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Ease of Cyclisation as a Function of Ring Size

• Ease of ring formation and the stability of the ring formed do not

run parallel. The scale of activation energy does not always reflect

the stability of the ring formed. Other factors are involved.

• In the formation a ring, a complicating factor is the difficulty of

getting the two ends of a long chain of the acyclic molecule to

approach each other, and statistically the probability is increased

with decreasing size of the ring and vice-versa. The entropy of

activation, thus, plays an important role in cyclisation.



Ease of Cyclisation as a Function of Ring Size

Table 1: The Entropies of Ring Closure

Cycloalkane Entropy

cal mol-1 K-1 J mol-1 K-1

Cyclopropane -7.7 -32.2

Cyclobutane -10.9 -45.6

Cyclopentane -13.3 -55.6

Cyclohexane -21.2 -88.7

Cycloheptane -19.8 -82.8

Cyclooctane -19.0 -79.5

• The conformational entropy of an acyclic compound is greater than

that of a cyclic compound. The larger the size of the ring to be

formed the greater would be the value of entropy of activation.

Therefore, from the entropy point of view, smaller sings are easy to

make compared to larger rings. Although a great deal of

information on medium and large rings is available, quantitative

data on ring closure are very limited.

• The entropies of formation

of cycloalkanes are

available up to

cyclooctane; from these

data, the entropies of ring

closure can be computed

(Table 1).



Ease of Cyclisation as a Function of Ring Size

• The sharp drop of entropy for cyclohexane formation reflects the

stiffness (greater rigidity) of this ring system compared to the

flexibility of cyclopentane, cycloheptane, and cyclooctane rings.

• Ease of ring closure is usually in the order 3-, 5-membered greater

than 4- or 6-membered rings. The high rate of ring closure in the

5-membered ring is due to a relatively low activation enthalpy

(reflecting the low amount of strain in the 5-membered ring),

whereas the high rate of formation of the 3-membered ring (which

is quite strained) is due to a very favourable activation entropy. The

two ends of the acyclic precursor are always suitably placed for

cyclisation, but, of course, the C-C-C bond angle needs to be

deformed, which causes the unfavourable activation enthalpy.

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



Ease of Cyclisation as a Function of Ring Size

• The 4-membered ring loses out on both grounds. The two ends are

quite apart in the more stable anti conformation of the open-chain

precursor, hence there is unfavourable entropy of activation for

cyclisation. Again, the ring is strained due to angle strain as well as

torsional strain, hence there is unfavourable enthalpy of activation.

• 6-membered rings usually cyclise less rapidly than 5-membered

rings, though the strain in the 6-membered ring is appreciably less

than that of 5-membered rings. The release of strain is usually more

than outweighed by the much greater loss of entropy in the

formation of the 6-membered ring.
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Ease of Cyclisation as a Function of Ring Size

• Another factor that must be considered during cyclisation is the

thermodynamic versus kinetic control. Since 6-membered rings

tend to be more stable than 5-membered rings, their formation may

be favoured thermodynamically, even if not kinetically. Moreover,

since enthalpy and entropy factors work in opposite directions in

the 6:5 equilibrium, such equilibrium is expected to be strongly

temperature dependent.

• Since K = e-∆G°/RT = e-∆H°/RT e∆S°/R, as ∆H0 favours the 6-membered

ring and ∆S0 favours the 5-membered ring, it is clear that lowering

the temperature shifts the equilibrium toward the 6-membered ring.

The energy profile diagram shown in Figure 3 gives an idea

regarding the ease of ring formation versus stability of the ring.

5- and 6-membered rings are taken as examples.



Ease of Cyclisation as a Function of Ring Size

• Acetalization of glycerol with isobutyraldehyde in presence of acid

in a reversible reaction condition gives two cyclic compounds in

different proportions. The scheme of such reaction is shown in

Figure 2, and the energy profile is shown in Figure 3.



Ease of Cyclisation as a Function of Ring Size

• The activation energy is less for formation of the 5-membered ring,

hence this ring is formed faster (i.e., it is the product of kinetic

control: k5 > k6). However, the reaction is reversible and the

6-membered ring is slightly more stable (K < I), so after some time

it will become the major product (product of thermodynamic

control; both 5- and 6-membered ring products will exist as a

mixture of cis and trans isomers).

• In the equilibrium shown in Figure 2, enthalpy favours the nearly

strain-free 6-membered ring, whereas entropy favours the more

flexible 5-membered ring. On lowering the temperature of the

reaction medium, the equilibrium shifts toward the formation of

the thermodynamically more stable 6-membered ring.
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Ease of Cyclisation as a Function of Ring Size

• Higher yields of the

6-membered ring product

were obtained when the

dioxane-dioxolane mixture

was allowed to equilibrate

in the refrigerator at 2-5°C

after the acetalization and

water removal were

complete. Acid-catalyzed

equilibration proceeds via

an oxycarbenium ion

intermediate. Here, I and II

are the KCP and TCP,

respectively.
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Cyclisation as a Function of Concentration

• Strain factor becomes more effective as destabilising force as the

ring-size becomes 7-, 8- and 9-membered and then again favourable

for large rings.

• Concentration of the reactant also plays an important role in the

cyclisation. When a reactant can undergo both intramolecular and

intermolecular reactions, the former only gives the cyclic product.

The rate law of intramolecular ring closer is rate = k1[reactant],

whereas rate law of intermolecular ring closer is

rate = k2[reactants]2.

• Therefore, rate of intermolecular reaction increases considerably

with the increase of reactant concentration. Consequently to get

intramolecular ring closer, a dilute solution of the reactant is

preferred. This is so called dilution technique for ring closer

reaction



Conformational Aspects of Cyclohexane

Geometry of Cyclohexane

• Baeyer considered that cyclohexane is a strained planar molecule.

In 1890 Sachse first pointed out that cyclohexane might be

nonplanar puckered chair or boat shaped and unstrained. As evident

from X-ray and electron diffraction experiments by Hassel in 1943,

cyclohexane exists almost exclusively in its chair conformation.

• The electron diffraction experiments reveal the C–C and C–H bond

lengths, bond angles, the intraannular (C–C–C–C), and the external

H–C–C–H torsion angles, which are shown in Figure 4.

• The C–C–C bond angle (111.4°) is more than the regular tetrahedral

angle (109° 28') and little less than the C–C–C bond angle (112.4°)

in propane.
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Conformational Aspects of Cyclohexane

Geometry of Cyclohexane
• The (C–C–C–C) torsion angle (~55°) deviates from the optimum of

60° in propane, because of the constraint in the ring. Such a

decrease in the torsion angle is resisted due to an increase in

torsional strain involved.

• A compromise is reached to minimize the total strain when the bond

angle slightly increases and the torsion angle becomes little smaller

than that of an open chain molecule like propane. Thus,

cyclohexane is not an entirely strain-free molecule; some angle

strain and torsional strain remain.

• The structure is rigid, and the rigidity can be felt even in the model

which unlike that of n-butane resists easy rotation around C-C

single bonds.



Conformational Aspects of Cyclohexane



Symmetry Elements in                                          

Chair Conformation of Cyclohexane

• The principal axis of symmetry in the chair form of cyclohexane is

the C3 axis passing vertically through the centre of the chair; this is

also an S6 axis. Additionally, the chair conformation possesses three

C2 axes bisecting pairs of opposite sides and perpendicular to C3

axis.

• The chair conformation has a centre of symmetry (i; a part of S6).

There are also three vertical σ planes (σv) intersecting at the C3 axis

and passing through the diagonal (opposite) carbon atoms. Each σv

plane contains four H atoms.

• The symmetry elements of chair form of cyclohexane are shown in

Figure 5.



Symmetry Elements in                                          

Chair conformation of Cyclohexane

• Each σv plane also bisects the angle between two C2 axes; hence,

the σv planes are also known as σd. Thus, the cyclohexane chair

belongs to the point group D3d and therefore, this molecule is

achiral.
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Equatorial and Axial Bonds

• Cyclohexane has two geometrically different sets of C-H bonds and

H atoms, six are approximately parallel with the vertical C3 axis,

alternatively up and down, as shown in structure Va in Figure 6

called axial (a or ax) hydrogen atoms. Three of these axial bonds

are directed upward (β-bonds) and other three downward (α-bonds).

• The remaining six C-H bonds as

well as six H atoms are distributed

around the periphery of the ring

making alternately +19.5° and

-19.5° angles with the equatorial

(horizontal) plane of the molecule

or they make an angle of 109° 28'

with the principal C3 axis.



Equatorial and Axial Bonds

• These bonds and H-atoms are called equatorial (e or eq) as shown

in the structure Vb in Figure 6. Like axial bonds, they are also

classified as α and β depending upon their orientation with respect

to the vertical axis (C3).

• The axial hydrogens are homotopic relative to each other since they

can be brought into coincidence by operation of the symmetry axes

(C3, C2) of the molecule The same is true in case of equatorial

hydrogens. However, the axial set of hydrogen atoms is

diastereotopic with the equatorial set. These two sets are related

neither by a symmetry axis (not homotopic), nor by symmetry plane

(not enantiotopic).
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Equatorial and Axial Bonds

• As these distances appear twenty four times in the molecule, the

stability of the chair conformations is readily understood. The

interaction between 1e,2e and 1e,2a substituents is known as

1,2-interaction while that between 1a,3a is known as 1,3-interaction

or synaxial interaction.

• Since the distances between different

pairs of adjacent hydrogens and

between 1,3-diaxial hydrogens are

2.49 Å and 2.51 Å, respectively (Table

2), which are more than twice the van

der Waals radius (1.20 Å) of hydrogen,

there is no nonbonded interaction in

the chair form of cyclohexane.

Table 2: Distance between 

various H-atoms in            

chair conformation

Positions H-H distance (Ǻ)

1e, 2e  2.49

1e, 2a 2.49

1a, 2a 3.06

1a, 3a 2.51

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



Cis and trans Isomerism

• When two substituents are 1a,2a, they are typically trans since the

dihedral angle between them is nearly 180° (more precisely 174.9°).

Substituents 1e,2e are also trans as they are oppositely oriented, but

the dihedral angle between them is approximately 60° (more

precisely 65.1°). The cis orientation at the adjacent carbon atoms

can be only 1e,2a or 1a,2e with dihedral angle of 60° (more

precisely 54.9°). In most cases, the trans isomer exists in the

diequatorial orientation (1e,2e).

• Considerable differences are, however, realised in practice

particularly in the ring-formation ability if the two cis and trans

groups which is explained on the basis that an attempt to bring

1e,2a substituents (cis) in a plane flattens the ring reducing

1,3-interaction while such an attempt on 1e,2e substituents pushes

the axial groups inwards increasing 1,3-interaction considerably.



Newman Projection of                                              

Cyclohexane Chair Conformation

• In chair conformation of cyclohexane, the C–C–C bond angle

(111.4°) is more than the regular tetrahedral angle (109° 28') and

little less than the C–C–C bond angle (112.4°) in propane. The

(C–C–C–C) torsion angle (54.9°) deviates from the optimum of 60°

in propane, because of the constraint in the ring. Such a decrease in

the torsion angle is resisted due to an increase in torsional strain

involved.

• This deviation from optimal values can be interpretated as follows:

In propane, bond angle deformation and torsion angle are

independent because of acyclic nature of molecule. Consequently,

the bond angle can be expanded beyond the tetrahedral angle with

the torsion angle still remaining at or near the 60° optimum.



NPF of Cyclohexane Chair Conformation

• In cyclohexane, because of the constraint of the ring, this is not

possible, the change in bond angle also affects the torsion angle. If

the bond angle expands beyond the tetrahedral value of 109° 28',

the intraannular torsion angle must necessarily decrease below 60°.

Such a decrease in torsion angle causes torsional strain in the

molecule and will be resisted. An useful relation is that for a bond

angle near the tetrahedral, a variation in bond angle of l° causes a

variation in torsion angle of 2.5°.

• The total strain is minimized when a compromise is reached with

the bond angle being slightly "too small" (111.4° instead of 112.4°)

and the torsion angle slightly "too small" also (54.9° instead of 60°).

Some strain (angle + torsional) remains; it is therefore reasonable

that cyclohexane is not an entirely strain-free molecule.



NPF of Cyclohexane Chair Conformation

• Closing the intraannular torsion angle to 54.9° brings with it a

decrease in the (external) H-C-C-H torsion angle of cis (a,e or e,a)

located hydrogen atoms (ω1) from 60° to 54.9° and of trans

diaxially (a,a) located hydrogen atoms (ω2) from 180° to 174.9°

and an increase for the corresponding trans diequatorially (e,e)

located hydrogen atoms (ω3) from -60° to -65.1°.

• As a result of these deviations of bond

angles and torsion angles from the normal

values, this molecule exists to be a slightly

flattened chair with bond angles of

111.4 + 0.2° and torsion (C-C-C-C) angles

in the ring of 54.9 + 0.4°. The NPF of the

chair form of cyclohexane is shown in

Figure 7.
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The Flexible Conformations of Cyclohexane

• The boat (B) and the twist-boat (TB) are the two extremes of the

flexible forms of cyclohexane. The boat conformation is shown in

three different perspectives in Figure 8.

• The conventional boat (VII) with a C2 axis and two vertical σ

planes (point group C2V) contains four types of C-H bonds. These

are normal equatorial and axial at C-1 and C-4, designated as

linear (lin) and perpendicular (perp) respectively (one of the perp

bonds is also designated as bowsprit (bs) and the other as

flagpole (fp).

• There are four boat-equatorial (beq, or Ψ-e, or e') on C-2, C-3, C-5,

and C-6 which are eclipsed in pairs, and four boat-axial (bax, or

Ψ-a, or a') on the same four carbon atoms also eclipsed in pairs.



The Flexible Conformations of Cyclohexane

• The bonds lin and perp originate from the unique pair of carbon

atoms that lie on one of the mirror planes (σv''; Figure 9) of the C2V

form (structure VIII).

• The distance between different C-H bonds in boat conformation is

given in Table 3. The distance between bs and fp H’s is, thus, much

shorter than twice the van der Waals radius (1.20 Å) of hydrogen.

Table 3: Distance 

between various       

H-atoms in boat form

Positions H-H 

distance (Ǻ)

2a, 3a 2.27

2e, 3e 2.27

bs-fp 1.83



Symmetry Elements in boat Conformation

• The boat form of cyclohexane contains a C2 as the principal axis

passing vertically through the centre of the boat. There are also two

vertical σ planes intersecting at the C2 axis. one of them (σv') bisects

the bonds between atoms C2 and C3 and between C5 and C6 and

the other plane (σv'') passes through atoms C1 and C4 (which lie out

of the plane and on the same side of the plane containing C2, C3,

C5 and C6). This σv (i.e., σv'') plane also contains four H atoms.

• The symmetry elements in boat

conformation of cyclohexane are shown

in Figure 9. The symmetry point group

of boat form of cyclohexane is C2v

(C2 + 2σv) and is achiral. Its symmetry

number is 2 and order is 4.
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The Twist-boat Conforation of Cyclohexane

• If the bs and fp H’s in boat conformation (structure VII of

Figure 8) of cyclohexane are pulled a little apart, the twist-boat

conformation results in which the bs-fp interaction is minimised,

and the conformation becomes more stable than that of the boat

conformation.

• The different bonds of the twist-boat conformation are shown in the

structure IX (Figure 10) in which tax, teq, and iso stand for

twist-axial, twist-equatorial and isoclinal (the two geminal bonds

are equivalent) respectively.

• The term isoclinal refers to the equal angles that each of the

terminal C-H bonds makes to the C2 axis passing through two of the

carbon atoms (C3 and C6) of the twist-boat form. The twist-boat

conformation is shown in three different perspectives in Figure 10.



The Twist-boat Conformation of Cyclohexane

• The twist-boat conformation contains a C2

axis (principal axis) along with two C2

axes perperdicular to the vertical C2 axis.

The symmetry point group of twist–boat

/skew–boat form of cyclohexane is D2

[C2 + 2C2 (orthogonal)] (Figure 11) and is

chiral.
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