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A Preview of Carbonyl
Compounds

Carbonyl compounds are everywhere. Most biologicaJ molecules contain car­
bonyl groups, as do most pharmaceutical agents and many of the synthetic
chemicals that touch our everyday lives. Citric acid, found in lemons and
oranges; acetaminophen, the active ingredient in many over-tile-counter
headache remedies; and Dacroll, the polyester material used in clothing} all con­
tain different kinds of carbonyl groups.

Citric acid
la carboxylic acid}

Acetaminophen
Ian amide)

Dacron
la polyester)

n
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In the next five chapters, we'll discuss the chemistry of the carbonyl
group, c=o (pronounced car-bo-neel). Although there are many different
kinds of carbonyl compounds and many different reactions, there afe only a
few fundamental principles that tie the entire field together. The purpose of
this brief preview is not to show details of specific reactions but rather to
provide a framework for learning carbonyl-group chemistry. Read through
this preview now, and return to it on occasion to remind yourself of the larger
picture.

I. Kinds of Carbonvl Compounds

Table 1 shows some of the many different kinds of carbonyl compounds. All
contain an acyl group (ll-C=O) bonded to another substituent. The R part of
the acyl group can be practically any organic part-structure, and the other sub­
stituent to which the acyl group is bonded can be a carbon, hydrogen, oxygen,
halogen} nitrogen, or sulfur.

It's useful to classify carbonyl compounds into two categories based on the
kinds of chemistry they undergo. In one category are aldehydes and ketones; in
the other are carboxylic acids and their derivatives. The acyl group in an alde­
hyde or ketone is bonded to an atom (H or C, respectively) that can't stabilize a
negative charge and therefore can't act as a leaving group in a nucleophilic sub­
stitution reaction. The acyl group in a carboxylic acid or its derivative, however,
is bonded to an atom (oxygen, halogen, sulfur, nitrogen) that call stabilize a



Table 1 Some Types of Carbonyl Compounds

..

Name

Aldehyde

Ketone

Carboxylic acid

Acid halide

Acid anhydride

Acyl phosphate

General formula

o
II
C

R/ 'R'

o
II

...... C.......... ........H
R 0

o
II
c

W...... ........X

Name ending

-{If

-olle

·oic acid

-)'1 or -or/halide

-oie (lIIl1}'dride

-yl phosphate

Name

Ester

Lactone (cyclic ester)

Thioester

Amide

Lactam (cyclic amide)

General formula

o
II

.........C, ......... R
R 0

o
II

~ /C,
C 0

"---/

Name ending

-()(Ite

'one

-amide

Kone

negative charge and therefore cnll act as a leaving group in a nucleophilic sub­
stitution reaction.

0 0
II II
C CR".............. H R/ ........ R'

Aldehyde Ketone

0 0 0 0
II II II II
C C C C

R/ .........OH R/ ........X A/ .......OR R/ ....... SR

Carboxylic Acid Ester Thioester
acid halide

0 0 0 0
II II II II
c c c c

W..............NH
2

R/ ....... 0 ................ R· R/ .......opol-

Amide Acid Acyl
anhydride phosphate

IThe -R' and -H in these
compounds can't act as leaving
groups in nucleophilic
substitution reactions.

The -OH, -X, -GR', -SR, -NH2,
-OeCR', and -opol- in
these compounds can act as
leaving groups in nucleophilic
substitution reactions.
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II. Nature of the Carbonyl Group

The carbon-oxygen double bond of a carbonyl group is similar in many respects
to the carbon-carbon double bond of an alkene. The carbonyl carbon atom is
sp2-hybridized and forms three rr bonels. The fourth valence electron remains in
a carbon p orbital and forms a 7r bond to oxygen by overlap with an oxygen
p orbital. The oxygen atom also has two nonbonding pairs of electrons, ,-",hich
occupy its remaining two orbitals.

;:: ---c<.:

Carbonyl group

•

Alkene

•

Like aikenes, carbonyi compounds are pianar about the doubie bond and
have bond angles of approximateiy 120°. Figure 1 shows the structure of acet­
aldehyde and indicates its bond lengths and angles. As yOLi might expect, the
carbon-oxygen double bond is both shorter (122 pm versus 143 pm) and
stronger [732 kJ/mol (175 kcal/moi) versus 385 kJ/mol (92 kcai/moi)1 than a
C-O single bond.

Figure 1 Structure Electron-rich~
of acetaldehyde.

Bond angle 1°) Bond length (pm)
Electron-poor

0

H-C-C 118 C=O 122 II
H......... ,.......C ........

C H
C-C=O 121 C-C 150 1\

H H
H-C=O 121 OC-H 109

As indicated by the electrostatic potentiai map in Figure 1, the carbon­
oxygen doubie bond is strongly polarized because of the high electronegativity
of oxygen relative to carbon. Thus, the carbonyl carbon atom carries a partial
positive charge, is an electfophilic (Lewis acidic) site, and reacts with nucleo­
philes. Conversely, the carbonyl oxygen atom carries a partial negative charge}
is a nucleophilic (Lewis basic) site, and reacts with electrophiles. \tVe'll see in the
next five chapters that the majority of carbonyl-group reactions can be ration­
alized by simpie polarity arguments.

III. General Reactions of Carbonyl Compounds

Both in the laboratory and in living organisms, the reactions of carbonyl com­
pounds take place by one of four generai mechanisms: nucleophilic addition,
Illtcleopltilic (lcyl substitutioll, alplm substitlftioll) and carbollyl connel/sation. These
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luechanisms have many variations, just as alkene electrophilic addition reac­
tions and SN2 reactions do, but the variations are much easier to learn when the
fundamental features of the mechanislns are made clear. Let's see what the four
Inechanisms are and "vhat kinds of chelnistry carbonyl compounds undergo.

Nucleophilic Addition Reactions of Aldehydes
and Ketones (Chapter 19)
The most common reaction of aldellydes and ketones is the nucleophilic
addition reaction, in which a nucleophile, :Nu-, adds to the electrophilic
carbon of the carbonyl group. Since the nucleophile uses an electron pair to
form a new bond to carbon, two electrons from the carbon-oxygen double bond
must move to\'\'ard the electronegative oxygen atom to give an alkoxide anion.
The carbonyl carbon rehybridizes from sp2 to sp3 during the reaction, and the
alkoxide ion product therefore has tetrahedral geometry.

:0:-
I

"/'NU
A carbonyl compound

(sJ?·hybridized carbon)
A tetrahedral intermediate

(sp3.hybridized carbon)

Once formed, and depending on the nature of the nucleophile, the tetra­
hedral alkoxide intermediate can undergo either of two further reactions, as
shown in Figure 2. Often, the tetrahedral alkoxide intermediate is simply
protonated by water or acid to form an alcohol product. Alternatively, the
tetrahedral intermediate can be protonated and expel the oxygen to form a ne\",'
double bond between the carbonyl carbon and the nucleophile. We'll study
both processes in detail in Chapter 19.

Figure 2 The addition reaction
of an aldehyde or a ketone with
a nucleoph\\e. Depending on the
nucleophile, either an alcohol or
a compound with a C=Nu bond
is formed.

[:o::t!'I H-A

A~~C-NU ~

Formation of an Alcohol The simplest reaction of a tetrahedral alkoxide inter­
mediate is protonation to yield an alcohol. 'vVe've already seen tvvo examples of
this kind of process during reduction of aldehydes and ketones with hydride
reagents such as NaBH4 and LiAlH4 (Section 17.4) and during GrignaI'd reactions
(Section 17,5), During a reduction, the nucleophile that adds to the carbonyi
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group is a hydride ion, H:-, while during a Grignard reaction, the nuclcophile
is a carbanlon, R3C:-.

Reduction

Ketone!
aldehyde

I·0' I
W{"H

Tetrahedral
intermediate

Alcohol

Grignard reaction

Ketonel
aldehyde

Tetrahedral
intermediate

Alcohol

Formation of C=Nu The second mode of nucleophilic addition, which often
occurs with anline nuc1eophiles} involves elimination of oxygen and formation of
a C~Nu bond. For example, aldehydes and ketones react with primary amines,
RNI-Iz, to form imines, R2C~NR'. These reactions proceed through exactly the same
kind of tetrahedral intermediate as that formed during hydride reduction and
Grignard reaction, but the initially formed alkoxide ion is not isoiated. Instead, it
is protonated and then loses water to fonn an imine, as shown in Figure 3.

Figure 3 MECHANISM:
Formation of an imine,
R2C=NR', by reaction of
an amine with an aldehyde
or a ketone. o Addition to the ketone or aldehyde

carbonyl group by the neutral amine
nucleophile gives a dipolar tetrahedral
intermediate.

~O:
II~
C + :NH R"

W....... "R' 2

oJ!

690

f.) Transfer of a proton from nitrogen to
oxygen then yields an amino alcohol f.) It
intermediate. I

:OH
I

.C ....
WI NHW

R' ..

€) Dehydration of the amino alcohol
intermediate gives neutral imine plus OJt
water as final products. I



".
J

Nucleophilic Acyl Substitution Reactions of Carboxylic Acid
Derivatives (Chapter 21)
The second fundamental reaction of carbonyl compounds, nucleophilic acyl
substitution, is related to the nucleophilic addition reaction just discussed but
occurs only with carboxylic acid derivatives rather than with aldehydes Jnd
ketones. \'\lhen the carbonyl group of a carboxylic acid derivative reacts with a
nucleophile, addition occurs in the usual way, but the initially formed tetra­
hedral alkoxide intermediate is not isolated. Because carboxylic aciel derivatives
have a leaving group bonded to the carbonyl-group carbon, the tetrahedral
intermediate can react further by expelling the leaving group and forming a new
carbonyl compound:

Carboxylic acid
derivative

Tetrahedral
intermediate

:0:
II
C +

A/ 'Nu

Figure 4 MECHANISM: The
nucleophilic acyl substitution
reaction of an acid chloride with
an alkoxide ion yields an ester.

[
y = -OA (ester), -CI (acid chloride), -NH2 (amide),]

or -OCOR (acid anhydridel

The net effect of Ilucleophilic acyl substitution is the replacement of the
leaving group by the entering nucleophile. We'll see in Chapter 21, for instance,
that acid chlorides are rapidly converted into esters by treatment with alkoxide
iOlls (Figure 4).

:0
II ..
C + -:OR'
A/~··

o Nucleophilic addition of alkoxide
ion to an acid chloride yields a
tetrahedral intermediate,

o An electron pair from oxygen expels
chloride ion and yields the substitution e1
product, an ester,

:0:
II
C + CI-

A/ 'OR'
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Alpha-Substitution Reactions (Chapter 22)
The third major reaction of carbonyl C0J11pounds, alpha substitution, occurs at
the position next to the carbonyl group-the alpha (IT) position. This reaction,
which takes place with all carbonyl compounds regardless of structure, results
in the substitution of an" hydrogen by an electrophile through the formation
of an intermediate enol or e/JOlate ian:

A carbonyl
compound

An enolate ion

An enol

:0:
11

/c .............. E
C
/\

An a-substituted
carbonyl compound

For reasons that \ve'll explore in Chapter 22, the presence of a carbonyl
group renders the hydrogens on the (f carbon acidic. Carbonyl compollnds
therefore react l,vith strong base to yield enolate ions.

·0·
·11· r-. ,":Base

/C, ... ;..-H ­
c
/\

+ H-Base

A carbonyl
compound An enolate ion

Because they're negatively charged, enolate ions act as l1ucleophiles and
undergo mallY of the reactions we've already studied. For example, enolates react
with primary alkyl halides in the 51\'2 reaction. The nucleophilic enolate ion dis­
places halide ion, and a new C-C bond forms:

A carbonyl
compound

An enolate ion

:0:
11

/C'C ........ CH2R +

/\

692

The SN2 alkylation reaction between an enolate ion and an alkyl halide is a
powerful method for making C-C bonds, thereby building up larger molecules
from smaller precursors. We'll study the alkylation of many kinds of carbonyl
compounds in Chapter 22.
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Carbonyl Condensation Reactions (Chapter 231
The fourth and last fundamental reaction of carbonyl groups, carbonyl
condensation, takes place when two carbonyl compounds react vvith each other.
When acetaldehyde is treated with base, for instance, two molecules combine to
yield the hydroxy aldehyde product known as a/dol (aldehyde - alcohol):

+ NaOH

Two acetaldehydes Aldol

Figure 5 MECHANISM:
A carbonyl condensation reac­
tion between two molecules of
acetaldehyde yields a hydroxy
aldehyde product.

Although the carbonyl condensation reaction appears different from the
three processes already discussed l it's actually quite similar. A carbonyl conden­
sation reaction is simply a cumbinatio11 of a nucleophilic addition step and an
a-substitution step. The initially formed enolate ion of aile acetaldehyde mole­
cule acts as a Ilucleophile and acids to the carbonyl group of another acetalde­
hyde molecule, as shown in Figure 5.

HC?:___ ~
H........1l /C,

C H
1\

H H
o Base abstracts an acidic alpha

hydrogen from one acetaldehyde
molecule, yielding a resonance·
stabilized enolate ion.

f} The enolate ion adds as a nucleophile
to the carbonyl group of a second
acetaldehyde, producing a tetrahedral
alkoxide ion.

€) The tetrahedral intermediate is
protonated by solvent to yield the
neutral aldol product and regenerate
the base catalyst.
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Tetrahedral intermediate

oil
HO H 0

\ I II
C C + OW

H C/ 'c""'" 'H
3 1\

H H
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IV. Summary

Tile purpose of this short preview is not to show details of specific reactions but
rather to lay the groundwork for the next five chapters. All the carbonyl-group
reactions we'll be studying in Chapters 19 through 23 fall into one of the four
fundamental categories discussed in this preview. [(no\,ving where well be head·
ing should help you to keep matters straight in understanding this most impor­
tant of all functional groups.

PROBLEMS

1. Judging from the follO\'\'ing electrostatic potential maps, which kind of carbonyl
compollnd has the more electrophilic carbonyl carbon atoIn, a ketone or an acid
chloride? Which has the more nucleophilic carbonyl oxygen atom? Explain.

/

Acetone
(ketone)

Acetyl chloride
(acid chloridel

2. Predict the product formed by llucleophilic addition of cyanide ion (CN-) to the
carbonyl group of acetone, followed by protonation to give an alcohol:

?

Acetone

3. Identify each of the following reactions as a nucleophilic addition, nucleophilic
acyl substitutjon, an Q' substitution, or a carbonyl condensation:
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