~12 kcal/mol of each other. The lowest
energy o- and P-anomers of the ¢ form differ by
~3 kcal/mol, while the ‘¥ forms differ by less than
~0.2 kcal/mol. The anomeric ratio of 41:59, as calcu-
lated from the free energy, predominately favors the
form since B-gg-r, B-gt-r, and B-tg-r are all of relatively
low energy. This is surprising because o-anomers of
both ¥’ and ‘¢’ also contain low relative energies with
AE of ~0.4kcal/mol, and the a-tg(g—) conformer is
overall lowest in energy. The difference originates in part
from an entropic effect, that is, the average entropy of
the B-conformers is ~106.2 cal/mol K and for the a-con-
formers ~104.9 cal/mol K. Overall, this entropic differ-
ence results in an average free energy advantage of
~0.5 kcal/mol for the B-conformers.

There is an anomeric influence on the C1-O5-C5
bond angle. The a-anomers have an average C1-O5-
C5 bond angle of ~115.5°, while the f-anomers have
an average C1-O5-C5 bond angle of ~113.2°. This
result is in line with the results found for glucose, man-
nose, and galactose. The O1-C1-O5 bond angle shows
a small dependency on the ‘*’ or ‘¢’ conformation as
the a-anomers in the ‘¢’ form have an average ~112.4°
bond angle, while in the 7’ form an average bond angle
of ~112.8° is found. In the B-anomers, the #’ and ‘¢’
conformational dependence is more pronounced, with
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an average O1-C1-0O5 bond angle of ~107.7° in the ‘¢’
form compared to ~108.9° in the ‘#’ form.

The ring bond length difference is similar for O5-Cl
and O5-CS in the o- and B-anomers in their ‘¢’ and ‘7’
conformations. Both ring bond lengths show a depen-
dence on the ‘¢’ and ‘r’ conformation. The O5-C1 bond
distance shortens from 1.425 to 1.406 A for the a-ano-
mer and for the f-anomer from 1.428 to 1.415 A going
from the ‘¢’ to the ‘¥’ conformation. Thus, the C5-O5
gets longer going from the ‘¢’ to the ‘¥’ conformers,
the average C5-O5 bond distance changes from 1.430
to 1.444 A and 1.427 to 1.438 A for the a- and B-ano-
mer, respectively.

3.5. 1C, Chair

Changing from the *C; conformation to the ' C, confor-
mation exchanges the positions of the axial and equato-

rial substituents. The effect of this inversion on allose is
to create more disordered hydroxyl interactions where
many of the ' C, conformers have mixed ‘’ and ‘¢’ hydr-
oxyl orientations (see Table 2). Selected calculations
for the vacuum 'C, conformations of a- and p-p-allo-
pyranose rotamers are presented in Tables 6 and 7 (see
also Figs. 3 and 4), respectively. The ' C4 conformations
are energetically higher than the *C, (ring inversion to
the ' C, form places the hydroxymethyl in the unfavored
axial position) with the lowest energy 'C, being p-
gg(g+)-'Cys-c, ~2.6 kcal/mol above lowest *C; confor-
mation. Overall, the electronic and relative free energies
of the 'C, conformations are ~3-10 kcal/mol higher
than the lowest electronic and relative free energy *C;
conformations of allopyranose.

For both the a- and B-anomers, the gg conformer is
preferred. The gr rotamer is preferred over the tg
rotamer in the o-anomer, whereas for the PB-anomer

Table 6. Geometry optimized B3LYP/6-311++G** energies (E), harmonic zero point vibrational energies (ZPVE), enthalpies (H), entropies (S), free

energies (G) for a-' C4 conformations of p-allopyranose®

a-Anomer®

gg(t)-r gHg—)-r 1g(g+)-r gg(t)-c gug—)-c 1g(g+)-c
E —431348.982 —431348.494 —431346.521 —431348.904 —431349.055 —431346.166
AE 4.275 4.763 6.736 4.353 4.202 7.091
ZPVE 123.894 123.905 123.759 124.081 124.266 123.957
E+ ZPVE —431225.088 —431224.589 —431222.762 —431224.823 —431224.789 —431222.209
A(E + ZPVE) 4.100 4.599 6.426 4.365 4.399 6.979
H 132.128 132.113 132.066 132.248 132.353 132.246
S (cal/mol K) 105.517 105.679 106.518 105.191 104.974 106.686
A(AGYg)? 4.379 4.804 6.480 4.674 4.693 6.965
Hydrogen bonds®
05---H-0O1 2.330 2.330 2.309 2.535 2.531 2.533
H-02---H-Ol1 2.227 2.257 2.241
H-Ol---H-02 2.207 2.233 2.229
H-03.--H-02 2.553 2.592 2.577
H-04---H-03 2.357 2.353 2.356 2.153 2.165 2.165
05---H-06 2.335 2.311
Bond lengths
01-C1 1.406 1.403 1.403 1.386 1.384 1.385
05-C1 1.424 1.422 1.418 1.436 1.434 1.430
05-C5 1.439 1.450 1.442 1.430 1.440 1.434
Cl-C2 1.531 1.532 1.533 1.534 1.534 1.536
Bond angles
C1-05-C5 117.0 116.4 116.4 116.7 116.1 116.1
01-C1-05 106.6 107.1 107.0 107.6 107.8 108.1
Oo1-Cl1-C2 106.9 107.0 107.2 111.8 112.2 111.9
05-C1-C2 112.0 112.1 112.0 110.2 110.4 110.4
02-C2-C1 110.1 110.2 110.1 106.4 106.3 106.2
05-C5-C6 112.6 110.3 111.0 113.4 110.7 111.6
C1-C2-C3 109.5 109.4 109.2 111.8 1114 111.4
05-C5-C4 112.0 112.1 111.3 111.5 111.6 111.0
Dihedral angles
C5-05-C1-C2 55.2 55.1 56.5 57.3 57.5 58.3
05-C1-C2-C3 —56.2 —56.0 —55.9 —53.6 —54.0 -53.3
C1-C2-C3-C4 55.0 55.2 54.6 50.6 51.2 50.3
05-C5-C6-06 -71.5 554 161.2 —74.7 54.0 162.6
C5-C6-06-H —179.6 —41.5 78.2 176.2 —40.8 84.6

#See legends in Table 4.
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Table 7. Geometry optimized B3LYP/6-311++G** energies (E), harmonic zero point vibrational energies (ZPVE), enthalpies (H), entropies (.S), free

energies (G) for B-'C4 chair conformations of p-allopyranose®

B-Anomer®

gg(gt)-r gu(gH)-r 1g(g—)-r g8(g+)-c gi(g—)-c 1g(1)-c
E —431348.612 —431347.394 —431348.550 —431350.656 —431348.354 —431347.460
AE 4.645 5.863 4.707 2.601 4.903 5.797
ZPVE 124.271 123.964 124.202 124.701 124.155 123.776
E+ZPVE —431224.341 —431223.430 —431224.348 —431225.955 —431224.199 —431223.684
A(E + ZPVE) 4.847 5.758 4.840 3.233 4.989 5.504
H 132.386 132.182 132.360 132.568 132.340 132.176
S (cal/mol K) 104.784 105.309 105.302 102.989 105.764 107.026
A(AGSye)* 5.225 6.083 5.107 3.898 5.145 5.499
Hydrogen bonds*
05---H-01 2.627 2.372 2.575 2.622 2.612 2.579
H-02---H-03 2.594 2.228 2.470
H-03.--H-02 2.375 2.519
H-03---H-04 2.438
H-04.--H-03 2.332 2.374 2.155 2.170 2.529
05---H-06 2.318
Bond lengths
01-C1 1.432 1.409 1.417 1.431 1.415 1.418
05-Cl 1.399 1.413 1.413 1.403 1.416 1.416
05-C5 1.455 1.437 1.440 1.449 1.450 1.435
Cl-C2 1.539 1.538 1.533 1.532 1.530 1.536
Bond angles
C1-05-C5 119.1 117.1 117.8 118.8 118.6 117.8
01-C1-05 112.8 113.0 112.7 112.4 113.0 112.2
01-C1-C2 107.5 107.2 106.8 107.5 106.2 107.2
05-Cl1-C2 113.4 111.8 112.8 113.8 113.2 113.1
02-C2-Cl1 108.9 110.2 111.2 105.7 106.7 111.0
05-C5-C6 112.8 112.9 112.2 113.7 111.1 112.6
Cl1-C2-C3 111.1 110.0 110.7 112.6 111.3 110.0
05-C5-C4 112.2 111.7 112.7 111.5 112.6 112.3
Dihedral angles
C5-05-C1-C2 48.8 55.3 52.0 49.0 49.3 51.1
05-C1-C2-C3 -50.5 —54.0 —524 —46.6 —50.7 —52.1
Cl-C2-C3-C4 52.7 53.4 52.0 47.8 523 53.9
05-C5-C6-06 -79.6 30.9 165.0 -79.7 53.9 161.8
C5-C6-06-H 59.2 51.2 —69.3 61.3 —40.1 174.0

#See legends in Table 4.

the reverse is observed. The a-forms of the '¢, confor-
mations have an average ~2.40 A O5---H-O1 interac-
tion, whereas in the B-anomers this interaction is
weaker, ~2.55 A. Further, the a-forms of the 'C, con-
formations have an ~2.40 A H-O2- - -H-Ol interaction.
However, this is not found in the B-forms. Comparing
the ‘¢’ and ‘¥’ conformations of the o- and B-anomers,
no clear preference can be given to either form, as was
possible for the *C; conformers.

The 'C, conformations exhibit an anomeric influence
on bond angle with the C5-O5-C1 average bond angle
of ~116.5° for the a-anomers and ~118.5° for the B-
anomers.

3.6. Boat forms

Classic boat conformations (3’OB, B; o, 1’4B, By 4, 2’SB,
and B,s) with different hydroxyl orientations were

geometry optimized and the energies and geometries of
the structures are shown in Tables 8 and 9 (see also Figs.
5 and 6). Similarly to the mannose study, many of the
boat forms were not stable and went through transitions
to skew forms (see Table 3) during optimization. Of the
investigated conformations that retain boat forms, the
a-tg-B, s-¢ conformer is the most stable.

In case of the "*B and B, 4 forms two stable forms
were found: o-gg-'*B-c¢ and B-gg-Bi4-r. These boat
forms are >2 kcal/mol energetically above the lowest
2g->?B-¢ and more than ~8 kcal/mol above the lowest
energy 4C, form. The *B and By 4 conformations are
stabilized by short H-O3---H-0O2 and H-O2---H-O3
hydrogen bonds of 1.93 and 1.92 A, respectively.

The last set of boats investigated were the >°B and B; 5
forms. No stable >°B conformer was found. All the >°B
forms examined transitioned upon unrestricted optimi-
zation to 9S, skew structures for the o-conformers
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a-gg(t)-'Cpr
AE=4.275 kcal/mol

o-gt(g-)-'Cor
AE=4.763 kcal/mol

o-1g(g+)-'Cprr
AE=6.736 kcal/mol

o-gg(®)-'Crc
AE=4.353 kcal/mol

Figure 3. B3LYP/6-311++G"* geometry optimized a-p-allopyranose structures in the 'C4 conformation from Table 6.

and 'S5 skews for the B-conformers. The only stable
B, 5 conformer that did not undergo transitions to other
conformations is presented in Figure 5. It is of interest
to mention that this conformer has two short interac-
tions of ~1.95A for H-O2---H-O3 and H-O3---H-
04, which makes it energetically similar to the *°B
forms.

Generally, the electronic and relative free energies of
the boat conformations are ~6-9 kcal/mol higher than
the lowest electronic and relative free energy *C; confor-
mations of D-allopyranose.

3.7. Skew forms

The stable skew conformers are shown in Tables 10 and
11 (see also Figs. 7 and 8). Most of the skew forms were
the result of optimization of boat conformers, for exam-
ple, with B-B, s going to B-'Ss and B-*“B going to B->S,
upon minimization. The skew conformers are of higher
energy than the *C; conformations with relative energies
ranging from ~3 to 10 kcal/mol above the lowest energy
4C, conformation. When comparing to the o-'Cy, the a-

o-gt(g)-'Cre
AE=4.202 kcal/mol

o-1g(g+)-'Crc
AE=7.091 kcal/mol

2¢-°S, and o-gr-°S, conformers are ~0.7 kcal lower
than the lowest energy o-'C, conformation. The addi-
tional stability can be explained by the relative short
H-0O4...-H-O2 interaction of ~2.050A, whereas the
same interaction for the !Cy is ~2.15 A.

4. Discussion

Results from this study of allose conformers can be
compared with similar calculations on energetically
stable forms of glucose,”® mannose,>* and galactose®
studied at the same level of theory. It is of interest that the
electronic energy of the allose conformation, a-tg-*C;-
¢, is only slightly higher that of the lowest energy glucose
conformation. This is of course a result of a selective
network of hydrogen bonding, especially the axial pair-
ings of H-O3.--H-O1 in the a-*C;-confomers, interac-
tions, which are not in competition with water during
these calculations, and thus would not be experimen-
tally functional in solution. Generally speaking, from
an energetic point of view, exchanging an equatorial
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B-gg(gh)-'Crr
AE=4.645 kcal/mol

B-gt(gH)-'Crr
AE=5.863 kcal/mol

B-1g(g-)-'Cor
AE=4.707 kcal/mol

B-gg(eh)'Crec
AE=2.601 kcal/mol

Figure 4. B3LYP/6-311++G** geometry optimized B-p-allopyranose structures in the ' C; conformation from Table 7.

substituent for an axial one is not preferred and
increases the molecular enthalpy. This classical argu-
ment only holds when one cannot compensate for this
increase in energy through the energy lowering effects
of hydrogen bonding, as found in this and previous
DFT studies of p-glucopyranose® >° epimers.
Considering the a-*C; conformations, the comparison
between relative energy and relative free energy profiles
showed that although the a-anomer is favored from AE
values, using A(AG) values shifts the preference to the -
anomer. One of the B-g¢f conformations has the lowest
relative free energy, followed by a B-gg conformer at
~0.1 keal/mol, and a B-zg hydroxymethyl conformer at
~0.6 kcal/mol. Similarly to the B-anomers, all three
hydroxylmethyl rotamers for the a-anomer have one
or more hydroxyl orientation combinations that are
within ~1 kcal/mol in relative free energy. The relative
free energy difference between the lowest B-anomer
and a-anomer is ~0.4 kcal/mol. Overall, this will favor
the B-anomer over the a-anomer. From this one could
assume that the f-anomers will be preferred in solution,
which appears to be in agreement with experimental

ﬁ-gt(g—)-1C4-c
AE=4.903 kcal/mol

B-tg(1)-'C~(r,c)
AE=5.797 kcal/mol

NMR data.'" Since the energetic differences of the gg/
gt/tg rotamers for both anomers are similar and the en-
ergy difference between the anomers is small, similar o
and B population should be expected. The calculated
in vacuo anomeric ratio is o/p =41/59%, whereas
NMR studies suggest 15/85%. The difference between
these vacuum calculations and the experimental results
may be explained when hydration effects** are
included. Comparing the structures of the in vacuo
o- and B-*C; anomers, one would be led intuitively to
the conclusion that the B-anomer can be better hydrated
than the a-anomer (see Figs. 1 and 2). In the a-anomers
the H-O3 and H-O1 hydroxyl groups are not fully
accessible to interact with water, whereas in the B-ano-
mer all hydroxyl groups are readily available to interact
with water. To quantify the previous argument, studies
of glucose epimers using COSMO,**** a dielectric con-
tinuum description for the solvent, were carried out
and reported.*” In that presentation, it was shown that
when the COSMO method was applied to the epimers
of glucose with only one axial hydroxyl group, other
than at the anomeric site, the o/ anomeric ratios moved
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Table 8. Geometry optimized B3LYP/6-311++G** energies (E),
harmonic zero point vibrational energies (ZPVE), enthalpies (H),
entropies (S), free energies (G) for a-boat conformations of D-
allopyranose®

Table 9. Geometry optimized B3LYP/6-311++G** energies (E),
harmonic zero point vibrational energies (ZPVE), enthalpies (H),
entropies (S), free energies (G) for B-boat conformations of D-
allopyranose®

o-Anomer® B-Anomer®
gglgt)-""B-c 1g(g+)->B-r gglgt)Biar  gglgt)-Byo-c  gglt)-Bsor
E —431344.460 —431347.240 E —431345.138  —431344.702  —431344.196
AE 8.797 6.017 AE 8.119 8.555 9.061
ZPVE 123.661 124.208 ZPVE 123.710 124.210 124.334
E+ ZPVE —431220.799 —431223.032 E+ ZPVE —431221.428  —431220.492 —431219.862
A(E + ZPVE) 8.389 6.156 A(E + ZPVE) 7.760 8.696 9.326
H 132.089 132.283 H 132.045 132.316 132.375
S (cal/mol K) 109.768 106.706 S (cal/mol K) 108.636 106.723 104.683
A(AGY)" 7.595 5.922 A(AGSe)* 7.210 8.487 9.660
Hydrogen bonds" Hydrogen bonds®
05---H-01 2.609 2.353 05---H-01 2.359 2.571
H-02---H-O1 2.101 H-OI---H-02 2.523
H-Ol---H-02 2.110 H-02---H-03 1.917
H-02---H-03 1.953 H-03---H-02 2.431
H-03-.-H-02 1.928 H-03..-H-04 2.119 2.328 2.209
H-03---H-04 1.961 H-04---H-03
H-04---H-03 2.303 0O5---H-06 2.538
H-04.--H-06 2.061
Bond lengths
05---H-06 2608 01-Cl 1.402 1.433 1.400
Bond lengths 05-C1 1.418 1.399 1.431
0O1-C1 1.381 1.418 05-C5 1.446 1.458 1.442
05-Cl 1.435 1.410 Cl1-C2 1.531 1.555 1.548
05-C5 1.437 1.443 Bond angles
Bond angles C1-05-C5 114.8 119.8 119.1
C1-05-C5 117.1 118.1 01-C1-05 108.7 108.7 1134
01-C1-05 107.9 109.6 0O1-Cl-C2 1114 112.1 112.4
01-C1-C2 111.0 105.3 05-C1-C2 107.6 113.2 111.5
05-C1-C2 111.4 115.2 02-C2-Cl1 111.5 110.7 111.2
02-C2-Cl1 109.5 110.4 05-C5-C6 105.9 112.5 112.6
05-C5-C6 108.3 106.5 C1-C2-C3 111.8 110.1 111.0
C1-C2-C3 111.8 112.6 05-C5-C4 113.0 112.3 113.1
05-C5-C4 122 107.1 Dihedral angles
Dihedral angles C5-05-C1-C2 —69.8 41.4 38.3
C5-05-C1-C2 57.2 1.9 05-C1-C2-C3 53.1 14.0 20.4
05-C1-C2-C3 —43.5 —46.1 C1-C2-C3-C4 1.3 -59.9 —64.8
C1-C2-C3-C4 -11.5 31.9 05-C5-C6-06 —63.4 —74.6 -70.4
05-C5-C6-06 —62.9 168.8 C5-C6-06-H 66.6 67.8 —172.0
C5-C6-06-H 70.4 524

#See legends in Table 4.

closer to the experimental values, relative to the vacuum
values. For example, the anomeric o/ ratio for allose
became 38/62. However, application of COSMO to
the di- and tri-axial group epimers resulted in signifi-
cantly different anomeric ratios from experimental val-
ues.***® There have recently been several successful
DFT solvation studies reported that place explicit water
molecules around D-glucopyranose epimers>>>> as well
as around the larger cellobiose®™>° molecule. Further,
DFT solvation studies for all the epimers of D-glucopyr-
anose are currently ongoing and the results of this study
will be reported elsewhere.

The clockwise ‘¢’ and counter clockwise ‘7’ orienta-
tions of the exocyclic hydroxyl groups are favored for

#See legends in Table 4.

some hydroxymethyl orientations but depend upon the
hydrogen bonding network available. Special hydrogen
bonds across one ring carbon were observed in o-*C;
conformers (H-O3- - -H-O1 and H-O1- - -H-O3 interac-
tions) and o- and B-' C4 conformers (H-O1- - -H-O4 and
H-02---H-04). These types of hydrogen bonds have
been observed previously in the chair forms of the rare
sugars idose and talose.** In addition to the significance
of the exocyclic hydroxyl group orientations on the ring
geometries and relative energies of allose, it is also
important to notice the different orientation of the H—
06 hydroxyl group. In general, the gg rotamer prefers
a (g+) orientation regardless of the ‘¢’ or ‘¢’ orientation,
whereas for the gr and rg it is either (g+) or (g—)
depending on the hydrogen network formed by the ‘¢’
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o-1g(g+)-B;s-r
AE=6.017 kcal/mol

o-gg(g+)-"'B-c
AE=8.797 kcal/mol

Figure 5. B3LYP/6-311+4+G** geometry optimized a-p-allopyranose
boat conformations from Table 8.

or ‘r’ conformation. In most cases, the (7) orientation is
not preferred except in a-gg-' C4 (see Fig. 3) where the
(g+) and (g—) orientations are energetically higher be-
cause of the repulsive interaction between the lone pairs
of the O6 oxygen atom with C5 or OS5, respectively.

The 'C, conformations are all of higher energy than
the *C; with the gg conformation being the lowest en-
ergy conformer for both o~ and B-anomers. All the boat
and skew conformers are of relatively high energy with
relative energies ranging from ~6 to 9 kcal/mol for the
boat forms and ~3.3 to 10 kcal/mol for the skew forms
above the lowest energy *C; conformation. Somewhat
surprising was the observation that the o-gg-S, and
o-g-°S, conformations were only ~3.3 kcal/mol higher
in energy than the lowest energy form. These were the
only medium energy conformations of a boat or skew
form found, with none of the other stable conformers
close to this value.

It is sometimes instructive to present information
relative to the computational methods used, that is the
basis set size and density functionals used for carbohydrate
studies in this laboratory, and to clarify some points
relative to the epimer calculations. For that reason we

describe here an overview of the criteria used to choose
the computational methods and their application to car-
bohydrates. When comparing the two basis sets used
herein, the smaller, 6-31+G", is for most cases adequate
(see Fig. 9) giving geometries and relative energies in
fairly close agreement with the larger basis set, that is,
6-311++G™*. Comparing the relative allose energies
(see Fig. 9) that arise from these two basis sets, the AE
values found are of the order of several tenths of kcal/
mol with a slope of 0.94. The maximum outliers deviate
by up to ~2 kcal/mol, with ~24% having AE values of
~0.5 kcal/mol or greater. Although these data indicate
some correspondence between basis sets, it remains that
under specific conformational conditions the small basis
set prefers hydroxyl configurations that change orienta-
tion when re-optimized with the larger basis set. This
occurred in 17 of 103 cases, and it is not possible to
ascertain when these conformational shifts will take
place. It was also found that the differences between
the basis sets were sufficient to misplace two minimum
energy conformations, one hydroxymethyl conforma-
tion, and in some cases completely change the relative
energy ordering of conformers. The rotamer changes
were observed in several low energy cases as well as high
energy structures and therefore cannot be attributed to
high energy structures under stress. We do not recom-
mend reporting the small basis set structures since they
may be misleading.

When comparing the smaller HF/6-21G"* basis sets,*
there are significant differences in relative energies
between our results and theirs, being on average
~2.5 kcal/mol difference between the o-anomers of
allose, and ~0.25 kcal/mol difference for the B-anomer.
It is possible that the lowest energy a-anomer conforma-
tions were not found in the HF study and that could
account for the rather large deviations in energy for
the o-series. The empirical OPLS-AA potentials®
derived from the HF structures also show a similar
trend, deviating by ~2.3 kcal/mol for the a-anomer

B-gg(g+)-Bi,r
AE=8.199 kcal/mol

Figure 6. B3LYP/6-311+-+G** geometry optimized B-D-allopyranose boat conformations from Table 9.

B-gg(gt)-Bso-c
AE=8.555 kcal/mol

B-gg(®-Bsor
AE=9.061 kcal/mol
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Table 10. Geometry optimized B3LYP/6-311++G** energies (E), harmonic zero point vibrational energies (ZPVE), enthalpies (H), entropies (S),
free energies (G) for a-skew conformations of p-allopyranose®

o-Anomer?®

gg(0)-'Ssr  gi(g—)-'Syr  ig(g)-'Sy-c  ga(gt)-OSx(re) gi(g—)-OSx-(rc) 12()-"Src  ga(gt)-OS;-c  gi(g—)-OSrc
E —431345.723  —431345.175 —431343.696 —431349.973 —431349.914 —431348.121 —431347.402 —431347.093
AE 7.534 8.082 9.561 3.284 3.343 5.136 5.855 6.164
ZPVE 123.691 123.648 124.452 124.329 124.247 123.919 124.098 124.098
E+ ZPVE —431222.032 —431221.527 —431219.244 —431225.644 —431225.667 —431224.202 —431223.304 —431222.995
A(E + ZPVE) 7.156 7.661 9.944 3.544 3.521 4.986 5.884 6.193
H 132.020 131.954 132.429 132.390 132.347 132.166 132.290 132.241
S (cal/mol K) 107.311 107.715 104.592 104.925 105.215 107.388 106.446 105.931
A(AGYg)* 6.995 7.357 10.242 3.826 3.756 4.720 5.844 6.258
Hydrogen bonds®
05---H-01 2.330 2.326 2.727 2.518 2.525
H-02..-H-01 2.008 1.991 1.949 1.959
H-O1.--H-02 2.016 2.031 2.096 2.081
H-02.--H-03 1.951 1.955
H-03..-H-02 2.068 2.318
H-03..-H-04 2.293 2.305
H-04-.-H-03 2.154 2.163 1.910 2232 2237
H-04- . -H-06 2.266
H-06. - -H-04 2.073 2.431 2.381
05. - -H-06 2.422 2.417 2.447
Bond lengths
01-Cl1 1.404 1.403 1.374 1.415 1.415 1.396 1.391 1.390
05-C1 1.415 1.412 1.447 1.413 1.413 1.429 1.433 1.434
05-C5 1.441 1.454 1.438 1.445 1.445 1.424 1.427 1.427
C1-C2 1.541 1.542 1.558 1.544 1.545 1.547 1.562 1.535
Bond angles
C1-05-C5 114.8 114.8 114.0 116.0 115.6 114.8 115.1 115.2
01-C1-05 107.3 107.8 108.9 112.0 1123 112.1 111.9 112.1
01-C1-C2 107.3 107.3 111.9 106.8 106.7 111.3 110.9 111.1
05-C1-C2 112.1 1125 109.3 1133 113.0 111.9 111.4 111.2
02-C2-Cl1 112.0 112.0 110.2 111.7 111.8 107.6 110.4 110.4
05-C5-C6 110.8 109.2 112.6 105.9 106.2 106.5 106.2 105.9
C1-C2-C3 110.6 110.8 110.2 107.8 107.8 111.8 108.7 108.8
05-C5-C4 112.6 112.7 110.6 111.0 110.9 109.1 110.5 110.7
Dihedral angles
C5-05-C1-C2 65.3 64.2 69.1 -33.9 —35.7 -34.5 —42.7 —42.7
05-C1-C2-C3 -372 —37.4 —26.6 -29.5 —28.2 -27.1 -21.6 -21.6
C1-C2-C3-C4 —-22.0 -21.6 —35.7 65.8 65.8 52.6 63.1 63.4
05-C5-C6-06 —65.5 59.9 165.8 —59.9 62.3 —173.5 —60.8 63.1
C5-C6-06-H —-176.3 —49.8 44.8 59.1 -58.5 178.9 60.4 —-50.4

#See legends in Table 4.

and ~1.1 kcal/mol for the B-anomers. In both anomers,
there are differences as to which of the conformers are
actually lowest in energy, again a possible result of our
finding lower energy o-anomers than those found in
their work.?

Regarding the B3LYP density functional used
throughout our DFT studies, it has been well estab-
lished in the literature*’ that this DFT with our large
basis set results in excellent geometry.*” The question
of the relative energies requires a comparison with other
DFT’s. Our and other analysis suggests that there are
some cases where other DFT methods result in better
agreement with higher level studies.*® It is clear that
the energy differences are small and result in an absolute

error in energy from the B3LYP density functional of
~1 kcal/mol. However, it is seen most often that relative
energies of one molecule are compared within one
calculation method, and in this case almost all the
DFT methods (PBE*, B97°°, B97-1°!) tested by us
enjoy similar and rather small deviations. In the case
of B3LYP, relative deviations are of the order of
~0.1 kcal/mol or less. In analyzing o/B anomeric energy
differences, using the published example of the 2-
hydroxytetrahydropyrane, the B3LYP/6-311++G™*
DFT combination differs by ~0.04 kcal/mol from the
CCSD(T) results,*® although it was clear that removing
the diffusion terms could change the relative energies by
as much as ~0.4 kcal/mol.



Table 11. Geometry optimized B3LYP/6-3114++G™* energies (E), harmonic zero point vibrational energies (ZPVE), enthalpies (H), entropies (S), free energies (G) for B-skew conformations of

p-allopyranose®

B-Anomer®

gglgt)-'Sxc  galgh)-'Ssc  gi(g—)-'Ssr ig(gh)-'Ssr gg(gh)Sir gi(g-) S galgh)-OSrc  ggt)-OSyre  gelgt)Sor  ig(g—)Sor
E —431345.407 —431347.258 —431345.513 —431346.341 —431346.542 —431346.329 —431347.201 —431343.985 —431346.712 —431343.171
AE 7.850 5.999 7.744 6.916 6.715 6.928 6.056 9.370 6.545 10.086
ZPVE 123.589 123.812 123.758 124.107 123.750 123.613 124.005 123.600 124.114 123.632
E+ZPVE —431221.818 —431223.446  —431221.755 —431222.234  —431222.792 —431222.716  —431223.196 —431220.385 —431222.598 —431219.539
A(E+ ZPVE) 7.370 5.742 7.433 6.954 6.396 6.472 5.992 8.803 6.590 9.649
H 132.040 132.157 132.102 132.259 132.096 131.994 132.242 131.975 132.293 132.076
S (cal/mol K) 8.451 8.345 8.344 8.152 8.346 8.381 107.634 107.701 8.179 8.444
A(AGSyg)? 6.471 5.451 7.145 7.015 5.830 5.979 5.643 8.086 6.711 9.366
Hydrogen bonds®
05---H-01 2.540 2.481 2.475 2.523 2.539 2.400 2.487 2.576 2.552
H-02---H-03 1.956 1.952 1.918 1.928 2.180 2.533 2.510
H-03.---H-02 2.056 1.995 2.596
H-03---H-04 1.988 1.992 2.236 2.320 2.148 2.055
H-04---H-03 2.507 2.003 2.107
H-04. - -H-06 2.052
05---H-06 2.548 2.358 2.459 2.297 2.422 2.310
Bond lengths
01-C1 1.439 1.419 1.418 1.419 1.399 1.398 1.395 1.388 1.437 1.422
05-C1 1.400 1.417 1.404 1.404 1.421 1.421 1.429 1.430 1.398 1.408
05-C5 1.448 1.444 1.456 1.448 1.444 1.445 1.433 1.437 1.446 1.437
Cl1-C2 1.554 1.527 1.531 1.532 1.526 1.527 1.540 1.553 1.538 1.535
Bond angles
C1-05-C5 119.1 118.0 118.4 118.1 113.6 112.8 113.6 113.8 119.9 118.3
01-C1-05 111.1 111.2 112.3 112.3 108.7 109.1 107.4 108.4 111.9 112.4
01-C1-C2 107.9 106.1 105.5 105.5 107.2 107.5 108.2 114.1 106.0 105.7
05-C1-C2 115.0 113.3 113.2 113.4 109.2 108.8 112.3 109.4 115.0 114.3
02-C2-C1 111.0 107.3 110.1 110.1 111.2 111.5 107.6 112.0 111.0 111.0
05-C5-C6 110.2 106.2 105.8 106.4 105.3 105.5 106.4 105.6 111.3 110.8
C1-C2-C3 1124 110.5 110.7 110.6 111.2 110.6 110.6 110.5 110.9 110.8
05-C5-C4 113.1 109.6 110.8 110.3 112.5 112.2 110.7 111.5 113.7 113.5
Dihedral angles
C5-05-C1-C2 50.1 22.8 27.4 27.3 -72.3 —74.0 —48.0 —68.0 28.6 25.0
05-C1-C2-C3 —16.0 —58.0 —58.9 —58.8 43.7 40.2 —14.1 20.7 26.0 32.5
C1-C2-C3-C4 -37.0 30.4 28.8 27.7 13.6 19.0 574 40.8 —60.6 —61.1
05-C5-C6-06 -79.0 —67.5 59.1 165.5 —61.8 55.1 —60.2 57.5 -70.3 173.7
C5-C6-06-H 46.3 614 —53.8 51.2 62.5 —53.0 58.6 —50.8 67.3 —63.2

#See legends in Table 4.
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&

o-gg()-'S-r
AE=7.534 kcal/mol

4.

o-gg(g+)-°S:-(r,c)
AE=3.284 kcal/mol

0-gt(g)-'Ss-r
AE=8.082 kcal/mol

o-gt(g-)-’S~(r,c)
AE=3.343 kcal/mol

o-1g(g +)'1S -C
AE=9.561 kcal/mol

4

a-1g(1)-°Sc
AE=5.136 kcal/mol

o-gg(g+)-"Src
AE=5.855 kcal/mol

Figure 7. B3LYP/6-311++G** geometry optimized a-p-allopyranose skew conformations from Table 10.

It has also been suggested that our basis set, BALYP/
6-311++G™, is too large’' and should not be used for
carbohydrate studies. When comparing our optimized
structures with those obtained from larger and smaller
basis sets (see Table 12) the results are not consistent with
this premise. From Table 12, it is clear, for all practical
purposes that the results are converged within the
B3LYP/6-311++G™ level of theory. Larger basis sets
do not change the o/ energy differences significantly,

a-gt(g-)-°Src
AE=6.164 kcal/mol

while smaller basis sets can cause large deviations, even
reversing the stability of the anomers. In the study pre-
sented in Table 12, we have geometrically optimized
the particular structure at each basis set. This is a very
different procedure from that of optimizing at a small
basis set, and then calculating single point energies for
that geometry at a larger basis set and finally comparing
the energies.’! Their approach®' did not answer the ques-
tion: ‘Can one use a smaller basis set for carbohydrates?’.
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B-ge(gh)-'Ssc B-ge(e+)-'Ss-c B-gt(g)-'Ssr
AE=7.850 kcal/mol AE=5.999 kcal/mol AE=7.744 kcal/mol

B-tg(g+)-'Ssr B-ge(g+)-"Srr B-gt(g-)-"Sr-r
AE=6.916 kcal/mol AE=6.715 kcal/mol AE=6.928 kcal/mol

B-gg(g+)-%Src B-gt(g+)-°S(r,c) B-gg(g+)-"Sor
AE=6.056 kcal/mol AE=9.370 kcal/mol AE=6.545 kcal/mol

B-tg(g-)-"So-r
AE=10.086 kcal/mol

Figure 8. B3LYP/6-311++G™* geometry optimized B-p-allopyranose skew conformations from Table 11.

In our study of Pople basis sets larger than 6-311++G™, terms. Further, the relative free energies resulting from
retaining the B3LYP density functional, we find nearly the larger Pople basis sets remain in agreement with
identical structures and relative energies (see Table those obtained from our study, as do the anomeric

12). Smaller basis sets do not give us small relative populations.
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Table 12. Geometry optimized B3LYP relative® energies, harmonic zero point vibrational energies, enthalpies, entropies, free energies, and anomeric
populations calculated for different Pople basis sets for the lowest a- and B conformer of p-allopyranose

Basis set Primitive  Relative Relative zero  Relative enthalpy Relative entropy Relative free Anomeric
functions energy (o — B) point energy  (kcal/mol) (cal/mol K) energy (o0 — B) population® (%)
(kcal/mol) (kcal/mol) (kcal/mol)

a-*Cy-1g(g—)-c

6-31G” 382 —2.347 0.678 0.511 -1.172 —2.058 36.3
6-31+G* 432 —0.558 0.014 —0.009 —0.099 —0.250 54.2
6-31++G™ 480 —0.219 0.143 0.135 —0.032 —0.094 55.8
6-311G* 432 —1.395 0.627 0.464 —1.165 —1.435 423
6-311++G™ 528 0 0 0 0 0 56.7
6-311++G(2d,2p) 624 0.016 0.124 0.158 0.188 0.156 58.2
6-311++G(3d,3p) 720 —0.107 —0.128 —0.078 0.365 0.126 58.0
6-311++G(2df,2pd) 768 0.221 —0.023 0.010 0.200 0.278 59.4
6-311++G(3df,3pd) 864 0.066 -0.014 0.021 0.272 0.449 61.1
B-*Cr-gg(g+)-r

6-31G” 382 0.832 0.561 —1.975 63.7
6-31+G* 432 0.204 0.102 —0.760 45.8
6-31++G™* 480 0.213 0.169 —0.336 44.2
6-311G* 432 0.59 0.423 —1.168 57.7
6-311++G™ 528 0 0 0 433
6-311++G(2d,2p) 624 0.213 0.199 —0.145 41.8
6-311++G(3d,3p) 720 0.014 —0.014 —0.203 42.0
6-311++G(2df,2pd) 768 0.011 0.023 0.053 40.6
6-311++G(3df,3pd) 864 0.225 0.164 —0.535 38.9

#Relative with respect to the B3LYP/6-311++G** calculated values.
®The anomeric populations were calculated only for the two structures shown in this table.
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