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2.0 Objective
After studying this unit,you will be able to:
* Understand conformaton of cycloalkanes
* Learn about conformation of fused ring decalins.
* Understand about effect of conformation on reactivity.
* Appreciate the importance of elements of symmetry in chemical processes.

2.1 Introduction
The branch of chemistry which deals with three dimensional structures of molecules

and their effect on physical  and chemical properties is known as stereochemistry
(Greek : Stereos = solid)
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2.2 Conformations of cycloalkanes
2.2.1 Stability of cycloalkanes

Compounds with three and four membered rings are not as stable as compounds with
five and six membered rings.  The German Chemist Baeyer (1885) was  the first to suggest
that the instability of these small ring compunds was due to angle strain.  This theory is known
as Baeyer stain theory.

Baeyer strain theory was based on the assumption that when an open chain organic compound
having the normal bond angle 109.50 (tetrahedral angle) is converted into a cyclic compound,
there is deviation from the normal tetrahedral angle leading to the develoment of a strain in the
molecule.  This strain is called as angle strain or Baeyer strain.  Baeyer assumed that rings are
planar. Assuming that ring are planar, the angle strain in various cycloalkanes can be expressed in
terms of angle of deviation (distortion),d, i.e., deviation from 109.5° for one bond.




  90n
)2n(25.1092

1d

or   5.1092
1d

Where  n  =  number of carbon atoms constituting the ring.
  =  inner bond angle in the cycloalkane ring

Angle strain   d
Stability  d

1

The factor of 2
1 is put in because the strain is spread over two bonds. For example for

cyclopropane ring the inner angle   is 600 hence , 2
1d   (109.5-60) =24.750
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Similarly, the angle strain can be calculated for rings of different sizes, e.g., d= 9.750

for cyclobutane, 0.750 for  cyclopentane; -9.500 for cycloheptane and -12.750 for  cycloctane.
The positive values of deviation mean that the bond angles are compressed, while negative
values mean expansion of the bond angle from the tetrahedral angle.  In both the situations the
molecule would be strained.

Thus, Baeyer predicted that a five membered ring compound would be the most stable.
He predicated that six membered ring compound would be less stable and as ring became
larger than five membered ring they would become less and less stable.

Contrary to what Baeyer predicted, cyclohexane is more stable than cyclopentane
Furthermore, cyclic compounds do not become less and less stable as the sides in their ring
increase.

Thus, Baeyer strain theory is applicable only to cyclopropane, cyclobutane,
cyclopentane. The mistake that Baeyer made was to assume that all cyclic compounds are
planer.  In real sense only cyclopropane is planer and other cycloalkanes are not planar.

Cyclic compounds twist and bond in order to achieve a final structure which minimises
the following three kinds of strain that can destabilise a cyclic compound.

1. Angle strain (Baeyer Strain) : This results when the bond angle is different
from the desired tetrahedral bond angle of 109.50.

2. Torsional Strain (Pitzer strain) : This is caused by repulsion of the bonding
electrons of one substituent with bonding electrons of another substituent on
the adjacent atom.

3. Steric Strain (Van der Waals Strain) : This is caused by atoms or groups
approaching each other too closely.

2.2.2 Conformation of Cyclohexane.
Sachse (1890) proposed that cyclohexane and larger rings are not planar but they are

puckered in which all the angles are tetrahedral, and thus, the rings are strainless. According
to sachse cyclohexane exists in two forms which are called the chair and boat conformations.
Mohr(1931) suggested the possibility of existence of two forms which readily under go
interconversion by rotation about single bonds.  This theory is known as sachse-mohr theory
of strainless rings.

Both the chair and boat forms are free from angle strain.  In the boat conformation the
C-H bonds at C2, C3 and c5,C6 are eclipsed resulting in torsional strain, while in the chair
conformation all the C-H bonds on adjacent carbons are staggered.  Furthermore , in the boat
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conformation there is steric repulsion between the two hydrogens (Flag pole hydrogens)
Pointing towards each other at C1, and C4 and lying only 1.83Å apart (closer than the sum of
their vander waals radii, 2.5A0).  This cause steric strain,Hence, the total strain in the boat
conformation is larger than that in the chair conformation because the latter is free from
torsional and steric strain.  Thus, the chair conformation is more stable than the boat
conformation.

The chair conformation is rigid because when it is changed to the boat conformation,some
angular deformation is necessary.  The energy barrier for this transformation is 10.8 Kcal/mole.
The energy barrier is not large enough to prevent interconversion of the chair and boat
conformations at room temperature, but is large enough for the existence of each conformation.

The boat conformation is flexible and can be readily distorted into  many shapes in
which the eclipsing of C-H bonds is reduced.  In a modified boat conformation, known as the
twist boat, the torsional and steric strains are minimized.
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The twist boat is about 1.5 Kcal/mole tower is energy than the boat form at 250 C.  At
room temperature, most of cyclohexane molecules (99.9%) exist in the most stable chair
conformation.  The twist form occurs as an intermediate stage in the conversion of one chair
form to another. Since the boat forms is preferred conformation only in a few cases, we shall
confine our attention to the chair form.

Axial and equatorial bonds in cyclohexane :
In the chair conformation of cyclohexane, there are two kinds of positions occupied

by the hydrogen atoms.  Six hydrogens are held by bonds which are perpendicular to the average
plane of the ring, these are called axial (a) bonds.  The other six bonds holding hydrogens in
the average plane of the ring are called equatorial (e) bonds.  In the chair conformation each
carbon has one axial and one equatorial bonds as shown below:

At room temperature cyclohexane rapidly interconverts (flips) to mirror image chair
conformations.  On flipping all the equatorial hydrogen become axial and all the axial hydrogen
become equatorial. This interconversion is so rapid at room temperature that all hydrogens
on cyclohexane can be considered equivalent.

As noted earlier, the energy barrier between I and II is only 10.8 Kcal/mole. Ring flipping
is slowed down below-800C, therefore, axial and equatorial hydrogens can be differentiated
as two different sets of protons, each set giving a seperate’ HNMR signal.
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2.2.3 Conformations of monosubstituted Cyclohexanes.
When one hydrogen in cyclohexane is replaced by a larger atom or group, crowding

occurs.  The most severe crowding is among atoms held by the three axial bonds on the same
side of the molecule, the resulting repulsive interaction is called 1,3-diaxial interaction. This
cause steric (Vander waals) strain in the molecule. Thus, a monosubstituted  cyclohexane will
assume the chair conformation in which the substituent occupies an equatorial position.  For
example.

In conclusion, in monosubstituted cyclohexanes chair conformation is more stable
than the boat conformation, and out of the two chair conformations, the conformation with an
equatorial substituent is more stable than that with an axial substituent.
2.2.4 Conformations of disubstituted cyclohexanes :

When two substituents are present on a cyclohexane ring, one has to consider whether
they are cis or trans to each other, and whether they are 1,2-1,3- or 1,4- with respect to each
other.  In general, in disubstituted cyclohexanes the chair conformation containing both the
substituents in equatorial positions will be the preferred conformation, or when this is not
possible, the conformation with bulkier substituent in an equatorial position will be the
preferred conformation let us take some specific examples.

1.2-Dimethylcyclohexane :



25

STEREOCHEMISTRY

1.3- Dimethylcyclohexane.

Decreasing order of stability :ee > ae > aa
1.4- Dimethyl-cyclohexane :

Decreasing order of stability :ee > ae > aa
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2.3 Conformations of Fused Rings : Decalins
Decalin (bicyclo [4.4.0] decane) exists in two diastereoisomeric forms cis and trans

decalins, depending on the way in which the two cyclohexane rings are fused together.  In both
the diasteroisomers of decalin, the two cyclohexane rings are joined together in the chair
conformation. Since the decalin is analogous to a 1, 2-disubstituted cyclohexane, in the cis
isomer the two cyclohexane rings are fused together in a ea form (i.e; the equatorial bond of
one ring is fused with the axial bond of the other), while in the trans isomer the two rings are
fused in ee form (i.e; each ring is fused with other ring by equatorial bonds) as shown below:

2.7 Kcal/ mole less stable than the trans-isomer
has three more gauche, butane-like interactions
than trans-decalin.

The trans-decalin is more stable than the cis by 2.7 Kcal/mole. Thus, cis decalin can be
smoothly pyrolysed to the trans isomer irreversibly.  In cis decalin the ring fusion involvs
bonds, hence it is flexible and exists in two forms which are interconvertible as a result of
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conformational flipping similar to that of the chair conformation of monocyclic cyclohexane
as shown below :

Since, trans decalin involves two equatorial bonds for the ring fusion, it is a rigid
molecule and can-not undergo conformational flipping, i.e., it can not be converted into aa
conformation which also does not exist in decalin type of fused-ring conpounds.
2.4 Effect of Conformation on Reactivity

There is profound effect of conformation on chemical reactivity because the
stereoelectronic and steric factors are among the essential conditions for reactions.  Let us
discuss the effect of conformation on reactivity with examples.
2.4.1 Acyclic Compounds.

E2 reactions : E2 reactions are stereospecific and most of these are anti elimination.
In anti elimination the five atoms involved (including the base) must be in the same plane and
the eliminating groups must be trans to each other, the conformation is called antiperiplanar.
This is the streoelectronic requirement of anti elimination.  For example, on E2 elimination
2-bromobutane can give either cis-or trans 2-butene.



28

STEREOCHEMISTRY

Pyrolytic Eliminations :Contrary to E2 reactions, the two eliminating groups in
pyrolytic eliminations lies cis to each other.  for example, pyrolysis of xanthates, acetates
and amine oxides are syn elimination.

If the eliminating groups are lost from the same face of the developing double bond,
the reaction is termed syn elimination; if from the opposite faces, it is termed anti elimination.
2.4.2 Cyclic Compounds

The effect of conformation on chemical reactivity has been studied mostly in the case
of cyclohexanes because this ring system is most widely occurs in natural products such as
steroids-terpenoids, etc. Environments of axial and equatorial groups are different, hence the
reactivity of a given group will depend on the conformation, i.e.  whether the group is axial or
equatorial.  Generally, but not always, the equatorial substituents are more reactive than the
corresponding axial substituents.

(a) Substitution Reactions : SN2 reactions takes place more readily with axial
substituent than with equatorial.  For example, the SN2 reaction of the thiophenoxide ion with
4, t-butyl cyclohexyl bromide (I) having an axial Br  takes place about 60 times faster as
compared to the equatorial isomer (II) because the attack of the thiophenoxide ion on the
equatiorial isomer (II) is hindered by the -axial hydrogens.
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SN1 reactions proceed through the formation of carbocation which relieves the steric
strain of the axial isomer due to 1,3-diaxial interactions.  Thus, the SN1 reaction is sterically
assisted for an axial substituent, such type of steric acceleration will not occur with the
corresponding equatorial substituent for example, the acetolysis of cis-4-t-butyl cyclohexyl
tosylate (III), with an axial tosyl group, is about 3.4 times faster than that of the trans isomer (IV).

(b)  Esterification and hydrolysis : Equatorial and axial conformation isomers usually
react at different rates and due to 1, 3- diaxial interaction (Van der Waals strain) in the axial
isomer, esterification and hydrolysis  occurs more readily with the equatorial conformation.
For axample, cholestanyl acetate (having acetate group in the equatorial position) saponifies
more readily than the epicholestanyl acetate (having acetate group in the axial position.)

H
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(c) Elimination reactions : As we have already noted that the stereoelectronic
requirement of an E2 reaction is that the eliminating groups should be antiperiplanar.  In
cyclohexane ring this relationship exists when substituents on the two adjacent carbons are in
axial positions.
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(d) Molecular rearrangements : There are numerous examples of molecular
rearangements where the conformation governs the product formation.  As an example, let us
discuss the pinacol-pinocolone rearrangement of 1, 2- dimethyl-1, 2-cyclohexanediol. The
cis isomer of the diol on treatment with acid undergoes a methyl shift to give 2, 2-dimethyl
cyclohexanone, whereas the corresponding trans isomer undergoes ring contraction to give
cyclopentan 3-derivative.

(e) Neighbouring group participation : In the neighbouring group participation, the
group participating as a neighbouring group must be lie in a position  to attack from the just
opposite side to the leaving group.  A very good example of neighbouring group participation is
the acetolysis of trans-2- iodocyclohexyl brosylate which undergoes 2.7 x 106  times faster
acetolysis than the cis isomer in which the iodogroup can not attack from the backside.
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(f) Oxidation : Reaction having no stereoelectronic reuirement also display rate
differences between reactions of axial and equatorial isomers.  for example, oxidation of
both cis and trans-4-t-butyl-cyclohexanols with chromic acid gives the same ketone.  In the
preferred conformation, the cis isomer x has an axial hydroxyl group which is removed in the
oxidation to allow relief from vander waals strain (1,3-diaxial interactions with -hydrogens).
Thus the reaction is three times faster than that for the trans isomer (steric acceleration).

2.5 Steric Strain Due to Unavoidable Crowding
In some molecules, large groups are so close to each other that they can not fit into the

available space in such a way that normal bonds angles are maintained.  It has been possible to
prepare compounds with a high degree of this type of strain.  for example, 1,2,3-tributyl
compounds I-III have been prepared. UV and IR speetra show that these conpounds are strained
and that the ring is not planer in 1,2,4-tri-t-butyl benzene.
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By comparison of the heats of reaction of 1,2,4-tri-t-butyl benzene and that of its
isomer 1,3,5-tri-t-butyl benzene it was found that the 1,2,4 compound possesses about 22
Kcal/mole more strain energy.  In the case of II, it has been shown by X-ray diffraction that
the ring has a non planer, boat conformation.  It has been possible to prepare the compound
C6(SIMe3) 6  which has a chair-shaped ring in the solid state and a mixture of chair and boat
forms in solution.
2.6 Elements of Symmetry

All the optically active molecules are chiral and they exhibit enantiomerism.  A chiral
molecule (or object) can not be superimposed on its mirror image, where as an achiral
(optically inactive) molecule can be superimposed on its mirror image.  A molecule (or object)
is chiral or achiral can thus be determined by constructing the models of a molecule and its
mirror image, and testing whether  they are superimposable or not. Usually, this is not
convenient.  Elements of symmetry offer a simple device to device  whether a molecule (or
object) is chiral or not.  when a molecule has plane of symmetry () or a centre of symmetry
(Ci) or an n-fold alternating axis of symmetry (Sn), it is superimposable on its mirror image
and its a-chiral (optically inactive).
2.6.1 Axis (or simple axis) of Symmetry (Cn)

A molecule is said to have a simple symmetry axis (Cn) of multiplicity n (also called of
order n, or n-fold axis of symmetry) if a rotation of 3600 /n around this axis leads to an
arrangement which is indistinguishable from the original.  Multiplicity Cn = 3600 /, where 
is the number of degrees of rotation required for superimposition on the original.  for example,
water molecule (I) has a two fold axis of symmetry (C2) and chloroform(II) has a C3 axis.

All linear molecules have a C axis as in O =C =O, an equivalent arrangement is always
abtained whatever be the angle of rotation.  All molecules have an infinite number of C1-axis,
hence, the C1-axis is nev er considered.  The presence of a simple axis of symmetry does not
exclude chirality, e.g., the following molecule (III) is chiral although it has a c2..  Hence,
chirality is not equivalent to asymmetry (i.e., total absence of summetry).  The word
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dissymmetry used in older literature means not completely devoid of symmetry, but having
so few symmetry elements that still can exist inenantiomeric forms. Thus, the term
dissymmetry is equivalent to chirality.

2.6.2 Plane of Symmetry ()
The symbole sigma () for planes of symmetry comes from the German word siegel,

meaning mirror.
The plane which divides as molecule into two equal halves which are related as object

and mirror image is known as plane of symmetry ().
For example :

The molecule having a plane of symmetry are achiral (optically inactive).  for example,
meso-tartaric acid is optically inactive because the molecule has a plance of symmetry and
thus is achiral. A plane of symmetry is equivalent to a one fold alternating axis of symmetry. (S1).
2.6.3  Centre of symmetry (i) and alternating axis of symmetry (Sn)

The centre of symmetry is a point in a molecule from which if lines are drawn on one
side and extended an equal distance on the other side, meet the same atom or groups.

For example, an isomer of 1,3-dichloro-2,4- difluorocyclobutone (IV) has a centre of
symmetry (i).  In such molecule, inversion of all atoms relative to the centre of symmetry
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again results a three dimensional structure indistinguisable from the original hence, the
abbreviationi is given.  No more than one centre of symmetry can exist per molecule.

A centre of symmetry is equivalent to a two fold alternating axis of symmetry (S2) as
illustrated above for (IV).  A  molecule has an n-fold (of order n or multiplicity n, denoted by
Sn) alternating axis of symmetry (also called rotation-reflection axis Sn) if it is rotated
3600/n about this axis and then reflected across a plane perpendicular to the axis, the molecule
is identical to the original.  For example, when (IV) is rotated 1800 about the axis passing
through the centre of the molecule and then reflected in a mirror perpendicular to the axis, an
arrangement identical to the original is obtained.  The multiplicity of the alternating axis, i.e.,
n=3600/1800=2., thus IV  has a two fold axis (S2).

Under Sn operation the equivalent atoms are carried from one side to the reflection
place to the other in an alternating sequence, hence, the name alternating axis.

Fig. : Two fold alternating axis of symmetry (S2) in IV (i = S2)
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2.6.4 Reflection Symmetry.
A fundamental property of a molecule is its ability or inability to be superimposed on

its mirror reflection. When a molecule is reflected in a mirror, the condition for
superimposability is the exact fit of the image into the space occupied by the original
molecule.  Any molecule which has an internal mirror plane has reflection symmetry.  For
example, methane has reflection symmetry.  Bromochlorofluoromethane has no reflection
summetry, hence it is chiral.

Methane has reflection symmetry; achiral (Molecule and mirror image super
imposable)

Bromochlorofluoromethane has no reflection symmetry; chiral (molecule and mirror
image nonsuperimposoble).

In bromochlorofluoromethane, there is total absence of symmetry elements: such
molecules are forrmed asymmetric.
2.7 Solved Examples
Q.1 Label each of the following compounds as cis or trans and comment on their chirality.
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Solution :
(a) Trans, chiral (b) Trans achiral
(c) cis, achiral (mesoform) (d) Trans, chiral

Q.2. Comment on the configurational and conformational aspects of disubstituted
cyclohexane derivatives. How do their chirality depend on the nature of substituent R
and R! ?

Solution :
(i) 1,1-disubstituted cyclohexanes are achiral.
(ii) 1, 2,- disubstituted cyclohexanes, cis chiral if R   R1 , achiral if R=R1 trans

chiral.
(iii) 1,3-disubstituted cyclohexanes, cis chiral if R   R1 , achiral if R=R1. trans chiral.
(iv) 1,4- disubstituted cyclohexanes, cis achiral trans achiral.

2.8 Model Questions
1. Draw the preferred conformation of 2-bromocyclohexanone. Give reason for your

preference.
2. Explain why trans- 1,3-di-t-butyl cyclohexane prefers a boat conformation.
3. Draw the preferred conformation of cis-1,3-t-butyl cyclohexane.
4. Taking examples of some cyclohexane derivatives, discuss the effect of conformation

on chemical reactivity.
5. With suitable example, discuss the effect of angle strain, torsional strain, steric strain

and intermolecular hydrogen bonding on the stability of conformations.
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