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Abstract 

Quantitative conformational analysis (Eliel, Stereochemistry of Organic 

Compounds, Wiley-Interscience, 1994) has been with us at least as long as Pitzer's 

landmark 1937 paper (J. Am. Chem. Soc., 1937, 59, 276) on ethane. Cyclohexanes 

have played a critical role in the quest for understanding.  Notably, 1, 2, 3, 4, 5, 6 

hexachlorocycloxane (C6H6Cl6) was apparently synthesized for the first time by 

Michael Faraday in 1825 (Philos. T. R. Soc. B, 1825, 115, 440). The -1, 2, 3, 4, 5, 6 

hexachlorocycloxane molecule subsequently acquired the common name lindane.  

Although banned or limited by many countries in 2006, nearly one billion tons of 

lindane have been manufactured and employed, mostly in agriculture, but also for 

treatment of human diseases such as lice. Although not as well characterized as 

lindane, other chlorocyclohexanes have been made and to some degree characterized. 

The pioneering experimental conformational studies by LeFevre and coworkers (J 

Chem. Soc. B, 1970, 1608) of 1,2 dichlorocyclohexane, 1,1,2 trichlorocyclohexane, 

and 1,2,3,4,5,6 hexachlorocyclohexane are particularly noteworthy.  The 

chlorocyclohexanes have also played a role in the development of molecular 

mechanics methods by Allinger and coworkers (J. Am. Chem. Soc., 1983, 105, 1716 

and 1723). In the present research, we report the first systematic studies of all the 

chlorocyclohexanes, excluding those with two chlorines attached to a single carbon 

atom. We make careful comparisons with previous experimental and computational 

studies. A simple system is established to estimate the relative energies of the different 
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isomers of a particular molecular species. Predicted dipole moments range from 

identically zero to 5.7 debye.   

 

 

1 Introduction 

Chlorinated chemicals are discharged into our biosphere by plants, marine 

organisms, insects, bacteria, fungi, mammals, and other natural processes.1 Chlorine 

organic compounds have been found to be important to the higher plants and ferns. 

For example, chlorinated chlorophyll is a potential important part of photosystem 1, 

and highly biologically active 4-chloroindoleacetic acid is found from vegetables such 

as peas and in the cancerostatic maytansinoids.2 Cyclohexanes are commonly used as 

organic solvents in chemical technology. 3 , 4  Cyclohexane is also a saturated 

six-carbon cyclic hydrocarbon that may be considered as a structural unit of 

adamantane. 

Various mono- and poly-chlorine substituted cyclohexanes have been 

reported.5,6,7,8,9,10,11,12,13 Chlorocyclohexanes can be detected as a product in the 

catalytical oxidation of cyclohexane, suggesting free-radical mechanisms. 14 , 15 

Hexachlorocyclohexane (HCH) is a name used collectively for the eight isomers of 

1,2,3,4,5,6-hexachlorocyclohexane. It was reported in 1998 that the most populated 

isomers are -(60 to 70 %), -(5 to 12%), γ-(10 to 12 %), δ-(6 to 10 %), and − (3 to 

4 %) isomers, respectively.16 Among them, the -isomer is called lindane. HCHs are 

broadly used and easily detected pesticides, which has led to global environmental 

problems, even in the sparsely inhabited Arctic.16 HCHs are involved in many 

chemical reactions, including elimination, degradation, hydrolysis, reduction, and 

oxidation processes.17,18,19,20,21 

Quantitative conformational analysis22 has been with us at least as long as 

Pitzer's landmark paper on ethane.23 For the substituted cyclohexanes, students could 

find that the favorable conformations prefer to have the maximized equatorial 

substituent groups in the organic chemistry textbooks. 24  Specifically, 
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chlorocyclohexane with an equatorial chlorine atom has weak preference rather than 

chlorocyclohexane with an axial chlorine atom (Eaxial – Eequatorial = 0.1 – 0.2 kcal/mol) 

experimentally and theoretically.25,26,27,28,29,30 For the conformation preferences of 

polychlorocyclohexanes, the existing investigations have given deep insights. Based 

on the experimental dipole moments and Kerr constants, Calderbank et. al. suggested 

the predominant existing conformations of the di-, tri-, and hexachlorocyclohexanes. 

They found that the chair conformation and the twist boat conformation can coexist 

for the dichlorohexanes and trichlorocyclohexanes, although the twist boat form for 

them are predominant. For the − − −, and -hexachlorocyclohexanes, the 

predominant conformations are twist boat-chair mixture/distorted, traditional chair, 

distorted chair, and twist boat-chair mixture/distorted, respectively.31 Abraham and 

Rossetti concluded that the attraction between the 1-halogen and the 3-hydrogen 

atoms gives the most of the additional stabilization to the diaxial 

1,4-dichlorocyclohexane. 32  Allinger’s group developed the molecular mechanics 

method, induced dipole moment and energy (IDME), to confirm and predict the 

dipole moments and the conformational energies of the mono- and 

dihalogencyclohexanes as well as many other organic compounds, giving good 

agreement with the experiment results.28, 33  Wiberg studied the conformational 

properties of dihalocyclohexanes by using several DFT and post-HF methods. In that 

theoretical work, he found the axial-axial, axial-equatorial, and axial-axial 

conformations are preferable for 1,2-, 1,3-, and 1,4-dichlorocyclohexanes by at most 

3.7 kcal/mol at the QCISD/6-311+G(2df,p) level of theory.34  

The conformational analysis of very complicated molecules can now be 

conducted in a seamless way by modern experimental (NMR, ECD, and VCD) and 

theoretical (DFT and post-HF) methods.35  Thus, it is meaningful to study the 

conformations of the common molecules in more detail to give deeper insight.  

In 2013, we carried out a systematical study on the conformational preferences 

of polyfluorocyclohexanes, and propose a scheme in which the relative energies of all 

isomers are based on the of 1,2; 1,3; and 1,4 interactions present.36 Now we want to 

use this scheme for the polychloro hydrocarbons to examine the different roles of 
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these dichloro interactions and the differences between the difluoro and dichloro 

interactions with respect to the cyclohexanes. As far as we know, no systematic 

investigation of the whole series of polychlorohydrocarbons has been performed until 

now. Therefore, we perform a theoretical study on the geometries, dipole moments, 

and relative energies of mono-, di-, tri-, tetra-, penta-, and hexa-chlorocyclohexanes, 

using reliable ab initio methods.  

 

2 Methods 

All stationary points were optimized using second order Møller-Plesset 

perturbation theory37,38 (MP2) with a restricted Hartree–Fock (RHF) reference wave 

function and a double- quality basis set with polarization functions (DZP).39,40 

Frequency analysis were performed to confirm that all optimized stationary points are 

the local minimum of the potential energy surface. Single point energies were 

computed at the MP2 level of theory, with a larger polarized triple- quality Dunning 

basis set (cc-pVTZ). 41  Reoptimization at the MP2/cc-pVTZ level of theory in 

selected examples did not change the relative energies substantially and thus 

MP2/DZP geometries were used. We use DZP basis set to be consistent with our 

previous research concerning polyfluorocyclohenanes36 in 2013 to do the comparison. 

We have also done the test calculation on the di- and hexachlorocyclohenanes at 

MP2/cc-pVTZ//MP2/cc-pVDZ dual levels of theory, namely using the optimized 

geometries obtained by the consistent cc-pVDZ basis set. The relative energy 

differences are as small as less than -0.03 kcal/mol, relative to the results at the 

MP2/cc-pVTZ//MP2/DZP dual levels of theory. Structural optimizations were carried 

out in the Gaussian 16 program package.42 We did not consider structures with 

geminal chlorines, due to the strong repulsion between two electronegative chlorine 

atoms. 

We anticipated zero-point vibrational corrections to be minor,43 since we are 

simply altering the conformation of the molecules. We have also tried to add the 

MP2/DZP zero-point energies to the MP2/cc-pVTZ single point energies of the 
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polychlorocyclohenanes isomers and found that the mean difference is less than -0.1 

kcal/mol, which has no qualitative change to the conformational preferences of 

current results in this work. We did not search for the ring inversion transition states, 

since a cyclohexane ring inversion is a multistep process. It bypasses the expected 

planar transition state and proceeds through a series of lower-energy intermediates 

(skew and boat conformations).44,45 In this research polychlorinated cyclohexanes are 

named according to the IUPAC convention.46 One substituent is chosen as the 

reference point, and its position is preceded by ‘‘r’’. The remaining substituent 

locations are preceded by ‘‘c’’ or ‘‘t’’ depending on whether they are cis or trans to the 

reference group, respectively. As an example, a diaxial chair 1,2-dichlorocyclohexane 

is designated r-1, t-2-dichlorocyclohexane according to the IUPAC convention. 

 

3 Results and discussion 

3.1 Chlorocyclohexane 

The chair chlorocyclohexane conformations with an axial or equatorial chlorine 

atom have been optimized. The comformation with an equatorial chlorine atom is 

lower-lying, similar with the fluorocyclohexane, but the preference for the equatorial 

position is 0.25 kcal/mol which is nearly ten times larger than that of fluorine.36 Our 

calculated conformation energy (0.3 kcal/mol) reported in Table 1 are in agreement 

with the available experimental observations: 0.26 (Raman),27 0.40 (IR), 30 0.43 

(NMR), 47  0.51 (Microwave),27 and 0.65 (Electron diffraction)26 kcal/mol and 

theoretical predictions (0.38 kcal/mol by MM2 method and 0.43 kcal/mol by MP2 

method).28,30 The theoretical dipole moments for the axial- and equatorial 

chlorocyclohexane in this work, 2.25 and 2.60 debye (Table S1 in Electronic 

Supplementary Information), are close to the existing calculated values by MM2 

method, 2.17 and 2.41 debye,28  as well as the experimental values, 2.05 and 2.30 

debye.48 Four boat chlorocyclohexane conformations are also optimized, but lying at 

least 6.4 kcal/mol above the chair conformers at either level of theory. Thus, the boat 

conformation is not competitive with the chair conformation. The priority of chair 
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conformations can be explained by the larger repulsive strength of C-C  bond than 

that of C-H  bond for saturated hydrocarbons.49 Thus we mainly focus on the chair 

conformations in this work. 

 

3.2 Dichlorocyclohexane 

For dichlorocyclohexane, there are a total of nine different chair conformations 

including three substitution patterns (1,2; 1,3; and 1,4). Although each of substitution 

pattern has cis or trans stereochemistry, and each stereochemistry includes two 

conformations via ring flips, the trans-1,3-dichlorocyclohexane and 

cis-1,4-dichlorocyclohexane have identical configurations after the ring flips. The 

cis-1,2-dichlorocyclohexane has the enantiomer of the original configuration after a 

ring flip. The remaining six conformations are shown in pairs in which the two 

conformers can interconvert after the ring inversion. The relative energies for the pair 

conformers and for all conformers, are displayed in Table 2. The boat conformations 

lie at least ~6 kcal/mol above the chair conformations.  

 

Table 1 Relative energies of chlorocyclohexane conformers in kcal/mol.*  

Species Structure Relative Energy Boltzmann Ratio  

Chlorocyclohexane  0.0 1.000 

 

 

0.3 0.654 

*These energies were evaluated at the MP2/cc-pVTZ level of theory using optimized MP2/DZP 

structures. The leftmost carbon atom is designated position one, with numbering proceeding 

counterclockwise around the ring. Boltzmann ratios at 298.15K are relative to the lowest energy 

conformer. 

 

We find that diaxial conformations are preferred for trans-1,2 and trans-1,4 

dichlorocyclohexane. The diequatorial conformers of these species lie higher in 

energy, with E values much larger than those in monochlorocyclohexane. However, 

trans-1,3 dichlorocyclohexane, which has one axial and one equatorial chlorine atom, 

is the most stable 1,3 dichlorocyclohexane. For cis-1,3 dichlorocyclohexane, the  
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Table 2 Relative energies for dichlorocyclohexane.*  

Species Structure 
Relative Energy of 

Conformer Pairs 

Boltzmann 

Ratio  

Relative Energy of 

all C6H10Cl2 Isomers 

trans-1,2 

  

0.0 1.00 1.4 

 
 

1.2 0.14 2.5 

cis-1,2 
 

A ring flip yields the 

enantiomer. 
2.7 

cis-1,3  0.0 1.00 1.2 

 

 

3.6 2 × 10-3 4.8 

trans-1,3 
 

A ring flip yields an identical 

configuration. 
0.8 

trans-1,4 

 

0.0 1.00 0.0 

 
 

0.8 0.28 0.8 

cis-1,4 
 

A ring flip yields an identical 

configuration. 
0.7 

*Results are reported in kcal/mol from the MP2/cc-pVTZ method, assuming structures 

optimized with the MP2/DZP method. In our sketches position one is assigned to the left most 

C atom. Boltzmann ratios at 298.15K are given with respect to lowest energy conformer. The 

diaxial trans-1,4 structure is our zero of energy of all C6H10Cl2 isomers. 

diequatorial conformation is preferred by 3.6 kcal/mol, which follows the rules taught 

in introductory organic chemistry that favorable conformations prefer to have the 

maximized equatorial substituent groups.24 Our theoretical conformation energies 

agree well with exist experimental values and other calculated results. For the 

1,2-dichlorocyclohexane, our theoretical preference for the diaxial conformer, 1.2 

kcal/mol, is close to the experimental conformation energy (0.72 kcal/mol)50 and the 
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calculated MM2 value (0.86 kcal/mol).28 For the cis-1,3-dichlorocyclohexane, 

conformation energy obtained in this work (3.6 kcal/mol) is in highly accordance with 

the calculated MM2 value (3.53 kcal/mol).28 The NMR study on 

1,4-dichlorocyclohexane suggest a 0.8 kcal/mol preference of the diaxial 

conformation relative to the diequatorial conformation,32 which is in agreement with 

the theoretical relative energy (0.8 kcal/mol) in this work. Our result also agrees with 

the theoretical calculated MM2 comformation energy preference (0.40 kcal/mol).28  

The existing theoretical dipole moment values for the trans-1,2-dichlorocyclohexane, 

1.26 debye (by the LeFevre’s method based on the additive values of C-X bond (X = 

C1, Br) polarizabilities) and 1.28 debye (by the IDME method), 28, 51 

cis-1,3-dichlorocyclohexane (3.73 and 2.43 debye, by the IDME method for the aa 

and ee comformation)28 are also close to the values, which are 1.07, 4.03, and 2.69 

debye for the 1,2-, aa-1,3-, and ee-1,3-dichlorocyclohexane (Table S2). Similar with 

the corresponding difluorocyclohexane,36 the lowest-lying isomer of the nine is also 

the trans-1,2 diaxial comformation, and the energetical preference of all ring flip 

comformation pairs are not changed. 

 

3.3 Trichlorocyclohexane 

For the trichlorocyclohexanes, there are totally eighteen possible chair 

conformations. The conformations of 1,2,3; 1,2,4; and 1,3,5 substitution patterns are 

shown in Table 3, 4, and 5, respectively. It may be seen that no conformations become 

the enantiomers or identical configurations after ring inversion. The boat 

conformations are not discussed due to their lying at least ~7 kcal/mol above the most 

stable chair conformations. 

Not all, but six of the nine, lowest-lying trichlorocyclohexane conformers have 

more equatorial chlorine atoms. Therefore, the rules in many organic chemistry 

textbooks that favorable conformations prefer to have the maximized equatorial 

substituent groups24 do not always work for trichlorocyclohexane conformers. It is 

certainly helpful for predicting the priority for these three all-equatorial conformers 
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relative to their all-axial conformers after the ring flip. Furthermore, the Es for 

trichlorocyclohexanes vary widely. All-axial and all-equatorial r-1, t-2, c-3- and r-1, 

t-2, t-4-trichlorocylohexanes are nearly degenerate, while the all-axial r-1, c-3, 

c-5-trichlorocyclohexane structure is 9.5 kcal/mol higher-lying above its all-equatorial 

conformer. Due to the large conformational energy differences between the all-axial 

conformers and their all-equatorial conformers, their conformational preferences are 

only determined by sterics. Different from the corresponding trifluorocyclohexane,36 

of which the lowest-lying isomer is the (1eq, 3eq, 5ax) r-1, c-3, t-5-trifluoro- 

comformer, the energetical preference of the r-1, t-2, t-4 pair is also changed. 

 

Table 3 Relative energies for 1, 2, 3-trichlorocyclohexane.*  

Species Structure 
Relative Energy of 

Conformer Pairs 

Boltzmann 

Ratio  

Relative Energy of 

all C6H9Cl3 Isomers 

r-1, c-2, c-3 

 

0.0 1.00 3.7 

 

 

3.6 2 × 10-3 7.2 

r-1, t-2, c-3 
 

0.0 1.00 3.7 

 

 

0.9 0.21 4.6 

r-1, t-2, t-3 

 

0.0 1.00 2.0 

 

 

1.5 0.08 3.4 

*Results are reported in kcal/mol from the MP2/cc-pVTZ method, assuming structures 

optimized with the MP2/DZP method. In our sketches position one is assigned to the left most 

C atom. Boltzmann ratios at 298.15K are given with respect to lowest energy conformer. The 

1 ax, 2 ax, 4 eq-structure in Table 4 is our zero of energy of all C6H9Cl3 isomers. 
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Table 4 Relative energies for 1, 2, 4-trichlorocyclohexane.*  

Species Structure 
Relative Energy of 

Conformer Pairs 

Boltzmann 

Ratio  

Relative Energy of 

all C6H9Cl3 Isomers 

r-1, c-2, c-4 

  

0.0 1.00 1.9 

 

 

3.8 2 × 10-3 5.7 

r-1, t-2, c-4 

 

0.0 1.00 0.0 

 

 

1.3 0.11 1.3 

r-1, c-2, t-4 

 

0.0 1.00 0.7 

 

 

0.9 0.23 1.6 

r-1, t-2, t-4 
 

0.0 1.00 1.8 

 

 

1.4 0.10 3.2 

*Results are reported in kcal/mol from the MP2/cc-pVTZ method, assuming structures 

optimized with the MP2/DZP method. In our sketches position one is assigned to the left most 

C atom. Boltzmann ratios at 298.15K are given with respect to lowest energy conformer. The 

1 ax, 2 ax, 4 eq-structure is our zero of energy of all C6H9Cl3 isomers. 

 

3.4 Tetrachlorocyclohexane 

For the tetrachlorocyclohexanes, there are totally seventeen possible chair 

conformations. The conformations of 1,2,3,4; 1,2,3,5; and 1,2,4,5 substitution patterns 

are displayed in Table 6, 7, and 8, respectively. The r-1, c-2, c-3, 
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c-4-tetrachlorocyclohexane and r-1, t-2, t-3, c-4-tetrachlorocyclohexane become their 

enantiomers after the ring inversions. Similarly, ring inversions on r-1, t-2, c-4, 

t-5-tetrachlorocyclohexane, r-1, c-2, t-4, t-5-tetrachlorocyclohexane, and r-1, c-2, c-4, 

c-5- tetrachlorocyclohexane lead to the identical configurations. The remaining twelve 

molecules have pairs of chair conformations, linked by ring inversions.  

The all-equatorial tetrachlorocyclohexane conformations (r-1, t-2, c-3, t-4; r-1, 

t-2, c-3, c-5; and r-1, t-2, t-4, c-5), always have lower energies in this work. 

Furthermore, the rules in organic textbooks that favorable conformations prefer to 

have the maximized equatorial substituent groups24 apply to most species. However, 

they break down for the species having two axial and two equatorial chlorine atoms. 

Specifically, for the r-1, c-2, c-3, t-5-tetrachlorocyclohexane, these simple organic 

rules cannot explain its large energy difference (4.4 kcal/mol). Similar with the 

corresponding tetrafluorocyclohexane,36 the lowest-lying isomer do not changed, and 

the energetical preference of most ring flip comformation pairs are not changed, 

except for the r-1, t-2, t-3, c-5 tetrachloro-pair. 

 

Table 5 Relative energies for 1, 3, 5-trichlorocyclohexane.*  

Species Strucure 
Relative Energy of 

Conformer Pairs 

Boltzmann 

Ratio  

Relative Energy of 

all C6H9Cl3 Isomers 

r-1, c-3, c-5 

  

0.0 1.00 1.2 

 

 

9.5 1 × 10-7 10.7 

r-1, c-3, t-5 
 

0.0 1.00 0.2 

 

 

3.5 3 × 10-3 3.7 

*Results are reported in kcal/mol from the MP2/cc-pVTZ method, assuming structures 

optimized with the MP2/DZP method. In our sketches position one is assigned to the left most 

C atom. Boltzmann ratios at 298.15K are given with respect to lowest energy conformer. The 

1 ax, 2 ax, 4 eq-structure in Table 4 is our zero of energy of all C6H9Cl3 isomers. 
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Table 6 Relative energies for 1, 2, 3, 4-tetrachlorocyclohexane.*  

Species Structure 
Relative Energy of 

Conformer Pairs 

Boltzmann 

Ratio  

Relative Energy of 

all C6H8Cl4 Isomers 

r-1, t-2, c-3, t-4 

  

0.0 1.00 4.3 

 

 

1.8 0.05 6.1 

r-1, t-2, c-3, c-4 

 

0.0 1.00 4.0 

 

 

1.0 0.17 5.0 

r-1, t-2, t-3, t-4 

 

0.0 1.00 3.9 

 

 

1.2 0.13 5.1 

r-1, c-2, t-3, t-4 

 

0.0 1.00 2.2 

 

 

0.9 0.20 3.1 

r-1, c-2, c-3, c-4 
 

A ring flip yields the enantiomer. 7.9 

r-1, t-2, t-3, c-4 

 

A ring flip yields the enantiomer. 2.1 

*Results are reported in kcal/mol from the MP2/cc-pVTZ method, assuming structures 

optimized with the MP2/DZP method. In our sketches position one is assigned to the left most 

C atom. Boltzmann ratios at 298.15K are given with respect to lowest energy conformer. The 

r-1, t-2, c-4, t-5-structure in Table 8 is our zero of energy of all C6H8Cl4 isomers. 
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Table 7 Relative energies for 1, 2, 3, 5-tetrachlorocyclohexane.*  

Species Structure 
Relative Energy of 

Conformer Pairs 

Boltzmann 

Ratio  

Relative Energy of 

all C6H8Cl4 Isomers 

r-1, t-2, c-3, c-5 

 

0.0 1.00 3.1 

 

 

6.1 3 × 10-5 9.2 

r-1, t-2, c-3, t-5 
 

0.0 1.00 2.1 

 

 

0.9 0.21 3.0 

r-1, t-2, t-3, c-5 

 

0.0 1.00 2.3 

 

 

1.1 0.17 3.4 

r-1, t-2, t-3, t-5 

 

0.0 1.00 0.7 

 

 

5.6 9 × 10-5 6.3 

r-1, c-2, c-3, c-5 
 

0.0 1.00 3.0 

 

 

9.6 9 × 10-8 12.6 

r-1, c-2, c-3, t-5 

 

0.0 1.000 1.3 

 

 

4.4 1 × 10-3 5.7 

*Results are reported in kcal/mol from the MP2/cc-pVTZ method, assuming structures 

optimized with the MP2/DZP method. In our sketches position one is assigned to the left most 

C atom. Boltzmann ratios at 298.15K are given with respect to lowest energy conformer. The 

r-1, t-2, c-4, t-5-structure in Table 8 is our zero of energy of all C6H8Cl4 isomers. 
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Table 8 Relative energies for 1, 2, 4, 5-tetrachlorocyclohexane.*  

Species Structure 
Relative Energy of 

Conformer Pairs 

Boltzmann 

Ratio  

Relative Energy of 

all C6H8Cl4 Isomers 

r-1, t-2, t-4, c-5 

 

0.0 1.00 2.2 

 

 

3.9 1 × 10-3 6.2 

r-1, t-2, t-4, t-5 
 

0.0 1.00 1.9 

 

 

1.8 0.05 3.7 

r-1, t-2, c-4, t-5 

 

A ring flip yields an identical 

configuration. 
0.0 

r-1, c-2, t-4, t-5 

 

A ring flip yields an identical 

configuration. 
1.1 

r-1, c-2, c-4, 

c-5  

A ring flip yields an identical 

configuration. 
6.6 

*Results are reported in kcal/mol from the MP2/cc-pVTZ method, assuming structures 

optimized with the MP2/DZP method. In our sketches position one is assigned to the left most 

C atom. Boltzmann ratios at 298.15K are given with respect to lowest energy conformer. The 

r-1, t-2, c-4, t-5-structure is our zero of energy of all C6H8Cl4 isomers. 

 

3.5 Pentachlorocyclohexane 

For the pentachlorocyclohexanes, there is only one substitution pattern (1,2,3,4,5) 

and a total of twenty possible chair conformations (Table 9). All ring inversions lead 

to different conformations.  

The simple organic rules that favorable conformations prefer to have the 

maximized equatorial substituent groups24 for predicting the lowest-lying conformer 

work for eight of the ten pentachlorocyclohexanes species. The two failures are 

predictions for the r-1, t-2, t-3, t-4, t-5 and r-1, c-2, t-3, c-4, c-5 

pentachlorocyclohexanes, indicating that electrostatic repulsions may play a more 

significant role in highly chlorinated cyclohexanes, which is similar with the situation 
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for the pentafluorocyclohexanes. However, the lowest-lying comformation is the (1eq, 

2eq, 3eq, 4ax, 5ax) r-1, t-2, c-3, c-4, t-5-isomer, which is different from the 

pentafluorocyclohexanes.36 Furthermore, we can conclude that if the parallel axial 

C-Cl bonds can be partly balanced by the opposite axial C-Cl bond, the 

pentachlorocyclohexane can lie lower in energy, even though not following the 

textbook rules that favorable conformations prefer to have the maximized equatorial 

substituent groups.24 

 

3.6 Hexachlorocyclohexane 

For the hexachlorocyclohexanes, there are only one substitution pattern 

(1,2,3,4,5,6) and totally thirteen possible chair conformations (Table 10). These 

conformers contain all the reported common forms (− − − − −)52 and other 

forms. The r-1, t-2, c-3, c-4, t-5, c-6 and r-1, c-2, c-3, c-4, c-5, 

c-6-hexachlorocyclohexane species yield the identical configurations under ring flips. 

The boat conformations are not competitive, lying about 7 kcal/mol above the most 

stable chair hexachlorocyclohexane conformation. 

With hexachlorocyclohexane, the qualitative organic chemistry rules that 

favorable conformations prefer to have the maximized equatorial substituent groups24 

apply to all the possible isomers. These correct predictions for determining the 

lower-lying chair conformation in all ten molecules indicate that electrostatic 

repulsions are the most important electronic effect for highly chlorinated structures. 

The r-1, t-2, c-3, t-4, t-5, c-6 hexachlorocyclohexane is predicted to be the 

lowest-lying isomer, for having four equatorial chlorine atoms and adjacent 

trans-diaxial chlorine atoms, keeping faraway from each other, without parallel axial 

chlorine atoms. This is different from the situation of the hexafluorocyclohexane that 

the (1eq, 2eq, 3ax, 4eq, 5eq, 6ax) r-1, t-2, t-3, t-4, c-5, c-6-hexafluorocyclohexane is 

the lowest-lying conformation.36 However, (1eq, 2eq, 3ax, 4eq, 5eq, 6ax) r-1, t-2, t-3, 

t-4, c-5, c-6-hexachlorocyclohexane is also low-lying, with the relative energy of 1.5 

kcal/mol. 
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Table 9 Relative energies for 1, 2, 3, 4, 5-pentachlorocyclohexane.*  

Species Structure 
Relative Energy of 

Conformer Pairs 

Boltzmann 

Ratio  

Relative Energy of 

all C6H7Cl5 Isomers 

r-1, t-2, c-3, t-4, c-5 
 

0.0 1.00 2.7 

 

 

6.4 2 × 10-5 9.1 

r-1, t-2, c-3, t-4, t-5 
 

0.0 1.00 1.8 

 

 

2.1 0.03 3.9 

r-1, t-2, c-3, c-4, c-5 

 

0.0 1.00 2.2 

 

 

6.3 3 × 10-6 8.5 

r-1, t-2, c-3, c-4, t-5 

 

0.0 1.00 0.0 

 

 

2.8 0.01 2.8 

r-1, t-2, t-3, t-4, c-5 

 

0.0 1.00 1.8 

 

 

3.5 3 × 10-5 5.3 

r-1, t-2, t-3, t-4, t-5 

 

0.0 1.00 3.4 

 
 

2.4 0.02 5.8 
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Table 9, continued     

r-1, t-2, t-3, c-4, c-5 

 

0.0 1.00 0.1 

 

 

3.5 3 × 10-3 3.6 

r-1, c-2, c-3, t-4, t-5 
 

0.0 1.00 1.2 

 

 

1.6 0.07 2.8 

r-1, c-2, c-3, c-4, 

c-5  
0.0 1.00 6.6 

 

 

5.5 9 × 10-5 12.2 

r-1, c-2, t-3, c-4, c-5 

 

0.0 1.00 3.4 

 

 

3.5 3 × 10-3 6.9 

* Results are reported in kcal/mol from the MP2/cc-pVTZ method, assuming structures 

optimized with the MP2/DZP method. In our sketches position one is assigned to the left most 

C atom. Boltzmann ratios at 298.15K are given with respect to lowest energy conformer. The 

1eq, 2eq, 3eq, 4ax, 5ax-structure is our zero of energy of all C6H7Cl5 isomers. 

 

Our results are generally in agreement with existing computations, carried out at 

the B3LYP/6-31++G and MP2/6-31++G levels of theory for the 

hexachlorocyclohexanes.
错误!未定义书签。

 The previous theoretical work and this research 

both predict that the (1eq, 2eq, 3eq, 4eq, 5ax, 6ax) r-1, t-2, c-3, t-4, t-5, 

c-6-hexachlorocyclohexane is the lowest-lying conformation, and the (1ax, 2eq, 3ax, 

4eq, 5ax, 6eq) r-1, c-2, c-3, c-4, c-5, c-6-hexachlorocyclohexane is the highest-lying 

conformation. The energy difference between these two conformations are 14.3 
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Table 10 Relative energies for 1, 2, 3, 4, 5, 6-hexachlorocyclohexane.*  

Species Structure Relative Energy of 

Conformer Pairs 

Boltzmann 

Ratio  

Relative Energy of 

all C6H6Cl6 Isomers 

r-1, t-2, c-3, t-4, c-5, t-6 
 

0.0 1.00 3.4 

 

 

8.6 5×10-8 11.9 

r-1, t-2, c-3, t-4, c-5, c-6 

 

0.0 1.00 2.1 

 

 

6.4 2×10-5 8.5 

r-1, t-2, c-3, t-4, t-5, c-6 

 

0.0 1.00 0.0 

 

 

4.4 1×10-3 4.4 

r-1, t-2, c-3, c-4, c-5, c-6 

 

0.0 1.000 7.0 

 

 

1.4 0.10 8.4 

r-1, t-2, t-3, t-4, c-5, c-6 

 

0.0 1.00 1.5 

 

 

3.3 4×10-3 4.8 

r-1, t-2, c-3, c-4, t-5, c-6 

 

A ring flip yields an identical 

configuration. 
3.7 

r-1, t-2, t-3, t-4, t-5, c-6 

 

A ring flip yields the enantiomer. 3.5 

r-1, c-2, c-3, c-4, c-5, c-6 

 

A ring flip yields an identical 

configuration. 
12.4 
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* Results are reported in kcal/mol from the MP2/cc-pVTZ method, assuming structures 

optimized with the MP2/DZP method. In our sketches position one is assigned to the left most 

C atom. Boltzmann ratios at 298.15K are given with respect to lowest energy conformer. The 

1eq, 2eq, 3eq, 4eq, 5ax, 6ax-structure is our zero of energy of all C6H6Cl6 isomers. 

 

kcal/mol (MP2/6-31++G) and 15.9 kcal/mol (B3LYP/6-31++G) for the previous work, 

which are somewhat larger than that (12.4 kcal/mol) predicted here. However, the 

present results should be significantly more reliable, since we used a larger basis set, 

with necessary extensive polarization functions (triple zeta versus double zeta). It is 

similar with the experimental synthesis53 and theoretical calculation results for the 

hexafluorocyclohexanes that the r-1, c-2, c-3, c-4, c-5, c-6-isomer has the highest 

relative energy of all boat isomers. 

 

3.7 Reliability 

We performed a dual-level theoretical study, which used the MP2/cc-pVTZ single 

point energies and the MP2/DZP geometries. The lower level MP2/DZP energies are 

close to the higher level MP2/cc-pVTZ energies within 0.8 kcal/mol for all 

polychlorocyclohexane structures, which is within the intrinsic error of the MP2 

method. We find only two exceptions, namely the high-lying r-1, c-2, c-3, c-4, c-5- 

pentachlorocyclohexane, and r-1, c-2, c-3, c-4, c-5, c-6-hexachlorocyclohexane, but 

the energy differences of them between the MP2/DZP and MP2/cc-pVTZ levels are 

no more than 1.3 kcal/mol. Generally, these discrepancies would not qualitatively 

change the lowest-lying conformation for the polychlorocyclohexane species in this 

work, except for chlorocyclohexane. The axial chair chlorocyclohexane is only 0.008 

kcal/mol lower lying than the equatorial chlorocyclohexane for the DZP results. 

However, for the more reliable cc-pVTZ results, the equatorial chair 

chlorocyclohexane is lower-lying in accord with the rule that favorable conformations 

prefer to have the maximized equatorial substituent groups24 taught in introductory 

organic chemistry. Therefore, we are confident that the cc-pVTZ relative energies are 

sufficient to correctly identify the lowest energy polychlorocyclohexane 

conformations. 
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3.8 Dipole moments 

The theoretical dipole moments of all conformations are given in Tables S1 to 

S10 in Electronic Supplementary Information. The level of theory we use to compute 

dipole moments is expected to be qualitatively reasonable and actually close to the 

existing results (see details in part 3.2). Due to the molecular symmetry, the below 

conformations have indisputably zero dipole moments: trans-1,4-dichlorocyclohexane; 

r-1, t-2, t-4, c-5 tetrachloro; r-1, c-2, t-4, t-5 tetrachloro; r-1, t-2, c-3, t-4, c-5, t-6 

hexachloro; and the r-1, t-2, t-3, t-4, c-5, c-6- hexachlorocyclohexanes.  

Among all polar conformations, the (1eq, 2ax, 3ax, 4eq) conformation of r-1, c-2, 

t-3, t-4-tetrachlorocyclohexane has the smallest theoretical dipole moment ( = 0.88 

debye, Table S6). It has both nearly balancing equatorial and axial C → Cl dipoles. 

This situation is same as that in polyfluorocyclohexanes (0.70 debye for r-1, c-2, t-3, 

t-4-tetrachlorocyclohexane).36 

However, among the molecules studied, the largest predicted dipole moment ( = 

5.71 debye) is the higher-lying (12.6 kcal/mol, highest in the twenty nine chair 

tetrachlorocyclohexanes) (1ax, 2eq, 3ax, 5ax) conformation of r-1, c-2, c-3, 

c-5-tetrachlorocyclohexane displayed in Table 7 and Table S7. This structure has three 

parallel axial C → Cl bonds, which leads to its large dipole moment and suggests the 

correlation between its large dipole moment and its highest overall relative energy. 

Similarly, the r-1, c-2, c-3, c-4, c-5 pentachlorocyclohexane conformation with three 

parallel axial C → Cl bonds has the largest dipole moment ( = 5.52 debye) and the 

highest overall relative energy (12.2 kcal/mol, Table 9) in all pentachloro 

conformations (Table S9). Another similar situation occurs on the r-1, c-3, 

c-5-trichlorocyclohexane conformation, which has the largest dipole moment ( = 

5.59 debye) and the second highest overall energy (10.7 kcal/mol, Table 5) in all 

eighteen trichlorocyclohexane structures. The r-1, c-2, c-3, c-4, c-5, c-6 structure with 

three parallel axial C → Cl dipoles has the largest dipole moment ( = 5.02 debye) 

and the highest energy (12.4 kcal/mol) of all thirteen hexachloro structures (Table 

S10). 

It can be concluded that the polychlorocyclohexane structure with more 
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unbalanced parallel axial chlorines has lager molecular polarity and relative energy. 

 

3.9 Thermodynamics 

The relative energies of pairs of conformers have been displayed to predict the 

favorable structural isomers, because of the fact that at room temperature the 

structural pair isomers can interconvert to each other after ring flip. The pair 

conformers distribute as Boltzmann distribution after achieving chemical equilibrium, 

which were reported in 1,2,3,4,5,6-hexafluorocyclohexane.36,错误!未定义书签。
 

To further interpretate the relative energies, the Boltzmann ratios for pairs of 

conformers are displayed in each table. For example, axial chlorocyclohexane is 0.3 

kcal/mol higher-lying above the its equatorial conformer in this work. According to 

Boltzmann statistics, there are thirteen axial chlorocyclohexane structures for each 

twenty equatorial structures (1.00 : 0.65 equatorial–axial ratio) at 298 K. Similar 

relationship between other polychlorocyclohexane conformer pairs can also be 

obtained. 

In the actual synthesis, the obtained polychlorocyclohexanes could contain many 

different structural isomers. Thus, we also give the overall relative energies for each 

polychlorocyclohexane species to show the thermodynamic preferences and the most 

possible synthetic products at high temperature. 

Firstly, the axial and equatorial chlorocyclohexane isomers are nearly degenerate, 

with a narrow conformational energy range (Table 1). While the overall relative 

energy difference for dichlorocyclohexane isomers is about 5 kcal/mol (Table 2), 

which is larger than that, 3 kcal/mol, of the difluorocyclohexane.36 The diaxial 

trans-1,4-dichlorocyclohexane is lowest-lying, with the nearly balanced  C → Cl 

dipoles. The diequatorial strcuture of trans-1,4-dichlorocyclohexane is 0.7 kcal/mol 

higher, much larger than that for chlorocyclohexane. The diaxial 

cis-1,3-dichlorocyclohexane has the highest overall relative energy for containing the 

parallel and close axial C → Cl bond dipoles. The diequatorial trans-1,2-dichloro and 

cis-1,2-dichloro structures are also high-lying. 

For the trichlorocyclohexane species (Tables 3–5), the (1ax, 2ax, 4eq) r-1, t-2, 
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c-4-trichloro structure is lowest-lying. In the dichloro family, the structure with a 

diaxial-1,4 motif has the lowest energy. It can be expected that the related 

conformation (1ax, 2eq, 4ax) of r-1, c-2, t-4-trichloro is also low-lying, which is 0.71 

kcal/mol relative to the with r-1, t-2, c-4-trichloro. In this case, the ‘‘additional’’ 

chlorine on diaxial trans-1,4-dichlorocyclohexane is equatorial. Additionally, the 

lower energy conformation (1eq, 3eq, 5ax) of r-1, c-3, t-5-trichloro is also low-lying, 

with the relative energy of 0.20 kcal/mol to the r-1, t-2, c-4-trichlorohexane. The 

highest-lying trichloro structural isomer can be inferred as the highest-lying diaxial 

1,3 substituted dichloro structure adding a third parallel axial chlorine, which leads to 

more unbalanced axial chlorines and makes the structure tend to have large dipole 

moments. 

For the tetrachlorocyclohexane isomers (Tables 6–8), the lowest-lying r-1, t-2, 

c-4, t-5-tetrachlorocyclohexane is not easy to rationalize, although it is same as that 

for the tetrafluorocyclohexane structures.36 It does not follow any discernable pattern 

from the trichloro family. The highest-lying chair tetrachlorocyclohexane 

conformation can be inferred from the highest-lying trichloro structure, (1ax, 3ax, 5ax) 

r-1, c-3, c-5-trichloro, by adding an equatorial chlorine at the two position. Thus, the 

tetrachloro structure continues to have the three parallel axial C → Cl bond dipoles, 

and the only equatorial chlorine has very limited influence on it.  

For the pentachloro structures (Table 9), two lowest-lying by overall energies, 

(1ax, 2ax, 3eq, 4eq, 5eq) r-1, t-2, t-3, c-4, t-5-pentachloro and (1eq, 2ax, 3ax, 4eq, 5eq) 

r-1, c-2, t-3, t-4, c-5-pentachlorocyclohexane, both have three equatorial chlorines. 

These two structures can be seen as addition of one more equatorial chlorine to the 

two lowest-lying tetrachloro structure. The highest-lying structure, (1ax, 2eq, 3ax, 4eq, 

5ax) r-1, c-2, c-3, c-4, c-5 pentachloro, can be rationalized as adding an equatorial 

chlorine atom to the highest-lying tetrachlorocyclohexane isomer, which result in 

three parallel axial C → Cl bond dipoles and two equatorial chlorines. 

For the hexachloro structures, the lowest-lying structure, (1eq, 2eq, 3eq, 4eq, 5ax, 

6ax) r-1, t-2, c-3, t-4, t-5, c-6 hexachloro is similar to r-1, t-2, c-4, 

t-5-tetrachlorocyclohexane with the addition of two additional equatorial chlorines. 
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The second lowest-lying structure, (1eq, 2eq, 3ax, 4eq, 5eq, 6ax) r-1, t-2, t-3, t-4, c-5, 

c-6 hexachloro, is slightly higher (by 1.5 kcal/mol), and has a trans-1,4 motif, with 

equatorial chlorines at the other four positions. The highest-energy isomer, r-1, c-2, 

c-3, c-4, c-5, c-6 hexachloro, has three parallel axial C → Cl bond dipoles unbalanced 

by the other three cis equatorial chlorines. The second highest-lying structure, r-1, t-2, 

c-3, t-4, c-5, t-6 hexachloro, has two sets of three, totally six, axial C → Cl bond 

dipoles. In each set, three chlorine atoms are parallel and in close proximity to each 

other.  

Totally, the relative energetic properties of polychlorocyclohexanes is generally 

qualitatively same as the corresponding polyfluorocyclohexanes, except for very few 

cases of tri-, tetra, penta- hexachlorocyclohexanes. The relative energy range of all 

isomers for polychlorocyclohexanes is obviously larger than that for 

polyfluorocyclohexanes, which indicates the quantitative different substitution effect 

of the fluorine and chlorine atoms.  

 

Table 11 Chlorine equilibration energies of polychlorocyclohexanes (kcal/mol). 

Reactions Reaction Energies  

C6H12 + C6H10Cl2 → 2 C6H11Cl -0.2 

C6H11Cl + C6H9Cl3 → 2 C6H10Cl2 -2.6 

C6H10Cl2 + C6H8Cl4 → 2 C6H9Cl3 -1.1 

C6H9Cl3 + C6H7Cl5 → 2 C6H8Cl4 -3.1 

C6H8Cl4 + C6H6Cl6→ 2 C6H7Cl5 -0.1 

C6H12 + C6H8Cl4 → 2 C6H10Cl2 -6.4 

C6H11Cl + C6H7Cl5→ 2 C6H9Cl3 -7.8 

C6H10Cl2 + C6H6Cl6→ 2 C6H8Cl4 -7.4 

C6H12 + C6H6Cl6→ 2 C6H9Cl3 -14.9 

 

Based on the most stable polychlorocyclohexane comformations and the 

optimized cyclohexane (chair comformation) at the same level of theory, we calculate 
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the chlorine equilibration energies (Table 11). It can be found that one chlorine 

equilibration reactions are generally thermoneutral or slightly exothermic (-0.2 to -3.1 

kcal/mol). Two or three chlorine equilibration reactions are exothermic (-6.4 to -14.9 

kcal/mol). More chlorine atoms equilibrations are more exothermic. These 

equilibration reaction energies suggest a trend that coexisting polychlorocyclohexane 

with different chlorine atoms would be favorable for changing to have same chlorine 

atoms thermodynamically.  

 

3.10 Model energetics 

We tried to rationalize the thermodynamic stabilities of the 

polychlorocyclohexanes using a model based on all isomers like what we did for the 

polyfluorocyclohexanes.36 The molecular overall relative energies were decomposed 

to the contributions of the different dichloro substitution pairs (e.g. 1,2-dichloro pair , 

1,3-dichloro pair, and 1,4-dichloro pair). Values were assigned to six types of pairwise 

chlorine–chlorine interactions: 1, 2 diaxial; 1, 2 axial, equatorial; 1, 3 diaxial; 1, 3 

axial, equatorial; 1, 4 diaxial; and 1, 4 axial, equatorial. For each type of substitution 

pair, the contribution of the diequatorial conformations (1, 2 equatorial, equatorial; 1, 

3 equatorial, equatorial; and 1, 4 equatorial, equatorial) were defined as the zero. Thus 

the obtained equation for predicting the overall relative energies (E, in kcal/mol) is 

E = −1.392a1a2 − 0.016a1e2 + 3.168a1a3 − 0.364a1e3 − 0.460a1a4 + 0.196a1e4 (1) 

The total energy is given by 

Etotal = Eall equatorial + E                                            (2) 

In equation (1), a1a2 and a1e4 are the numbers of 1,2-diaxial pairs and 1,4 axial, 

equatorial pairs in the molecule, respectively, and so forth. The negative and positive 

terms suggest favorable and disfavored interactions, relative to the all-equatorial 

conformation. Figure 1 describe the relationship between the relative energies 

computed at MP2/cc-pVTZ level of theory and by equation (1). The high correlation 

coefficient (R2 = 0.978) and the small RMS error (0.43 kcal/mol) of this model lead to 

rather accurate predictions of the relative energies of sets of polychlorocyclohexane 

conformers. Accurate predictions by this model makes explaining the relative energies 
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of polychlorocyclohexanes in terms of pairwise interactions between the 

chloromethylene (CHCl) subunits reliable. From the model, we found that both 

axial-axial and axial-equatorial pairs can give stabilizing or destabilizing effects. 

Furthermore, the trans pairwise interactions (a1a2, a1e3, and a1a4) indicate an obvious 

favorable effect, and the cis pairwise interactions (a1a3, and a1e4) indicate obvious 

unfavorable effect. Except for the neglectable a1e2 interaction pairwise effect of which 

the coefficient is close to zero (-0.016). Additionally, the a1a3 term has the largest 

favorable effect, corresponding to the nearly parallel C → Cl bond dipoles, which is 

similar with that for the polychlorocyclohexanes. 

 

 

Figure 1 Model of polychlorocyclohexane relative energies. The parameters were adjusted to 

fit the whole set of polychlorocyclohexane relative energies. 

 

Additionally, Benson and his co-workers used the group additivity scheme54,55 to 

estimate the molecular thermodynamic properties, such as Cp, S, and Hf. The terms 

they use to do the addition are the contributions of different groups to the 

corresponding property. Each term relates to the contribution of a certain type of 
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group in the molecule. In our scheme, each term in equation (1) corresponds to the 

contribution, of a certain type of interaction between the two CHCl subunits, to the 

energy difference relative to the all equatorial comformations. 

 

4 Conclusions 

We have systematically carried out a theoretical investigation on the 

polychlorocyclohexanes containing 1-6 chlorine atoms. The geometries of all 

polychlorocyclohexane structures are optimized at the MP2/DZP level of theory, and 

the single point energies of each optimized polychlorocyclohexane structures are 

refined at the MP2/cc-pVTZ level of theory. The MP2/cc-pVTZ relative energies 

indicate that the simple rules that favorable conformations prefer to have the 

maximized equatorial substituent groups24 in the organic chemistry textbooks do not 

work for all polychlorocyclohexane conformations. We have proposed a simple but 

precise model equation to get more accurate conformational energies by the 

combination of the contributions from the interactions between two CHCl subunits. In 

addition, the strategy of combination the contributions of the subunits to obtain the 

total relative energy is similar with that using molecular building blocks to create 

candidates for active sites of enzymes.  
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