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The relative stabilities of hexachloro- and hexafluorocyclohexane isomers due to the various axial or equatorial
positions of the substituents were studied by ab initio and density functional methods. All isomers were fully opti-
mized at the HF, B3LYP and MP2 levels with the 6-31++G basis set. The energies, relative energies, and some
geometric parameters of all possible isomers are given and discussed. In the case of both the chloro and fluoro iso-
mers the most stable structure is the one having two neighboring axial substituents over the all-equatorial isomer
which is usually assumed to be more stable. As expected the all-cis isomers with the largest values for the dipole
moments are the least stable. Of the possible conformer pairs, the ones with more equatorial substituents are pre-
ferred over the ones with more axial substituents. The only exception is the pair of chlorine structures with the high-
est energies where the structure with more axial substituents (4) has negligibly a lower energy than the one with more

equatorial substituents (10).
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INTRODUCTION

Lindane, an insecticide belonging to the
group of persistent organic pollutants, has been
produced by chlorination of benzene under UV
light. Several stereoisomers of hexachlorocyclo-
hexane are produced under these conditions known
as a-, B-, y-, 8- etc. isomers [1]. The dominant
product of this reaction is the o-isomer which was
later determined to have two neighboring chlorine
atoms in the axial positions while the other four are
equatorial. Lindane, the vy-isomer, has three
neighboring axial and three equatorial chlorine
atoms attached to the cyclohexane ring [2]. While

there are numerous studies on the axial/equatorial
preferences for mono and disubstituted cylohex-
anes, the hexasubstituted cyclohexanes and their
relative stability has not attracted so much atten-
tion. In this study we were interested in the relative
stabilities of the possible isomeric structures of
1,2,3,4,5,6-hexachlorocyclohexane which arise
from the various possible axial or equatorial posi-
tions of the chlorine atoms as well as the fluorine
analogues i.e. the corresponding isomers of
1,2,3,4,5,6-hexafluorocyclohexane.

COMPUTATIONAL METHODS

All calculations were performed with the
Gaussian 98 and 03 suites of programs [3], while
the visualization of the molecules was done with
GaussView [4]. Complete optimizations were per-

formed on all possible isomers in the gas phase
using the default Gaussian convergence criteria.
Three theoretical levels were used: Hartree-Fock,
the hybrid density functional B3LYP method and
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the correlated second-order perturbation Meller-
Plesset (MP2) method with the 6-31++G basis set.
All geometry optimizations were performed by

turning off the symmetry constraints imposed by
the Gaussian program.

RESULTS AND DISCUSSION

It is well established that the substituents in
the chair conformation of cyclohexane can assume
either axial or equatorial positions. When all car-
bon atoms carry the same substituent other than
hydrogen there are many possible conformers and
isomers. The structures of the 13 possible isomers
are given in Table 1. For simplicity in the struc-
tural formulas the axial substituents are not given
and only the equatorial substituents are shown:
structure 1 has only axial substituents, 2 has one
equatorial and five axial substituents, there are
three structures with two equatorial and four axial
substituents (3, 4, 5), three with three equatorial
and three axial substituents (6, 7, 8) etc. Lindane,
structure 6, also known as the y-isomer, has three
neighboring axial and three equatorial chlorine
atoms. Structure 9, the o-isomer, is the only
asymmetric structure and exists in two enanti-
omeric forms.

The results of the calculated energies of all
structures at the various levels of theory are given
in Table 2. The relative energies are also given in
the table and in Fig. 1 for the B3LYP theory level.
The density functional model gives lower energies
than either of the two models for all isomers. How-
ever, all theoretical models predict that the most
stable isomer is not the all-equatorial isomer 13 but
9 which has two neighboring axial substituents. As
a matter of fact all three model chemistries predict
that the all-equatorial isomer is also less stable than
isomer 12 with one axial substituent. The corre-
lated MP2 predicts that isomer 11 is more stable
than 13, while the B3LYP energy levels are the
same. Only Hartree-Fock predicts that 13 is more
stable than 11.

What is the explanation for this 10 kJ/mol en-
ergy difference between the all-equatorial 13 and
isomer 9? A plausible explanation is that when all
chlorine substituents are equatorial this “belt” be-
comes overcrowded and basically the steric hin-
drance is responsible for this decrease in stability.
This might be somewhat of a surprise since it is
usually assumed that the most stable isomer is the
one where all substituents are in the equatorial po-
sitions. However, this is not always true and de-

pends in large part on the nature of the substitu-
ents. When they are unpolar alkyls they seem to pre-
fer the equatorial positions. 1,2-Difluorocyclohexane
on the other hand is more stable when the two fluo-
rine atoms are axial [5].

Table 1

Structures of the possible isomers
of hexahalo cyclohexanes

Structure Configuration Formula*
1 aaaaaa O
2 aaaaae \O
3 aaaaee ;O
4 aaacae \Q
5 aaeaae \O\
6 aaaeee IP

Y
7 aaeaee \Q\
8 aeaeae \Q/
9 aaeeee IP\
ok
10 aeaeee I;/
1 aeeace ;Oi
€

12 aeeSeee IF(
13 eeeﬁeee ;¢i

* Only the equatorial substituents are given, the axial are
assumed, see text.
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Table 2

Calculated energies for the isomers of hexachlorocyclohexane and relative energies compared
to the most stable structure 9

_ E(HF) AE E(B3LYP) AE E(MP2) AE
Configuration
/ kJ-mol !
1 aaaaaa —7843330.9 35.0 —7858839.4 28.5 —7845532.8 34.6
2 aaaaae —7843335.0 30.9 —7858842.4 25.5 —7845540.1 273
3 aaaaee —7843349.6 16.3 —7858855.0 12.9 —7845553.5 139
4 aaaeae —7843322.7 43.2 —7858830.6 373 —7845532.2 35.2
5 aacaae —7843342.1 23.8 —7858848.6 19.3 —7845549.8 17.6
6 aaaeee —7843348.7 17.2 —7858853.4 14.5 —7845552.7 14.7
7 aaeaee —7843343.4 22.5 —7858848.9 19.0 —7845550.5 16.9
8 acaeae —7843291.2 74.7 —7858801.2 66.6 —7845507.4 60.0
9 aaeeee —7843365.9 0.0 —7858867.9 0.0 —7845567.4 0.0
10 acaeee —7843322.0 43.8 —7858828.4 39.4 —7845531.7 35.7
11 aeeaee —7843350.7 15.2 —7858854.7 13.2 —7845556.0 114
12 aeeeee —7843354.5 11.3 —7858856.6 11.3 —7845557.6 9.8
13 eeeeee —7843351.8 14.0 —7858854.6 13.2 —7845554.1 13.3
0.0 more stable (more then 10 kJ/mol) than the all-
il equatorial 13. We can call this a double anomeric
60.09 effect structure. Considering that in the photo-
- 50.0 chemical reaction of chlorine and benzene it is the
E 4001 —~ = dominant product, it is safe to assume that the reac-
x 20.04 tion is thermodynamically controlled. At this level
yoo of calculations lindane is less stable by almost 15
20.07 kJ/mol than the most stable isomer both at the
10.01 B3LYP and the MP2 levels.!
0,014 Table 3 gives the total dipole moments for
@ | O QOO Q| OD Q Q| O .
T S18/8/%/3|8 o |9 each structure in the gas phase as well as the aver-
© | © | ©|  O| ©| D (0] Q| O . .
sl |s| 88| o 29 age C—ClI bond lengths and their standard devia-
112134567 9 12113 tions. It is apparent that the bond lengths are longer

Fig. 1. Relative energies of the hexachlorocylohexanes
at the B3LYP/6-31++G level

The case is more complicated when the num-
ber of substituents is even larger. Glucose, al-
though a heterocycle, comes to mind where the [3-
D-glucopyranose isomer is more stable than the a-
isomer. However, when the anomeric OH group is
substituted into glycoside the stability can be
shifted to the a-isomer. This is known as the ano-
meric effect [6]. From Table 1 we see that 12, the
structure with only one axial chlorine atom, has a
total energy by 2—3 kJ/mol less when compared to
13, the all-equatorial isomer. Isomer 9 has two
neighboring axial substituents and is significantly
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when the chlorine atoms assume axial positions.
Thus in 1 the bond lengths of all C—Cl bonds are
the same 1.91 A both at the B3LYP and MP2 lev-
els, and the standard deviation is equal to 0.00. The
greatest variations in the C—Cl lengths are in 4
where the standard deviation has the largest values.
The least stable structure 8 whose energy is higher
by more than 60 kJ/mol than the most stable one,
has the largest value for the dipole moment. This is
easily explained since the layout of the substituents
is aeaeae, which represents the very unfavorable
all-cis arrangement of the chlorine atoms where
their interactions are very large.

"It should be noted that the calculations were performed for the
gas phase and as one of the reviewers commented it would be interest-
ing to consider the solvent effects.
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Table 3
Dipole moments, average bond lengths and their standard deviations for the isomers of hexachlorocyclohexane
HF B3LYP MP2
Configuration = - -
u/D [ (CCh/A o(CCh/A u/D [ (CCl/A o(CC)/A u/D [(CClh/A o(CCH/A
1 aaaaaa 0.00 1.882 0.000 0.00 1.914 0.000 0.00 1.912 0.000
2 aaaaae 2.40 1.872 0.017 2.21 1.901 0.020 2.52 1.902 0.016
3 aaaaee 2.59 1.869 0.016 2.39 1.898 0.020 2.77 1.899 0.015
4 aaacae 4.39 1.861 0.020 3.98 1.888 0.024 4.54 1.891 0.018
5 aacaae 0.00 1.862 0.011 0.00 1.889 0.013 0.00 1.892 0.010
6 aaaeee 3.63 1.865 0.016 3.30 1.892 0.019 3.80 1.892 0.010
7 aaeaee 2.73 1.859 0.013 2.48 1.885 0.016 2.84 1.895 0.015
8 aeacae 6.65 1.847 0.001 5.99 1.872 0.001 6.85 1.878 0.000
9 aaeeee 2.90 1.863 0.010 2.63 1.889 0.013 3.01 1.893 0.010
10 aeacee 4.68 1.852 0.004 4.22 1.877 0.004 4.86 1.883 0.003
11 aecaee 0.00 1.857 0.011 0.00 1.882 0.013 0.00 1.888 0.011
12 aeeeee 2.76 1.858 0.010 2.50 1.883 0.006 2.87 1.888 0.005
13 eeeeee 0.00 1.859 0.000 0.00 1.884 0.000 0.00 1.889 0.000

The calculated energies, dipole moments and
bond lengths at the B3LYP and MP2 levels follow
similar patterns for the fluoro analogues. Table 4
and Fig. 2 give the relative energies compared to
the most stable isomer and Table 5 gives the dipole
moments, bond lengths of the C—F bonds and their
standard deviations. Again we encounter the dou-
ble anomeric effect structure 9 as the most stable of
all chair isomers. The least stable is 8, the all-cis
structure with the largest value for the dipole mo-

Table 4

ment. However, there is one difference in the en-
ergy levels of the chloro and fluoro isomers. The
fluoro isomer 11 at both levels of theory is the next
most stable structure after 9 and is more stable than
12 and 13. This is not the case with the chloro iso-
mer. The effect of the size clearly plays a role here
allowing the smaller fluoro substituent to assume
positions that the larger chlorine atom would add
to the strain of the molecule as a whole.

Calculated energies for the isomers of hexafluorocyclohexane and relative energies compared
to the most stable structure 9

Structure Configuration E(B3LYP) AE(B3LYP) E(MP2) AE(MP2)
/ (kJ/mol)
1 aaaaaa ~2182165.9 237 ~2174935.9 238
2 aaaaae ~2182167.2 224 ~2174937.4 223
3 aaaaee ~2182180.5 9.1 ~2174952.2 7.5
4 aaaeae ~2182153.0 36.6 ~2174922.0 377
5 aacaae —2182172.1 17.4 ~2174942.3 17.4
6 aaaece ~2182177.9 11.7 ~2174948.1 11.6
7 aacaee —2182174.4 15.1 ~2174945.2 14.5
8 acaeae 21821263 63.3 ~2174892.5 67.2
9 aaceee ~2182189.6 0.0 ~2174959.7 0.0
10 acaece ~2182158.1 31.5 ~2174925.7 34.0
11 aecace ~2182184.7 48 ~2174956.5 33
12 aecece ~2182181.2 8.4 ~2174949.5 10.3
13 ceceee ~2182178.1 11.4 ~2174943 .4 16.3
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Fig. 2. Relative energies of the hexafluorocyclohexanes at the B3LYP/6-31++G level

Table 5

Dipole moments, average bond lengths and their standard deviations for the isomers of hexafluorocyclohexane

Structure Configuration B3LYP MP2
u/D [ (CF)/A oCF/A w/D [CF/A oCF/A
1 anaaaa 0.00 1.458 0.000 0.00 1.476 0.000
2 asaaae 3.01 1.453 0.009 3.59 1.471 0.009
3 anaace 3.14 1.452 0.008 3.73 1.472 0.007
4 asacae 5.54 1.446 0.012 6.59 1.464 0.012
5 ascage 0.00 1.449 0.005 0.00 1.467 0.005
6 asacee 4.61 1.450 0.008 5.51 1.469 0.008
7 ascace 3.34 1.448 0.009 4.01 1.467 0.009
8 acacae 8.03 1.437 0.002 9.55 1.455 0.002
9 ascece 3.55 1452 0.007 430 1.471 0.007
10 acacee 5.68 1.443 0.004 6.79 1.461 0.004
1 aceace 0.00 1.449 0.010 0.00 1.468 0.010
12 aceeee 3.30 1.449 0.006 3.97 1.468 0.006
13 eecece 0.00 1.448 0.000 0.00 1.467 0.000

It is assumed that there are nine stereoisomers
of 1,2,3,4,5,6-hexachlorocyclohexane of which
two are enantiomers and seven are meso com-
pounds [2]. This is based on the assumption that
some of the structures given in Table 1 are equiva-
lent taking into account a possible chair to chair
transformation when all substituent that are in axial

Inac. xem. Texnon. Makenouuja, 23, 2, 131-137 (2004)

positions assume equatorial positions and vice
versa. Taking this into account Table 6 gives the
possible interconversions and the energy differ-
ences of the corresponding structures.? It is appar-

% These are not the transition state energies which will be calcu-
lated and published elsewhere.
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ent that the structures with more equatorial posi-
tions are preferred over the ones with more axial
positions. There is only one exception. In the case
of the chloro compounds, 4 has a somewhat lower
energy than 10. It should be noted that these con-
formers have the largest energy levels of all pairs
of structures (tables 2 and 4), which shows that
when the compounds have high enough energies
the axial positions may be preferred over the equa-

torial. Calculations are under way to determine the
activation energies of these transformations which
will resolve the questions whether these structures
are really conformers or isomers. If the activation
energies are high enough, as we expect, these in-
terconversions would be unfavorable and the struc-
tures would represent isomers and not simple con-
formers.

Table 6
Possible chair to chair transformations for the hexasubstituted cyclohexanes
F
Transition AE(B3LYP) AE(MP2) AE(B3LYP) AE(MP2)
/ (kJ/mol)
1513 O — ;(bi —15.2 -21.4 -12.3 -7.5
2512 \O — /¢i -12.2 -17.5 -14.0 -12.1
359 :O — ¢i -12.9 -13.9 -9.1 -7.5
4510 \Q — /@i 2.2 0.5 =5.1 -3.7
5511 Q — /SP/ 6.1 —6.2 -12.6 -14.1
CONCLUSION

There are several points that can be made
from this study. The all equatorial positions for
chlorine and fluorine as substituents in the chair
cyclohexane do not give the most stable structure.
The anomeric effect is in play or better the double
anomeric effect gives the most stable structure both
for chlorine and fluorine as substituents. This is
somewhat surprising in view of the fact that they
have rather different atomic volumes and electro-
negativities. The isomer with the highest dipole

moment and the all-cis configuration is the least
stable. As for the “conformational” isomers, gener-
ally the conformer with more equatorial substitu-
ents would be preferred over the one with more
axial substituents. The only exception is the pair of
chlorine structures with higher energies than the
other four pairs, where the structure with more
axial substituents (4) has a lower energy than the
one with more equatorial substituents (10).
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Peszume

TEOPUCKO UCTPAXYBAILE HA CTABUJIHOCTA
HA XEKCAXJIOPO- 1 XEKCA®JTYOPOLUUKIOXEKCAHCKUTE U30OMEPU

3opan 3apaBKoBCcKH

! Uncitiuinyit 3a xemuja, IHpupoono-maitiemaitiuuku gpaxyaitieiti, Yrnueepsuiteiu ,,Ce. Kupua u Meitioou;j ",
. gpax 162, MK-1001 Ckotije, Peitybauxa Makedonuja
zoran@pmf.ukim.edu.mk

Kayunu 360posu: 1,2,3,4,5,6-xekcaximoponykiaoxekcas; 1,2,3,4,5,6-xekcadayopoliKIoXeKcaH; JIUH/aH;

ab initio; MofienMpame; KoH(opManuja

PenaTuBHaTa cTaOMIHOCT Ha XEKCAXJIOPO- U XeKca-
(byoponuKIIOXeKCAaHCKUTE U30MEPH IUTO CE JOJKH Ha
HHUBHATa pa3iyHa aKCcHjajHa UM eKBaTOpHjaIHa MOT0X-
0a Ha CyICTUTYeHTHUTe Oellle MCTpaxyBaHa co ab initio
Metopu. Cute n3omepu OGea LENOCHO ONTHUMU3UPAHH HA
teopuckure HruBoa HF, B3LYP u MP2 co momom Ha 6a-
3UCHUOT ceT 6-31++G. [laeHn ce W JUCKYTHpPAHU Ce
COO[IBETHUTE EHEPTUM, PEIAaTHBHUTE EHEPTrUM U HEKOU
TEOMETPUCKHU NTapaMEeTPU Ha cuTe u3oMmepu. Bo ciyuajor
1 Ha XJIOPO- U Ha (PJIlyOPOM3OMEPUTE CTPYKTYpaTa CO ABa
COCEJIHH aKCHUjallHi CYIICTUTYEHTH € IOCTaOUIHA BO OJHOC
Ha OYEKYBAaHUTE M30MEPHU, Kajie IITO CUTE CYNCTUTYEHTU
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ce BO eKBaTopHjaiHa mHojox6a. Cropep oueKyBamaTa
HajMalKy CTaOWITHH ce N30MEPHTE Kajle IITO CUTE CYIICTH-
TYEHTH ce BO LIUC-TIONI0X0a, IIPH IITO UMaaT U HajrOJIeMH
IOWTIOJTHA MOMEHTH. AKO ce CIOopedyBaaT NapoBHTE Ha
KOH(OpMepH, KOH(OPMEPOT KOj UMa NOroyieM Opoj eK-
BaTOPHjaIHU CYICTUTYEHTH € IOCTa0WIeH BO OJHOC Ha
OHOj CO NMOMAJIKy €KBaTOPHjaIHU CYNICTUTyeHTH. EfquHcT-
BEH MCKIYYOK € MapoT Ha XJIOPHH KOH(OPMEPH CO HajBH-
COKa eHepruja, Kajie IITO U30MEPOT CO MOBEKe aKCUjaTHU
cycntutyeHTH (4) € MajKy OCTaGHiIeH BO OJHOC Ha OHOJ
co moBeKe ekBatuopujaiaau cyncruryentu (10).



