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17.4: ALCOHOLS FROM CARBONYL COMPOUNDS- REDUCTION

40 OBJECTIVES

After completing this section, you should be able to

1. determine whether a given reaction should be classified as an oxidation or a reduction.
2. write an equation to represent the reduction of an aldehyde or ketone using sodium borohydride or lithium aluminum hydride.
a. discuss the relative advantages and disadvantages of using sodium borohydride or lithium aluminum hydride to reduce
aldehydes or ketones to alcohols.
b. identify the product formed from the reduction of a given aldehyde or ketone.
c. identify the aldehyde or ketone that should be used to produce a given alcohol in a reduction reaction.
d. identify the best reagent to carry out the reduction of a given aldehyde or ketone.

3. write an equation to represent the reduction of an ester or a carboxylic acid to an alcohol.

a. identify the product formed from the reduction of a given ester or carboxylic acid.
b. identify the esters or carboxylic acids that could be reduced to form a given alcohol.

Make certain that you can define, and use in context, the key terms below.
o (organic) oxidation
o (organic) reduction

X STUDY NOTES

In your course in first-year general chemistry, you probably discussed oxidation-reduction reactions in terms of the transfer of electrons
and changes in oxidation numbers (oxidation states). In organic chemistry, it is often more convenient to regard reduction as the gain of
hydrogen or loss of oxygen, and oxidation as the gain of oxygen or the loss of hydrogen. There is no contradiction in using these
various definitions. For example, when hydrogen is added across the double bond of ethene to reduce it to ethane, the oxidation number
of the doubly bonded carbon atoms decreases from —II to —III. Similarly, when 2-propanol

OH

is oxidized to acetone
o]

hydrogen is removed from the compound and the oxidation number of the central carbon atom increases from 0 to +II. If necessary,
review the concept of oxidation number.

REDUCTION OF ALDEHYDES AND KETONES

Like carbon, hydrogen can be used as a nucleophile if it is bonded to a metal in such a way that the electron density balance favors the
hydrogen side. A hydrogen atom that carries a net negative charge and bears a pair of unshared electrons is called a hydride ion (":H). How
much of the negative charge density resides on hydrogen depends on the difference in electronegativity between hydrogen and the metal it’s
bonded to.

© @ 5= 87
H-M <=—> H: M O H-M

-

M = metal

The most common sources of the hydride nucleophile are lithium aluminum hydride (LiAlH,) and sodium borohydride (NaBH,). Note! The
hydride anion is not present during this reaction; rather, these reagents serve as a source of hydride due to the presence of a polar metal-
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hydrogen bond. Because aluminum is less electronegative than boron, the Al-H bond in LiAlHy4 is more polar, thereby, making LiAlH, a
stronger reducing agent.

H H
® KS)
Na H—Elic—aH Li® H—AI\I—H :H@
H H

Sodium Borohydride Lithium Aluminum Hydride Hydride Nucleophile

Addition of a hydride anion (H:") to an aldehyde or ketone gives an alkoxide anion, which on protonation yields the corresponding alcohol.
Aldehydes produce 1°-alcohols and ketones produce 2°-alcohols. These reactions will be discussed in more detail in Chapter 19.

Q H RLOH 9y RO OH
— L
A H H R R R H
Aldehyde 1° Alcohol Ketone 2° Alcohol
PREDICTING THE PRODUCT OF A HYDRIDE ADDITION TO A CARBONYL
o) Change the CO Double 0 Add an H to the Carbon _H
1 Bond To a Single Bond ! and an H to the Oxygen (?
L SN /C’\H

During the reduction the C=0 double bond in the reactant and forms a C-O single bond in the product. The breaking of the C=0 double
bond allows for the formation of two single bonds in the product. One will be attached to the oxygen and one to the carbon which originally
in the carbonyl. Both of these single bonds will be attached to an "H" in the product formed.

v EXAMPLE 17.4.1

)
I o—H
C. NaBH, |
H ——— C—H
CH5OH !
0 1) LiAIH, OH
Lo &
H3CH,CH,CH,C~ “CH; 2)H,O H3CH,CH,CH,C~  “CHj,

o) OH
1) LiAIH, H
—_—
2) H,0
MECHANISM

Both NaBH, and LiAlHy act as if they were a source of the hydride anion nucleophile. They hydride anion undergoes nucleophilic addition

to the carbonyl carbon to form a C-H single bond and forming a tetrahedral alkoxide ion intermediate. The alkoxide ion is subsequently
converted to an alcohol by reaction with a proton source. In the LiAlH4 reduction, the resulting alkoxide salts are insoluble and need to be
hydrolyzed (with care) before the alcohol product can be isolated. In the borohydride reduction the hydroxylic solvent system achieves this
hydrolysis automatically. The lithium, sodium, boron and aluminum end up as soluble inorganic salts.

Note! The reaction and the corresponding mechanism of hydride reductions of carbonyls is fairly complicated. The following mechanism
has been simplified for easier understanding..

1) Nucleophilic attack to form a tetrahedral alkoxide intermediate
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RTVR RTT R
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H
2) Protonation to form an alcohol
® ..0 :O—
Li :?:/\Hﬁ‘o\ .(|) H
& H — _C.__ + LoH
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In metal hydride reductions the resulting alkoxide salts are insoluble and need to be hydrolyzed (with care) before the alcohol product can
be isolated. In the sodium borohydride reduction the methanol solvent system achieves this hydrolysis automatically. In the lithium
aluminum hydride reduction water is usually added in a second step. The lithium, sodium, boron and aluminum end up as soluble inorganic
salts at the end of either reaction. Note! LiAlH, and NaBH, are both capable of reducing aldehydes and ketones to the corresponding
alcohol.

BIOLOGICAL REDUCTION

Aldehydes, ketones and alcohols are very common features in biological molecules. Converting between these compounds is a frequent
event in many biological pathways. However, semi-anionic compounds like sodium borohydride don't exist in the cell. Instead, a number of
biological hydride donors play a similar role.

NADH is a common biological reducing agent. NADH is an acronym for nicotinamide adenine dinucleotide hydride. Instead of an anionic
donor that provides a hydride to a carbonyl, NADH is actually a neutral donor. It supplies a hydride to the carbonyl under very specific
circumstances. In doing so, it forms a cation, NAD*. However, NAD" is stabilized by the fact that its nicotinamide ring is aromatic; it was
not aromatic in NADH.

] CONADH2.png

REDUCTION OF CARBOXYLIC ACIDS AND ESTERS

Carboxylic acids and esters can be converted to 1° alcohols using Lithium aluminum hydride (LiAlHy).

(@) O R OH
i or A, N
LR Co 7N
R (@) R OH H H
Ester Carboxylic 1° Alcohol
Acid

Note that NaBH, is not strong enough to convert carboxylic acids or esters to alcohols. Notice that during these reaction two hydrogen
atoms are added the to carbonyl carbon whereas only one hydrogen atom was added during aldehyde and ketone reductions. These reactions
will be discussed in more detail in Chapter 21.

o) 1) LiAlH,, H N
I - 5 A%
LN + O~
R OH 2) H30 R OH
Carboxylic 1° Alcohol
Acid
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? WORKED EXAMPLE

How would you prepare the following molecules using a hydride reduction?

a)

s QN
CH3CHCH,CHCH;
b)

AN ch,0H

Answer

Analysis: The first step is to note if the target molecule is a 1° or 2° alcohol. Primary alcohols can be made by the hydride reduction
of an aldehyde, carboxylic acid, or ester while secondary alcohols are made by the reduction of ketones. A 3° alcohol cannot be
made by a hydride reduction. Also, it is important to remember than aldehydes and ketones can be reduced by both NaBH* and
LiAlH, whereas carboxylic acids and ester can only be reduced by LiAlIH,.

a) Because the target molecule is a secondary alcohol the starting material must be a ketone.
CH, O 1) NaBH, or LiAlH, CH;, OH

y

| I | |
CH3CHCH,CCH; 2y H,0 CH;CHCH,CHCH,

b) Because the target molecule is a primary alcohol the starting material could be an aldehyde, a carboxylic acid, or an ester.
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EXERCISES

? EXERCISE 17.4.1

1) Give the aldehyde, ketone, or carboxylic acid (there can be multiple answers) that could be reduced to form the following alcohols.

OH OH
1 O
2 /j\ w ~ TOH, 0

2) Given the following alcohol, draw the structure from which it could be derived using only NaBH4

OH
HO
HO
0
/Y\OH
a) b) ) d) OH

Answer
1

L3
I Jeoles
a))l\b) o or \/go ) @

2) Note, NaBHy, is only a strong enough reducing agent to reduce ketones and aldehydes.

/j/\\.o
) b)

Give the aldehyde, ketone, or carboxylic acid (there can be multiple answers) that could be reduced to form the following alcohols.
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o HO
OH
OIS I N L D)
Answer
o\
o AP % Ej
or

A) )J\ B) or C) D)
/\fo

OH

(6] OH

? EXERCISE 17.4.3

Given the following alcohol, draw the structure from which it could be derived using only NaBH,.

HO HO
A) /\(\OH B) o) D) OH
HO
o

Note: NaBHy is only a strong enough reducing agent to reduce ketones and aldehydes.

O\ O
A) /Y%o B) 0 D) Xo
HO
O

This page titled 17.4: Alcohols from Carbonyl Compounds- Reduction is shared under a CC BY-SA 4.0 license and was authored, remixed, and/or curated
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by Chris Schaller, Steven Farmer, Dietmar Kennepohl, James Kabrhel, & James Kabrhel.
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