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Conformational Analysis of                            

Monosubstituted Cyclohexane

• In monosubstituted cyclohexanes, the topomerization process

shown for cyclohexane becomes an isomerization process

(Figure 1) involving the interconversion of two diastereomers.

Like the inversion of cyclohexane itself, this process is very rapid,

its rate in most cases being close to that in cyclohexane (ca. 2 x l05

s-1 at room temperature). This result explains why temperatures

near -150°C were required to isolate conformational isomers of the

type shown in Figure 1.

• However, the equilibrium shown in

Figure 1 is very real, with most

monosubstituted cyclohexanes being

mixtures of two conformers with the

equatorial one generally predominating.



Monosubstituted Cyclohexane
• Monosubstituted cyclohexanes exist in two non-equivalent

diastereomeric chair conformations, one with the substituent in the

equatorial position (conformer E) and the other with the

substituent in the axial position (conformer A). Generally, the

chair conformation with the equatorial substituent (E) is more

stable and flips into its less stable chair conformations with the

substituent axial, as shown for methylcyclohexane in Figure 2.

Corresponding Newman projection formulae are also shown.

• The energy barrier of ring inversion in substituted cyclohexanes

remains practically unaffected. The number of possible transition

states, and the flexible forms, however, increases because of the

loss of symmetry of the molecule. The energy profile diagram is

similar to that of cyclohexane ring inversion. However, the two

chair conformers have different enthalpies and the rates of forward

and backward interconversions are different.



Conformational Analysis of  Methylcyclohexane



Conformational Analysis of  Methylcyclohexane

• In case of methylcyclohexane, the axial conformer (A) will have

two additional gauche-butane (gb) interactions involving

Me-C1-C2-C3 and Me-C1-C6-C5 (shown by thick lines) units.

The overall steric interactions can be seen from the structure A2 in

which the axial methyl protons are very near (183 pm) to the

synaxial protons. When the methyl group is equatorially placed, no

such interactions exist (Me-C1-C2-C3 and Me-C1-C6-C5 units

belong to the anti orientation).

• Based on the number of additional gauche-butane interactions, the

difference in enthalpy of the two conformers is 2 x 0.87 = 1.74 kcal

mol-1 (=7.28 kJ mol-1). Therefore, for methylcyclohexane the

equatorial conformation (E) has less enthalpy and hence more

stable than the corresponding axial conformer (A). The two

conformers, in different projections, are shown in Figure 2.



Conformational Analysis of  Methylcyclohexane

• Conformational Energy: The energy (enthalpy or potential energy

or free energy) of a given conformational isomer over and above

that of the conformational isomer of minimum energy is called

conformational energy.

• The conformational preference of an equatorial compared to an

axial substituent in a monosubstituted cyclohexane is expressed by

“A-value”. This steric substituent parameter equals ΔrG
o in kcal

mol-1 for the equatorial to axial equilibration on cyclohexane. The

values are also known as ‘Winstein–Holness’A values.

• The two diastereomeric chair forms (A) and (E) (Figure 2) are of

unequal free energy and hence their populations are different. Their

equilibrium constant K is given by the equation:

ΔG° = - RTlnK , where K= [E]/[A] for the equilibrium A⇄ E



Conformational Analysis of  Methylcyclohexane

• The difference of free energy between equatorial (E) and axial (A)

conformers, ΔG°, is negative (the more stable conformer is written

on the right side of the equilibrium). Thus, - ΔG°, which is positive,

is known as the conformational free energy of the substituent (also

known as A-value). Usually steric grounds (as explained in

Figure 2 in case of methylcyclohexane), in some cases electronic

factors may dictate the more stable conformer.

• In the Newman projection (E') for the equatorial conformer no

extra gauche-butane interaction is present. Thus, the enthalpy

difference, ΔH, between the two diastereomeric conformers

= 2 x 0.87 = 1.74 kcal mol-1. If ΔS = 0, then ΔG = ΔH (from the

equation ΔG = ΔH - TΔS). This value corresponds to approximately

95 % population of the equatorial conformer (E) in the equilibrium.
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Table 1: Conformational free energies (-∆Go)
Substituent -∆Go Substituent -∆Go

kcal  mol-1 kJ  mol-1 kcal mol-1 kJ mol-1

F 0.25-0.42 1.05-1.75 C≡CH 0.41-0.52 1.71-2.18

Cl 0.53-0.64 2.22-2.68 COCH3 1.21, 1.52 5.06, 6.36

Br 0.48-0.67 2.01-2.80 CH=CH2 1.49, 1.68 6.23, 7.0

I 0.47-0.61 1.97-2.55 Ph 2.87 12.0

OH (C6H12) 0.60 2.51 Me 1.74 7.28

OH (Me2CHOH) 0.95 3.97 Et 1.79 7.49

OMe 0.63 2.64 CHMe2 2.21 9.25

OCMe3 0.75 3.14 CMe3 4.9 20.9

OPh 0.65 2.72 NH2 (aprotic) 1.23 5.15

CO2H 1.4 5.9 NH2 (H2O) 1.7 7.1

CO2
- 2.0 8.4 NH3

+ 1.7-2.0 7.1-8.4

CO2Et 1.1-1.2 4.6-5.0 NO2 1.1 4.8

CN 0.2 0.84 HgBr 0
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Conformational Analysis of Monosubstituted Cyclohexane

• The conformational free energies (-ΔG° values) of a number of

common substituents are listed in Table 1. It reveals the following

interesting facts:

1. In the halogen series the effective bulk of F being least, the

conformational free energy (-ΔG°) value is also least. -ΔG° values

for Cl, Br, and I are almost equal which is due to the fact that as

the size of the halogen atoms increases, the bond length also

increase with it the distance from the synaxial hydrogens.

• Moreover, with larger atomic volumes,

the atoms become softer and hence more

polarisable. Consequently, the atoms

become easier to deform and the van der

Waals attractive forces (dispersion

forces) also become more prominent

near the contact distance.



Conformational Analysis of Monosubstituted Cyclohexane

• Therefore, the ease of deformation reduces the energy of the axial

conformer. Again, the drop in - ∆G° from C1 to Br is due to

entropy, not enthalpy effects.

• In general, the elements of the first two rows in the Periodic Table

with relatively short C–X bonds and low polarisability of their

electrons show larger -ΔG° values than the heavier elements with

longer bonds to carbon and higher polarisability of electrons.

2. Increasing the bulk of the substituents will increase the energy

difference between the axial and equatorial conformers. As the

alkyl group is more bulky the axial-equatorial energy difference

increases slightly. The -ΔG° values of -Me, -Et, -iPr do not differ

to the extent expected on the basis of their space occupying

volumes, but it increases sharply for t-Bu group having greatest

effective bulk in the series.



Conformational Analysis of Monosubstituted Cyclohexane

• Rotation of the substituent in the axial geometry relieves steric

interactions in the case of an ethyl or an isopropyl group. Therefore,

in the case of ethyl and isopropyl, the syn-diaxial interaction may

be minimised by turning the α-hydrogen inwards but this is not

possible for a t-butyl substituent and in this case the energy

difference drastically increases to more than 20 kJ mol-1.

• Such a value is sufficiently large that only 1 in 104 molecules is in

the axial conformation at any one time and the t-butyl substituent is

referred as a “conformational lock” for the cyclohexane ring.



Conformational Analysis of Monosubstituted Cyclohexane

• The high conformational energy of t-butyl ensures that the group

has an almost total preference for equatorial disposition (i.e., the

substituted cyclohexanes have almost exclusively equatorial

conformation) so that the ring system becomes anancomeric

(meaning fixed in one conformation, it is derived from Greek

unankein meaning to fix by some fate or law).

• It is to be noted that - ∆Ho decreases in the series CH3, C2H5, i-Pr

whereas ∆So increases. The reason for this finding may be

obtained from Figure 5. In ethylcyclohexane, the axial conformer

has two rotamers (A and its mirror image); the third rotamer, in

which the methyl group points into the ring, is of very high

energy. The equatorial conformer, in contrast, has three populated

rotamers: B and its mirror image, and C.



Conformational Analysis of Monosubstituted Cyclohexane

• Therefore the equatorial conformer will have a larger entropy of

mixing. On the other hand, since the enthalpy of each conformer is

the weighted average of the enthalpy of the rotamers, the enthalpy

of the equatorial conformer is enhanced by the contribution of the

high-enthalpy rotamer C in which the terminal methyl of the

-CH2CH3 group is subject to two butane-gauche interactions with

the ring. In A and B there is only one such interaction.



Conformational Analysis of Monosubstituted Cyclohexane

• The difference in enthalpy between axial and equatorial

conformers for ethyl is thus somewhat diminished relative to the

difference for methyl. The same argument applies to the isopropyl

group in which the axial conformer exists as the single rotamer D,

whereas the equatorial conformer still has three rotamers: The

lowest-energy rotamer E and the slightly higher energy rotamer F

and its mirror image.

3. Groups like -OH, -NH2, -NHMe, -OH, etc. which may form

H-bonds have different - ΔG° values in protic and aprotic solvents.

The OH group itself shows a large solvent effect, - ∆G°OH being

appreciably larger in hydrogen-bond forming solvents (e.g.,

isopropyl alcohol) than in those not forming hydrogen bonds (e.g.,

cyclohexane). Solvation in protic solvent increases the bulk of the

substituent and causes more crowding in the axial orientation.



Conformational Analysis of Monosubstituted Cyclohexane

4. It is the number and nature of substituents at the first atom

connected to the ring which are more important. Substituents at

second atom (in italics), for example, -OMe, -OEt, -OTs, -OCOMe

do not significantly affect the effective bulk.

• Conformational energies for OX [X = H, CH3, Ac, Ts, Si(CH3)3, or

C(CH3)3] vary little with X, presumably because the group X can

be turned so as to point away from the ring when OX is axial. At

worst this will decrease the number of rotamers (rotational

conformers) for the axial OX, and thereby produce a slight drop in

its entropy.

5. The ΔG° values are approximately additive, and they may be used

for di- and polysubstituted cyclohexanes.

6. The additivity of ΔG° values does not hold good in geminally

substituted cyclohexanes.



Conformational Analysis of Monosubstituted Cyclohexane

7. The difference between CO2
- and CO2H and between NH3

+ and NH2

is of note; in both cases - ∆Go for the ion is considerably larger than

that for the uncharged species. The possible explanation for this is

that the axial group, when ionic, is swelled by solvation, and

therefore more subject to steric repulsion than the neutral ligand.

• Another complementary explanation implies that the axial

substituent, because of crowding, is less readily solvated than the

equatorial one, and therefore benefits less from the diminution in

free energy than any charged species experiences when it is

solvated. (In the case of NH3
+ vs. NH2, the steric effect of the extra

hydrogen may, of course, also contribute to the larger - ∆Go of the

former.)
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Conformational Analysis of Monosubstituted Cyclohexane

8. Linear substituents, such as -NC, -NCO, N3, CN, and C≡CH have

expectedly small conformational energy values and those of planar

groups, such as COR, CO2R, CH=CH2 are intermediate between

those of linear and those of tetrahedral groups, such as CH3.

• The vinyl group has the largest conformational energy in this series;

apparently, when it is axial, one of its β (methylene) hydrogen

atoms interferes seriously with one of the equatorial ring hydrogen

atoms of the cyclohexane.

• The sp2 hybridized groups orient themselves so as to confront the

ring with their flat sides, in other words the plane of the substituent

is perpendicular or nearly perpendicular to the bisector plane of the

cyclohexane ring.
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Conformational Analysis of Monosubstituted Cyclohexane

9. The zero conformational energy of HgBr group is probably due to

the higher bond length between ring carbon and mercury atom of

HgBr and the easy polarisability of large mercury atom bearing

partial positive charge.

10. The progression of - ∆Go in the series NH2, NHCH3, N(CH3)2 is

also slight, for the same reason adduced for OH versus OCH3, but

(CH3)3N
+, as expected, has a very large - ∆Go value.

N.B.: With many functional groups, the conformational energy

depends on the solvent used. For example, conformational energies

of -OH and -NH2 group increase in polar solvents. This may be

attributed to the formation of intermolecular hydrogen bonding with

the solvent molecules and that leads to an increase of the effective

volume of the substituent.



Conformational Analysis of 

Phenylcyclohexane

• In the case of axial phenyl, this rotational conformation, though

optimal, imposes steric crowding of the ortho hydrogen atoms

(o-H) of the phenyl with both adjacent equatorial hydrogen atoms

(e-H) of the cyclohexane chair (Figure 6); this explains the high

conformational energy of the phenyl group.

• Equatorial phenyl, in contrast,

is most stable in the bisector

plane of the cyclohexane chair

(6B) where the unfavourable

o-H/e-H interaction is avoided.
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Conformational Analysis of 

1,1-Disubstituted Cyclohexanes

• 1,1-Disubstituted (geminally substituted) cyclohexanes having a

plane of symmetry (CS) passing through C1 and carrying achiral

substituents do not show any configurational isomerism even if the

substituents are different. They exist in two interconvertible

conformers when the substituents are different. The energy barrier

is usually of the similar order as that of cyclohexane.

• When X and Y are the same as in

1,1-dimethylcyclohexane, the two

conformers are identical (topomers).

When X and Y are different as in

1-methylcyclohexanol, the two

conformers are diastereomers and

present in unequal amounts.



Conformational Analysis of 

1,1-Disubstituted Cyclohexanes

• In principle, the ratio of the two diastereomeric conformers and

(Figure 8) should correspond to the difference in conformational

free energies of the two substituents. However, in reality, this

seldom happens; although the conformer with the bulkier

substituent in the equatorial position often predominates, there is a

levelling effect, the preferred conformer being considerably less

populated than expected.

• 1-methylcyclohexanol (1), exists as a 70:30 mixture of axial (8A)

and equatorial (8B) conformers in Me2SO at 35 °C, corresponding

to a free energy difference of 0.48 kcal mol-1 (2.0 kJ mol-1) whereas

the actual difference between - ∆Go values of Me and OH is around

1.74 - 1.04 = 0.70 kcal mol-1 (~ 3.0 kJ mol-1).

This Lecture is prepared by Dr. K. K. Mandal, SPCMC, Kolkata



Conformational Analysis of 

1,1-Disubstituted Cyclohexanes

• Additivity of conformational energies in geminally disubstituted

cyclohexanes tends to break down when one substituent interferes

with the otherwise optimal rotational conformation of the other in

one of the two possible conformations.

• In case of 1-methyl-1-phenylcyclohexane (Figure 9), contrary to

expectation, the conformer (9A) with axial phenyl and equatorial

methyl is preferred over the other conformer (9E) with equatorial

phenyl and axial methyl.



Conformations of 1-methyl-1-phenylcyclohexane

• The conformational energies are 2.87 kcal mol-1 (12.0 kJ mol-1 ) for

phenyl and 1.74 kcal mol-1 (7.28 kJ mol-1) for methyl. So, it is

expected that equatorial phenyl-axial methyl conformer would be

preferred by 2.87-1.74 = 1.13 kcal mol-1 (4.73 kJ mol-1) if the

energies were additive. In fact, axial phenyl-equatorial methyl is

preferred by 0.32 kcal mol-1 (1.34 kJ mol-1), that is, there is a

deviation from additivity of 1.45 kcal mol-I (6.07 kJ mol-1).



Conformations of 1-methyl-1-phenylcyclohexane

• Introduction of an equatorial methyl group in axial

phenylcyclohexane (Figure 6, 6A) causes no complication:

phenylcyclohexane and 1-methyl-1-phenylcyclohexane with axial

phenyl groups have corresponding conformations.

• In the conformer (9A) the phenyl ring is so oriented that the ortho

H’s are away from axial H3 and axial H5 and so the synaxial

interactions of the phenyl with these H’s becomes minimal.

However, there may be some interactions between the ortho H’s

and the adjacent equatorial hydrogens, e-H2 and e-H6.

• The same is not true when one introduces an axial methyl group

into an equatorial phenylcyclohexane (Figure 6, 6E).



Conformations of 1-methyl-1-phenylcyclohexane

• In this conformation, either a serious steric interaction between the

axial methyl group and one of the ortho hydrogen atoms of the

phenyl substituent arises (Figure 9, El) or the phenyl has to turn, in

which case its ortho hydrogen atoms will clash with the equatorial

hydrogen atoms at C(2,6) in the cyclohexane (Figure 9, E2).

• In either case, the E conformer will suffer from repulsive

interactions over and above those caused by a simple presence of

the axial methyl group and these interactions are apparently large

enough [1.45 kcal mol-1 (6.07 kJ mol-1)] to force the molecule into

the (now more stable) A conformation. The difference in potential

energy between E1 and E2 is apparently small.

• Therefore, the conformer (9A) corresponding to axial phenyl and

equatorial methyl exists to the extent of approximately 63% in the

conformational equilibrium.


