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4.3: STABILITY OF CYCLOALKANES - RING STRAIN

After completing this section, you should be able to:

Describe the Baeyer strain theory.
Describe how the measurement of heats of combustion provides information about the amount of strain present in a cycloalkane
ring.
Determine the relative stability of cyclic compounds, by assessing such factors as angle strain, torsional strain and steric strain.

Make certain that you can define, and use in context, the key terms below.
angle strain
steric strain
torsional strain
ring strain
heat of combustion

HEAT OF COMBUSTION AS A MEASURE OF BOND STRENGTH
The combustion of carbon compounds, especially hydrocarbons, has been the most important source of heat energy for human civilizations
throughout recorded history. The practical importance of this reaction cannot be denied, but the massive and uncontrolled chemical changes
that take place in combustion make it difficult to deduce mechanistic paths. Using the combustion of propane as an example, we see from
the following equation that every covalent bond in the reactants has been broken and an entirely new set of covalent bonds have formed in
the products. No other common reaction involves such a profound and pervasive change, and the mechanism of combustion is so complex
that chemists are just beginning to explore and understand some of its elementary features.

Since all the covalent bonds in the reactant molecules are broken, the quantity of heat evolved in this reaction, and any other combustion
reaction, is related to the strength of these bonds (and, of course, the strength of the bonds formed in the products). Precise heat of
combustion measurements can provide useful information about the structure of molecules and their relative stability.
For example, heat of combustion is useful in determining the relative stability of isomers. Pentane has a heat of combustion of -782
kcal/mol, while that of its isomer, 2,2-dimethylpropane (neopentane), is –777 kcal/mol. These values indicate that 2,3-dimethylpentane is 5
kcal/mol more stable than pentane, since it has a lower heat of combustion.

RING STRAIN
Table  lists the heat of combustion data for some simple cycloalkanes. These cycloalkanes do not have the same molecular formula, so
the heat of combustion per each CH  unit present in each molecule is calculated (the fourth column) to provide a useful comparison. From
the data, cyclopropane and cyclobutane have significantly higher heats of combustion per CH , while cyclohexane has the lowest heat of
combustion. This indicates that cyclohexane is more stable than cyclopropane and cyclobutane, and in fact, that cyclohexane has a same
relative stability as long chain alkanes that are not cyclic. This difference in stability is seen in nature where six membered rings are by far
the most common. What causes the difference in stability or the strain in small cycloalkanes?

Table : Heats of combustion of select hydrocarbons
Cycloalkane 

(CH )
CH  Units 

n
ΔH  

kcal/mol
ΔH  

per CH  Unit
Ring Strain 

kcal/mol

Cyclopropane n = 3 468.7 156.2 27.6

Cyclobutane n = 4 614.3 153.6 26.4
Cyclopentane n = 5 741.5 148.3 6.5
Cyclohexane n = 6 882.1 147.0 0.0
Cycloheptane n = 7 1035.4 147.9 6.3
Cyclooctane n = 8 1186.0 148.2 9.6
Cyclononane n = 9 1335.0 148.3 11.7
Cyclodecane n = 10 1481 148.1 11.0

CH (CH ) CH m = large — 147.0 0.0

 OBJECTIVES

 KEY TERMS
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THE BAEYER THEORY ON THE STRAIN IN CYCLOALKANE RINGS
In 1890, the famous German organic chemist, A. Baeyer, suggested that cyclopropane and cyclobutane are less stable than cyclohexane,
because the the smaller rings are more "strained". There are many different types of strain that contribute to the overall ring strain in
cycloalkanes, including angle strain, torsional strain, and steric strain. Torsional strain and steric strain were previously defined in the
discussion of conformations of butane. Angle Strain occurs when the sp hybridized carbons in cycloalkanes do not have the expected ideal
bond angle of 109.5 , causing an increase in the potential energy. An example of angle strain can be seen in the diagram of cyclopropane
below in which the bond angle is 60  between the carbons. The compressed bond angles causes poor overlap of the hybrid orbitals forming
the carbon-carbon sigma bonds which in turn creates destabilization.

CH2

H2
C

H2C
109.5° 60°

The C-C-C bond angles in cyclopropane (diagram above) (60 ) and cyclobutane (90 ) are much different than the ideal bond angle of
109.5 . This bond angle causes cyclopropane and cyclobutane to be less stable than molecules such as cyclohexane and cyclopentane, which
have a much lower ring strain because the bond angle between the carbons is much closer to 109.5 . Changes in chemical reactivity as a
consequence of angle strain are dramatic in the case of cyclopropane, and are also evident for cyclobutane.
In addition to angle strain, there is also steric (transannular) strain and torsional strain in many cycloalkanes. Transannular strain exists
when there is steric repulsion between atoms.

H3C
CH3

CH3

steric repulsion

transannular strain

Because cycloalkane lack the ability to freely rotate, torsional (eclipsing) strain exists when a cycloalkane is unable to adopt a staggered
conformation around a C-C bond. Torsional strain is especially prevalent in small cycloalkanes, such as cyclopropane, whose structures are
nearly planar.

The Eclipsed C-H Bonds in Cyclopropane
Larger rings like cyclohexane, deal with torsional strain by forming conformers in which the rings are not planar. A conformer is a
stereoisomer in which molecules of the same connectivity and formula exist as different isomers, in this case, to reduce ring strain. The ring
strain is reduced in conformers due to the rotations around the sigma bonds, which decreases the angle and torsional strain in the ring. The
non-planar structures of cyclohexane are very stable compared to cyclopropane and cyclobutane, and will be discussed in more detail in the
next section.
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Angle Strain - The strain caused by the increase or reduction of bond angles
Torsional Strain - The strain caused by eclipsing bonds on adjacent atoms
Steric Strain - The strain caused by the repulsive interactions of atoms trying to occupy the same space

trans-1,2-Dimethylcyclobutane is more stable than cis-1,2-dimethylcyclobutane. Explain this observation.

Answer
The trans form does not have eclipsing methyl groups, therefore lowering the energy within the molecule. It does however have
hydrogen-methyl eclipsing interactions which are not as high in energy as methyl-methyl interactions.

Cyclobutane has more torsional stain than cyclopropane. Explain this observation.

Answer
Cyclobutane has 4 CH  groups while cyclopropane only has 3. More CH2 groups means cyclobutane has more eclipsing H-H
interactions and therefore has more torsional strain.

EXERCISES
1. Trans-1,2-Dimethylcyclobutane is more stable than cis-1,2-dimethylcyclobutane. Explain this observation.
2. The trans form does not have eclipsing methyl groups, therefore lowering the energy within the molecule. It does however have

hydrogen-methyl interactions, but are not as high in energy than methyl-methyl interactions.

This page titled 4.3: Stability of Cycloalkanes - Ring Strain is shared under a CC BY-SA 4.0 license and was authored, remixed, and/or curated by Steven
Farmer, Dietmar Kennepohl, Krista Cunningham, Tim Soderberg, William Reusch, Kelly Matthews, & Kelly Matthews.

4.3: Stability of Cycloalkanes - Ring Strain by Dietmar Kennepohl, Kelly Matthews, Krista Cunningham, Steven Farmer, Tim Soderberg, William
Reusch is licensed CC BY-SA 4.0.

 THE TYPES OF STRAIN WHICH CONTRIBUTE TO RING STRAIN IN CYCLOALKANES
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