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CHAPTER 12 
Addition to Carbon-Hetero Multiple Bonds 
❖ Mechanism of Metal Hydride Reduction of Saturated and Unsaturated 

Carbonyl Compounds, Acids, Esters and Nitriles 

     Unlike the nucleophilic addition to carbon-carbon multiple bonds, the nucleophilic addition to 
carbon-heteroatom multiple bonds is much simpler to study as there is no regiochemical preference (i.e., the 
orientation of unsymmetrical addition) in most of the cases. For instance, consider >C=O, −C≡N, and −C=N 
types of bonds which are extremely polar (great difference in electronegativity of participating atoms); so the 
carbon atoms bear a partial positive charge which makes the molecule an electrophile and the carbon atom as 
the electrophilic center; and therefore, the electrophilic species of the attacking reagent always goes to the 
oxygen or nitrogen whereas the nucleophilic part of the reagent attacks at the carbon. 

The reaction given above is also called a 1, 2-type nucleophilic addition, and a racemic mixture will be obtained 
if the alkyl substituents are different. 

     Furthermore, it is obvious that the first step is just the same as the first step of nucleophilic 
displacement at a carbonyl’s C atom; nevertheless, the latter case rarely takes place because R groups (H and 
carbon groups like alkyl aryl, etc.) are extremely poor leaving groups supporting the former case (i.e., 
addition). The acyl substitution dominates in the case of carboxylic acid derivatives (like amides or acid 
chlorides) because of the presence of ‘relatively’ good leaving groups like NH2, OR, Cl, etc. 

Hence, we can conclude that the nature of ‘R’ groups dictates whether the nucleophilic attack at carbon-
heteroatom multiple bonds will give rise to the addition or substitution. 
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               Until now we have discussed the basic ideas of addition to simple (i.e., non-conjugated) carbon-
heteroatom multiple bonds; however, some systems do have unsaturation at least at α- and β-carbon. The 
nucleophilic addition in such cases is called conjugate addition and is different from ordinary nucleophilic 
additions to carbon-hetero bonds (i.e., 1, 2-nucleophilic additions) due to far separated attacking sites (i.e., 1, 
4-nucleophilic additions). It is also important to recall the fact that normal alkenes neither show 1, 2- nor 1, 4- 
reactivity (possible only via activation by special substituents) due to lack of polarity.  

 

               The mechanism of conjugate addition can be understood by taking the example of an α, β-unsaturated 
carbonyl compound like cyclohexenone, where it can be showed that the β-position is an electrophilic site that 
can react with a nucleophile (from resonance structures). After the nucleophilic attack, the negative charge of 
the nucleophilic part of the attacking reagent is now distributed via resonance in α-carbon carbanion and 
alkoxide anion. Finally, the protonation results in a saturated carbonyl compound via keto-enol tautomerism 
(the equilibrium lies toward the keto form because it is more stable than the enol form due to a stronger C=O 
bond than C=C bond). Also, another electrophile will replace the proton if the reaction further proceeds via 
vicinal difunctionalization. 

 

               In this section, we will study the mechanism of a special type of addition to the carbon-heteroatom 
multiple bonds where the reduction of saturated and unsaturated carbonyl compounds (aldehydes, ketones, and 
acyl halides), acids, esters, and nitriles is carried out using metal hydrides. 
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➢ Metal Hydride Reduction of Saturated Carbonyl Compounds 

                 Many metal hydrides can be used to reduce the saturated carbonyl compounds like aldehydes, 
ketones, and acid halides. 

1. Reduction by Sodium Borohydride: The sodium borohydride (NaBH4) is one of the most common sources 
of the hydride nucleophile. The hydride anion is produced in the course of reaction because of the polar nature 
of the metal-hydrogen bond. 

 

The hydride anion’s addition to carbonyl compound results in an alkoxide anion which in turn gives rise to a 
reduced product. 

i) Reduction of aldehydes by NaBH4: 

               The hydride anion’s addition to aldehyde results in an alkoxide anion, which in turn, gives rise to 
primary (1º) alcohols on protonation. 

 

The mechanism for the aldehydic reduction by metal hydride involves the nucleophilic addition of the hydride 
ion to the carbonyl carbon. In many cases, the Na+ ion activates the carbonyl group by attaching itself to the 
oxygen atom, which in turn, will raise the electrophilic character of the C=O group. 
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ii) Reduction of ketones by NaBH4: 

               The hydride anion’s addition to ketone results in an alkoxide anion which in turn gives rise to 
secondary (2º) alcohols on protonation. 

 

The mechanism for the ketone reduction by metal hydride involves the nucleophilic addition of the hydride 
ion to the carbonyl carbon. In many cases, the Na+ activates the carbonyl group by attaching itself to the oxygen 
atom, which in turn, will raise the electrophilic character of the C=O group. 

 

iii) Reduction of acyl halides by NaBH4: 

               Two subsequent additions of hydride anions to acyl halides result in a sodium alkoxide anion which 
in turn gives rise to primary (1º) alcohols on protonation. 

 

The mechanism for the acyl halides’ reduction by metal hydrides involves the nucleophilic addition of the 
hydride ion to the carbonyl carbon. In many cases, the Na+ activates the carbonyl group by attaching itself to 
the oxygen atom, which in turn, will raise the electrophilic character of the C=O group. 
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2. Reduction by Lithium aluminium hydride: The lithium aluminium hydride (LiAlH4) is one of the most 
common sources of the hydride nucleophile. The hydride anion is produced in the course of reaction because 
of the polar nature of the metal-hydrogen bond. 

 

The hydride anion’s addition to carbonyl compound results in a lithium alkoxide anion which in turn gives rise 
to a reduced product. 

i) Reduction of aldehydes by LiAlH4: 

               The hydride anion’s addition to aldehyde results in an alkoxide anion which in turn gives rise to 
primary (1º) alcohols on protonation. 

 

The mechanism for the aldehydic reduction by metal hydride involves the nucleophilic addition of the hydride 
ion to the carbonyl carbon. In many cases, the Li+ activates the carbonyl group by attaching itself to the oxygen 
atom, which in turn, will raise the electrophilic character of the C=O group. 
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ii) Reduction of ketones by LiAlH4: 

               The hydride anion’s addition to ketone results in an alkoxide anion which in turn gives rise to 
secondary (2º) alcohols on protonation. 

 

The mechanism for the ketone reduction by metal hydride involves the nucleophilic addition of the hydride 
ion to the carbonyl carbon. In many cases, the Li+ activates the carbonyl group by attaching itself to the oxygen 
atom, which in turn, will raise the electrophilic character of the C=O group. 

 

iii) Reduction of acyl halides by LiAlH4: 

               Two subsequent additions of hydride anions to acyl halides results in an alkoxide anion which in turn 
gives rise to primary (1º) alcohols on protonation. 

 

The mechanism for the acyl halides’ reduction by metal hydride involves the nucleophilic addition of the 
hydride ion to the carbonyl carbon. In many cases, the Li+ activates the carbonyl group by attaching itself to 
the oxygen atom, which in turn, will raise the electrophilic character of the C=O group. 
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➢ Metal Hydride Reduction of Unsaturated Carbonyl Compounds 

                 Many metal hydrides can be used to reduce the unsaturated carbonyl compounds like α, β-
unsaturated aldehydes, ketones, and acid halides. 

1. Reduction by Sodium Borohydride: It is well-known fact that isolated C=C bond cannot be reduced either 
by LiAlH4 or by NaBH4. However, if this C=C is in conjugation with C=O (i.e., conjugated aldehyde, ketones, 
or acid chlorides), the substrate can act as an electrophile via at the β-carbon or via the carbon of the carbonyl 
group. Now since the β-carbon is a “soft” electrophilic site, it will prefer to react with “soft” nucleophile like 
NaBH4; whereas the carbonyl’s carbon is a relatively “hard” electrophilic site, it will prefer to react with “hard” 
nucleophile like LiAlH4 (HSAB Principle). Nevertheless, after the reduction of the C=C bond, the saturated 
aldehyde will also get reduced to the alcohol by NaBH4 in the next step. Conversely, LiAlH4 will show a 1, 2-
addition, leaving an isolated C=C double bond unaltered. 

 

The hydride anion’s addition to unsaturated carbonyl compound results in an alkoxide anion which in turn 
gives rise to a reduced product. 

i) Reduction of α, β-unsaturated aldehydes by NaBH4:  

               The hydride anion’s addition to the α, β-unsaturated aldehyde results in an alkoxide anion which in 
turn gives rise to primary (1º) alcohols on protonation. 

 

The mechanism for the aldehydic reduction by metal hydride that involves the 1, 4-nucleophilic addition of 
the hydride ion followed by a 1-2-addition to the carbonyl carbon is given below. 
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ii) Reduction of α, β-unsaturated ketones by NaBH4: 

               The hydride anion’s addition to α, β-unsaturated ketone results in an alkoxide anion which in turn 
gives rise to secondary (2º) alcohols on protonation. 

 

The mechanism for the ketone reduction by metal hydride that involves the 1, 4-nucleophilic addition of the 
hydride ion, followed by a 1, 2-addition to the carbonyl carbon is given below. 

 

iii) Reduction of α, β-unsaturated acyl halides by NaBH4: 

               Although it seems like an easy task, there are no reports of NaBH4-catalyzed 1, 4-addition to acyl 
halides (with reasonable yield). Nevertheless, 1, 2-adducts for benzoyl chloride have been obtained. 

 

The mechanism for the transformation of benzoyl chloride to benzyl alcohol via NaBH4 is given below. 
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2. Reduction by Lithium aluminium hydride: Since the carbonyl’s carbon is a relatively “hard” electrophilic 
site, it will prefer to react with “hard” nucleophile like LiAlH4 (HSAB Principle). Hence, unlike NaBH4, 
LiAlH4 will show a 1, 2-addition, leaving an isolated double bond unaltered. 

 

The hydride anion’s addition to carbonyl compound results in a lithium alkoxide anion which in turn gives rise 
to a reduced product. 

i) Reduction of α, β-unsaturated aldehydes by LiAlH4: 

               The hydride anion’s addition to α, β-unsaturated aldehyde results in an alkoxide anion which in turn 
gives rise to primary (1º) alcohols on protonation. 

 

The mechanism for the α, β-unsaturated aldehydic reduction by metal hydride involves 1, 2-nucleophilic 
addition of the hydride ion to the carbonyl carbon as shown below. Furthermore, it is also worthy to note that 
conjugate addition in product might also be obtained alongside with very small yield. 
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ii) Reduction of α, β-unsaturated ketones by LiAlH4: 

               The hydride anion’s addition to ketone results in an alkoxide anion which in turn gives rise to 
secondary (2º) alcohols on protonation. 

 

The mechanism for the α, β-unsaturated ketonic reduction by metal hydride involves 1, 2-nucleophilic addition 
of the hydride ion to the carbonyl carbon as shown below. Furthermore, it is also worthy to note that conjugate 
addition in product might also be obtained alongside with very small yield. 

 

iii) Reduction of α, β-unsaturated acyl halides by LiAlH4: 

               The hydride anion’s addition to ketone or aldehyde results in an alkoxide anion which in turn gives 
rise to primary (1º) alcohols on protonation. 

 

The mechanism for the transformation of benzoyl chloride to benzyl alcohol via LiAlH4 is given below. 

 

Buy the complete book with TOC navigation, 
high resolution images and 

no watermark.

https://www.dalalinstitute.com/books/a-textbook-of-organic-chemistry-volume-1/


394 A Textbook of Organic Chemistry – Volume I 

 Copyright © Mandeep Dalal  

➢ Metal Hydride Reduction of Acids 

               Many metal hydrides can be used to reduce the saturated and unsaturated carbonyl compounds like 
carboxylic acid. 

1. Reduction by lithium aluminium hydride: The lithium aluminium hydride (LiAlH4) is one of the most 
common sources of the hydride nucleophile. The hydride anion is produced in the course of reaction because 
of the polar nature of the metal-hydrogen bond. 

 

The hydride anion’s addition to carbonyl compound results in an alkoxide anion which in turn gives rise to a 
reduced product. 

               The hydride anion’s attack on carboxylic acid results in a carboxylate anion, which in turn, is attacked 
by AlH3 to yield aldehyde. This aldehyde then gives rise to primary (1º) alcohols after 1, 2-addition. 

 

The mechanism for the carboxylic acid’s reduction by metal hydride (by LiAlH4 in this case) to give primary 
alcohols is given below. 
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2. Reduction by aluminium hydride: The aluminum hydride, i.e., AlH3, is one of the most common types of 
electrophilic addition for the reduction of carboxylic acid because simple borohydride cannot reduce 
carboxylic acids. 

 

In some cases, the reactivity of aluminium hydride is like lithium aluminium hydride; whereas sometimes it 
acts as borane (BH3). 

               The hydride anion’s addition to carboxylic acid results in a complex series of transition states which 
in turn gives rise to primary (1º) alcohols on protonation. 

 

The mechanism responsible for the reduction of carboxylic acids by aluminium hydride involves the following 
steps. 

 

Buy the complete book with TOC navigation, 
high resolution images and 

no watermark.

https://www.dalalinstitute.com/books/a-textbook-of-organic-chemistry-volume-1/


396 A Textbook of Organic Chemistry – Volume I 

 Copyright © Mandeep Dalal  

➢ Metal Hydride Reduction of Esters 

               Metal hydrides like lithium borohydride and lithium aluminium hydride can be used to reduce the 
carbonyl compounds like esters. 

1. Reduction by lithium Borohydride: The lithium borohydride (LiBH4) is one of the most common sources 
of the hydride nucleophile. The hydride anion is produced during reaction because of the polar nature of the 
metal-hydrogen bond. 

 

The hydride anion’s addition to carbonyl compound results in an alkoxide anion which in turn gives rise to the 
reduced product. 

               Two subsequent hydride anions’ additions to ester result in an alkoxide anion which in turn gives rise 
to primary (1º) alcohols on protonation. 

 

The mechanism for the ester reduction by metal hydride (LiBH4 in this case) that involves the nucleophilic 
addition of the hydride ion to the carbonyl carbon is given below.  
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2. Reduction by Lithium aluminium hydride: The lithium aluminium hydride (LiAlH4) is one of the most 
common sources of the hydride nucleophile. The hydride anion is produced during reaction because of the 
polar nature of the metal-hydrogen bond. 

 

The hydride anion’s addition to carbonyl compound results in an alkoxide anion which in turn gives rise to the 
reduced product. 

               Two subsequent hydride anions’ additions to ester result in an alkoxide anion which in turn gives rise 
to primary (1º) alcohols on protonation. 

 

The mechanism for the ester reduction by metal hydride (LiAlH4 in this case) that involves the nucleophilic 
addition of the hydride ion to the carbonyl carbon is given below.  
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➢ Metal Hydride Reduction of Nitriles 

               The nitriles’ reduction may simply be defined as the chemical transformation in which a nitrile is 
reduced to either an aldehyde or an amine by the use of a suitable reagent. Many metal hydrides can be used 
to reduce the nitrile compounds to amines but LiBH4 and LiAlH4 are most common. 

1. Reduction by lithium borohydride: The lithium borohydride (LiBH4) is one of the most common sources 
of the hydride nucleophile. The hydride anion is produced during the reaction because of the polar nature of 
the metal-hydrogen bond. 

 

The hydride anion’s addition to nitrile compounds results in an anion which in turn gives rise to a reduced 
product. 

               Two subsequent additions of hydride anions to the carbon-nitrogen bond result in a lithium salt which 
in turn gives rise to primary (1º) amines on protonation. 

 

The mechanism for the nitriles’ reduction by metal hydride (LiBH4 in this case ) that involves the nucleophilic 
addition of the hydride ion to the carbon-nitrogen bond is given below. 
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2. Reduction by Lithium aluminium hydride: The lithium aluminium hydride (LiAlH4) is one of the most 
common sources of the hydride nucleophile. The hydride anion is produced during reaction because of the 
polar nature of the metal-hydrogen bond. 

 

The hydride anion’s addition to nitrile compounds results in an anion which in turn gives rise to a reduced 
product. 

               Two subsequent additions of hydride anions to the carbon-nitrogen bond result in a lithium salt which 
in turn gives rise to primary (1º) amines on protonation. 

 

The mechanism for the nitriles’ reduction by metal hydride (LiAlH4 in this case ) that involves the nucleophilic 
addition of the hydride ion to the carbon-nitrogen bond is given below. 
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