Organic Reaction Mechanisms

Nucleophilic Substitution Reactions: S,1 and S,2

1. Introduction to Nucleophilic Substitution Reactions

Nucleophilic substitution reactions are a class of reactions where a nucleophile (a species that donates
an electron pair) replaces a leaving group (typically a halide) attached to a carbon atom. The reaction
can proceed through two primary mechanisms:

¢ S,1 (Unimolecular Nucleophilic Substitution)
¢ S,2 (Bimolecular Nucleophilic Substitution)

The choice of mechanism depends on several factors including the structure of the substrate, the
strength of the nucleophile, the nature of the leaving group, and the solvent.

2. Sn2 Mechanism (Bimolecular Nucleophilic Substitution)

¢ Mechanism:

o The S,2 mechanism occurs in a single, concerted step.

o The nucleophile attacks the carbon atom from the opposite side of the leaving group,
leading to the simultaneous bond formation between the nucleophile and the carbon, and
bond breaking between the carbon and the leaving group.

o This process results in the inversion of configuration at the carbon atom (Walden inversion).

e Key Characteristics:
o Rate Equation: Rate = k[Substrate][Nucleophile]
The reaction is second-order overall.
Sn2 reactions are stereospecific, leading to inversion of configuration at the carbon center.
Typically favored by primary alkyl halides due to low steric hindrance.
Strong nucleophiles and polar aprotic solvents (e.g., DMSO, acetone) favor the S.2
mechanism.
o Factors Affecting S»2 Reactions:
1. Substrate Structure:
= Methyl and Primary alkyl halides react rapidly in S,2 reactions.
= Secondary alkyl halides react slower.
= Tertiary alkyl halides are highly resistant due to steric hindrance.
2. Nucleophile Strength:
= Strong nucleophiles (e.g., CN-, OH-, I-) accelerate the reaction.
3. Leaving Group Ability:
= Good leaving groups (e.g., I, Br-, Cl-) make the reaction proceed faster.

4. Solvent:

m Polar aprotic solvents stabilize the nucleophile without solvating it, thus favoring S.2
reactions.
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3. Sa1 Mechanism (Unimolecular Nucleophilic Substitution)

¢ Mechanism:

o The S,1 mechanism proceeds in two distinct steps:

1. Formation of a Carbocation: The leaving group departs first, generating a
carbocation intermediate. This is the rate-determining step.
2. Nucleophilic Attack: The nucleophile then attacks the carbocation, leading to the
formation of the product.
o The reaction proceeds through a carbocation intermediate which can rearrange if a more
stable carbocation can be formed.

e Key Characteristics:

o Rate Equation: Rate = k[Substrate]

o The reaction is first-order overall, dependent only on the concentration of the substrate.

o S,1 reactions often lead to racemization if the carbon undergoing substitution is chiral,
due to the planar nature of the carbocation intermediate.

o Tertiary alkyl halides favor S»1 due to the stability of the resulting carbocation.

o Weak nucleophiles and polar protic solvents (e.g., water, alcohols) favor the S,1

mechanism.

e Factors Affecting S»1 Reactions:
1. Substrate Structure:

= Tertiary alkyl halides react rapidly due to carbocation stability.

= Secondary alkyl halides react slower.

= Primary alkyl halides rarely undergo S,1 reactions.

2. Carbocation Stability:

= More stable carbocations (tertiary > secondary > primary) favor the S,1 mechanism.

3. Leaving Group Ability:

= A good leaving group (e.g., I, Br-) facilitates the formation of the carbocation.

4. Solvent:

= Polar protic solvents stabilize the carbocation and the leaving group, promoting the
Sn1 pathway.

4. Comparison of S,1 and S,2 Mechanisms

Characteristic
Rate Equation
Reaction Order
Stepwise/Concerted
Carbocation
Formation

Stereochemistry

Substrate Preference
Nucleophile Strength

Solvent

S»1 Mechanism
Rate = k[Substrate]
First-order
Stepwise (two steps)
Yes
Racemization (mixture of
enantiomers)
Tertiary > Secondary > Primary
Weak nucleophile

Polar protic

5. Examples of S,1 and S,2 Reactions

Sn2 Mechanism
Rate = k[Substrate][Nucleophile]
Second-order

Concerted (one step)
No

Inversion of configuration (Walden
inversion)
Methyl > Primary > Secondary > Tertiary

Strong nucleophile

Polar aprotic
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e S,1 Example:
o Hydrolysis of tertiary butyl chloride:

(CH;);CC1 2% (CH3);COH + HCI

o The reaction proceeds via a carbocation intermediate, leading to a mixture of
stereoisomers if the substrate is chiral.
e S.2 Example:
o Reaction of methyl bromide with hydroxide ion:

CHsBr +-OH — CHsOH + Br~

o The reaction occurs with inversion of configuration.

6. Conclusion

Understanding the factors that influence whether a nucleophilic substitution reaction will proceed via
an Sn1 or Sn2 mechanism is crucial for predicting the products and their stereochemistry. The
structure of the substrate, the type of nucleophile, the nature of the leaving group, and the solvent all
play significant roles in determining the reaction pathway.
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