Carbohydrate Research, 96 (1981) 205-213
Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

APPLICATION OF ab initio MOLECULAR-ORBITAL CALCULATIONS TO
THE STRUCTURAL MOIETIES OF CARBOHYDRATES*

GEeoRrGE A. Jerrrey AND Joun H. YATEs
Department of Crystallography, University of Pittsburgh, PA 15260 (U.S.A.)
(Received August 26th, 1980; accepted for publication in revised form, December 31st, 1980)

ABSTRACT

Ab initio RHF/4-31G molecular-orbital calculations have been performed on
1-methoxyethanol as a model for examining the anomeric effect in pyranoses, especi-
ally 2-deoxypyranoses, and on l-methoxyethanediol as a model for the 42 effect.
The results give a value of 2.0 kcal/mol for the anomeric energy and a difference of
1.2-2.0 kcal/mol in anomeric energies for the A2 effect. The calculations with 1-
methoxyethanol also predict that the —synclinal orientation of a f-glycosidic hydroxyl
bond is favored over the --synclinal orientation by 1 kcal/mol. This is consistent
with the exo-anomeric effect and is in agreement with the available data from crystal
structure analyses. Bond-length optimization for the I-methoxyethanol model gave
results in agreement with the experimental data for the hemiacetal moiety of the

pyranose sugars.
INTRODUCTION

In previous papers in this series?-?>, methanediol and methoxymethanol were
used as models for ab initio molecular-orbital studies of the hemiacetal moiety of a
pyranose sugar. Similarly, dimethoxymethane was used as a model for the acetal
moiety of the methyl pyranosides®.

In this paper, we make a closer approximation to the molecules of primary
interest by using 1-methoxyethanol (1) as a model for pyranoses and, in particular,
a 2-deoxypyranose. This model, which has an asymmetric carbon atom, permits a
comparison between the conformational energies of the + and —synclinal orientations
of the p-glycosidic bond, which was not possible with the previous methanediol
and methoxymethanol models?-3. It provides, therefore, a better test for compliance

with the exo-anomeric effect.
In order to examine the A2 effect®, which infers that the anomeric stabilization

energy for a pyranose sugar is greater with an axial than with an equatorial hydroxyl
group at C-2, we have used the molecule I-methoxyethanediol (2).

*Part VII in this series. For Part VI, see ref. 1.
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TABLE I

G. A. JEFFREY, J. H. YATES

ENERGIES (IN HARTREES? AND RELATIVE KCAL/MOL) OF 1-METHOXYETHANOL (1) AND 1-METHOXYETHANE-
DIOL (2), cALCULATED WITH GAUSSIAN 74, using RHF/4-31G BASIS SET

1 0,y (degrees) @ (degrees) Energies
Strandard geometry Optimized geometry
x-D-3Cy +60, —60 —60 —267.55292
8.41
+60 —267.56537 —267.56632
0.60 0.00
180 —267.55766
543
B-p-3Cy 180, —60 —60 —267.56148 —267.56277
3.04 2.23
+60 —267.55998
4.00
180 —267.55056
9.89
2 8,y (degrees) @ (degrees) y (degrees) o (degrees) Energies
Standard geometry
a-D-*C1 aal +60, —60 +60 —60° +60 —342.30479
0.51
aa 180 —342.29953
3.81
aal —60 —342.29974
3.68
ael 180¢ +60 —342.29651
5.40
xe?2 180 —342.29749
5.10
xe3 —60 —342.30560
0.0
B-piCy Batl 180, —60 —60 — 600 +60 —342.29449
6.97
fa2 180 —342.28910
10.35
Ba3l —60 —342.30018
3.40
Bel 180¢ +60 —342.30282
1.74
Be2 180 —342.29340
7.66
Be3 —60 —342.29159
8.79
2One hartree = 627.544 kcal/mol. ®C-2-OH axial. c<C-2-OH equatorial.



ab initio M.0. CALCULATIONS FOR SUGARS 207

TABLE I

opTiIMIZED C—O AND C—C BOND LENGTHS IN 1-METHOXYETHANOL

ot ]

H3C—-O—CH——O—H

CHs
Theory 8 (degrees) v (degrees) ¢ (degrees) Bond lengths (pm)
a b c d
«-D-*C1 model +60 —60 +60 1452 1454 152.1 141.7
(C-1-OH axial)
B-D-4C1 model 180 —60 —60 144 4 145.5 152.1 1399
(C-1-OH equatorial)
H,CO, OH
XX
/ H3C/ H
H,CO, H H3C0\ /on
C 2 /C\
HOH,C OH HOH,C H
a—D—‘C., models ﬂ—D—‘C.. models
The Molecular orbital calculations. — Closed-shell, restricted Hartree—Fock

theory was used with a 4-31G basis set® for the energy calculations shown in Table I.
The calculations were made on a DEC KL-10 computer, using GAUSSIAN 74
(ref. 7). The calculations were performed with standard bond-lengths3, (C-C =
154 pm; C-O = 143 pm; C-H = 109 pm; O-H = 96 pm), and tetrahedral valence-
angles. For molecule 1, the calculations were repeated with C-O and C-C bond length
optimization by means of point-by-point energy calculations. These results are shown
in Table II.

Conformations of 1 were examined in which § = +60°, y = —60°, corre-
sponding to a model for the «-D-*C; pyranose configuration, (1x), and 8 = 180°,
Y = —60°, corresponding to a model for the B-D-*C, configuration (18). The three

staggered orientations of the glycosidic O-O bond are then represented by ¢ = +60,
180°.
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For molecule 2, only standard geometry was used. Again, values of 8 and
of +60, —60° and 180, —60° model the a- and B-D-*C, configurations, respectively.
Therefore, when 8 = +60° ¢ = —60° ¢ = +60° and ¥ = —60°, the model
corresponds to the lowest energy a-D-*C; (+sc) glycosidic conformation, with the 2-
hydroxyl group in the axial disposition (2«,ax). When ¥ = 180°, the 2-hydroxyl groupis

equatorial (2&, eq). Similarly, the models having 8§ = 180°, = —60°, ¢ = —60°,
and ¥y = —60° and 180° correspond to the lowest energy B-D-*C; (—sc) glycosidic
conformation, with the 2-hydroxyl group axial when y = —60° and equatorial

when y = 180°. No geometry optimization was calculated for this molecule. These
results are shown in Table I.

RESULTS

The results for molecule 1 give a minimum-energy conformation with 6 =
+60°, which corresponds to the o-D-*C, configuration with a glycosidic torsion-angle
of +60°. The energy difference between this conformation and that of the lowest
energy with 8 = 180°; namely, the B-D-*C, configuration, is 2.4 kcal/mol with stand-
ard geometry and 2.2 kcal/mol with optimized C-O and C-C bond lengths. This



ab initio M.O. CALCULATIONS FOR SUGARS 209

energy difference corresponds to the anomeric energy for the isolated molecules at
rest. As with the previous calculations with simpler models, these results are consistent
with both the anomeric and exo-anomeric effects®.

In the previous models (methanediol and methoxymethanol), C-2 of the pyra-
nose ring was simulated by a hydrogen atom and no distinction could be made be-
tween the + and —synclinal orientation of a f-glycosidic hydroxyl bond (namely,

= 180°, ¢ = +£60°). With molecule 1, this distinction is made. As shown in Table I,
the -—synclinal orientation (8 = 180° ¢y = —60°, ¢ = —60°) is more stable than
the +synclinal (0 = 180°, y = —60°, ¢ = +60°) by 1 kcal/mol. This is the exo-
anomeric energy for a f-glycosidic linkage, which has not previously been calculated
in this series of investigations. This exo-anomeric effect is analogous to the 42 effect
discussed later, as the less stable f +sc orientation is that in which the glycosidic
O-H bond bisects the C-1-0O-5 and C-1-C-2 ring bonds. The highest energy, that is,
least stability, is obtained with both 0 and ¢ = 180°, namely, the 8-D-*C, configura-
tion with a trans-glycosidic C—-O-C-O-H disposition, which has parallel lone-pair
dipoles on O-5 and O-1. As with the simplest model studied in this series (methane-
diol?), this dipole interaction remains a dominant conformational factor, even when
one of the hydroxyl hydrogen atoms and one of the methylene hydrogen atoms are
replaced by methyl groups, to better simulate the carbohydrate molecule.

The results for molecule 2 gave the lowest energy for the conformation « ¢ 3
(0 = +60°, ¢y = —60°, ¢ = +60°, y = 180°, w = —60°) in Table L. This corre-
sponds to the «-D-*C, configuration with the equatorial 2-O-H bond dirccted towards
O-1. The corresponding « a 1 conformation with the axial 2-O-H bond directed
towards the ring oxygen atom (O-5) is 0.5 kcal/mol higher. It is the resulting intra-
molecular hydrogen-bond interactions, 2-O-H---O-1, 2-O-H---0O-5, which make these
the most stable conformations for an isolated molecule.

For a given configuration at C-2, the anomeric energy 4E,,,. (8-D-*C;) —
(a-D-*C,) depends upon which of the three staggered arrangements of 2-O-H (v =
+60°, 180°) is considered most important. For the isolated molecules, intramolecular
hydrogen-bonding from 2-O-H to O-1 or O-5 will favor the conformations « a 1
and « e 3 for «-D-*C,, and f a 3 and f e | for -D-*C,. These are the orientations of
2-O-H, where the hydrogen atom is directed towards an oxygen atom in the same
molecule; they are, in fact, calculated to have significantly lower energies. For these
favored conformations, such as might be found in a non-polar solvent, AE_,,,, is
2.9 kcal/mol when O-2 is axial and 1.7 kcal/mol when O-2 is equatorial, that is,
corresponding to E(fa3) — E(xa 1l)and E(fe 1) — E(x e 3). This gives a A2 effect
of 1.2 kcal/mol.

In the crystalline state, or in aqueous solution, intermolecular hydrogen-
bonding is generally favored over intramolecular bonding!®, and the favored con-
formations could be the other two staggered arrangements of higher energies. Taking
the mean of the anomeric energies for these conformations, 4E ., = '/,{E(fal) +
E(fa2) — E(aa2) — E(xae)} = 5.0 kcal/mol when O-2 is axial, versus 4E ., =
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1,{E(Be2) + E(Be3) — E(ael) — E(xe2)} = 3.0 kcal/mol when O-2 is equato-
rial. This corresponds to a larger 42 effect of 2.0 kcal/mol.

Therefore, depending upon the orientation of the 2-O-H bond, the anomeric
energy is greater when 2-O-H is axial than when it is equatorial, by amounts calculated
to be between 1.2 and 2.0 kcal/mol. This is in gualitative agreement with Reeves’
statement of the A2 effect®, which states that an extra destabilization-energy term of
1 kcal/mol must be considered when the C-2-OH-2 bond bisects the O-5-C-1, C-1-O-1
bonds in projection along C-1-C-2. Reeves’ result is based on equilibrium studies of
molecules in solutions, whereas our calculations refer to isolated molecules at rest,
so more-quantitative comparisons are not appropriate.

Thus, the results for molecule 2 confirm the overall concept of the 42 effect,
and show it to be due to an enhancement of the anomeric effect when C-2-0O-2 is
axial in a pyranose sugar. This result is represented diagrammatically below in the
Newman projections down the C-2—C-1 bonds.

0o-2 o-2 H H
0-5 O-1 0-5 H 0-5 o-1 o5 H
C H C H C 0-2 c o2
H o-1 H o-1
pa (1,2,3) xa(1,2,3) pe1,2.3) Oe (1,2,3)

The 42 effect, like the anomeric and exo-anomeric effects, can be regarded as a
special case of the gauche effect'®, which states that “molecules with polar bonds
tend to adopt that structure which has the maximum number of gauche interactions
between the adjacent electron pairs and/or polar bonds”. This implies that the
B a (1,2,3) conformations will have lower energies relative to a a (1,2,3) than fe (1,2,3)
has relative to « € (1,2,3) by reason of its two gauche interactions.

Comparison with previous results and experimental data. — The results on
molecule 1 are consistent with the previous calculations on methanediol and methoxy-
methanol?-* which gave anomeric energies of 4.4 and 2.7 kcal/mol, respectively. This
further justifies the assumption that the use of small molecules, with hydrogen atoms
replacing carbon atoms, as models for the hemiacetal moiety of a sugar, does not
obscure the principal conclusions. As with the simpler models, the a-D-*C; configura-
tion is more stable than the $-p-*C, (the anomeric effect), and the favored conforma-
tion of the glycosidic bond is +sc for the & anomer and —sc for the 8 anomer (the
exo-anomeric effect). These more-sophisticated models make possible a distinction
between the +sc and —sc orientation of the f-glycosidic bond and show the latter
to be the more stable by 1 kcal/mol.

The anomeric energy (2.2 kcal/mol) is lower than for the previous models,
confirming our view that the simpler models in which hydrogen atoms replace carbon
atoms tend to overestimate these energy differences. The estimated anomeric energy



TABLE III

EXPERIMENTAL C—-O HEMIACETAL BOND-LENGTHS AND TORSION ANGLES IN PYRANOSES FROM CRYSTAL

STRUCTURE DATA%

b c
Cc-5 O-5 C-1 H
ot —4 |
: ¥
Molecule Configuration O-1 axial a®  Referencec

(x-D~4C31, except where noted)

Torsion angles Bond lengths (pm)

(degrees)

/] P a b c
2-Deoxy-p-erythro-pentose-1Ca —75 —96 141 145 141 1.5 DRIBSE?
B-L-Arabinose +86 +61 144 142 138 1.0 ABINOSe
f-L-Arabinose (N) +61 +64 143.2 141.8 139.8 0.3 ABINOSOl-
p-pL-Arabinose +61 +75 145.0 143.5 1394 04 ABINOR/
B-pL-Arabinose (N) +61 +70 1446 1428 139.1 0.1 ¢
a-L-Xylose-1Cy4 —62 —94 1449 1428 1393 0.6 XYLOSE¢
a-L-Xylose-1C4 (N) —62 —105 143.2 1420 1392 0.1 &
a-p-Galactose +59 +45 1432 1446 1410 07 ADGALAOI*

+57 141t 1426 1433 1400 04 ADGALAI1Q:
a-D-Glucose (N) +61 +75 142.8 142.7 139.1 0.2 GLUCSA/
a-p-Glucose - H20 +67 & 141 141 140 1.0 GLUCMH*
+64 497 145.1 1427 141.2 0.3 GLUCMHII
a-pD-Mannose +60 +69 1440 141.2 1404 04 ADMANNe?
+62 & 1448 141.5 1421 04
#-pL-Mannose +57 +81 1444 1447 139.5 0.5 ADLMANS
a-p-Talose +61 +65 1449 1438 140.3 0.4 ADTALOOIe
+61 +75 144.5 143.5 1399 0.2 ADTALOI10Qe
6-Deoxy-a-L-galactose-1C, —61 —79 148.1 1412 138.2 0.9 ALFUCO*
p-p-Fructose-2Cs —63 —70 143.6 1413 1412 04 FRUCTOIl1m™
B-p-Fructose-2C5 (N) —63 —65 1430 141.3 1407 0.2 FRUCTOO2n
a-L-Rhamnose-1Cy —65 —94 1444 1421 1400 0.3 RHAMAHOlS
a-L-Rhamnose-1Cas (N) —65 —91 1439 1419 1404 0.2 RHAMAHO02°
a-L-Sorbose-2Cs —60 —47 1440 1420 1415 0.5 SORBOLS
a-L-Sorbose-2Cs (N) —60 —50 143.1 1423 1396 03 »
a-D-Tagatose-5Ca +62 +45 143.2 142.6 1405 04 TAGTOS/
2-Acetamido-2-deoxy-a-p-galactose <461 +74 143.4 1437 1397 0.5 AGALAMIOQ?
+60 +72 1439 1444 1395 0.5 AGALAMOIr
2-Acetamido-2-deoxy-a-p-glucose +60 +68 1448 143.3 1390 0.3 ACGLUALl*
p-L-Lyxose-1Cs (N) —175 —78 142.8 143.1 138.6 0.3 LYXOSEOIl*
p-L-Lyxose-1Ca —175 —-72 142.2 1435 1364 0.6 LYXOSE10/
2-Deoxy-2-fluoro-f-p-mannose 180 —70 143.0 1429 1399 0.3 XFMANP-
B-p-Galactose +177 -75 143.7 141.3 139.5 0.9 BDGLOSO1e
+178 77 1440 1422 1396 04 BDGLOSI10¢
B-p-Glucose —179 —96 143.7 1433 1384 0.2 GLUCSEOlS
2-Acetamido-2-deoxy-f-D-
mannose - H2O +170 +44 144.2 142.6 138.8 0.3 NACMANIO*

=X-ray analyses, except where (N) indicates a neutron analysis. In the ketoses, the atomic numbering
is increased by +-1. ®*The standard deviations, o, are mean values for the non-hydrogen distances and
angles, in picometers or degrees. They provide a measure of the accuracy of the analysis. For in-
dividual values, the original papers should be consulted. The six-letter codes are the REFCODES
of the Cambridge Crystallographic Data File, from which these data were retrieved. These data are
frequently more reliable than the primary publications, as they have been checked and corrected for
inconsistency errors. 4See ref. 15. ¢See Tables VIII and IX of ref. 4. fSee Table 2 of ref. 2. #See ref. 16.
BSee ref. 17. tSee ref. 18. /See ref. 19. kSee ref. 20. See ref. 21. mSee ref. 22. nSee ref. 23. °See ref. 24.
PSee ref. 25. 9See ref. 26. rSee ref. 27. *See ref. 28. tSee ref. 29. #See ref. 30.
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for the most comparable pyranose molecule, 2-deoxy-D-erythro-pentopyranose, based
on the equilibrium in solution, is 0.85 kcal/mol'2.

The crystal data given in Table III show that for the B configuration, the
favored orientation of the O-H bond is —synclinal, in agreement with the theory,
except for one molecule, 2-acetamido-2-deoxy-f-D-mannose. Here the 1-O-H bond,
in the observed +sc orientation, is parallel to the C-2-N bond, so that the H---N
separation is 200 pm, which is within weak hydrogen-bonding distance, thereby
stabilizing by hydrogen-bond formation the otherwise less favorable conformation.

The optimized bond-lengths, given in Table II, indicate a shortening of the
glycosidic C-O bonds which is greater in the B than in the « anomer. This is unchanged
from the results with methoxymethanol as the model compound. The only significant
change is in the reversal of the relative lengths of the C~O bonds to the ring-oxygen
atoms. This model predicts that C-1-O-5 > C-5-0O-5, although the difference is
very small, being only 0.5 pm for the « anomer.

Table III gives a compilation of the experimental bond-length and torsion-
angle data that is more complete than that given in the previous papers in this series®>,
because of recent additions to the data. Only one 2-deoxypyranose has been studied
and this is an early analysis with low accuracy. For this structure, the agreement with
theory is within the experimental errors of the structure analysis (4 neory-cxp < 3 O)-

The majority of the experimental results on the normal sugars report C-5—
0O-5 > C-1-0-5. All of the bond lengths for pyranose rings are susceptible to expan-
ston or contraction from their equilibrium minimum-energy values because of steric
effects that are not included in our acyclic model compound. Any differences in
overall ring conformation, arising from intramolecular interactions between substi-
tuents or intermolecular interactions between adjacent molecules in the crystal, will
result in corresponding differences in bond lengths and valence angles that are
required to maintain ring closure!?®. None of the molecules listed in Table III have
ideal chair conformations, and, in general, the puckering parameters vary over a
significant range'“. For this reason, we are uncertain whether the reversal of the order
of the length of the ring C-O bonds predicted for a 2-deoxypyranose is significant.

The optimized value for the C-C bond length of 152.1 pm is in good agreement
with the mean experimental value for C-1-C-2, which was 152.6 pm when C-1-OH
1s axial and 153.0 pm when C-1-OH is equatorial.
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