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~ INTRODUCTION TO CYCLOALKANES

Cycloalkanes are saturated cyclic hydrocarbons in which carbon atoms are joined together
to form a ring structure. These compounds contain only carbon-carbon single bonds and
carbon-hydrogen bonds, with the general molecular formula C,Hz,, which is different from
open-chain alkanes that have the formula C,Hzn+2.

Characteristics of Cycloalkanes

e Cycloalkanes are alicyclic compounds, meaning they are aliphatic compounds arranged in
a cyclic manner.

e The ring structure is formed by the bonding of carbon atoms in a closed chain.
e Each carbon atom in the ring is sp® hybridized and forms four sigma bonds.

* The stability of cycloalkanes depends on the size of the ring and the angle strain present in
the molecule.

e Small ring cycloalkanes exhibit unique chemical properties due to ring strain.

¢ Nomenclature

The nomenclature of cycloalkanes follows the IUPAC system where the prefix "cyclo" is
added before the name of the corresponding alkane. The number of carbon atoms in the
ring determines the root name.



¢ Types of Cycloalkanes Based on Ring Size

Small Ring Cycloalkanes: These include cyclopropane (3-membered ring) and cyclobutane
(4-membered ring). These rings are highly strained and reactive due to significant angle
strain.

Common Ring Cycloalkanes: Cyclopentane (5-membered ring) and cyclohexane (6-
membered ring) are relatively stable with minimal strain.

Medium and Large Ring Cycloalkanes: These contain seven or more carbon atoms and
exhibit different conformational behaviors.

STABILITIES OF CYCLOALKANES

The stability of cycloalkanes is primarily determined by the amount of strain present in the
ring structure. Strain in cycloalkanes arises due to deviation from the ideal tetrahedral bond
angle of 109.5°, which is characteristic of sp® hybridized carbon atoms. The stability of
cycloalkanes varies with ring size, and this variation can be understood through several
theories and experimental observations.

lal Factors Affecting Stability

Angle Strain (Baeyer Strain): This strain arises when the bond angles in a cycloalkane
deviate from the ideal tetrahedral angle of 109.5°. Smaller rings have greater angle strain
because the bond angles are forced to be much smaller than the ideal angle.

Torsional Strain: This type of strain occurs due to the eclipsing interactions between
adjacent bonds. When hydrogen atoms on adjacent carbon atoms are in an eclipsed
conformation, electron clouds repel each other, causing torsional strain.

Steric Strain (Van der Waals Strain): This strain results from the repulsive interactions
between atoms or groups that are brought into close proximity due to the ring structure. It
is particularly significant in larger rings where substituents or hydrogen atoms may crowd
each other.

~~ Relative Stability Order
The relative stability of cycloalkanes based on ring size follows a general pattern:
Cyclohexane > Cyclopentane > Cycloheptane > Cyclobutane > Cyclopropane

Cyclohexane is the most stable due to its ability to adopt a chair conformation with minimal
strain. Cyclopropane is the least stable due to maximum angle strain.

@ BAEYER'S STRAIN THEORY



Adolf von Baeyer proposed the strain theory in 1885 to explain the relative stabilities of
cycloalkanes. This theory was one of the first systematic attempts to understand why
certain ring sizes are more stable than others.

© Postulates of Baeyer's Strain Theory

e Baeyer assumed that all cycloalkane rings are planar, meaning all carbon atoms lie in the
same plane.

» The normal tetrahedral angle for sp® hybridized carbon is 109.5° (also known as 109° 28').

e Any deviation from this ideal angle results in angle strain, which decreases the stability of
the molecule.

e The amount of strain in a cycloalkane can be calculated by determining the difference
between the actual bond angle in the ring and the ideal tetrahedral angle.

e According to Baeyer, the greater the deviation from 109.5°, the greater the strain and the
less stable the cycloalkane.

"™, Calculation of Angle Strain

Baeyer developed a formula to calculate the internal angles of regular planar polygons:
Internal angle of a regular polygon = [(n - 2) x 180°] / n

Where n is the number of sides (carbon atoms) in the ring.

The strain angle (deviation) can then be calculated as:

Strain angle = (109.5° - Internal angle) / 2

lal Table: Internal Angles and Strain in Different Cycloalkanes

Cycloalkane Ring Size |Internal Deviation from Strain per ReIaFiye

(n) Angle 109.5° Bond Stability
Cyclopropane|3 60° 49.5° 24.75° Least Stable
Cyclobutane |4 90° 19.5° 9.75° Less Stable
Cyclopentane|5 108° 1.5° 0.75° More Stable
Cyclohexane |6 120° -10.5° 5.25° Most Stable
Cycloheptane|7 128.6° -19.1° 9.55° Less Stable

| Predictions of Baeyer's Theory

e Cyclopropane has the maximum angle strain (24.75° per bond) because its internal angle
(60°) deviates most from the ideal tetrahedral angle.



 Cyclobutane also experiences significant strain with a deviation of 9.75° per bond.

e Cyclopentane should be the most stable according to Baeyer's theory because its internal
angle (108°) is closest to 109.5°, resulting in minimal strain.

e Cyclohexane and larger rings should be less stable than cyclopentane due to negative
strain values, indicating that the internal angles exceed the ideal tetrahedral angle.

Significance of Baeyer's Theory

Baeyer's strain theory successfully explained why small ring cycloalkanes like cyclopropane
and cyclobutane are highly reactive and less stable. It provided a quantitative approach to
understanding molecular stability based on geometric considerations. The theory was
particularly useful in explaining the chemical behavior of three and four-membered rings.

. LIMITATIONS OF BAEYER'S STRAIN THEORY

While Baeyer's strain theory was groundbreaking for its time, it had several significant
limitations that became apparent with further experimental and theoretical investigations.

© Major Limitations

Assumption of Planar Rings: Baeyer's theory assumed that all cycloalkane rings are planar.
However, this assumption is incorrect for most cycloalkanes. Only cyclopropane is truly
planar; all other cycloalkanes adopt non-planar conformations to minimize strain.
Cyclohexane, for instance, exists in a chair conformation, not a planar structure.

Incorrect Prediction for Cyclohexane: According to Baeyer's theory, cyclopentane should be
more stable than cyclohexane because its bond angles are closer to the tetrahedral angle.
However, experimental evidence clearly shows that cyclohexane is actually more stable than
cyclopentane. This contradiction indicates a fundamental flaw in the theory.

Failure to Account for Larger Rings: The theory predicts that as ring size increases beyond
cyclopentane, stability should decrease continuously. However, experimental data shows
that medium-sized rings (7-12 members) have comparable or even greater stability than
predicted.

Neglect of Torsional Strain: Baeyer's theory only considers angle strain and completely
ignores torsional strain, which arises from eclipsing interactions between adjacent bonds.
Torsional strain is a significant contributor to the total strain energy, especially in
cyclobutane and cyclopentane.

Neglect of Steric Strain: The theory does not account for steric strain (Van der Waals
repulsions) that occurs when atoms or groups are forced into close proximity due to the ring
structure. This type of strain is important in medium and large rings.



Incorrect Calculation Method: The calculation of strain based on the difference between
internal angles and the tetrahedral angle is overly simplistic and does not reflect the actual
conformational flexibility of molecules.

No Consideration of Conformational Flexibility: Real molecules are not static; they can
adopt different conformations to minimize energy. Baeyer's theory does not account for the
fact that most cycloalkanes can pucker or twist to reduce strain.

@, Experimental Contradictions

» Heat of combustion data shows that cyclohexane releases less heat per CH, group than
cyclopentane, indicating that cyclohexane is more stable, contrary to Baeyer's predictions.

e Chemical reactivity of cyclobutane and cyclopropane supports high strain, but the
reactivity of larger rings does not follow the pattern predicted by Baeyer.

e Spectroscopic studies have confirmed that most cycloalkanes are non-planar, directly
contradicting the fundamental assumption of Baeyer's theory.

(5] COULSON AND MOFFITT'S MODIFICATION

To address the limitations of Baeyer's strain theory, Charles Coulson and William Moffitt
proposed important modifications in the mid-20th century. Their work incorporated
modern concepts of molecular orbital theory and quantum mechanics to provide a more
accurate understanding of cycloalkane stability.

© Key Concepts of Coulson and Moffitt's Modification

Bent Bonds (Banana Bonds): Coulson and Moffitt introduced the concept of bent bonds to
explain the bonding in small ring cycloalkanes. In cyclopropane, the carbon-carbon bonds
are not formed by direct overlap of sp? hybrid orbitals along the internuclear axis. Instead,
the electron density of the sigma bond is bent outward from the direct line connecting the
two carbon nuclei, creating what is known as a "banana bond" or bent bond.

Hybridization in Strained Rings: The modification challenged the assumption that carbon
atoms in cycloalkanes always use sp® hybridization. In highly strained rings like
cyclopropane, the carbon atoms use orbitals with more p-character for ring bonding
(approximately sp> hybridization) and orbitals with more s-character for bonding to
hydrogen atoms (approximately sp? hybridization).

Distribution of Strain: According to this modification, the strain in cycloalkanes is not
uniformly distributed as Baeyer suggested. The strain energy is localized in specific regions
of the molecule, particularly in the bent bonds of small rings.



Orbital Overlap Efficiency: The efficiency of orbital overlap in bent bonds is less than in
normal sigma bonds formed by direct orbital overlap. This reduced overlap contributes to
the instability and high reactivity of small ring compounds.

" Explanation of Cyclopropane

In cyclopropane, the C-C-C bond angles are 60°, which is far from the ideal tetrahedral
angle. To accommodate this geometry:

* The carbon atoms cannot use pure sp® hybrid orbitals for ring bonding because this would
require impossible bond angles.

e Instead, the carbon atoms use hybrid orbitals with increased p-character (approximately
sp°) for ring bonds.

e The electron density of the C-C bonds is displaced outward from the internuclear axis,
creating bent bonds.

e The orbitals used for C-H bonds have increased s-character (approximately sp?), making
these bonds shorter and stronger than typical C-H bonds.

e This rearrangement of electron density explains both the high strain energy and the
unigue chemical properties of cyclopropane.

Advantages of Coulson and Moffitt's Modification
* Provides a quantum mechanical explanation for the nature of bonding in strained rings.

* Explains why cyclopropane, despite having 60° bond angles, does not simply decompose
immediately.

e Accounts for the unique reactivity patterns observed in small ring cycloalkanes.

e Reconciles experimental observations with theoretical predictions by considering orbital
hybridization flexibility.

e Introduces the concept that molecular geometry and electronic structure are intimately
connected and can adapt to minimize energy.

(5) SACHSE MOHR'S THEORY (THEORY OF STRAINLESS RINGS)

The Sachse-Mohr theory, proposed independently by Hermann Sachse in 1890 and later
expanded by Ernst Mohr in 1918, revolutionized the understanding of cycloalkane stability
by introducing the concept of non-planar ring conformations.

© Fundamental Postulates

Non-Planar Ring Structures: The theory proposed that cycloalkanes, particularly
cyclohexane and larger rings, are not planar but exist in puckered or folded conformations.



This puckering allows the bond angles to remain close to the ideal tetrahedral angle of
109.5°, thereby minimizing or eliminating angle strain.

Strainless Cyclohexane: According to this theory, cyclohexane can adopt conformations
(particularly the chair conformation) in which all bond angles are exactly 109.5° and all
adjacent C-H bonds are staggered. This results in a completely strainless structure with no
angle strain and no torsional strain.

Conformational Flexibility: The theory emphasized that cycloalkanes are not rigid
structures but can undergo conformational changes. Different conformations have different
energies, and molecules adopt the most stable conformation under given conditions.

Distinction Between Angle and Torsional Strain: Sachse and Mohr recognized that total
strain in cycloalkanes comes from both angle strain and torsional strain. By adopting non-
planar conformations, cycloalkanes can minimize both types of strain simultaneously.

" Application to Different Cycloalkanes

Cyclopropane: Due to its small size, cyclopropane must be planar and cannot relieve angle
strain through puckering. All three carbon atoms lie in the same plane, and the theory
confirms that this ring suffers from unavoidable angle strain.

Cyclobutane: Cyclobutane is not planar but adopts a slightly puckered "butterfly" or "bent"
conformation. This puckering reduces torsional strain from eclipsing interactions, although
significant angle strain still remains. The puckering angle is approximately 25° from
planarity.

Cyclopentane: Cyclopentane exists in a puckered "envelope" or "half-chair" conformation.
These conformations reduce torsional strain but introduce a small amount of angle strain.
The molecule constantly interconverts between different envelope conformations through a
process called pseudorotation.

Cyclohexane: This is the prime example of a strainless ring. Cyclohexane exists
predominantly in the chair conformation, where all bond angles are 109.5° and all adjacent
bonds are staggered. There is no angle strain and no torsional strain in this conformation,
making cyclohexane exceptionally stable.

Larger Rings: Rings with seven or more carbon atoms can adopt various conformations that
minimize strain. These conformations are more complex and may involve multiple types of
interactions.

lal Table: Conformations and Strain in Different Cycloalkanes

Preferred Angle Torsional Total Strain Energy

Cycloalkane
y Conformation Strain Strain (kcal/mol)

Cyclopropane|Planar High High 27.5




Cycloalkane Preferred - Ang!e Tors'ional Total Strain Energy
Conformation Strain Strain (kcal/mol)

Cyclobutane |Puckered (Butterfly) [Moderate |Reduced 26.3

Cyclopentane|Envelope/Half-chair |Low Low 6.5

Cyclohexane ||Chair None None 0

Cycloheptane|Chair/Twist-chair Low Low 6.2

@, Chair Conformation of Cyclohexane

The chair conformation is the most stable conformation of cyclohexane and serves as the
perfect example of Sachse-Mohr's strainless ring concept.

Characteristics:

e All six carbon atoms are not in the same plane; the ring is puckered.

e Four carbon atoms form a plane with one carbon atom above and one below this plane.
e All C-C-C bond angles are exactly 109.5°, eliminating angle strain.

e All adjacent C-H bonds are in a staggered arrangement, eliminating torsional strain.

e There are two types of hydrogen positions: axial (perpendicular to the average plane of
the ring) and equatorial (roughly in the plane of the ring).

* Six hydrogens are axial and six are equatorial, arranged alternately around the ring.
Significance of Sachse-Mohr's Theory

e Successfully explained why cyclohexane is more stable than cyclopentane, resolving the
major contradiction in Baeyer's theory.

e Introduced the crucial concept that molecules are three-dimensional and flexible, not
static planar structures.

e Laid the foundation for conformational analysis, which became a major branch of organic
chemistry.

e Explained the heat of combustion data and other thermodynamic properties of
cycloalkanes.

* Provided a framework for understanding the chemistry of six-membered rings, which are
abundant in natural products and pharmaceuticals.

5] Dynamic Nature of Conformations

An important aspect of Sachse-Mohr's theory is that conformations are not static.
Cyclohexane, for instance, can undergo ring flipping, where the chair conformation inverts



to another chair conformation. During this process, axial and equatorial positions
interchange. This dynamic behavior occurs rapidly at room temperature and is an essential
feature of cycloalkane chemistry.

s REACTIONS OF CYCLOPROPANE

T

Cyclopropane is the smallest cycloalkane and exhibits unique chemical reactivity due to its
high ring strain. The large amount of angle strain (24.75° per bond) makes cyclopropane
much more reactive than typical alkanes and even other cycloalkanes. Cyclopropane
undergoes ring-opening reactions readily, converting the strained three-membered ring into
more stable open-chain or larger ring structures.

Characteristic Reactivity

Despite being a saturated hydrocarbon, cyclopropane shows reactivity similar to alkenes in
some reactions due to the bent nature of its C-C bonds. The high strain energy stored in the
ring is released upon ring opening, providing a thermodynamic driving force for these
reactions.

Major Reactions of Cyclopropane
1. Catalytic Hydrogenation

Cyclopropane undergoes catalytic hydrogenation in the presence of metal catalysts such as
platinum (Pt), palladium (Pd), or nickel (Ni) at elevated temperatures. The three-membered
ring opens, and hydrogen is added to form propane.

Reaction:
CsHg + Hy & CH3-CH,-CHs (Propane)
Conditions: Metal catalyst (Pt, Pd, or Ni), heat

Mechanism: The reaction proceeds through adsorption of both cyclopropane and hydrogen
on the catalyst surface, followed by ring opening and hydrogen addition.

Significance: This reaction demonstrates that cyclopropane can behave like an unsaturated
compound despite having only single bonds.

2. Halogenation

Cyclopropane reacts with halogens (chlorine and bromine) to undergo ring-opening
halogenation, producing 1,3-dihaloalkanes.

Reaction with Chlorine:
CsHe + Cl; & CI-CH,-CH,-CH,-Cl (1,3-Dichloropropane)

Reaction with Bromine:



CsHe + Br, = Br-CH,-CH,-CH,-Br (1,3-Dibromopropane)
Conditions: Room temperature or heat, sometimes in the presence of light or a catalyst

Mechanism: The reaction involves homolytic cleavage of the halogen molecule followed by
ring opening and addition of halogen atoms to the terminal carbons.

Product: The major product is the 1,3-dihalopropane, formed by ring opening and addition
across what were the C1 and C3 positions of the ring.

3. Reaction with Hydrogen Halides

Cyclopropane reacts with hydrogen halides (HCI, HBr, HI) to produce alkyl halides through
ring-opening reactions.

Reaction with HBr:

CsHe + HBr = CH3-CH,-CH,-Br (n-Propyl bromide)

Reaction with HI:

CsHe + HI = CH3-CH,-CH,-I (n-Propyl iodide)

Conditions: Usually requires heat or the presence of a catalyst

Mechanism: The reaction proceeds through protonation of one of the carbon atoms,
followed by ring opening and nucleophilic attack by the halide ion.

Product: The primary alkyl halide is formed as the major product.
4. Reaction with Sulfuric Acid

Cyclopropane reacts with concentrated sulfuric acid to form propyl hydrogen sulfate, which
upon hydrolysis gives propanol.

Reaction:

CsHe + H,SO4 = CH3-CH,-CH,-OSOsH (Propyl hydrogen sulfate)
CHs3-CH,-CH»-0OSOsH + H,0 - CHs-CH,-CH,-OH (n-Propanol) + H,SO4
Conditions: Concentrated H,SQ,4, followed by hydrolysis with water

Mechanism: Protonation of the ring leads to ring opening, followed by nucleophilic attack
by the bisulfate ion. Subsequent hydrolysis replaces the sulfate group with a hydroxyl group.

Product: The primary alcohol (n-propanol) is obtained after hydrolysis.
5. Oxidation

Cyclopropane can be oxidized under specific conditions, though it is less common than
other reactions.

Reaction:



CsHe + [O] = Various oxidation products
Conditions: Strong oxidizing agents, specific reaction conditions

Products: Depending on the oxidizing agent and conditions, products may include carbon
dioxide, water, carboxylic acids, or other oxidized species.

6. Combustion

Like all hydrocarbons, cyclopropane undergoes complete combustion in the presence of
excess oxygen to produce carbon dioxide and water, releasing a large amount of energy.

Reaction:
CsHe +9/2 O, > 3 CO; + 3 H,0 + Energy
Conditions: Excess oxygen, ignition

Significance: Cyclopropane was historically used as an anesthetic in medicine, partly
because it produces smooth anesthesia, though its use has declined due to its flammability.

Reaction Mechanism Insights

Most ring-opening reactions of cyclopropane proceed through heterolytic or homolytic
bond cleavage, depending on the reagent and conditions. The high ring strain provides the
driving force for these reactions, as the ring opening releases approximately 27.5 kcal/mol
of strain energy. The reactivity pattern shows that cyclopropane behaves somewhat like an
alkene in addition reactions, despite being fully saturated.

" Stability Considerations

The ease with which cyclopropane undergoes ring-opening reactions is direct evidence of its
high strain energy. The fact that cyclopropane can be hydrogenated like an alkene highlights
the unique nature of its bonding. The bent bonds (banana bonds) in cyclopropane have
characteristics intermediate between normal single bonds and double bonds, explaining this
alkene-like reactivity.

s REACTIONS OF CYCLOBUTANE

Cyclobutane, with its four-membered ring, is more stable than cyclopropane but still
contains significant ring strain (approximately 26.3 kcal/mol). The angle strain in
cyclobutane (9.75° per bond) is less than in cyclopropane, but the molecule still undergoes
ring-opening reactions, though it is generally less reactive than cyclopropane. The puckered
conformation of cyclobutane reduces torsional strain but cannot eliminate angle strain
completely.

General Reactivity



Cyclobutane is more stable than cyclopropane due to lower ring strain, but it is still
significantly more reactive than open-chain alkanes or larger cycloalkanes. The four-
membered ring opens under appropriate conditions to form more stable products.
However, cyclobutane requires more forcing conditions (higher temperature, stronger
reagents) compared to cyclopropane for similar reactions.

Major Reactions of Cyclobutane
1. Catalytic Hydrogenation

Cyclobutane can undergo catalytic hydrogenation to produce n-butane, though this reaction
requires more vigorous conditions than the corresponding reaction of cyclopropane.

Reaction:
C4H3 + H, - CH3'CH2'CH2'CH3 (n—Butane)
Conditions: Metal catalyst (Pt, Pd, or Ni), elevated temperature and pressure

Mechanism: The reaction involves adsorption on the catalyst surface, ring opening, and
addition of hydrogen atoms.

Comparison with Cyclopropane: Cyclobutane hydrogenation requires higher temperature
and pressure than cyclopropane hydrogenation due to lower ring strain.

2. Halogenation

Cyclobutane reacts with halogens under appropriate conditions to undergo ring-opening,
producing 1,4-dihalobutanes.

Reaction with Chlorine:

C4Hsg + Cl; = ClI-CH;,-CH,-CH,-CH»-Cl (1,4-Dichlorobutane)
Reaction with Bromine:

C4Hg + Bry & Br-CH,-CH,-CH,-CH,-Br (1,4-Dibromobutane)
Conditions: Heat or UV light, sometimes with a catalyst

Mechanism: Radical mechanism involving homolytic cleavage of the halogen molecule and
ring opening.

Product: The 1,4-dihalobutane is formed as the major product through ring opening.

Note: Cyclobutane halogenation requires more forcing conditions than cyclopropane
halogenation.

3. Reaction with Hydrogen Halides

Cyclobutane can react with hydrogen halides to produce alkyl halides, though the reaction is
slower and requires more vigorous conditions compared to cyclopropane.



Reaction with HBr:

C4Hg + HBr = CHs-CH,-CH,-CH,-Br (n-Butyl bromide)

Conditions: Heat, often with a Lewis acid catalyst

Mechanism: Protonation followed by ring opening and nucleophilic substitution.
Product: n-Butyl halide (primary alkyl halide) is the major product.

4. Pyrolysis (Thermal Cracking)

Cyclobutane undergoes pyrolysis at high temperatures, breaking down into smaller
molecules. This is one of the most characteristic reactions of cyclobutane.

Reaction:
CsHg = 2 C,H4 (Ethylene)
Conditions: High temperature (approximately 400-450°C)

Mechanism: The reaction proceeds through a concerted mechanism where the ring breaks
and two molecules of ethylene are formed simultaneously.

Significance: This reaction demonstrates the thermal instability of cyclobutane and is
evidence of ring strain.

Alternative Products: Under certain conditions, pyrolysis may also produce propene and
methane or other small hydrocarbons.

5. Oxidation

Cyclobutane can be oxidized under specific conditions, though complete oxidation is more
common.

Controlled Oxidation:
C4Hs + [O] = Various oxidation products
Conditions: Specific oxidizing agents under controlled conditions

Products: Depending on conditions, products may include alcohols, ketones, carboxylic
acids, or further oxidized species.

6. Combustion

Cyclobutane undergoes complete combustion in excess oxygen to produce carbon dioxide
and water.

Reaction:
C4Hg + 6 O > 4 CO; + 4 H,0 + Energy

Conditions: Excess oxygen, ignition



Energy Release: The combustion of cyclobutane releases substantial energy due to both the
breaking of C-C and C-H bonds and the relief of ring strain.

7. Ring Expansion Reactions

Under certain conditions, cyclobutane can undergo ring expansion to form larger, more
stable rings or rearranged products.

General Reaction:

C4Hsg + Reagent - Cs or Ce cyclic products

Conditions: Specific catalysts or reagents, appropriate temperature

Mechanism: Carbocation intermediates may be involved in ring expansion reactions.

Products: Five or six-membered rings, which are more stable than the four-membered ring.

Comparison of Cyclopropane and Cyclobutane Reactivity

Ring Strain: Cyclopropane has higher ring strain (27.5 kcal/mol) compared to cyclobutane
(26.3 kcal/mol), making cyclopropane more reactive.

Reaction Conditions: Cyclopropane reactions generally proceed under milder conditions,
while cyclobutane requires more forcing conditions.

Bond Angles: Cyclopropane (60° bond angles) has greater angle strain than cyclobutane
(90° bond angles).

Conformational Flexibility: Cyclobutane can adopt a puckered conformation to reduce
torsional strain, while cyclopropane is strictly planar.

Hydrogenation: Both undergo catalytic hydrogenation, but cyclopropane reacts more
readily.

Halogenation: Both undergo ring-opening halogenation, producing 1,3-dihalopropane and
1,4-dihalobutane respectively.

Thermal Stability: Cyclobutane is more thermally stable but still undergoes pyrolysis at
elevated temperatures.

. Mechanistic Insights

The reactions of cyclobutane generally proceed through mechanisms that involve initial
weakening or breaking of one C-C bond in the ring, followed by ring opening and reaction
with the reagent. The driving force for these reactions is the relief of ring strain. While
cyclobutane is less reactive than cyclopropane, it is still significantly more reactive than
unstrained alkanes or larger cycloalkanes like cyclohexane.

sl Table: Comparison of Cyclopropane and Cyclobutane Reactions



Reaction Type Cyclopropane Cyclobutane Relative Reactivity

Catalytic Mild conditions (Pt/Pd, |More vigorous Cyclopropane >>
Hydrogenation moderate heat) conditions Cyclobutane

. Room temperature or |[Requires heat or UV |Cyclopropane >
Halogenation P a ycloprop

mild heat light Cyclobutane
More forci I >
Reaction with HX ||[Moderate conditions Ore_ .orcmg Cyclopropane
conditions Cyclobutane
Cyclobutane shows
Pyrolysis Not typical 400-450°C - 2 CHa Y . )
characteristic pyrolysis
Complete
. Complete combustion, P _ . o
Combustion : combustion, high Similar
high energy
energy
Cyclopropane >
Ring Strain Energy|27.5 kcal/mol 26.3 kcal/mol FESRSE
Cyclobutane
= SUMMARY

Cycloalkanes are fascinating compounds whose chemistry is governed by the interplay
between molecular geometry and electronic structure. The journey from Baeyer's initial
strain theory through Coulson and Moffitt's quantum

mechanical modifications to Sachse-Mohr's theory of strainless rings represents a
remarkable evolution in our understanding of molecular stability and reactivity.

© Key Takeaways

Nature of Cycloalkanes: These saturated cyclic hydrocarbons with the general formula
CnHa2, exhibit properties distinct from their open-chain counterparts due to their ring
structure.

Stability Factors: The stability of cycloalkanes depends on three primary types of strain:
« Angle strain (Baeyer strain) from deviation of bond angles from the ideal 109.5°
« Torsional strain from eclipsing interactions between adjacent bonds
« Steric strain from repulsive interactions between atoms in close proximity

Evolution of Theories: The progression from Baeyer's planar ring assumption to Sachse-
Mohr's recognition of non-planar conformations demonstrates how scientific understanding
evolves through the integration of experimental evidence and theoretical refinement.



Small Ring Chemistry: Cyclopropane and cyclobutane exemplify how ring strain translates
into chemical reactivity. These compounds undergo ring-opening reactions that are
uncommon in typical saturated hydrocarbons, demonstrating that molecular geometry
profoundly influences chemical behavior.

Cyclohexane as the Ideal: The chair conformation of cyclohexane represents the perfect
balance of structural requirements, achieving a strainless state that makes it the most stable
cycloalkane and a common structural motif in natural products and pharmaceuticals.

@, Theoretical Insights
The study of cycloalkanes provides several important lessons in organic chemistry:

Molecular Flexibility: Molecules are not static structures but dynamic entities that adopt
conformations to minimize energy. This concept is fundamental to understanding the
behavior of all organic compounds.

Quantum Mechanical Reality: The bent bonds in cyclopropane, as explained by Coulson
and Moffitt, show that simple orbital overlap models must sometimes be modified to
account for geometric constraints.

Structure-Property Relationships: The direct correlation between ring size, strain energy,
and chemical reactivity in cycloalkanes illustrates how molecular structure determines
chemical properties.

Thermodynamic Driving Forces: The release of strain energy provides a powerful driving
force for chemical reactions, explaining why strained rings react under conditions where
unstrained compounds are inert.

lsl Comprehensive Comparison Table

Property Cyclopropane Cyclobutane Cyclopentane Cyclohexane
Ring Size 3-membered 4-membered 5-membered 6-membered
Molecular
C3H6 C4H8 C5H10 C6H12
Formula
Puckered Envelope/Half- Chair
Conformation Planar (forced
( ) (butterfly) chair (preferred)
Internal Angle 60° 90° 108° All at 109.5°
) Maximum (24.75° |[High (9.75° per |Minimal (0.75° per
Angle Strain N 0°
& ! per bond) bond) bond) one (0°)




Property Cyclopropane Cyclobutane Cyclopentane Cyclohexane
) . Maximum (all Reduced by . None in chair
Torsional Strain . _ Minimal
eclipsed) puckering form
Total Strain
27.5 kcal/mol 26.3 kcal/mol  |6.5 kcal/mol 0 kcal/mol
Energy
Relative Stability |[Least stable Low stability Moderately stable |[Most stable
Chemical Highly reactive Moderately . Very low
L. . . Low reactivity .
Reactivity (alkene-like) reactive reactivity
Ring-Openin
Ing-Upening Very high High Low Very low
Tendency
Bent bonds Partially bent Normal
Bond Character y Normal ¢ bonds ©
(banana bonds) bonds bonds

Hybridization

Unusual (sp® for C-
C)

Slightly
distorted sp3

Normal sp3

Perfect sp?

Practical Applications

Understanding cycloalkane chemistry has numerous practical applications:

Pharmaceutical Design: Many drugs contain cycloalkane rings, particularly six-membered
rings, due to their stability and well-defined three-dimensional structure.

Natural Product Chemistry: Cycloalkanes are common structural features in terpenes,
steroids, and other natural products. Understanding their conformational preferences is
essential for understanding biological activity.

Synthetic Strategy: The reactivity of small ring cycloalkanes makes them useful synthetic
intermediates. Ring-opening reactions can be used strategically to introduce functional
groups at specific positions.

Material Science: Cycloalkane-containing polymers and materials exploit the rigidity and
defined geometry of ring structures.

Anesthetics: Although less common now, cyclopropane was historically used as an
anesthetic, demonstrating how molecular properties translate to biological effects.

. Advanced Concepts

Ring Flipping: Cyclohexane undergoes rapid interconversion between chair conformations
at room temperature, with axial and equatorial positions exchanging. This dynamic process
occurs approximately 100,000 times per second at 25°C.



Conformational Energy: The energy difference between chair and boat conformations of
cyclohexane is approximately 6.5 kcal/mol, explaining why the chair form predominates.

Substituent Effects: In substituted cyclohexanes, bulky substituents prefer equatorial
positions to minimize steric interactions, a principle crucial in stereochemistry and
molecular recognition.

Medium Rings: Cycloalkanes with 7-11 members show interesting conformational
complexity and may exhibit transannular interactions, where atoms across the ring interact
sterically or electronically.

Bridged and Fused Rings: More complex polycyclic systems build upon the principles
established for simple cycloalkanes, with additional considerations for ring fusion geometry
and bridgehead positions.

Ik Historical Significance
The development of cycloalkane theory represents a milestone in organic chemistry:

1885: Baeyer proposed his strain theory, providing the first quantitative approach to
understanding cycloalkane stability.

1890: Sachse proposed non-planar cyclohexane, though his work was initially not widely
accepted.

1918: Mohr revived and expanded Sachse's ideas, establishing the foundation for
conformational analysis.

1950s: Coulson and Moffitt applied quantum mechanics to explain bent bonds in small
rings.

1960s-1970s: Advanced spectroscopic techniques confirmed the conformational predictions
and enabled detailed study of ring dynamics.

This historical progression shows how organic chemistry evolved from simple geometric
models to sophisticated quantum mechanical understanding, integrating theory and
experiment.

€ Examination and Study Tips

Understand, Don't Memorize: Focus on understanding why cycloalkanes behave as they do
rather than memorizing facts. Understanding strain types and their consequences will help
predict reactivity patterns.

Draw Structures: Practice drawing cycloalkanes in different conformations, especially the
chair conformation of cyclohexane with axial and equatorial bonds clearly indicated.

Compare and Contrast: Be able to explain the differences between Baeyer's theory and
Sachse-Mohr's theory, including why each was proposed and what problems each solved.



Connect Theory to Reactivity: Link the high reactivity of cyclopropane and cyclobutane
directly to their strain energy. Use specific reactions as examples of how strain energy drives
chemical transformations.

Know the Limitations: Understanding the limitations of Baeyer's theory is as important as
knowing the theory itself. This demonstrates critical thinking about scientific models.

Practice Calculations: Be comfortable calculating internal angles, deviation angles, and
strain per bond for different ring sizes using Baeyer's formulas.

Mechanism Understanding: For cyclopropane and cyclobutane reactions, understand the
general mechanism pattern: the ring opens to release strain, allowing the reaction to
proceed.

Modern Perspectives
Contemporary organic chemistry continues to build on these foundational concepts:

Computational Chemistry: Modern computational methods can calculate strain energies
and predict conformations with high accuracy, validating and extending classical theories.

Spectroscopic Techniques: NMR spectroscopy, X-ray crystallography, and other advanced
techniques provide direct observation of molecular conformations and dynamics.

Asymmetric Synthesis: Understanding cycloalkane conformations is crucial for controlling
stereochemistry in complex molecule synthesis.

Drug Design: Conformational analysis of cycloalkane-containing molecules helps predict
their binding to biological targets and their metabolic stability.

Green Chemistry: Understanding the reactivity of strained rings has led to development of
ring-opening polymerization methods and other environmentally friendly synthetic
approaches.

® Pharmaceutical Relevance
Cycloalkane chemistry has direct relevance to pharmaceutical sciences:

Cyclohexane Derivatives: Many pharmaceutical compounds contain cyclohexane rings or
their derivatives (e.g., piperidine, morpholine).

Cyclopropane Motifs: Despite their strain, cyclopropane rings appear in some drugs
because they provide rigidity and unique three-dimensional shape.

Conformational Restriction: Incorporating cycloalkane rings into drug molecules restricts
conformational freedom, potentially improving binding specificity to biological targets.

Metabolic Stability: The stability of different cycloalkanes affects how drugs containing
these rings are metabolized in the body.



Stereochemistry: The defined geometry of cycloalkanes, especially cyclohexane chair
conformations, is crucial for understanding drug stereochemistry and its effects on
biological activity.

@ Future Directions
The study of cycloalkanes continues to evolve:

Strained Ring Synthesis: New methods for synthesizing and functionalizing highly strained
cycloalkanes expand synthetic capabilities.

Bioorthogonal Chemistry: Strained cycloalkanes, particularly cyclopropane derivatives, are
finding applications in bioorthogonal reactions for chemical biology.

Materials Applications: Cycloalkane-containing polymers and materials with defined
geometries are being developed for specialized applications.

Computational Prediction: Machine learning and advanced computational methods are
improving our ability to predict the behavior of complex cycloalkane systems.

Green Catalysis: Development of new catalytic methods for ring-opening and ring-forming
reactions of cycloalkanes supports sustainable chemistry.

(| CONCLUSION

The study of cycloalkanes—from their fundamental structure to their chemical reactivity—
represents a perfect integration of theory, experiment, and application in organic chemistry.
The progression from Baeyer's strain theory through modern conformational analysis
demonstrates how scientific understanding deepens through critical examination of
experimental evidence and refinement of theoretical models.

Cyclopropane and cyclobutane, with their high strain energies, exhibit remarkable
reactivity that sets them apart from typical saturated hydrocarbons. Their ability to undergo
ring-opening reactions under conditions where normal alkanes are inert illustrates the
profound effect of molecular geometry on chemical behavior.

Cyclohexane, in its perfect chair conformation, represents the ideal cycloalkane—
completely strainless and stable, yet capable of dynamic conformational interconversions
that are fundamental to the behavior of countless natural products and synthetic
compounds.

The theories developed to explain cycloalkane behavior—Baeyer's strain theory, Coulson
and Moffitt's bent bond concept, and Sachse-Mohr's non-planar ring theory—collectively
provide a comprehensive framework for understanding not just cycloalkanes but molecular
structure and reactivity in general. These concepts extend far beyond simple ring



compounds, influencing our understanding of conformational analysis, stereochemistry,
reaction mechanisms, and molecular design.

For pharmacy students, mastering cycloalkane chemistry provides essential knowledge for
understanding drug structure, stability, and metabolism. The principles learned here will be
encountered repeatedly in medicinal chemistry, natural product chemistry, and
pharmaceutical analysis.

Remember: Chemistry is not about memorizing facts but about understanding principles
that explain and predict molecular behavior. The story of cycloalkanes—from their synthesis
to their reactions—exemplifies how structure determines properties, and how proper
understanding of molecular architecture leads to practical applications in science and
medicine.

© IMPORTANT POINTS FOR REVISION
Cycloalkanes have the general formula C,H,, and consist of saturated carbon rings.

Three types of strain affect cycloalkane stability: angle strain, torsional strain, and steric
strain.

Baeyer's theory assumed planar rings and calculated strain based on deviation from
109.5° bond angles.

Limitations of Baeyer's theory include incorrect planar assumption and wrong
prediction that cyclopentane is more stable than cyclohexane.

Coulson and Moffitt introduced bent bonds (banana bonds) to explain bonding in
strained rings using quantum mechanics.

Sachse-Mohr theory proposed non-planar conformations, explaining that cyclohexane
adopts a strainless chair conformation.

Cyclopropane is planar, highly strained (27.5 kcal/mol), and undergoes ring-opening
reactions like hydrogenation, halogenation, and reaction with hydrogen halides.

Cyclobutane is puckered, moderately strained (26.3 kcal/mol), and undergoes similar
but less facile ring-opening reactions than cyclopropane.

Cyclohexane is the most stable cycloalkane with zero strain energy in its chair
conformation.

Reactivity order: Cyclopropane > Cyclobutane > Higher cycloalkanes, correlating directly
with strain energy.



END OF UNIT 5 - CYCLOALKANES

® Study Smart, Study Well! Lk

Understanding the "why" behind chemical behavior is more valuable than memorizing the
"what." Apply these principles, practice drawing structures, and connect theory to reactivity
for mastery of cycloalkane chemistry.



