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ABsmcr 

The favoured conformations of the cyclohexanedlols and cychtols have been 
exammed by tahng mto account non-bonded rnteractlons and restrlcted rotation of 

hydroxyl groups. Calcuiatlons usmg the extended Hiickel MO (EHMO) method’ 
have been performed to determine the conformatronal energy The conformatlons 
with equator& hydroxyl groups and with certam orlentatxons of hydroxyl protons 
are shown to be the most stable 

INTRODUCTION 

The MO-LCAO method of Del Re, which takes mto account onIy the sequence 
of bonds m molecules and their emplrlcal parameters, has been employed m earher 

papers 2-4 to calculate the a-electron structure of certam carbohydrates These calcul- 
atlons, however, are not able to estimate the contrlbutlon of conformatIona energy 
to the total energy of a molecule 

An attempt’ 6 to estunate such a contrIbutlon was based on the calculation 
of non-bonded mteractlon energy between a pair of atoms usmg the Kltalgorodsky 
type of potential funcfions7_ Coulombxc contribution to the potential energy was 

also taken mto account” m calculatmg the total energy, tlus contribution bemg based 
on both atomic distances and partial o-charges 

The posItIons of the hydroxyl protons m carbohydrates are uncertam because 
of free rotation about the C-O bond However, this problem was solved 4-6 by calcul- 
atlon of the posltxons of hydroxyl protons correspondmg to msmmum ener,y 

Slmllar calculations based on a more-exact, extended Hiickel method are now repor- 

ted for model cyclohexane systems 

RESULTS AND DISCUSSION 

Theoretrcai treatment 

The calculations were performed on a BESM-4 computer, with the Hoffman’ 

EHMO programme The orbltal exponents’ or) and the lomzatlon potentials used 
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for Ui, values are hsted m Table I The off-diagonal elements Hz, were calculated by 

using the Wolfsberg-Hehnholtz expresslong H_, = 0 5 K (H,, -I- H,,) ,SI,, where K 1s 

taken as 1 75 The atonuc co-ordmates for vanous atoms were calculated from the 
bond lengths and valency angles” given m Table II. 

TABLE I 
~R~~~ALEWONENTSANDIONIZA~ONPOTENTIALS 

Atoms Type of atomx orbrtal Exponent Iomiahon potentral (ev) References 

H IS 12 -13 60 II,13 
C 2s 1 6083 -2143 

2P 1 5679 -11-42 12,13 

0 2s 2 2458 -35 30 
2P 2 2266 -1776 12,13 

TABLE II 

BONDLENGTHSANDVALENCYANGLES 

Bond length (4 Valency angles (degrees) 

1 528 C-C-C 111 6 
143 H-C-C 109 5 

C-H 11 O-C-C 1095 ’ 
O-H 096 H-O-C 109 5 

If the rotational angle between the planes OC,H and HOC, 1s denoted by 0,, 
then the posltions at 0, = 0” (1) and at 8, = 180” (2) correspond to fully eclipsed and 

staggered onentatIons between the C-H and O-H bonds, respectively, m cyclohexa- 

Eclipsed conformotlon e=O” Staggered conformat10n,B=1809 

1 2 

no1 It should be noted that the Identity of ener,y contnbutlons of hydroxyl groups 
in the same conformatlon and at equal 8, follows from such choice of OS zero-value 

that was conlirmed further by calculations 
We have calculated the total energy for cyclohexane to be -633 764 eV for 

the char form, and -633 380 eV for the boat form, and find that the energy dfle- 

rence between these forms 1s -8 8 kcal/mole, whch 1s m satisfactory agreement with 

the reportedlO value of 6 9 kcal/mole 
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The energy of cyclohexanol has been calculated for the cbarr conformatrons 
havmg equatorzal and axzal hydroxyl groups Mmzmum and maxrmum energy corres- 
ponds m both cases to 8 = 180” and 0”, respectzvely, the dzfference bemg 1 22 kcal/ 
mole for the axzal hydroxyl group and 0 97 keal/mole for the equatorzal hydroxyl 
group These results are m reasonable agreement wrth those of Allmger et al.* who 
used an entirely dzfferent method of calculatron The mmzmum energy for the axial 
hydroxyl group IS 0 49 kcal/mole hrgher than the mimmum energy for the equatorial 
hydroxyl group, whrch 1s m good agreement with prevrously reported datalo The 
calculated energzes are listed m Table Ill, wzth the rotatronal angle 0 being taken at 
intervals of 30” Takmg Into account the rdenttty of the values for E (0) and E 
(360”--8), Table IX contams all the necessary data Dzfterences between energies 
corresponding to dzfFerent rotational angles 6, and minimum energy (at Q = 180°) 

are also gzven The respectrve potenttal energy dzagrams are shown m Fzg 1 
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Fig 1 Potential energy diagrams for the thaw forms of cyclohexanol -, equatonal hydroxyl 
group, ------, anal hydroxyl group 

In order to drscuss cyclohexanedrols, further assumpttons are necessary If the 
energzes of cyclohexane and cyclohexanol are denoted by E,, and E,, respecttvely, 
then the difference AE, = E,- E. IS the energy contribution of the hydroxyl group 
Hence, the total energy of cyclohexanol 1s expressed as 

E,=E,+AE, (0 

Consrdenng the hydroxyl groups of cyclohexane-z,J-dzol as bonded to the 
z-th and J-th carbon atoms, respectively, let the energy of the cyclohexanedrol be 
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denoted by EZ, Let us suppose further that these hydroxyl groups do not interact 
Hence, the total energy of cyclohexane-z,J-dlol 1s expressed by the addltlve formula 

E,, = E,,fAE,+AE, (2) 

It ss of Interest to compare enerBes of cyclohexanedlols calculated by expresslon (2) 
with those calculated by the Hoffman1 method Thus, for cyclohexane-czs-l,bdlol 

TABLE III 

ENERGY OF CYCLOHEXANOL AT DIFFJXENT ROTATIONAL ANGLES 

Axtal hydroxyl group Equatorral hydroxyl group 

Energy EC&) E(B,)-E(180”) Energy E (0,) E(&)-E(I80”) 

(eV) (kcal/mole) (ev) (kcal/mole) 

00 -781426 1 22 -781458 0 97 
30” -781440 0 88 -781473 0 61 
60” -781460 0 43 -781 493 0 15 
90” -781453 0 58 -781483 0 33 

120” -7814444 0 80 -781472 0 65 
150” -781 469 022 -781488 0 28 
180” -781 479 0 -781 500 0 
2100 -781 469 0 22 -781488 0 28 

with 0, = e4 = 0”, the Hoffman energy 1s -929 0879 eV, whereas the energy calcula- 
ted by formula (2) IS -929 0875 eV, the difference (0 0004 eV) being -9 Cal/mole 
This value shows that hydroxyf mteractlon m cyclohexane-czs-1,Pdlol 1s neghglble. 
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 addltlve formula (2) may be consldered as the energy of 
mteractlon of the hydroxyl groups 

Table lTI shows that mmlmum energy contnbutlon IS associated with a hydroxyl 
group havmg 19 = 180” Addltlve calculations result m the same mlmmum energy for 
all cyclohexane-z,j-dlol Isomers at 13, = 0, = 180” However, the Hoffman method 
gives dzfferent values of energy for dflerent Isomers m the same conformations, 
the mmlmum ener,7 bemg observed not only for 8, = 0, = 180°, such as m the cases 
of the dlaxlal conformation of cyclohexane-1,3-dlol and the dlequatorlal conforma- 
tion of cyclohexane-1,2-dlol In Table IV, the mmlmum Hoffman energes are hsted 
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 rotatlonai angies 0, and 0, 

It follows from these calculations that the greatest energy dflerence between 
the Hoffman and additive-scheme energes (rangmg from 0 4 to 1 9 kcal/mole) IS 
observed m cyclohexane-I,2-dlol, w&h 1s mdlcative of the strong mteractlon of 
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wcmal hydroxyl groups For the other cyclohexanedrols, the dtfference IS neghgtble 
and does not exceed 0 067 kcal/mole 

For each cyclohexanedrol Isomer, the calculated order of stab&y of the con- 

for-matrons IS equatonal-equatonal, equatonal-axtal, aural-axral (see Table IV) 

TABLE IV 

CALCULATED ENERGIES OF THE CYCLOHEXANEDIOLS 

Isomer Conformatron Energy (e V) Dzurgence from b,e, HO separation 
addttroe scheme drstances (4 
El, - Kd (kcaI/moZe) 

o-o ii-w 

trans-l,4 (aw r) -929 191 +0 066 4 56 4 31 
CIS- I .4 bx,eq) -929 214 +0011 1SO”,1800 4 56 3 53 
trans- 1,4 (ewq) -929 233 +0 067 5 61 6 04 

m-1,3 k&f=) -929 163 +o 050 60”,e150” 2 72 2 69 
frans-I,3 (awq) -929 217 -0 047 

180”.180’= 
4 29 4 56 

us-l,3 (ewq) - 929 238 -0 046 4 83 4 76 

trans- 1,2 b-w=) -929 111 +I 908 
crs-I,2 (ax,eq) -929 183 +o 731 180”,180” 

3 66 4 14 
2 77 2 59 

tram- I ,2 Wi,ed - 929 207 +0 366 60”, 60” 2 35 3 34 

For the isomers m dmxral conformatron, cyclohexane-1,4-drol has the mrmmum 
energy and cyclohexane-1,2-drol has the maxrmum energy Thus dflerence may be 
explamed by takmg Into constderatlon the fact that the drpole-dlpole mteractton which 
destablhses a molecule decreases with mcreasmg dtstance between hydroxyl groups, 
as shown m formulae 3-5 (see also Table IV) 

Cyclohexane-1,3-drol m the draxtal conformatron has mmrmum energy at 
0, = 60”, d3 = 150”, which might be due to the formation of a hydrogen bond, as 
shown m 5, thereby stabrhzmg the molecule 

For isomers m axral-equatonal and equatonal-equatonal conformanons, 
cyclohexane-trans-1,3-drol has mmrmum energy, whereas cyclohexane-trans-I ,2-drol 
has maxrmum energy (see Table IV) 

As m the case of the draxral conformation of cyclohexane-cls-1,3-drol, the 
drequatonal conformatton of the rrans-1,2-drol has no energy muumum at 0, = &. = 
180”, as antrcrpated by calculatrons usmg the addrttve scheme The mrmmum IS reached 
when 0, = 8, = 60”, and thus phenomenon can be also explamed m terms of the forma- 
tton of a weak hydrogen bond The posstbrhty of mtramolecular hydrogen-bond 
formatron m czs (eq,ax) and tram (eq,eq) cyclohexane-1,Zdrol was recogmsed by 
Orloff l4 The fact that the energtes of the axtal-axial conformation of cyclohexane- 
CLY-1 ,3-drol and the equatorral-equatonal conformatron of cyclohexane-rrans-I ,2-drol 
are fairly great, m spite of the posstbrlity of intramolecular hydrogen-bond formatron, 
follows from over-emphasis of stenc factors mherent m the Hoffman method Durmg 
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the calculation of the divergence of the ener@es derived by the Hoffman and addltlve 
schemes for cyclohexane-czs-1,3-dlol and cyclohexane-trans-l,2-dlol, the devlatlon of 
the rotatxonal angles from 180” was taken mto consideration. 

Calculations also show that isomers of cyclohexane-1,3-dlol and cyclohexane- 
1,4-dlol cannot be separated because of the small differences m their energes This 
sltuatron was also mentloned by 0rloff’4. 

For the mowtols, the number of possible combmatlons of axial and equatonal 
onentations of s= hydroxyl groups IS 64 Ignonng the enantlomenc forms havmg 
equal energies, only 13 isomers must be taken mto account Calculated ener@es of the 
Isomers at ei = 0’ (I = 1,2 . 6) are hsted m Table V. The results are III agreement with 
a general pnnclple of conformatlonal analysis, namely that substltuent groups on a 
cyclohexane rmg are morz stable m the equatonal than m the axial posltlons As 
expected, scyllo-mosltol (with all equatonal hydroxyl groups) and myo-mowtol (with 
one axml hydroxyl group) are the most stable The conformatlon of scyllo-moatol 
with all axial hydroxyl groups 1s the most unstable, havmg an energy ~9.5 kcal/mole 
more than that of the preferred conformation. In Table V, the lfferences m ener@es 
between each Isomer and scyllo-mosltol, as calculated by the Hoffman method and as 

TABLE V 
CALCULATED ENERGIES OF TKE INOSITOLS 

Inosrrol Hya+oxyl No of axial 
conjiguratron hpdroxyl groups 

Enem (ev) EI -L,u, (kcaljmole) 

CL&_ From ref_ IS 

scyuo 

my0 
neo 
epl 
dextro 
ci.Y 

all0 
muco 

0 -1519 768 0 0 
1 -1519 724 101 09 
2 -1519 682 199 

-1519 675 2 15 28 
- 1519 659 2 51 

3 -1519 621 3 40 5.7 

- 1519 610 -1519 592 :0”6 
4 -1519 538 5 31 

- 1519 537 5 32 
- 1519 524 5 43 

5 - 1519A49 7 36 
6 - 1519 357 9 48 
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obtamed by Angyal and McHugh”, are also hsted Of the mosltols havmg equal 
numbers of axial hydroxyl groups, the most stable are those where axial hydroxyl 
groups are maxnnally separated These results are sunJar to those obtained for the 
cyclohexanediols 
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