
Organic Reactions:  
Substitutions 

Chapter 7 

•  Alkyl halides are organic molecules containing a halogen atom 
bonded to an sp3 hybridized carbon atom.  

•  The halogen atom in halides is often denoted by the symbol �X�. 

•  Alkyl halides are classified as primary (1°), secondary (2°), or 
tertiary (3°), depending on the number of carbons bonded to the 
carbon with the halogen atom. 

Alkyl Halides 

•  Allylic halides have X bonded to the carbon atom adjacent to a C-C 
double bond. 

•  Benzylic halides have X bonded to the carbon atom adjacent to a benzene 
ring. 

Types of Alkyl Halides 

•  Vinyl halides have a halogen atom (X) bonded to a C-C double bond. 

•  Aryl halides have a halogen atom bonded to a benzene ring. 

Naming Alkyl Halides 



•  Common names are often used for simple alkyl halides. 
•  To assign a common name: 

•  Name all the carbon atoms of the molecule as a single alkyl group. 

•  Name the halogen bonded to the alkyl group. 

•  Combine the names of the alkyl group and halide, separating the 
words with a space. 

Common Names of Alkyl Halides 

•  The electronegative halogen atom in alkyl halides creates a 
polar C-X bond, making the carbon atom electron deficient.  

•  Electrostatic potential maps of four simple alkyl halides illustrate 
this point. 

•  This electron deficient carbon is a key site in the reactivity of 
alkyl halides. 

The Polar Carbon-Halogen Bond 

7 

•  Three components are necessary in any substitution reaction. 

Substitution Reactions Nucleophilic Substitution Reactions 

Nucleophile 

u  Lewis Bases – any species that has a lone pair of electrons. 

u  The electrons can be used to make a new bond to an electron 
deficient species. 

u  Nucleophile = �seeks a nucleus�  

u  Nucleus = + charge 

Leaving Group 

u  A substituent that can leave a compound as a relatively stable 
group. 

u  Leaving groups can be anions or neutral species. 



•  Nucleophiles are Lewis bases that can be negatively charged or 
neutral. 

•  Negatively charged nucleophiles like HO¯ and HS¯ are used as 
salts with Li+, Na+, or K+ counterions to balance the charge. 

•  Since the identity of the counterion is usually inconsequential, it is 
often omitted from the chemical equation. 

Nucleophiles in Substitution Reactions Mechanisms for Nucleophilic Substiution 

Rate law studies can help us to understand the 
mechanism by which a reaction takes place. 

A mechanism describes the individual steps in 
the process of going from reactants to products. 

The mechanism describes the actual chemical 
species that have to interact (collide) for the 
reactions to occur. 

 

Kinetics of a Nucleophilic Substitution Reaction: SN2  

The initial rate of the following reaction is measured: 

The rate is directly proportional to the initial concentrations of both 
methyl chloride and hydroxide. 

The rate equation reflects this dependence: 

SN2 reaction: substitution, nucleophilic, 2nd order (bimolecular) 

Mechanism for the SN2 Reaction 

MECHANISM: 

TRANSITION STATE:  
A transition state is the high energy state of the reaction. 

u  It is an unstable entity with a very brief existence (10-12 s). 

In the transition state of this reaction bonds are partially formed and broken.  

Both reagent and the nucleophile are involved in the transition state and this 
explains why the reaction is second order. 



•  The transition state always has partial bonds to the nucleophile 
and the leaving group. 

•  There can also be partial charges on the nucleophile and/or 
leaving group. 

Transition States of SN2 Reactions Energy Diagrams for SN2 Reactions 

rate = k[CH3Br][CH3COO-] 

•  There are two possibilities for which direction the nucleophile will 
approach the substrate. 

•  Frontside Attack: The nucleophile approaches from the same side as 
the leaving group. This is NOT observed in SN2 reactions. 

Stereochemistry of the SN2 Reaction 

•  Backside Attack: The nucleophile approaches from the  side opposite 
the leaving group. This IS observed in SN2 reactions. 

•  The products of frontside and backside attack are different compounds. 
They are enantiomers. 

Stereochemistry of the SN2 Reaction 

•  All SN2 reactions proceed with backside attack of the nucleophile. 

•  They result in inversion of configuration at the stereocenter. 



Inversion in SN2 Reactions 
•  Two examples showing inversion of configuration at a 

stereogenic center. 

Stereochemistry of SN2 Reactions 

The backside attack of nucleophile results in an 
inversion of configuration. 
u  Consider the reaction of (R)-2-bromo-pentane with 

hydroxide ion. 
 

 
In cyclic systems a cis- compound can react and 
become trans- product. 
u  Consider the reaction of cis-1-bromo-4-methyl-

cyclohexane with hydroxide ion. 
 

Stereochemistry of SN2 Reactions Factors Affecting the Rate of SN2 Reactions 
The Effects of the Structure of the Substrate 

u  In SN2 reactions alkyl halides show the following general order of 
reactivity (based on relative rates): 

  methyl > 1° >> 2° > neopentyl  >> 3° (unreactive) 

u  Steric hinderance: the spatial arrangement of the atoms or groups at or 
near a reacting site hinders (slows) a reaction 

u  Increasing the number of R groups on the carbon with the leaving 
group increases crowding in the transition state, thereby decreasing the 
reaction rate. 

u  In tertiary and neopentyl halides, the reacting carbon is too sterically 
hindered to react. 



Effect of Sterics on Rate of SN2 Reactions 

•  The higher the Ea, the slower the reaction rate.  
•  Thus, any factor that increases Ea decreases the reaction rate. 

Energy Diagrams for SN2 Reactions 

•  Nucleophiles and bases are structurally similar: both have a 
lone pair or a π bond.  

•  They differ in what they attack. 
•  Bases attack protons. 
•  Nucleophiles attack other electron-deficient atoms 

(usually carbons). 

Nucleophiles and Bases 

•  Although nucleophilicity and basicity are interrelated, they 
are fundamentally different. 

•  Basicity is a measure of how readily an atom donates its 
electron pair to a proton (Bronsted-Lowry acid-base reaction).  

•  It is characterized by an equilibrium constant, Ka in an acid-
base reaction, making it a thermodynamic property. 

•  Nucleophilicity is a measure of how readily an atom donates 
its electron pair to other atoms (Lewis acid-base reaction).  

•  It is characterized by a rate constant, k, making it a kinetic 
property. 

Nucleophiles vs. Bases 



Nucleophilicity parallels basicity in three instances: 

1.  For two nucleophiles with the same nucleophilic atom, the stronger base is the 
stronger nucleophile. 

•  The relative nucleophilicity of HO¯ and CH3COO¯, is determined by comparing 
the pKa values of their conjugate acids (H2O = 15.7, and CH3COOH = 4.8).  

•  HO¯ is a stronger base and stronger nucleophile than CH3COO¯. 

2.  A negatively charged nucleophile is always a stronger nucleophile than its conjugate 
acid. 

•  HO¯ is a stronger base and stronger nucleophile than H2O. 

3.  Right-to-left across a row of the periodic table, nucleophilicity increases as basicity 
increases: 

Nucleophilicity Parallels Basicity 

•  Nucleophilicity does not parallel basicity when steric hindrance becomes 
important.  

•  Steric hindrance is a decrease in reactivity resulting from the presence 
of bulky groups at the site of a reaction. 

•  Steric hindrance decreases nucleophilicity but not basicity. 

•  Sterically hindered bases that are poor nucleophiles are called 
nonnucleophilic bases. 

Steric Effects on Nucleophile Strength 

Common Nucleophiles The Nature of the Leaving Group 

The best leaving groups are weak bases which are relatively stable. 

The leaving group can be an anion or a neutral molecule. 

Leaving group ability of halides.  This trend is opposite to basicity: 

 

The poor leaving group hydroxide (a strong base) can be changed into the 
good leaving group water (a weak base) by protonation.  (EXAMPLE) 

Hydroxide can be made into a good leaving group by sulfonation. 
(EXAMPLE)   

Other very weak bases which are good leaving groups: 



•  In a nucleophilic substitution reaction of R-X, the C-X bond is 
heterolytically cleaved, and the leaving group departs with the 
electron pair in that bond, forming X:¯ 

•  The more stable the leaving group X:¯, the better able it is to accept 
an electron pair. 

•  For example, H2O is a better leaving group than HO¯ because H2O is 
a weaker base. 

The Leaving Group Trends in Leaving Group Ability 
•  The weaker the base, the better the leaving group. 

Good Leaving Groups Poor Leaving Groups 
•  Conjugate bases of weaker acids are poorer leaving 

groups. 



Solvent Effects on Nucleophilicity 

•  Most organic reactions are performed in a liquid solvent        
capable of dissolving the reactants, at least to some extent.  

•  Since substitution reactions involve polar starting materials, polar 
solvents are used to dissolve them. 

•  There are two types of polar solvents: protic and aprotic. 

•  Nucleophilicity can be affected by the nature of the solvent. 

•  Polar aprotic solvents also exhibit dipole-dipole interactions, but 
they have no O-H or N-H bonds.  

•  They do not have a H attached to an O or N, and are therefore  
incapable of hydrogen bonding to a necleophile. 

Polar Aprotic Solvents 

•  Polar aprotic solvents solvate cations by ion-dipole interactions. 

•  Anions are not well solvated because the solvent cannot hydrogen bond 
to them.  

•  These anions are said to be �naked� and therefore, more reactive. 

Nucleophilicity in Polar Aprotic Solvents 

•  In polar aprotic solvents, nucleophilicity parallels basicity, and 
the stronger base is the stronger nucleophile.  

•  Because basicity decreases as size increases down a 
column, nucleophilicity decreases as well. 

Nucleophilicity vs. Basicity in  
Polar Aprotic Solvents 



•  Polar protic solvents solvate both cations and anions well. 
•  If the salt NaBr is used as a source of the nucleophile Br¯ in H2O: 

•  The Na+ cations are solvated by ion-dipole interactions  
with H2O molecules. 

•  The Br¯ anions are solvated by strong hydrogen bonding interactions. 

Solvation by Polar Protic Solvents 

•  Smaller, more electronegative anions are solvated more strongly, 
effectively shielding them from reaction. 

•  In polar protic solvents, nucleophilicity increases down a column of 
the periodic table as the size of the anion increases.  

•  This is the opposite of basicity. 

Nucleophilicity in Polar Protic Solvents 

Some common polar, protic solvents: 

(substrate) 
 
A few more: 

 
Nucleophile 
 
 
 
 
 
Leaving group 
 
 
 
 
 
Solvent 

•  Smaller, unhindered nucleophiles react fastest. 
•  Stronger bases react faster.  

•  However, elimination may compete when strong 
bases are used. Weak bases (that are still good 
nucleophiles) can favor substitution over elimination. 

 
•  The weaker the C-LG bond is, the faster the 

reaction is likely to occur. This typically also 
correlates to a more stable resulting species (of 
the departed LG) and a more exothermic 
reaction. 

•  Faster in polar aprotic solvents 

Organic Synthesis: Functional Group Transformations Using SN2 Reactions 

 

 


