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Nucleophilic Substitution Reaction
• A substitution reaction is a chemical reaction during which an atom

or one functional group in a chemical compound is replaced by

another atom or functional group. In organic chemistry, nucleophilic

substitution is a class of reactions in which a leaving group (LG) is

replaced by an electron rich species (nucleophile). The whole

molecular entity of which the electrophile and the leaving group are

part is usually called the substrate.

• The most general form of substitution reaction may be given as the

following:

• The electron pair from the nucleophile (Nu:) attacks the substrate

(R-LG) forming a new bond, while the leaving group (LG:) departs

with an electron pair. The principal product in this case is R-Nu.



General Features of Nucleophilic Substitution Reactions

• The nucleophile may be electrically neutral or negatively charged,

whereas the substrate is typically neutral or positively charged.

• Three components are necessary in any nucleophilic substitution

reactions as abbreviated in its general form (Figure 1):

1. R- in R-X: An alkyl group R containing an sp3 hybridised carbon

atom bonded to X in the substrate, R-X.

2. X- in R-X: An atom (or group of atoms) called a leaving group,

which is capable of accepting the electron density in the C-X bond.

3. Nu: or Nu-: A nucleophile is an electron rich (a neutral or an

anion) species that tends to attack the substrate at a position of low

electron density.
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General Features of Nucleophilic Substitution 

• As these substitution reactions involve electron rich species, i.e.,

nucleophiles, they are called nucleophilic substitution reactions.

Nucleophilic substitutions are Lewis acid-base reactions. The

nucleophile (Lewis base) donates its electron pair, the alkyl halide

(Lewis acid) accepts it, and the C-X bond is heterolytically

cleaved.

• Nucleophilic substitution reactions can be broadly categorised as

taking place at a saturated aliphatic carbon or at (less often) an

aromatic or other unsaturated carbon centre.

• Nucleophilic substitution reactions occur when an electron rich

species, the nucleophile, reacts at an electrophilic saturated carbon

atom attached to an electronegative group, the leaving group, that

can be displaced as shown in the general scheme in Figure 1.
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Nucleophilic Substitution Reaction

• A common example of nucleophilic substitution reaction is the

alkaline hydrolysis of an alkyl halide, e.g., R-Br to the

corresponding alcohol (R-OH), where the attacking nucleophile is

the OH- and the leaving group is Br-.

R-Br + OH− → R-OH + Br−

• Kinetic measurement on reactions in which alkyl halides (R-X)

react with a variety of different nucleophiles, Nu:, have revealed

two essentially extreme types: one in which, rate of the reaction is

dependent of [Nu:],

Rate = k2[R-X][Nu:] 

and another in which, the rate is independent of [Nu:],

Rate = k1[R-X]



Nucleophiles

• Nucleophile means "nucleus loving" which describes the tendency

of an electron rich species to be attracted to the positive nuclear

charge of an electron poor species, the electrophile.

• A nucleophile is, therefore, a chemical species that donates an

electron pair to form a chemical bond in relation to a reaction. All

molecules or ions with a free pair of electrons or at least one π bond

can act as nucleophiles. Since nucleophiles donate electrons, they

are by definition Lewis bases.

• The term ‘Nucleophilic’ describes the affinity of a nucleophile to

the nuclei.
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Nucleophiles

• Nucleophilicity or nucleophile strength refers to the nucleophilic

character of a substance/species, and is often used to compare the

affinity of atoms. The nucleophilicity expresses the ability of the

nucleophile to react in nucleophilic substitution reactions. In

general terms nucleophilicity depends on the availability of the

electrons in the nucleophile. The more available the electrons, the

more nucleophilic the system.

• Neutral nucleophilic reactions with solvents such as alcohols and

water, as nucleophiles, are named solvolysis. Nucleophiles may

take part in nucleophilic substitution, whereby a nucleophile

becomes attracted to a full or partial positive charge.



Base / Nucleophile Dichotomy
• Nucleophiles and bases are structurally similar; both have a lone

pair or a π bond. Here, the word base refers to Bronsted-Lowry

base and word nucleophile refers to Lewis base that reacts with

electrophiles other than proton.

• Although nucleophilicity and basicity are interrelated, they are

fundamentally different. They differ in what they attack.

1. Basicity involves an electron pair donation

to hydrogen. Therefore, bases attack

protons. On the other hand, nucleophilicity

involves an electron pair donation to an

another atom. Consequently, nucleophiles

attack other electron deficient atoms

(usually carbons). Figure 2 depicts this

contradiction.



Base / Nucleophile Dichotomy
2. Basicity is a measure of how readily an atom donates its electron

pair to a proton; it is, thus, characterised by an equilibrium

constant Ka or ∆G° in an acid-base reaction, making it a

thermodynamic property. On the contrary, nucleophilicity is a

measure of how readily an atom donates its electron pair to other

atoms; it is, therefore, characterised by the rate constant, k or ∆G‡,

of a nucleophilic substitution reaction, making it a kinetic property.

3. Since basicity involves a small atom hydrogen, i.e., bases pull off

easily accessible protons, they are likely to be little affected by

steric hindrance. Nucleophilicity, on the other hand, involves a

larger atom, and usually attack a crowded tetrahedral carbon, so it

is much more affected by the steric hindrance. Consequently, steric

hindrance decreases nucleophilicity to a greater extent.
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Nucleophilicity versus Basicity

• Although it is generally true that a strong base is a strong

nucleophile, size of the nucleophile and steric factors often change

this relationship. Nucleophilicity parallel 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- (hydroxide ion) and CH3CO2
-

(acetate ion), two oxygen nucleophiles, can be determined by

comparing the pKa values of their conjugate acids, H2O and

CH3CO2H, respectively. CH3CO2H (pKa = 4.76) is ~ 1011 times

stronger an acid than H2O (pKa = 15.7), so HO- is a stronger base

and stronger nucleophile than CH3CO2
-. Stabilisation of the

negative charge in acetate ion can be attributed to

resonance/mesomeric interaction.



Nucleophilicity versus Basicity
2. A negatively charged nucleophile is always stronger than its

conjugate acid.

• With the same central atom, higher electron density will increase

the nucleophilicity, e.g., an anion will be a better nucleophile (lone

pair donor) than a neutral atom, such as HO- is a better base and

stronger nucleophile than H2O, its conjugate acid.

3. Right-to-left across a row of the periodic table, nucleophilicity

(lone pair donation) increases as basicity increases.

• For second-row elements with the same charge, the order of

basicity and nucleophilicy is H3C
- > H2N

- > HO- > F-. This is

because increasing electronegativity on the central atom decreases

the lone pair availability.



Steric Effect and Nucleophilicity
• Nucleophilicity does not parallel basicity when steric hindrance

becomes prominent in a substitution reaction. Steric hindrance

causes a decrease in reactivity of the nucleophile resulting from

the presence of bulky groups at the reaction site (Figure 3).

• For example, although tert-butoxide (Me3CO-) ion is a stronger

base than ethoxide (EtO-) ion, ethoxide ion is the stronger

nucleophile (pKa values of tert-butanol and ethanol are 16.54 and

15.9, respectively). The three CH3 groups around the oxygen atom

of tert-butoxide create steric hindrance, making it more difficult

for the big, bulky base to attack a tetravalent carbon atom.

• Sterically hindered bases that are poor nucleophiles are called

non-nucleophilic bases. Potassium tert-butoxide (KOCMe3) is a

strong, non-nucleophilic base.



Steric Effect and Nucleophilicity

• Steric effects arise because two different atoms cannot occupy the

same space. When two big groups (occupying a large volume) are

forced close to each other, the steric strain is developed which in

turn increases the activation energy of the system.



Leaving Groups 

• A leaving group (LG) is a molecular fragment (an atom or a group

of atoms) that departs, as stable species, with a pair of electrons in

heterolytic bond cleavage. Leaving groups can be anions, cations or

neutral molecules, but it is important that the leaving group be able

to stabilize the additional electron density that results from bond

heterolysis.

• Common anionic leaving groups are halides such as Cl-, Br-, and I-,

and sulphonate esters such as tosylate (TsO-). Common neutral

molecule leaving groups are water (H2O) and ammonia (NH3).

Leaving groups are also known as nucleofuges. Leaving groups

may also be positively charged, i.e., cations (such as H+ released

during the nitration of benzene); these are also known as

electrofuges.
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Leaving Groups 

• The better the leaving group, the more likely it is to depart in a

nucleophilic substitution. In a nucleophilic substitution reaction of

R-X, the C-X bond is heterolytically cleaved, and the leaving group

departs with the electron pair, forming X- as shown in Figure 4.

• The more stable the leaving group, X-, the better able it is to accept

an electron pair. In comparison between two leaving groups, the

better leaving group is the weaker base.
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Leaving Groups 

• A "powerful" leaving group can be recognised as being the

conjugate base of a strong acid.

• For example, H2O is a better leaving group than HO- because H2O

is a weaker base. Moreover, the periodic trends in basicity can be

used to identify periodic trends in leaving group ability:

• Left-to-right across a row of the periodic table, basicity decreases so

leaving group ability increases.

• Down a column of the periodic table, basicity decreases so leaving

group ability increases.



Leaving Groups 

• All good leaving groups are weak bases with strong conjugate acids

having low pKa values. Thus, all halide anions except F- are good

leaving groups because their conjugate acids (HCl, HBr, and HI)

have low pKa values.

Table 1: Leaving Groups in Nucleophilic Substitutions

Starting material Leaving group Conjugate acid pKa

R-I I- HI -10

R-Br Br- HBr -9

R-Cl Cl- HCl -7

R-OTs TsO- TsOH -2.8

R-OH2
+ H2O H3O

+ -1.7

R-F F- HF 3.17

R-OAc AcO- AcOH 4.76

R-OPh PhO- PhOH 9.95

R-OEt EtO- EtOH 15.9



Leaving Groups 

• The relative ability of X as a leaving group, in R-X, is influenced by

the following factors:

1. The strength of the R-X bond

2. The polarisability of the R-X bond

3. The stability of X- as a leaving group

4. The degree of stabilisation, through solvation, of the forming X- in

the T.S. for different substitution reactions

• The observed reactivity sequence for the halides is as follows:

R-I > R-Br > R-Cl > R-F 

The above sequence suggests that the factors 1 and 2 are more

important than the factors 3 and 4. Relative leaving group ability

may vary with change of solvent, reflecting the influence of

factor 4. This variation is particularly marked on changing from a

hydroxylic solvent to a bipolar, non-hydroxylic solvent.



Solvent Effects
• In general terms, the choice of solvent can have a significant effect

on the performance of a reaction. Factors when choosing a solvent

are as follows:

1. All the reactants/reagents of a reaction need to remain in the same

phase so that all the reactant molecules can collide to each other

for a reaction to occur. So, the chosen solvent should dissolve all

the reactants of a reaction to some extent.

2. The solvent needs to be unreactive towards the reactants/reagents.

• Atoms vary greatly in size down a column of the periodic table, and

in this case, nucleophilicity depends on the solvent used in a

substitution reaction. Substitution reactions involve polar starting

materials, consequently polar solvents are needed to dissolve them.

There are two main types of polar solvents - polar protic

(hydroxylic) solvents and polar aprotic (non-hydroxylic) solvents.



Polar Protic Solvents

• In addition to the dipole-dipole interactions, polar protic solvents

are capable of forming intermolecular hydrogen bond because they

contain an O-H or N-H bond. The most common polar protic

solvents are water and alcohols (ROH). Polar protic solvents solvate

both actions and anions well.

• Cations are solvated by ion-dipole interactions

• Anions are solvated by hydrogen bonding

• For example, if the salt NaBr is used as a source of the nuclepophile

Br- in aqueous solution in a nucleophilic substitution reaction to

prepare alkyl bromide, the cations, Na+ ions are solvated by ion-

dipole interactions with the polar H2O molecules, and the anions,

Br- ions are solvated by hydrogen bonding interactions as shown in

Figure 5.
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Solvent Effects

How do Polar Protic Solvents affect Nucleophilicity?

• In polar protic solvents, nucleophilicity increases down a column

of the periodic table as the size of the anion increases. This is

opposite to basicity. A small electroegative anion like F- is very

well solvated by hydrogen bonding, and becomes stabilised. The

solvent molecules are effectively shielding the nucleophile from

reaction. Therefore, protic solvents reduces nucleophilicity.



How do Polar Protic Solvents affect Nucleophilicity?

• On the other hand, a large, less electronegative anion like I- does not

hold onto solvent molecules as tightly. Therefore, the solvent

molecules do not “hide” a large nucleophile as well, and the

nucleophile is relatively “free” and much more able to donate its

electron pairs in a reaction.

• Thus, nucleophilicity increases down a

column even though basicity decreases.

The order of nucleophilicity of the halide

ions in polar protic solvents is shown in

Figure 6.

• On the other hand, I- is a weak base, but a strong nucleophile in

polar protic solvents. High polarisability makes I- both a good

entering (nucleophile) and a good leaving group.



Polar Aprotic Solvents

• Polar aprotic solvents also exhibit dipole-dipole interactions, but

they have no O-H or N-H bond. Therefore, they are incapable of

hydrogen bond formation. Examples of polar aprotic solvents are

acetone (CH3COCH3), acetonitrile (CH3CN), dimethyl sulphoxide

(DMSO, CH3SOCH3), dimethylformamide (HCONMe2), etc. Polar

aprotic solvents solvate only cations well.

• Cations are solvated by ion-dipole interactions.

• Anions are not well solvated because the solvent cannot form

hydrogen bond to them.

• When NaBr is dissolved in acetone (Me2C=O), the Na+ ions are

solvated by ion-dipole interactions with the acetone molecules. The

Br- ions are not well solvated as there is no possibility of hydrogen

bonding with the solvent molecules. These unsolvated anions are

not bound by the tight interactions with solvent (Figure 7).



Solvation of Ions in Polar Aprotic Solvents
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How do polar aprotic solvents affect nucleophilicity?

• As the anions are not well solvated in polar aprotic solvents, the

solvent molecules can not hide the anions. The anions are free in the

reaction medium, and nucleophilicity once again parallels basicity.

The stronger base, now becomes the stronger nucleophile. As

basicity decreases with size down a column, nucleophilicity

decreases as well. The order of nucleophilicity of the halide ions in

polar aprotic solvent is as follows:

HW: Identify the stronger nucleophile in each pair of anions and

justify the order:

(a) Br- and Cl- in MeOH and in DMF; (b) HS- and F- in EtOH;

(c) HO- and Cl- in DMSO
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Summary

Polar-Protic Solvents (polar and ability to be H-bond donor)

• have dipoles due to polar bonds

• contain H atoms that can be donated into a H-bond

• examples are the more common solvents like H2O and ROH

• basicity is also usually measured in water

• anions will be solvated due to H-bonding, inhibiting their ability to

function as a nucleophile

Polar-Protic Solvents (polar but no ability to be H-bond donor)

• have dipoles due to polar bonds

• don't have H atoms that can be donated into a H-bond



Summary

• examples are acetone, acetonitrile, DMSO, DMF, etc.

• anions are not solvated and are “free" and reaction is not inhibited

Overall

• All nucleophiles will be more reactive in aprotic than protic

solvents.

• Those species that were most strongly solvated in polar protic

solvents will gain the most reactivity in polar aprotic (e.g. F-)

solvents.

• Polar aprotic solvents are typically only used when a polar protic

solvent gives poor results due to having a weak nucleophile,

especially F-, RCO2
-, etc.
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Possible Mechanisms for Nucleophilic Substitution

• There are two fundamental events in a nucleophilic substitution

reaction:

1. breaking of the σ bond to the leaving group

2. formation of the new σ bond to the nucleophile

• Nucleophilic substitution at an sp3 hybridised carbon, therefore,

involves two σ bonds: the bond to the leaving group, which is

broken, and the bond to the nucleophile, which is formed.

• Overall a nucleophilic substitution can be represented as follows:



Possible Mechanisms for Nucleophilic Substitution

• Now, depending on the relative timing of these events, three

different mechanisms are possible:

1. Bond breaking and bond formation occur at the same time

• If the C-X bond is broken as the C-Nu bond is formed, the

mechanism has one-step. The rate of such a bimolecular reaction

depends on the concentration of both the reactants; that is, the rate

equation is second order.
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Possible Mechanisms for Nucleophilic Substitution

2. Bond breaking occurs before bond formation.

• If the C-X bond is broken first and then the C-Nu bond is formed,

the mechanism has two-steps and a carbocation is formed as a

reactive intermediate. The first step is rate-determining, and the rate

of such a unimolecular reaction depends on the concentration of RX

only; therefore, the rate equation is second order.
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Possible Mechanisms for Nucleophilic Substitution

3. Bond making occurs before bond breaking.

• If the C-Nu bond is formed first and then the C-X bond is broken,

the mechanism has two-steps, but this mechanism has an inherent

problem. The intermediate (carbanion) generated in the first step

has 10 electrons around carbon, violating the octet rule. Therefore,

this possibility can be disregarded as a suitable mechanism in

nucleophilic substitution reaction.
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