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ABSTRACT

The favoured conformations of the cyclohexanediols and cyclitols have been
examined by taking into account non-bonded interactions and restricted rotation of
hydroxyl groups. Calculations using the extended Hiickel MO (EHMO) method*
have been performed to determine the conformational energy The conformations
with equatorial hydroxyl groups and with certain orientations of hydroxyl protons
are shown to be the most stable

INTRODUCTION

The MO-LCAO method of Del Re, which takes into account only the sequence
of bonds m molecules and their empirical parameters, has been employed 1n earlier
papers>—* to calculate the o-electron structure of certain carbohydrates These calcul-
ations, however, are not able to estimate the contribution of conformational energy
to the total energy of a molecule

An attempt® ® to estimate such a contribution was based on the calculation
of non-bonded nteraction energy between a pair of atoms using the Kitaigorodsky
type of potential functions’. Coulombic contribution to the potential energy was
also taken mto account* 1n calculating the total energy, this contribution being based
on both atomic distances and partial g-charges

The positions of the hydroxyl protons in carbohydrates are uncertain because
of free rotation about the C—-O bond However, this problem was solved +~° by calcul-
ation of the positions of hydroxyl protons corresponding to mimimum energy
Similar calculations based on a more-exact, extended Hiickel method are now repor-
ted for model cyclohexane systems

RESULTS AND DISCUSSION

Theoretical treatment
The calculations were performed on a BESM-4 computer, with the Hoffman'
EHMO programme The orbital exponents® () and the 1omization potentials used
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for H;, values are Iisted 1n Table I The off-diagonal elements H,, were calculated by
using the Wolfsberg-Helmholiz expression® H ,=05K(H,+H,)) S.,» where K1s
taken as 175 The atomic co-ordinates for various atoms were calculated from the
bond lengths and valency angles!? given 1n Table II.

TABLE I
ORBITAL EXPONENTS AND IONIZATION POTENTIALS
Atoms Type of atormuc orbital Exponent Tomzation potential (eV) References
H 1s 12 —-1360 11,13

2s 1 6083 -—2143

2p 1 5679 —11.42 12,13

2s 22458 -3530

2p 22266 —1776 12,13
TABLE II

BOND LENGTHS AND VALENCY ANGLES

Bond length (4) Valency angles (degrees)
Cc-C 1528 C-C-C 111 6

Cc-0 143 H-C-C 109 5

C-H 11 o-C-C 109 5 '
O-H 096 H-O0-C 109 5

If the rotational angle between the planes OC,H and HOC, is denoted by 0,,
then the positions at 8, =0° (1) and at €, = 180° (2) correspond to fully echipsed and
staggered orientations between the C-H and O-H bonds, respectively, 1n cyclohexa-

Ectipsed conformation 6=0" Staggered conformctuon,e=180°

1 2

nol It should be noted that the identity of energy contributions of hydroxyl groups
in the same conformation and at equal 8, follows from such choice of 8, zero-value
that was confirmed further by calculations

We have calculated the total energy for cyclohexane to be —633 764 eV for
the chair form, and —633 380 eV for the boat form, and find that the energy diffe-
rence between these forms 1s ~ 8 8 kcal/mole, which 1s 1n satisfactory agreement with
the reported® value of 6 9 kcal/mole
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The energy of cyclohexanol has been calculated for the chair conformations
having equatorial and axial hydroxyl groups Mimimum and maximum €nergy corres-
ponds 1n both cases to & = 180° and 0°, respectively, the difference bemng 1 22 kcal/
mole for the axial hydroxyl group and 0 97 kcal/mole for the equatorial hydroxyl
group These results are 1n reasonable agreement with those of Allinger et al.® who
used an entirely different method of calculation The minimum energy for the axial
hydroxyl group is 0 49 kcal/mole higher than the minimum energy for the equatorial
hydroxyl group, which 1s 1n good agreement with previously reported datal® The
calculated energies are listed in Table 1II, with the rotational angle 0 being taken at
mntervals of 30° Taking into account the identity of the values for E (8) and F
(360°—8), Table III contamns all the necessary data Differences between energies
corresponding to different rotational angles 8, and mimimum energy (at 6 = 180°)
are also given The respective potential energy diagrams are shown 1 Fig 1

Ee"E1ao (kc(lllmo(e)

0 L T 1 7 T L = T i
30 60 SO 120 150 180 210 240
Angle af torsion (6)

Fig 1 Potential energy diagrams for the chair forms of cyclohexanol , equatorial hydroxyl

In order to discuss cyclohexanediols, further assumptions are necessary If the
energies of cyclohexane and cyclohexanol are denoted by E, and E,, respectively,
then the difference 4E, = E,—~ E, 1s the energy contribution of the hydroxyl group
Hence, the total energy of cyclohexanol is expressed as

E, =E;+AE, ()]

Considering the hydroxyl groups of cyclohexane-1,7-diol as bonded to the
-th and j-th carbon atoms, respectively, let the energy of the cyclohexanediol be
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denoted by E,, Let us suppose further that these hydroxyl groups do not mnteract
Hence, the total energy of cyclohexane-z,j-diol 1s expressed by the additive formula

E, =Ey+A4E,+AE, )

It 1s of interest to compare energies of cyclohexanediols calculated by expression (2)
with those calculated by the Hoffman' method Thus, for cyclohexane-cis-1,4-diol

TABLE III
ENERGY OF CYCLOHEXANOL AT DIFFERENT ROTATIONAL ANGLES
Axwal hydroxyl group Equatorial hydroxyl group
Energy E(8)) E(8)—E{80° Energy E(8) E(6)—E80°
V) (kcallmole) eV) (kcallmole)
0° -—781 426 122 — 781 458 097
30° — 781 440 0 88 —781 473 061
60° —781 460 043 —781 493 015
90° —781 453 0 58 — 781 483 0133
120° —781 4444 0 80 —781 472 065
150° —781 469 022 — 781 488 028
180° —781 479 0 —781 500 0
210° — 781 469 022 - 781 488 028

with 6, =8, = 0°, the Hoffman energy 1s —929 0879 eV, whereas the energy calcula-
ted by formula (2) 1s —929 0875 eV, the difference (0 0004 eV) being ~9 cal/mole
This value shows that hydroxyl interaction 1n cyclohexane-cis-1,4-diol 1s neghgible.
Indeed, the distances between the oxygen and hydrogen atoms of the respective
hydroxyl groups are great, being 4 56 and 6 36 A respectively It follows from these
assumptions that the divergence of the energy values calculated by the Hoffman
method and by the additive formula (2) may be considered as the energy of
imnteraction of the hydroxyl groups

Table IIT shows that mimmum energy contribution 1s associated with a hydroxyl
group having 8 = 180° Additive calculations result in the same mimimum energy for
all cyclohexane-,j-diol 1somers at 8, =0,=180° However, the Hoffman method
gives different values of energy for different 1somers in the same conformations,
the mimmum energy being observed not only for 8, = 8, = 180°, such as in the cases
of the diaxial conformation of cyclohexane-1,3-diol and the diequatorial conforma-
tion of cyclohexane-1,2-diol In Table IV, the mmimum Hoffman energies are listed
together with the divergences of these values from those of the additive scheme,
the distances between the oxygen and hydrogen atoms of the hydroxyl groups, and
values of the rotational angles ¢, and 0,

It follows from these calculations that the greatest energy difference between
the Hoffman and additive-scheme energies (rangmmg from 04 to 1 9 kcal/mole) 1s
observed in cyclohexane-1,2-diol, which 1s indicative of the strong mteraction of
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vicinal hydroxyl groups For the other cyclohexanediols, the difference 1s negligible

and does not exceed 0 067 kcal/mole
For each cyclohexanediol 1somer, the calculated order of stability of the con-

formations 1s equatorial-equatorial, equatoral-axial, axial-axial (see Table IV)

TABLE 1V

CALCULATED ENERGIES OF THE CYCLOHEXANEDIOLS

Isomer Conformation Energy (eV) Duergence from 8,0 HQO separation
additive scheme distances (4)

E;;—E.a (kcal[mole) D
0-0 H-H

trans-1,4 (ax,ax) —929 191 +0 066 4 56 4 31
crs-1,4 (ax,eq) —-029214 +0011 180°,180° 456 353
trans-1,4 (eq,eq) —929 233 +0 067 561 604
cis-1,3 (ax,ax) —929 163 +0 050 60°,150° 272 269
trans-1,3 (ax,eq) —929 217 —0 047 180°.180° 429 4 56
cis-1,3 (eq.eq) —929 238 —0046 7 483 476
trans-1,2 (ax,ax) —920 111 +1 908 180°.180° 366 414
cis-1,2 (ax,eq) —929 183 +0 731 : 277 259
rrans-1,2  (eq,eq) —929 207 +0 366 60°, 60° 235 334

For the 1somers 1n diaxial conformation, cyclohexane-1,4-diol has the mnimum
energy and cyclohexane-1,2-diol has the maximum energy This difference may be
explained by taking into consideration the fact that the dipole-dipole interaction which
destabilises a molecule decreases with mncreasing distance between hydroxyl groups,
as shown in formulae 3-5 (see also Table IV)

Cyclohexane-1,3-diol in the diaxial conformation has mummum energy at
8, = 60°, 8; = 150°, which mught be due to the formation of a hydrogen bond, as
shown 1n 5, thereby stabilizing the molecule

For isomers m axial-equatorial and equatorial-equatorial conformauons,
cyclohexane-trans-1,3-diol has mmmimum energy, whereas cyclohexane-zrans-1,2-diol
has maximum energy (see Table IV)

As 1n the case of the diaxial conformation of cyclohexane-cis-1,3-diol, the
diequatorial conformation of the frans-1,2-diol has no energy mimimum at 6, =, =
180°, as anticipated by calculations using the additive scheme The mimimum 1s reached
when 0, = 0, = 60°, and this phenomenon can be also explaned in terms of the forma-
tion of a weak hydrogen bond The possibility of intramolecular hydrogen-bond
formation 1n cis (eqg,ax) and trans (eq,eq) cyclohexane-1,2-diol was recogmsed by
Orloff'* The fact that the energies of the axial-axial conformation of cyclohexane-
cis-1,3-d1ol and the equatorial-equatorial conformation of cyclohexane-frans-1,2-diol
are fairly great, 1n spite of the possibility of intramolecular hydrogen-bond formation,
follows from over-emphasis of steric factors inherent in the Hoffman method During
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the calculation of the divergence of the energies derived by the Hoffman and additive
schemes for cyclohexane-cis-1,3-di10l and cyclohexane-trans-1,2-diol, the deviation of
the rotational angles from 180° was taken into consideration.

Calculations also show that 1somers of cyclohexane-1,3-diol and cyclohexane-
1,4-diol cannot be separated because of the small differences 1n their energies This
situation was also mentioned by Orloff!4.

H H
~ o/ \O/

O, O,
H/\ /\H

3 4

For the nositols, the number of possible combinations of axial and equatorial
orientations of six hydroxyl groups 1s 64 Ignoring the enantiomeric forms having
equal energies, only 13 isomers must be taken 1nto account Calculated energies of the
1somers at §; =0° (1 = 1,2 . 6) are hLsted 1n Table V. The results are 1n agreement with
a general principle of conformational analysis, namely that substituent groups on a
cyclohexane ring are more stable 1n the equatorial than in the axial positions As
expected, scyllo-inositol (with all equatorial hydroxyl groups) and myo-inositol (with
one axial hydroxyl group) are the most stable The conformation of scyllo-1nositol
with all axial hydroxyl groups 1s the most unstable, having an energy ~9.5 kcal/mole
more than that of the preferred conformation. In Table V, the differences in energies
between each 1somer and scyllo-1mositol, as calculated by the Hoffman method and as

TABLE V
CALCULATED ENERGIES OF THE INOSITOLS
Inosirol Hydroxyl No of axial Energy (eV) Ei—E,quo (kcallmole)
configuration kydroxyl groups
Calc. From ref. 15
scyllo le2e3edeSe6e o —1519 768 0 0
myo 1a2e3edeSete 1 —1519 724 101 09
neo 1aZe3edasece 2 —1519 682 199
ept 1a2e3edeSabe — 1519 675 215 28
dextro 1a2a3edeSe6e —1519 659 251
cis 1a2e3ade5a6e 3 —1519 621 340 5.7
allo la2e3a4aSe6e —1519 610 364
muco 1a2a3adeSc6e —1519 592 406
1a2a3eq4asate 4 — 1519 538 531
1a2e3adeS5a6a —13519 537 532
1a2a3ed4c5a6a —1519 524 563
1a2a3a4aSace 5 —1519.449 736
la2a3a4aSa6a 6 —1519 357 948
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obtained by Angyal and McHugh'®, are also listed Of the inositols having equal
numbers of axial hydroxyl groups, the most stable are those where axial hydroxyl
groups are maximally separated These results are similar to those obtained for the
cyclohexanediols
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