
INTRODUCTION TO THEORY OF CHEMICAL REACTIONS

BACKGROUND

The introductory part of the organic chemistry course has three major modules: Molecular architecture (structure), molecular dynamics
(conformational analysis), and molecular transformations (chemical reactions). An understanding of the first two is crucial to an understanding
of the third one. The rest of the organic chemistry course will be largely spent on studying different kinds of reactions and mechanisms. A
summary of key concepts follows.

1. MOLECULAR ARCHITECTURE - Basic principles of molecular structure.

a) Atomic structure
b) Orbitals and hybridization
c) Covalent bonding
d) Lewis structures and resonance forms
e) Isomerism, structural  and geometric isomers
f) Polarity, functional groups, nomenclature systems
g) Three-dimensional structures, stereochemistry, stereoisomers.

2. MOLECULAR DYNAMICS - Basic principles of molecular motion involving rotation around single bonds and no bond breakage.
   The focus is on conformations and their energy relationships, especially in reference to alkanes and cycloalkanes (conformational analysis).

a) Steric interactions
b) Torsional strain and Newman projections
c) Angle strain in cycloalkanes
d) Conformations of cyclohexane and terminology associated with it.

3. MOLECULAR TRANSFORMATIONS - This is the part that comprises the bulk of organic chemistry courses. It is the study of chemical
    reactions and the principles that rule transformations. There are three major aspects of this module. In organic chemistry I we will focus
    largely on the first two, and leave the study of synthetic strategy for later.

a) Reaction mechanisms - Step by step accounts of how electron movement takes place when bonds are broken and formed, and the
                conditions that favor these processes (driving forces). An understanding of the basic concepts of thermodynamics and kinetics is
                important here.

b) Energetics - An account of energy changes and/or requirements that take place during the course of a transformation.
c) Synthetic strategy - An understanding of the specific chemistry of functional groups and how it can be used to design molecules

                with specific structural features.



ENERGY PROFILES AND REACTION PROFILES

A reaction profile is a plot of free energy (y-axis) vs. reaction progress (x-axis, or time axis). It is basically a movie played frame by frame.
The x-axis represents sequential time events, or stages of the reaction. The y-axis represents the free energy associated with the structural
changes taking place during the transformation.

As an example, consider the potential energy diagram of n-butane for rotation around the C2-C3 axis. For each stage during the rotation
sequence (x-axis) there is a potential energy level associated with the particular structure that results from the rotation.

Source: Wade, Jr., L.G. Organic Chemistry, 5th ed. Pearson Education Inc., 2003

As an analogy (and an excuse to have a little fun), play a car chase sequence from an action movie frame by frame. The “low energy” images
(e.g. when the chase is just beginning) have more definition than the “high energy” images (at the height of the chase), which appear more
blurred.



FACTORS THAT AFFECT POTENTIAL ENERGY

The potential energy level of a structure or a system reflects its stability under ordinary conditions (e.g. standard temperature and pressure).The
relationship is inverse. The higher the potential energy, the lower the stability of the system, and viceversa. There are many factors that affect
the potential energy of a chemical structure or system. They can roughly be divided into those due to mass interactions and those due to
electronic (charge) interactions.

Examples of mass interactions are steric effects. Whenever bulky groups get too close to each other a source of strain is introduced in the
system and the potential energy goes up. Torsional strain is an instance of this type of interaction. Examples of electronic interactions are
the repulsions between covalent bonds and lone electron pairs that compel the molecule to acquire a specific geometry in which all these
entities are as far appart from each other as possible. Whenever we force these bonds to be closer to each other than in the optimal geometry,
a source of strain is introduced.

Examples of charge (electrostatic) interactions are resonance structures where like charges are too close to each other. The repulsions between
like charges raises the potential energy of the structure, making it into a minor contributor to the hybrid. On the other hand, the solvation
process, where the partial dipoles of the solvent interact with those of the solute, but of opposite sign, results in a favorable interaction that
stabilizes the system (lowers its potential energy). Hydrogen bonding is a similar interaction that brings added stability to structural arrangements
such as the DNA helix and many proteins.

Resonance (electronic and charge delocalization) stabilizes a system by spreading charges and electrons over a larger area as compared to
a system where electrons and charges are localized. Delocalization lowers the potential energy of the system. Finally, many chemical bonds
form because the process of bond formation lowers the energy of the system compared to  the isolated atoms.

BOND BREAKING AND BOND FORMATION

The simplest and first process that takes place during a chemical transformation is the breaking of a bond. The following discussion is confined
to covalent bonds because they are the most prevalent in organic molecules. Breaking bonds always requires an energy input. A free
energy diagram for the breaking of a covalent bond between atoms A and B would have the following appearance.
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If we were to visualize the breaking of this bond “frame by frame,” we would see the bond stretching gradually until it snapped. At the same
time we would see a gradual increase of the free energy of the system.
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The process of bond formation, being the opposite of bond breaking, always releases energy. That is, lowers the energy of the system.
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NOTE: This discussion assumes that the reader is familiar with basic thermodynamic  concepts such as free energy, enthalpy, entropy, etc.
Refer to the appropriate sections in your textbook for detailed explanations (Sections 4-4 and 4-5 in the Wade textbook, 4th and 5th editions).

TRANSITION STATES

One of the simplest types of organic reactions is the Sn2 reaction (Ch. 6 in the Wade textbook). In this reaction a bond is being broken as
another bond is formed almost simultaneously. Atom A moves towards molecule B-C. As A bonds to B, C is breaking away.

A  +   B-C                      A-B  +  C

If we were to view this process “frame by frame,” we would see an energy diagram showing each stage of the process and the corresponding
energy levels associated with each stage of the process. This is one of the simplest types of reaction profiles.



A point of particular interest in this reaction profile is the energy maximum. The structural species that exists at this point is called a transition
state (shown in red). It is customary to enclose this structure in brackets, with a double dagger at the top right. The transition state represents
a point of such high energy that it cannot possibly exist for any length of time. As an analogy, think of a rubber band that gets stretched to
the point where it’s about to snap. The state of maximum energy occurs a fraction of a millisecond before it snaps. The rubber band cannot
stay in that state for any length of time. Either it relaxes and goes back to its original state, or it snaps. Either way it must go down to a more
stable state. Therefore, transition states cannot be physically or experimentally observed, much less studied. Their existence and their structure
must be inferred from other information, especially that which pertains the surrounding states.

COVALENT BOND CLEAVAGE: OUTCOMES AND REACTION INTERMEDIATES

What we refer to as the reactants and the products of a chemical reaction represent stable substances that can exist for a finite period of time
under standard conditions. They can typically be kept in containers without significant decomposition as long as appropriate measures are
observed. In other words, the beginning and the end of a chemical reaction (reactants and products), represent the most stable states that
can exist in reference to the reaction profile. Any other intermediate structures or states must be of higher energy, or lower stability. Two types
of points in particular merit special attention: energy maxima and energy minima. We’ve already discussed energy maxima above in relation
to transition states.

An energy minimum that occurs between reactants and products represents a reaction intermediate. Reaction intermediates represent
structures that do have some degree of stability, but not as much as reactants or products. They can live long enough that they can in principle
be detected, observed, and even studied under the right conditions. However they are not stable enough to keep for indefinite periods of time.

In organic chemistry we are mainly concerned with three types of reaction intermediates that result from breaking a covalent bond in two
different ways, referred to as homolytic cleavage and heterolytic cleavage. In the former, the electrons that make up the covalent bond
get equally distributed between the atoms that make up the bond. In heterolytic cleavage, one of the two atoms gets the two electrons and
usually develops a negative charge. The other atom gets no electrons and typically develops a positive charge. Homolytic cleavage gives rise
to the formation of free radicals, that is, neutral species that carry an unpaired electron. Heterolytic cleavage gives rise to the formation of
ions, that is, species that carry a positive or a negative charge.
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In the curved arrow formalism, the movement of single electrons is indicated by half-headed arrows. The movement of electron pairs is
indicated by full-headed arrows. The following examples illustrate the outcomes of homolytic and heterolytic bond cleavage.

Homolytic cleavage A B A + B free radicals

Heterolytic cleavage A B A + B ions

When the atom in question is a positively charged carbon, the resulting species is called a carbocation. If it is negatively charged, it is called
a carbanion. The following represent all three species with carbon as the central atom.

C C C

free radical
(neutral)

carbocation carbanion

These three species are the most common types of reaction intermediates that occur in organic reactions. Again, they occur at energy minima
located between reactants and products in the reaction profile. The hybridization state of the central carbon in each of these intermediates is
important. This and other structural features are further discussed in your organic chemistry textbook (Section 4-16 in the Wade textbook).

BOND DISSOCIATION ENERGIES

The amount of energy required to break a covalent bond homolytically is referred to as bond dissociation energy (BDE). By definition,
BDEs are always positive, since they represent the change in free energy resulting from the breaking of a bond, and breaking  bonds always
requires an enegy input.
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CLASSIFICATION OF ORGANIC REACTION MECHANISMS

All chemistry, except for nuclear reactions, involves electron transfers. Reaction mechanisms are step by step accounts of how electrons are
transferred when bonds are broken and formed. Therefore they embody the rules of electron movement during chemical reactions. The following
chart shows how mechanisms are classified depending on whether electrons are transferred singly or in pairs, and also according to other
older criteria which nonetheless are still in wide use.

FREE RADICAL MECHANISMS

Rules of single electron transfers
IONIC MECHANISMS

Rules of electron pair transfers

OTHER LEWIS ACID-BASE REACTIONS

NUCLEOPHILE: electron source, or donor

ELECTROPHILE: electron sink, or acceptor

ORGANIC REACTItON MECHANISMS

Rules of electron transfers.

LEWIS ACID-BASE REACTIONS

LEWIS ACID: electron pair acceptor

LEWIS BASE: electron pair donor

PROTON TRANSFERS

(Bronsted-Lowry Acid-Base Theory)

BRONSTED ACID: proton donor

BRONSTED BASE: proton acceptor



ACTIVATION ENERGIES

The majority of chemical transformations do not amount to only breaking or forming bonds. The two processes go together, either simultaneously
or sequentially. Since breaking bonds requires energy and forming bonds returns energy, most chemical reactions proceed with either a net
output or a net input of energy. A few reactions can occur with no net energy imbalance either way.

Lilkewise, bond breaking typically leads (runs ahead of) bond formation. An old bond must be at least partially broken before a new one can
begin to form. The energy cost of breaking the old bond must be supplied before we can get a return from bond formation. This is the reason
for the activation energy requirement of many chemical reactions. The more the bond formation process lags behind bond breaking, the
higher the activation energy requirement. However, one must be careful not to try to relate bond dissociation energies with activation energies.
Unless an extremely simple process involving small atoms or molecules is under consideration, the two parameters are very different. One
such process might be the breaking of the H-H bond in the hydrogen molecule to produce hydrogen atoms, or the breaking of the Cl-Cl bond
in the chlorine molecule to produce chlorine atoms. Provided these processes are taking place in the gas phase and the bonds are being
broken homolytically,  the activation energy is the same as the bond dissociation energy.

But a large number of chemical reactions take place in solution, or with bond formation taking place as bond breaking is also occurring. A
transition state is reached as two (or more) reactants approach each other and their potential energy rises to a maximum. At the potential
energy maximum they have become so closely associated in a configuration that is so highly disorted that any further change will cause them
to either revert to reactants, or to form products. Any factors (other than the bond dissociation energies) that stabilize or destabilize the transition
state, such as involvement of the solvent (solvation) or the development (or relief) of steric strain can affect the energy level associated with
this transition state. In a single step reaction the energy associated with the transition state is also the activation energy. In a multistep reaction,
where several transition states are possible for each step, the energy associated with the highest transition state is the activation energy of
the overall reaction. The activation energy can also be viewed as a kinetic parameter if it is defined as the minimum kinetic energy with which
the reactants should approach each other for reaction to occur.

We will come back to further elaborate on some of these points as we expand on the study of different types of reactions and examine the
meaning of the Hammond postulate.


