
Chapter

20
Functional Derivatives

of Carboxylic Acids

Nucleophilic Acyl Substitution

20.1 Structure

Closely related to the carboxylic acids and to each other are a number of

chemical families known as functional derivatives of carboxylic acids: acid chlorides>

anhydrides, amides, and esters. These derivatives are compounds in which the

OH of a carboxyl group has been replaced by CI, OOCR, NH2 ,
or OR'.

\ o
o

x
ci

Acid chloride Anhydride

They ail contain the acyl group:

R C
X
NH2

Amide

O
R-C/

X
OR'

Ester

R may be

alkyI or

aryl

O
R-C

Acyl group

Like the acid to which it is related, an acid derivative may be aliphatic or

aromatic, substituted or unsubstituted; whatever the structure of the rest of the

molecule, the properties of the functional group remain essentially the same.

20.2 Nomenclature

The names of acid derivatives are taken in simple ways from either the

common name or the IUPAC name of the corresponding carboxylic acid. For

example:
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O

OH
Acetic acid

Ethanoic acid

Benzoic acid

c
s
x
ci

Acctyl chloride

Ethanoyl chloride

O
CHr--C

>
CH
'-\

Acetic anhydride

Ethanoic anhydride

~#

NH 2

Acctamide

Ctliananude

O

Benzoyl chloride

OC 2H 5

Ethyl acetate

Ethyl cthanoate

Benzoic anhydride

NH2

Benzamide

Change:

-ic acid to -vl chloride

acid to anhydride

OC 2H5

Ethyl benzoate

-ic acid of common name

(or ~oic acid of IUPAC name)
to - amide

-ic acid to -ate,

preceded by name of

alcohol or phenol group

20.3 Physical properties

The presence of the C O group makes the acid derivatives polar compounds.
Acid chlorides and anhydrides (Table 20.1) and esters (Table 20.2, p. 674) have

boiling points that are about the same as those of aldehydes or ketones of com-

parable molecular weight (see Sec. 15.4). Amides (Table 20.1) have quite high

boiling points because they are capable of strong intermolecular hydrogen bonding.

R

H

O N H O' >J H-V I

\^, II

R

The border line for solubility in water ranges from three to five carbons for

the esters to five or six carbons for the amides. The acid derivatives are soluble

in the usual organic solvents.
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Volatile esters have pleasant, rather characteristic odors; they are often used

in the preparation of perfumes and artificial flavorings. Acid chlorides have sharp,

irritating odors, at least partly due to their ready hydrolysis to HC1 and carboxylie

acids.

Table 20.1 ACID CHLORIDES, ANHYDRIDES, AND AMIDES

20.4 Nucleophilic acyl substitution. Role of the carbonyl group

Before we take up each kind of acid derivative separately, it will be helpful to

outline certain general patterns into which we can then fit the rather numerous

individual facts.

Each derivative is nearly always prepared directly or indirectly from the

corresponding carboxylie acid, and can be readily converted back into the car-

boxylic acid by simple hydrolysis. Much of the chemistry of acid derivatives

involves their conversion one into another, and into the parent acid. In addition,

each derivative has certain characteristic reactions of its own.

The derivatives of carboxylie acids, like the acids themselves, contain the car-

bonyl group, C~O. This group is retained in the products of most reactions under-

gone by these compounds, and does not suffer any permanent changes itself. But

by its presence in the molecule it determines the characteristic reactivity of these

compounds, and is the kev to the understanding of their chemistry.

Here, too, as in aldehydes and ketones, the carbonyl group performs two

functions: (a) it provides a site for nucleophilic attack, and (b) it increases the

acidity of hydrogens attached to the alpha carbon.

(We shall discuss reactions resulting from the acidity of a-hydrogens in Sees.

21. 11-21. 12 and 26.1-26.3.)

Acyl compounds carboxylic acids and their derivatives typically undergo

nucleophilic substitution in which -OH, -Cl, OOCR, NH2f or -OR' is

replaced by some other basic group. Substitution takes place much more readily

than at a saturated carbon atom; indeed, many of these substitutions do not usually

take place at all in the absence of the carbonyl group, as, for example, replacement
of-NH2 by~OH.
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r
+ :Z > R-C Z > R-C + :W

4,

_W = -OH, -Cl, -OOCR, -NH2 , -OR'

To account for the properties of acyl compounds, let us turn to the carbonyl

group. We have encountered this group in our study of aldehydes and ketones

(Sees. 19.1 and 19.8), and we know what it is like and what in general to expect of it.

Carbonyl carbon is joined to three other atoms by a bonds; since these bonds

utilize sp
2 orbitals (Sec. 1.10), they lie in a plane and are 120 apart. The remaining

p orbital of the carbon overlaps &p orbital of oxygen to form a TT bond; carbon and

oxygen are thus joined by a double bond. The part of the molecule immediately

surrounding carbonyl carbon Is flat', oxygen, carbonyl carbon, and the two atoms

directly attached to carbonyl carbon He in a plane:

We saw before that both electronic and steric factors make the carbonyl

group particularly susceptible to nucleophilic attack at the carbonyl carbon:

(a) the tendency of oxygen to acquire electrons even at the expense of gaining a

negative charge; and (b) the relatively unhindered transition state leading from the

trigonal reactant to the tetrahedral intermediate. These factors make acyl com-

pounds, too, susceptible to nucleophilic attack.

It is in the second step of the reaction that acyl compounds differ from alde-

hydes and ketones. The tetrahedral intermediate from an aldehyde or ketone

gains a proton, and the result is addition. The tetrahedral intermediate from an acyl

Aldehyde or ketone

AtUiturn

Acyl compound
** Substitution

compound ejects the :W group, returning to a trigonal compound, and thus the

result is substitution.

We can see why the two classes of compounds differ as they do. The ease

with which :W is lost depends upon its basicity: the weaker the base, the better

the leaving group. For acid chlorides, acid anhydrides, esters, and amides, :W
is, respectively: the very weak base Cl~ ; the moderately weak base RCOO" ; and

the strong bases R'O~ and NH 2 ~. But for an aldehyde or ketone to undergo

substitution, the leaving group would have to be hydride ion (:H~) or alkide ion
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(:R~) which, as we know, are the strongest bases of all. (Witness the low acidity

of H2 and RH.) And so with aldehydes and ketones addition almost always

takes place instead.

Problem 20.1 Suggest a likely mechanism for each of the following reactions,

and account for the behavior shown:

(a) The last step in the haloform reaction (Sec. 16.11),

OH" + R C-CX3 RCOO- + CHX3

(b) The reaction of o-fluorobenzophenone with amide ion,

f H2N-C

Thus, nucleophilic acyl substitution proceeds by two steps, with the inter-

mediate formation of a tetrahedral compound. Generally, the overall rate is

affected by the rate of both steps, but the first step is the more important. The

first step, formation of the tetrahedral intermediate, is affected by the same factors

Nucleophilic acyl substitution

:z

Reactant

Trigonal

W w

Transition state

Becoming tetrahedral

Partial negative

charge on oxygen

Intermediate

Tetrahedral

Negative charge
on oxygen

"C=O -f : W
Z

Product Leaving group

Trigonal Weaker base leaves

more readily

as in addition to aldehydes and ketones (Sec. 19.8): it is favored by electron with-

drawal, which stabilizes the developing negative charge; and it is hindered by the

presence of bulky groups, which become crowded together in the transition state.

The second step depends, as we have seen, on the basicity of the leaving group, : W.
If acid is present, H + becomes attached to carbonyl oxygen, thus making the

Acid-catalyzed nucleophilic acyl substitution

\v
OH

Z

W/XOH

Undergoes nucleophilic
attack more readily

R,

z'
=0 + H:W
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carbonyl group even more susceptible to the nucleophilic attack; oxygen can now

acquire the -n electrons .without having to accept a negative charge.

It is understandable that acid derivatives are hydrolyzed more readily in either

alkaline or acidic solution than in neutral solution: alkaline solutions provide

hydroxide ion, which acts as a strongly nucleophilic reagent; acid solutions provide

hydrogen ion, which attaches itself to carbonyl oxygen and thus renders the-rnole-

cule vulnerable to attack by the weakly nucleophilic reagent, water.

Alkaline hydrolysis

RC
W

:OH"
Strongly

nucleophilic

t :W

Acidic hydrolysis

OH

R-C
W

H 20:

Highly
vulnerable Weakly

nucleophilic

20.5 Nucleophilic substitution: alkyl vs. acyl

As we have said, nucieophilic substitution takes place much more readily at

an acyl carbon than at saturated carbon. Thus, toward nucleophilic attack acid

chlorides are more reactive than alkyl chlorides, amides are more reactive than

amines (RNH2), and esters are more reactive than ethers.

R C more reactive than R ClV
Cl

Acid chloride ^ Alkyl chloride

o
R C more reactive than R NH2

X
NH2

Amide Amine

:>

more reactive than R OR'

Ester Ether

O
R-C

Reactivity in

nucleophilic

displacement
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It is, of course, the carbonyl group that makes acyl compounds more reactive

than alkyl compounds. Nucleophilic attack (SN 2) on a tetrahedral alkyl carbon

involves a badly crowded transition state containing pentavalent carbon; a bond

must be partly broken to permit the attachment of the nucleophile:

Alkyl nucleophilic substitution

&-+Z-( > W

Tetrahedral C Pentavalent C
Attack hindered Unstable

Nucleophilic attack on a flat acyl compound involves a relatively unhindered

transition state leading to a tetrahedral intermediate that is actually a compound;
since the carbonyl group is unsaturated, attachment of the nucleophile requires

Acyl nucleophilic substitution

Rw _/
Z:

ô

Trigonal C Tetrahedral C
Attack relatively Stable

unhindered

breaking only of the weak TT bond, and places a negative charge on an atom quite

willing to accept it; oxygen.

ACID CHLORIDES

20.6 Preparation of acid chlorides

Acid chlorides are prepared from the corresponding acids by reaction with

thionyl chloride, phosphorus trichloride, or phosphorus pentachloride, as discussed

in Sec. 18.15.

20.7 Reactions of acid chlorides

Like other acid derivatives, acid chlorides typically undergo nucleophilic

substitution. Chlorine is expelled as chloride ion or hydrogen chloride, and its

place is taken by some other basic group. Because of the carbonyl group these

reactions take place much more rapidly than the corresponding nucleophilic

substitution reactions of the alkyl halides. Acid chlorides are the most reactive

of the derivatives of carboxylic acids.
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REACTIONS OF ACID CHLORIDES

1. Conversion into acids and derivatives. Discussed in Sec. 20.8.

O O
R-CX + HZ > R-CX + HCl

x
ci \

(a) Conversion into acids. Hydrolysis.

RCOC1 + H2O > RCOOH + HCl

An acid

Example:

Benzoyl chloride Benzoic acid

(b) Conversion into amides. Ammonolysis

RCOC1 -f 2NH 3 > RCONH2 + NH4C1

An amide

Example:

Benzoyl chloride Benzamide

(c) Conversion into esters. Alcoholysis

RCOC1 + R'OH > RCOOR' + HCl
An ester

Example:

>^\ /^\
:i C2H 5OH > (O>COOC2H5 4- HCl

Benzoyl chloride Ethyl Ethyl benzoate
alcohol

2. Formation of ketones. Friedel-Crafts acylation. Discussed in Sec. 19.6.

O

wwwi RC AT

Cl Q
A ketone
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3. Formation of ketones. Reaction with organocadmium compounds. Discussed in

Sec. 19.7.

R'MgX R'2Cd

RCOC1
or

ArCOCl

I C R or ArCR'
A A

R' must be aryl
or primary alkyl

4. Formation of aldehydes by reduction. Discussed in Sec. 19.4.

RCOC1 or ArCOCl LiAIH(OBu-f)j RCHO or ArCHO
Aldehyde

20.8 Conversion of acid chlorides into acid derivatives

In the laboratory, amides and esters are usually prepared from the acid chloride

rather than from the acid itself. Both the preparation of the acid chloride and its

reactions with ammonia or an alcohol are rapid, essentially irreversible reactions.

It is more convenient to carry out these two steps tfian the single slow, reversible

reaction with the acid. For example:

Aromatic acid chlorides (ArCOCl) are considerably less reactive than the

aliphatic acid chlorides. With cold water, for example, acetyl chloride reacts

almost explosively, whereas Benzoyl chloride reacts only very slowly. The reaction

of aromatic acid chlorides with an alcohol or a phenol is often carried out using the

Schotten-Baumann technique: the acid chloride is added in portions (followed by

vigorous shaking) to a mixture of the hydroxy compound and a base, usually

aqueous sodium hydroxide or pyridine (an organic base, Sec. 31.11). Although
the function of the base is not clear, it seems not only to neutralize the hydrogen
chloride that would otherwise be liberated, but also tp catalyze the reaction.
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ACID ANHYDRIDES

20.9 Preparation of acid anhydrides

Only one monocarboxylic acid anhydride is encountered ^very often; however,

this one, acetic anhydride, is immensely important. It is prepared by the reaction

of acetic acid with ketene, CH 2=C---O, which itself is prepared by high-tempera-

ture dehydration of acetic acid.

CH 3COOH 4
> H2 + CH2-G=0 *

(CH 3CO)2O
Ketene Acetic anhydride

Ketene is an extremely reactive, interesting compound, which we have already

encountered as a source of tnethylene (Sec. 9.15). It is made in the laboratory

CH 3COCH 3

70 '75 V CH4 + CH2=C=O
Ketene

by pyrolysis of acetone, and ordinarily used as soon as it is made.

In contrast to monocarboxylic acids, certain *//carboxylic acids yield an-

hydrides on simple heating: in those cases where a five- or six-membered ring is

produced. For example:

?c "XOH .
,

H2C
"C

+ H 2

Water

If
II

o o
Succinic

anhydride

o
Phthalic

anhydride

Ring size is crucial : with adipic acid, for example, anhydride formation would pro-
duce a seven-membered ring, and does not take place. Instead, carbon dioxide is lost and

cyclopentanone, a ketone with a five-membered ring, is formed.

C=0 + C02 4- H2

Carbon Water

Cyclopentanone
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Problem 20.2 Cyclic anhydrides can be formed from only the a>l,2-cyclopen-

tanedicarboxylic acid, but from both the c/s- and fr0Ai5-l,2-cycIohexanedicarboxylic

acids. How do you account for this?

Problem 20.3 Maleic acid (C4H4O4 , m.p. 130, highly soluble in water, heat of

combustion 327 kcal) and fnmaric acid (C4H 4O4 , m.p. 302, insoluble in water, heat

of combustion 320 kcal) are both dicarboxylic acids; they both decolorize Br2 in

CC14 and aqueous KMnO4 ; on hydrogenation both yield succinic acid. When heated

(maleic acid at 100", fumaric acid at 250-300), both acids yield the same anhydride,

which is converted by cold water into maleic acid. Interpret these facts.

20.10 Reactions of acid anhydrides

Acid anhydrides undergo the same reactions as acid chlorides, but a little

more slowly; where acid chlorides yield a molecule of HC1, anhydrides yield a

molecule of carboxylic acid.

Compounds containing the acetyl group are often prepared from acetic

anhydride; it is cheap, readily available, less volatile and more easily handled than

acetyl chloride, and it does not form corrosive hydrogen chloride. It is widely

used industrially for the esterification of the polyhydroxy compounds known as

carbohydrates, especially cellulose (Chap. 35).

REACTIONS OF ACID ANHYDRIDES

1. Conversion into acids and acid derivatives. Discussed in Sec. 20.10.

(RCO)2O + HZ -> RCOZ + RCOOH

(a) Conversion into acids. Hydrolysis

Example:

(CH 3CO)2O + H 2O # 2CH 3COOH
Acetic anhydride Acetic acid

(b) Conversion into amides. Ammonolysis

Examples:

(CH aCO)2O + 2NH 3 > CH3CONH2 + CH 3COO~NH4
+

Acetic anhydride Acetamide Ammonium acetate

J
C
||

2NH3
_. <f2CONH

2 _j^ CH2CONH2

CH2COONH4 CH2COOH

||
Ammonium succinamate Succinamic acid

O
Succinic anhydride
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(c) Conversion into esters. Alcoholysis

669

Examples:

(CH 3CO)2 + CH 3OH
Acetic anhydride

CHjCOOCH 3 + CH3COOH
Methyl acetate Acetic acid

(An ester)

-I- CH 3CH 2CHCH 3

OH

Phthalic anhydride sec-Butyl alcohol

COOCHCH 2CH 3

hydrogen phthalate

?. Formation of ketones. Friedel-Crafts acylation. Discussed in Sec. 19.6.

(RCO) 2O + ArH AlClj

or other
Lewii acid

R-C-Ar + RCOOH

O
A kctone

Examples:

(CH 3CO)2
;

Acetic

anhydride

AICU
' CH 3COOH

Acetic acid

Methyl mesityl ketonc

OOH
o-Benzoylbenzoic acid

Phthalic anhydride

Only "half" of the anhydride appears in the acyl product; the other "half"

carboxylic acid. A cyclic anhydride, we see, undergoes exactly the same

reactions as any other anhydride. However, since both "halves" of the anhydride

are attached to each other by carbon-carbon bonds, the acyi compound and the

carboxylic acid formed will have to be part of the same molecule, Cyclic anhydrides
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can thus be used to make compounds containing both the acyl group and the

carboxyl group: compounds that are, for example, both acids and amides, both

acids and esters, etc. These difunctional compounds are of great value in further

synthesis.

Problem 20.4 Give structural formulas for compounds A through G.

Benzene + succinic anhydride
AI 3

> A (C 10HieAj)

A + Zn(Hg) -2^-> B (C IOH 12O2)

B+SOC1 2 > C(C10HnOCl)

D (C 10H I00)

D + H2 -^> E (C 10H 120)

El IT O/~\ "*-^* ^ TT" ff* \ f \
-r ri2"jU4 > r vv^iorlio/

FPt, heat /^ //^ u \ i u> \j ^^iQrigj "r J12

Problem 20.5 (a) What product will be obtained if D of the preceding problem
is treated with C6H 5MgBr and then water? (b) What will you finally get if the product
from (a) replaces E in the preceding problem ?

Problem 20.6 When heated with acid (e.g., concentrated H2SO4), o-benzoyl-

benzoic acid yields a product of formula C 14H 8O 2 . What is the structure of this prod-
uct? What general type of reaction has taken place?

Problem 20.7 Predict the products of the following reactions:

(a) toluene 4- phthalic anhydride + A1C1 3

(b) the product from (a) + cone. H 2SO4 + heat

Problem 20.8 (a) The two 1,3-cyclobutanedicarboxylic acids (p. 302) have been

assigned configurations on the basis of the fact that one can be converted into an anhy-
dride and the other cannot. Which configuration would you assign to the one that

can form the anhydride, and why ? (b) The method of (a) cannot be used to assign

configurations to the 1,2-cyclohexanedicarboxylic acids, since both give anhydrides.

Why is this? (c) Could the method of (a) be used to assign configurations to the

1,3-cyclohexanedicarboxylie acids ?

Problem 20.9 Alcohols are the class ofcompounds most commonly resolved (Sec.

7.9), despite the fact that they are not acidic enough or basic enough to form (stable)

salts. Outline all steps in a procedure for the resolution of s^c-butyl alcohol, using
as resolving agent the base (

-
)-B.

AMIDES

20.11 Preparation of amides

In the laboratory amides are prepared by the reaction of ammonia with acid

chlorides or, when available, acid anhydrides (Sees. 20.8 and 20.10). In industry

they are often made by heating the ammonium salts of carboxylic acids.

Nadher Daman Alshamary
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20.12 Reactions of amides

An amide is hydrolyzed when heated with aqueous acids or aqueous bases.

The products are ammonia and the carboxylic acid, although one product or the

other is obtained in the form of a salt, depending upon the acidity or basicity of the

medium.

/ nother reaction of importance, the Hoffmann degradation of amides, will be

discussed later (Sec. 22.12).

REACTIONS OF AMIDES

1. Hydrolysis. Discussed in Sec. 20.13.

M-^ RCOOH I NH4
>

RCONH 2 f H 2

RCOO 1 NH 3

Examples:

CONH 2
- H 2SO4 \- H 2O -

/
COOH f NH

4
HSO4

Bcnzamide Benzoic acid

CH 3CH 2CH 2CONH 2 + NaOH + H 2O -> CH 3CH 2CH 2COO-Na 4 + NH 3

Butyramide Sodium butyratc

2. Conversion into imides. Discussed in Sec. 20.14.

3. Hofmann degradation of amides. Discussed in Sees. 22.12 and 28.2-28.5.

RCONH 2 or ArCONH 2
-~ -+ RNH 2 or ArNH 2 + OV -

Amide 1 aminc

20.13 Hydrolysis of amides

Hydrolysis of amides is typical of the reactions of carboxylic acid derivatives.

It involves nucleophilic substitution, in which the NH 2 group is replaced by

OH. Under acidic conditions hydrolysis involves attack by water on the pro-

tonated amide:

o 1

NH 2 NH 2 J NH 2

O
> RCOO-NH 4
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Under alkaline conditions hydrolysis involves attack by the strongly nucleophilic

hydroxide ion on the amide itself:

o-
i

OH-
o

R-C : OH
'NH2 NH 2

RCOO NH 3

20.14 Imides

Like other anhydrides, cyclic anhydrides react with ammonia to yield amides;

in this case the product contains both CONH 2 and COOH groups. If this

acid-amide is heated, a molecule of water is lost, a ring forms, and a product is

obtained in which two acyl groups have become attached to nitrogen; compounds
of this sort are called imides. Phthalic anhydride gives phthalamic acid and

phthalimide:

Phthalic anhydride

INH,. heat

CONH 2

COO~N1

Ammonium phthalamate

|CONH 2

JCOOH
Phthalamic acid

heat

Phthalimide

Problem 20.10 Outline all steps in the synthesis of succinimide from succinic

acid.

Problem 20.11 Account for the following sequence of acidities. (Hint: See Sec.

18.12.)

K*

Ammonia 10~ 33

Benzamide 10- 14 to 1Q- 15

Phthalimide 5 x 10
- ?

ESTERS

20.15 Preparation of esters

Esters are usually prepared by the reaction of alcohols or phenols with acids

or acid derivatives. The most common methods are outlined below.

Nadher Daman Alshamary
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PREPARATION OF ESTERS

1. From acids. Discussed in Sees. 18.16 and 20.18.

H +

RCOOH + R'OH

Carboxylic Alcohol
acid

R may be R' is

alkyl or usually

aryl alkyl

RCOOR' + H 2O
Ester

Reactivity of R OH:

Examples:

CH 3COOH
Acetic acid

)COOH

Bcnzoic acid

HOCH 2

Benzyl alcohol

CH ;

HOCH 2CHCH 3
:

Isobutyl
alcohol

CH 3COOCH 2

Benzyl acetate

Isobutyl benzoate

2. From acid chlorides or anhydrides. Discussed in Sees. 20.8 and 20.10.

RCOC1 + R'OH (or ArOH) - > RCOOR' (or RCOOAr) + HC1

(RCO)2O + R'OH (or ArOH) > RCOOR' (or RCOOAr) + RCOOH

Examples:

Br Br

C 2HsOH
pyndmi

HC1

o-Bromobenzoyl
chlonde

Ethyl o-bromobenzoate

NaOH

p-Nitrophenol
anhydride

3. From esters. Transesterification. Discussed in Sec. 20.20.

CH 3COOQNO2 t CH 3COOH

/j-Nitrophenyl acetate

The direct reaction of alcohols or phenols with acids involves an equilibrium

and especially in the case of phenols requires effort to drive to completion

(see Sec. 18.16). In the laboratory, reaction with an acid chloride or anhydride
is more commonly used.

The effect of the structure ofthe alcohol and of t^e acid on ease of esterification

has already been discussed (Sec. 18.16).
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Table 20.2 ESTERS OF CARBOXYLIC ACIDS

As was mentioned earlier, esterification using aromatic acid chlorides, ArCOCl,
is often carried out in the presence of base (the Schotten-Baumann technique,

Sec. 20.8).

Problem 20.12 When benzole acid is esterified by methanol in the presence of a

little sulfuric acid, the final reaction mixture contains five substances: benzoic acid,

methanol, water, methyl benzoate, sulfuric acid. Outline a procedure for the separa-

tion of the pure ester.

A hydroxy acid is both alcohol and acid. In those cases where a five- or six-

membered ring can be formed, intramolecular esterification occurs. Thus, a

y- or S-hydroxy acid loses water spontaneously to yield a cyclic ester known as a

lactone. Treatment with base (actually hydrolysis of an ester) rapidly opens the

RCHCH 2CH 2COO
I

OH
Salt of a

-hydroxy acid

:HR
A --lactone

A cyclic ester five-membered ring

RCHCH 2CH 2CH 2COO-Na

OH
Salt of a

A -hydroxy acid
A ft -lactone

A cyclic ester: six-membered ring

lactone ring to give the open-chain salt. We shall encounter lactones again in our

study of carbohydrates (Sec. 34.8).

Problem 20.13 Suggest a likely structure for the product formed by heating k
each

of these acids, (a) Lactic acid, CH 3CHOHCOOH, gives lactide, C6H 8O4 . (b) 10-Hy-
droxydecanoic acid gives a material of high molecular weight (KXXK9000).
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20.16 Reactions of esters

Esters undergo the nucleophilic substitution that is typical of carboxylic acid

derivatives. Attack occurs at the electron-deficient carbonyl carbon, and results

in the replacement of the OR' group by OH, OR*, or NH2 :

R-C
O

\
:Z

OR'

o-

R-C- Z

in-

R-C :OR'-

:Z = :OH~, :NH3

These reactions are sometimes carried out in the presence of acid. In these

acid-catalyzed reactions, H f
attaches itself to the oxygen of the carbonyl group,

and thus renders carbonyl carbon even more susceptible to nucleophilic attack.

O
R C

X
MI*

X
OR' c\z

^OH 1 Actd catalysis:

> makes carbon more

susceptible to

nucleophilic attack

REACTIONS OF ESTERS

1. Conversion into acids and acid derivatives.

(a) Conversion into acids. Hydrolysis. Discussed in Sees. 20.17 and 20.18.

RCOOR' 1 H2

OH-

Example:

)COOC2H5 \- H2

Ethyl benzoate

RCOOH 4- R'OH

RCOO- H R'OH

)COOH + C2H5OH

Benzoic acid Ethyl alcohol

NaOH
I C2H5OH

Sodium benzoate Ethyl alcohol

(b) Conversion into amides. Ammonolysis. Discussed in Sec. 20.19.

RCOOR' + NH 3 RCONH2 + R'OH

Example:

CH3COOC2H5 4 NH 3

Ethyl acetate

CH 3CONH2 + C2H 5OH
Acetamide Ethyl alcohol
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(c) Conversion into esters. Transesterification. Alcoholysis. Discussed in Sec. 20.20.

acid or base

RCOOR' + R"OH ^
> RCOOR* + R'OH

Example:

I 2
_ _C-R RCOOCH 3 CH 2OH

II
_l_

;H_ -C-R' + CH 3OH acid or base R'COOCH 3 + CHOH

L*

i

2
__ -C-R" R"COOCH3 CH 2OH

1 Mixture of Glycerol^
methyl esters

A glyceride

(A fat)

2. Reaction with Grignard reagents. Discussed in Sec. 20.21.

R"

RCOOR' + 2R'MgX -> R -C-R*

OH
Tertiary alcohol

Example:

CH 3 CH3 CH3

CH3CHCOOC2H 5 + 2CH 3MgT > CH3CH-C~C
Ethyl Methylmagnesium ATT

rxl%n+t>ntA ir^Airll* \Jfl
isobutyrate iodid

2 moles 2,3-Dimethyl-2-butanol

3. Reduction to alcohols. Discussed in Sec. 20.22.

(a) Catalytic hydrogenation. Hydrogenolysis

RCOOR' + 2H 2 25or

f

> RCH2OH + R'OH
3000-6000 ib/in.2 1 alcohol

Example:

CH3 CH 3

CH3-C-COOC2H 5 + 2H 2 2^ 33

C^y CHj-i-CH.OH 4- C2H 5OH
iu

'

iu EthylCH 3 CH 3 alcohol

Ethyl trimethylacetate Neopentyl alcohol

(Ethyl 2,2-dimethylpropanoate) (2,2-Dimethylpropanol)

(b) Chemical reduction

4RCOOR' + 2LiAlH4
ether

> 4 +
}
-^ i +

I UAKOR% J I R'OH

Nadher Daman Alshamary
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Example:

CH 3(CH 2) 7CH-CH(CH 2)7COOCH 3
-i^~> CH 3(CH2)7CH-CH(CH2) 7CH2OH

Methyl oleate Oleyl alcohol

(Methyl cw-9-octadecenoate) (cw-9-Octadecen-l-oI)

4. Reaction with carbanions. Claisen condensation. Discussed in Sees. 21.11 and
21.12.

20.17 Alkaline hydrolysis of esters

A carboxylic ester is hydrolyzed to a carboxylic acid and an alcohol or phenol
when heated with aqueous acid or aqueous base. Under alkaline conditions, of

course, the carboxylic acid is obtained as its salt, from which it can be liberated by
addition of mineral acid.

Base promotes hydrolysis of esters by providing the strongly nucleophilic

reagent OH". This reaction is essentially irreversible, since a resonance-stabilized

R--</ +OH- >
X

R'

Ester Hydroxide Salt

carboxylate anion (Sec. 18.13) shows little tendency to react with an alcohol.

Let us look at the various aspects of the mechanism we have written, and see

what evidence there is for each of them.

First, reaction involves attack on the ester by hydroxide ion. This is consistent

with the kinetics, which is second-order, with the rate depending on both ester

concentration and hydroxide concentration.

Next, hydroxide attacks at the carbonyl carbon and displaces alkoxide ion.

That is to say, reaction involves cleavage of the bond between oxygen and the acyl

group, RCO+ OR'. For this there are two lines of evidence, the first being the

stereochemistry.

Let us consider, for example, the formation and subsequent hydrolysis of an
ester of optically active sec-butyl alcohol. Reaction of (+ )-sec-butyl alcohol with

benzoyl chloride must involve cleavage of the hydrogen-oxygen bond and hence
cannot change the configuration about the chiral center (see Sec. 7.4). If hydrolysis
of this ester involves cleavage of the bond between oxygen and the sec-butyl

group, we would expect almost certainly inversion (or inversion plus racemization

if the reaction goes by an SN 1 type of mechanism):
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C6H 5COO- 4-

( + )-sec-Butyl
alcohol

Cleavage between

oxygen and alkyl

group: inversion

(-)-.Hc-Butyl
alcohol

If, on the other hand, the bond between oxygen and the sec-butyl group remains

intact during hydrolysis, then we would expect to obtain sec-butyl alcohol of the

same configuration as the starting material:

C6H 5COO- +

JlC6H5C+C1

C2H,

CH3

(+)-sr-Butyl
alcohol

Cleavage between

oxygen and acyl

group: retention

alcohol

When $ec-butyl alcohol of rotation 4-13.8 was actually converted into the

benzoate and the benzoate was hydrolyzed in alkali, there was obtained sec-butyl

alcohol of rotation 4-13.8. This complete retention of configuration strongly

indicates that bond cleavage occurs between oxygen and the acyl group.

Tracer studies have confirmed the kind of bond cleavage indicated by the

stereochemical evidence. When ethyl propionate labeled with 18O was hydrolyzed

by base in ordinary water, the ethanol produced was found to be enriched in 18O;
the propionic acid contained only the ordinary amount of 18O:

xP
CH3CH2 C, 4 OH-

Xl8OC2H 5

CH3CH2-C^ 4- C2H 5
18OH

OH

The alcohol group retained the oxygen that it held in the ester; cleavage occurred

between oxygen and the acyl group.

The study of a number of other hydrolyses by both tracer and stereochemical

methods has shown that cleavage between oxygen and the acyl group is the usual

one in ester hydrolysis. This behavior indicates that the preferred point of nucleo-

philic attack is the carbonyl carbon rather than the alkyl carbon; this is, of course,

what we might have expected in view of the generally greater reactivity of carbonyl
carbon (Sec. 20.5).
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Finally, according to the mechanism, attack by hydroxide ion on carbonyl

carbon does not displace alkoxide ion in one step,

O
OH- + R-C

\
OR'

O
8-

II
S-

HO C OR'

.

Transition state

OH-

Does
+ R'O- not

happen

-OOCR

but rather in two steps with the intermediate formation of a tetrahedral compound.
These alternative mechanisms were considered more or less equally likely until

1950 when elegant work on isotopic exchange was reported by Myron Bender

(now at Northwestern University).

Bender carried out the alkaline hydrolysis of carbonyl-labeled ethyl benzoate,

C6H5C 18OOC2H5 , in ordinary water, and focused his attention, not on the

product, but on the reactant. He interrupted the reaction after various periods of

time, and isolated the unconsumed ester and analyzed it for 18O content. He found

that in the alkaline solution the ester was undergoing not only hydrolysis but also

exchange of Us 18O/or ordinary oxygen from the solvent.

18

R C-OC2H 5 +
Labeled ester

Starting material

18 -

R-C-OC2H 5

18Q

R-C + OC2H5

-

OH

H2

i!
18OH

R C OC2H 5 -C e + HOC2H 5

VI
Hydrolysis products

H 2O

R-C~OC2H 5 + 18OH-

O
Unlabeled ester

Exchange product

R-C OC2H25

18OH

R-C

O

OC2H 5

-

III

Oxygen exchange is not consistent with the one-step mechanism, which pro-

vides no way for it to happen. Oxygen exchange is consistent with a two-step

mechanism in which intermediate I is not only formed, but partly reverts into

starting material and partly is converted (probably via the neutral species II) into

III an intermediate that is equivalent to I except for the position of the label.

If all this is so, the "reversion" of intermediate III into "starting material" yields

ester that has lost its 18O.
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Bender's work does not prove the mechanism we have outlined. Conceivably, oxygen

exchange and hence the tetrahedral intermediate simply represent a blind-alley down
which ester molecules venture but which does not lead to hydrolysis. Such coincidence

is unlikely, however, particularly in light of certain kinetic relationships between oxygen

exchange and hydrolysis.

Similar experiments have indicated the reversible formation of tetrahedral

intermediates in hydrolysis of other esters, amides, anhydrides, and acid chlorides,

and are the basis of the general mechanism we have shown for nucleophilic acyl

substitution.

Exchange experiments are also the basis of our estimate of the relative

importance of the two steps: differences in rate of hydrolysis of acyl derivatives

depend chiefly on how fast intermediates are formed, and also on what fraction of

the intermediate goes on to product. As we have said, the rate of formation of the

intermediate is affected by both electronic and steric factors: in the transition state,

a negative charge is developing and carbon is changing from trigonal toward

tetrahedral.

Even in those cases where oxygen exchange cannot be detected, we cannot

rule out the possibility of an intermediate; it may simply be that it goes on to

hydrolysis products much faster than it does anything else.

Problem 20.14 The relative rates of alkaline hydrolysis of ethyl p-substituted

benzoates, />-GC6H4COOC2H 5 , are:

G - NO, > Cl > H > CH 3 > OCH 3

110 4 1 0.5 0.2

(a) How do you account for this order of reactivity? (b) What kind of effect, activating
or deactivating, would you expect from p-Br? from />-NH : ? from p-CTCH^?
(c) Predict the order of reactivity tov\ard alkaline h>drolysis of: p-aminophenyl acetate,

p-methylphenyl acetate, /7-nitrophenyl acetate, phenyl acetate.

Problem 20.15 The relative rates of alkaline hydrolysis of alk>l acetates,

CH 3COOR, are:

R = CH 3 > C 2H 5 > (CH 3) 2CH > (CH 3)3C
1 0.6 0.15 0.008

'

(a) What two factors might be at work here? (b) Predict the order of reactivit> toward
alkaline hydrolysis of: methyl acetate, methyl formate, methyl isobutyratc, methyl
propionate, and methyl tnmethylacetate.

Problem 20.16 Exchange expeiiments show that the fraction of the tetrahedral

intermediate that goes on to products follows the sequence:

acid chloride > acid anhydride > ester > amide

What is one factor that is probably at work here?

20.18 Acidic hydrolysis of esters

Hydrolysis of esters is promoted not only by base but also by acid. Acidic

hydrolysis, as we have seen (Sec. 18.16), is reversible,

RCOOR' + H,O ;Z RCOOH + R'OH
H*

and hence the mechanism for hydrolysis is also taken in the opposite direction
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the mechanism for esterification. Any evidence about one reaction must apply to

both.

The mechanism for acid-catalyzed hydrolysis and esterification is contained

in the following equilibria:

H 2O
H+ Water

+ +
O OH^v-

,1 : ^
R-C OR' .> R-C OR'

Ester

T R-C-OH
Acid

II

Mineral acid speeds up both processes by protonating carbonyl oxygen and thus

rendering carbonyl carbon more susceptible to nucleophilic attack (Sec. 20.4).

In hydrolysis, the nucleophilc is a water molecule and the leaving group is an

alcohol; in esterification, the roles are exactly reversed.

As in alkaline hydrolysis, there is almost certainly a tetrahedral intermediate

or, rather, several of them. The existence of more than one intermediate is re-

quired by, among other things, the reversible nature of the reaction. Looking only

at hydrolysis, intermediate II is likely, since it permits separation of the weakly

basic alcohol molecule instead of the strongly basic alkoxide ion; but considera-

tion of esterification shows that II almost certainly must be involved, since it is

the product of attack by alcohol on the protonated acid.

The evidence for the mechanism is much the same as in alkaline hydrolysis.

The position of cleavage, RCO-j-OR' and RCO-t-OH, has been shown by
18O

studies of both hydrolysis and esterification. The existence of the tetrahedral

intermediates was demonstrated, as in the alkaline reaction, by
18O exchange

between the carbonyl oxygen of the ester and the solvent.

Problem 20.17 Write the steps to account for exchange between RC 1SOOR'
and H 2O in acidic solution. There is reason to believe that a key intermediate here is

identical with one in alkaline hydrolysis. What might this intermediate be?

Problem 20.18 Account for the fact (Sec. 18. 16) that the presence of bulky sub-
stituents in either the alcohol group or the acid group slows down both esterification

and hydrolysis.

Problem 20.19 Acidic hydrolysis of /e>7-butyl acetate in water enriched in 18O
has been found to yield /f/7-butyl alcohol enriched in 1HO and acetic acid containing
ordinary oxygen. Acidic hydrolysis of the acetate of optically active 3,7-dimethyl-3-
octanol has been found to yield alcohol oTmuch lower optical purity than the starting
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alcohol, and having the opposite sign of rotation, (a) How do you interpret these

two sets of results? (b) Is it surprising that these particular esters should show this kind

of behavior?

20.19 Ammonolysis of esters

Treatment of an ester with ammonia, generally in ethyl alcohol solution,

yields the amide. This reaction involves nucleophilic attack by a base, ammonia,
on the electron-deficient carbon; the alkoxy group, OR', is replaced by NH2 .

For exampie:

CH 3 C
7

+ NH 3 > CH 3-C^ + C2H5OH
OC2H 5 NH2

Ethyl acetate Acetamide

20.20 Transesterification

In the esterification of an acid, an alcohol acts as a nucleophilic reagent;

in hydrolysis of an ester, an alcohol is displaced by a nucleophilic reagent. Know-

ing this, we are not surprised to find that one alcohol is capable of displacing

another alcohol from an ester. This alcoholysis (cleavage by an alcohol) of an

ester is called transesterification.

H+ orOR"-
RCOOR' + R'OH <

> RCOOR* + R'OH

Transesterification is catalyzed by acid (H2SO4 or dry HCI) or base (usually

alkoxide ion). The mechanisms of these two reactions are exactly analogous to

those we have already studied. For acid-catalyzed transesterification :

R"OH
H+ Alcohol B

O OH V$ OH
'! I.

>
I

R__C-OR' >: R C^OR' 7 R-C-OR' ^=
Ester A jOR"

H
OH OH ^ O

R-O-OR' ?= R-C }~3 ^ R-C-OR"
^

^

OR" OR'J
Ester B

f

For base-catalyzed transesterification:

O ?"
/OA|

R-CX + "OR* ^= R-C-OR" ^= R-CX ^+-OR'
X
OR' ^ \K

Ester A Alkoxide B Ester B Alkoxide A
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Transesterification is an equilibrium reaction. To shift the equilibrium to the

right, it is necessary to use a large excess of the alcohol whose ester we wish to

make, or else to remove one of the products from the reaction mixture. The

second approach is the better one when feasible, since in this way the reaction can

be driven to completion.

20.21 Reaction of esters with Grignard reagents

The reaction of carboxylic esters with Grignard reagents is an excellent method

for preparing tertiary alcohols. As in the reaction with aldehydes and ketones

(Sec. 19.11), the nucleophilic (basic) alkyl or aryl group of the Grignard reagent

attaches itself to the electron-deficient carbonyl carbon. Expulsion of the alkoxide

group would yield a ketone, and in certain special cases ketones are indeed isolated

from this reaction. However, as we know, ketones themselves readily react with

Grignard reagents to yield tertiary alcohols (Sec. 15.13); in the present case the

products obtained correspond to the addition of the Grignard reagent to such a

ketone:

Ester

Two of the three groups attached to the carbon bearing the hydroxyl group
in the alcohol come from the Grignard reagent and hence must be identical; this,

of course, places limits upon the alcohols that can be prepared by this method.

But, where applicable, reaction of a Grignard reagent with an ester is preferred

to reaction with a ketone because esters are generally more accessible.

Problem 20.20 Starting from valeric acid, and using any needed reagents, outline

the synthesis of 3-ethyl-3-heptanol via the reaction of a Grignard reagent with: (a) a

ketone; (b) an ester.

Problem 20.21 (a) Esters of which acid would yield secondary alcohols on reac-

tion with Grignard reagents? (b) Starting from alcohols of four carbons or fewer, out-

line all steps in the synthesis of 4-heptanol.

20.22 Reduction of esters

Like many organic compounds, esters can be reduced in two ways: (a) by

catalytic hydrogenation using molecular hydrogen, or (b) by chemical reduction.

In either case, the ester is cleaved to yield (in addition to the alcohol or phenol
from which it was derived) a primary alcohol corresponding to the acid portion of

the ester.

RCOOR' raduction
> RCH2OH + R'OH

Ester 1 alcohol

Hydrogenolysis (cleavage by hydrogen) of an ester requires more severe

conditions than simple hydrogenation of (addition of hydrogen to) a carbon-
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carbon double bond. High pressures and elevated temperatures are required:

the catalyst used most often is a mixture of oxides known as copper chromite, of

approximately the composition CuO.CuCr2O4 . For example:

CH3(CH2) 10COOCH 3 ""S CH 3(CH 2) 10CH2OH + CH 3OH
Methyl laurate

'

Lauryl alcohol

(Methyl dodecanoate) ( 1-Dodecanol )

Chemical reduction is carried out by use of sodium metal and alcohol, or more

usually by use of lithium aluminium hydride. For example:

LiA1H4 CH 3(CH2)i4CH2OH
Ethyl palmitate 1-Hexadecanol

(Ethyl hexadecanoate)

Problem 20.22 Predict the products of the hydrogenolysis of //-butyl oleate over

copper chromite.

20.23 Functional derivatives of carbonic acid

Much of the chemistry of the functional derivatives of carbonic acid is already

quite familiar to us through our study of carboxylic acids. The first step in dealing

with one of these compounds is to recognize just how it is related to the parent

acid. Since carbonic acid is bifunctional, each of its derivatives, too, contains two

functional groups; these groups can be the same or different. For example;

[HOC-OH1

C1-C-C1 H 2N-C-NH 2 C2H 5O-C-OC2H 5

A I A . A A
Carbonic acid Phosgene Urea Ethyl carbonate

(Carbonyl chloride) (Carbamide)

Acid Acid chloride Amide Ester

C2H50-C-CI H 2N

O O
Ethyl chlorocarbonate Cyanamide Urethane

(Ethyl carbamate)

Acid chloride-ester Amlde-rAtrile Ester-amide

We use these functional relationships to carbonic acid simply for convenience.

Many of these compounds could just as well be considered as derivatives of other

acids, and, indeed, are often so named. For example:
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In general, a derivative of carbonic acid containing an OH group is unstable,

and decomposes to carbon dioxide. For example:

[HO-C-OHlJ
> C02 + H2

Carbonic acid

[RO-C-OHl

,

If > C02 + ROH

Alkyl hydrogen
carbonate

[H

2N-C-OHl

J

Carbamic acid

[a-c-OHl
II > C02 + HC1

L
<>

J

Chlorocarbonic
acid

Most derivatives of carbonic acid are made from one of three industrially

available compounds: phosgene, urea, or cyanamide.

Phosgene, COC12 , a highly poisonous gas, is manufactured by the reaction

between carbon monoxide and chlorine.

r*r\ , r-i activated charcoal, 200 /-i *-* /"tCU + C12 > Cl C Cl

i
Phosgene

It undergoes the usual reactions of an acid chloride.

"-* Cl C OH + C02 + HC1

O

r
O

Phosgene

H2N-C-NH2

O
Urea

Cl-C-OR RO-C-OR
O O

Alkyl Alkyl carbonate
chlorocarbonate

H2N~C~OR

Alkyl carbunate

(Aurcthanc)
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Problem 20.23 Suggest a possible synthesis of (a) 2-pentylurethane, H2NCOO-
CH(CHaX-C3H7), used as a hypnotic; (b) benzyl chlorocarbonate (carbobenzoxy
chloride), C^5CH2OCOCl, used in the synthesis of peptides (Sec. 36.10).

Urea, H 2NCONH 2 , is excreted in the urine as the chief nitrogen-containing

end product of protein metabolism. It is synthesized on a large scale for use as a

fertilizer and as a raw material in the manufacture of urea-formaldehyde plastics

and of drugs.

heat, pressure

CO2 + 2NH 3 ;= i H2NCOONH4 <
H 2N C-NH 2

fl
4

Ammonium carbamate . Q
Urea

Urea is weakly basic, forming salts with strong acids. The fact that it is a

stronger base than ordinary amides is attributed to resonance stabilization of the

cation : [e 1H2N C NH2 H2N=O-NH2 H2N C=NH 2

equivalent to

Problem 20.24 Account for the feet that guanidine. (H2N)2C=NH, is strongly
basic.

Urea undergoes hydrolysis in the presence of acids, bases, or the enzyme
urease (isolable from jack beans; generated by many bacteria, such as Micrococcus

weae).

C NH2
II

O
Urea

2 OH-
->

urease

CO2

NH3 + CO3

-

NH3 -f CO2

Urea reacts with nitrous acid to yield carbon dioxide and nitrogen; this is a

useful way to destroy excess nitrous acid in diazotizations.

H 2N-C-NH2

HON
> C02 + N2

O

Urea is converted by hypohalites into nitrogen and carbonate.

H2N~-C-NH2

Br* H "

> N2 + C03
-- + Br~

O
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Treatment of urea with acid chlorides or anhydrides yields ureides. Of special

H2N-C-NH 2 + CHjCOCl -> CH3CONH-C-NH2

O O
Acetylurea

A ureide

importance are the cyclic ureides formed by reaction with malonic esters; these are

known as barbiturates and are important hypnotics (sleep-producers). For example:

NH2 C2H50-C N.oc,H

H2 -> 0=0 .CH2

xi u r* u r\ rf X 1 6/
NH, C!HiO-C%

Urea Ethyl malonate
Barbituric acid

(Malonylurca)

Cyanamide, H2N CsnN, is obtained in the form of its calcium salt by the

high-temperature reaction between calcium carbide and nitrogen. This reaction is

CaQ+N2 -> CaNCN + C
Calcium Calcium
carbide cyanamide

important as a method of nitrogen fixation; calcium cyanamide is used as a

fertilizer, releasing ammonia by the action of water.

Problem 20.25 Give the electronic structure of the cyanamide anion, (NCN)~
"

Discuss its molecular shape, bond lengths, and location of charge.

Problem 20.26 Give equations for the individual steps probably involved in the

conversion of calcium cyanamide into ammonia in the presence of water. What other

product or products will be formed in this process? Label each step with the name of
the fundamental reaction type to which it belongs.

Problem 20.27 Cyanamide reacts with water in the presence of acid or base to

yield urea; with methanol in the presence of acid to yield methylisourea,
H 2NC( --NH)OCH 3 ; with hydrogen sulfide to yield //r/<wmr, H 2NC(=S)NH 2 ; and with

ammonia to yield guunitHne, H 2NC(--NH)NH 2 . (a) What functional group of cyan-
amide is involved in each of these reactions? (b) To what general class of reaction do
these belong? (c) Show the most probable mechanisms for these reactions, pointing
out the function of acid or base wherever involved.

20.24 Analysis of carboxylic acid derivatives. Saponification equivalent

Functional derivatives of carboxylic acids are recognized by their hydrolysis

under more or less vigorous conditions to carboxylic acids. Just which kind of

derivative it is is indicated by the other products of the hydrolysis.

Problem 20.28 Which kind (or kinds) of acid derivative: (a) rapidly forms a
white precipitate (insoluble in HNO3) upon treatment with alcoholic silver nitrate?
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(b) reacts with boiling aqueous NaOH to liberate a gas that turns moist litmus paper
blue? (c) reacts immediately with cold NaOH to liberate a gas that turns moist litmus

blue? (d) yields only a carboxylic acid upon hydrolysis? (e) yields an alcohol when
heated with acid or base?

Identification or proof of structure of an acid derivative involves the identifi-

cation or proof of structure of the carboxylic acid formed upon hydrolysis (Sec.

18.21). In the case of an ester, the alcohol that is obtained is also identified (Sec.

16.11). (In the case of a substituted amide, Sec. 23.6, the amine obtained is

identified, Sec. 23.19.)

If an ester is hydrolyzed in a known amount of base (taken in excess), the

amount of base used up can be measured and used to give the saponification

equivalent: the equivalent weight of the ester, which is similar to the neutralization

equivalent of an .acid (see Sec. 18.21).

RCOOR' + OH- > RCOO- + R'OH
one one

equivalent equivalent

Problem 20.29 (a) What is the saponification equivalent of u-propyl acetate?

(b) There are eight other simple aliphatic esters that have the same saponification

equivalent. What are they? (c) In contrast, how many simple aliphatic acids have this

equivalent weight? (d) Is saponification equivalent as helpful in identification as

neutralization equivalent?

Problem 20.30 (a) How many equivalents of base would be used up by one mole
of methyl phthalate, 0-C6H 4(COOCH3)2 ? What is the saponification equivalent of

methyl phthalate? (b) What is the relation between saponification equivalent and the

number of ester groups per molecule? (c) What is the saponification equivalent of

glyceryl stearate (tristearoylglyerol)?

20.25 Spectroscopic analysis of carboxylic acid derivatives

Infrared. The infrared spectrum of an acyl compound shows the strong

band in the neighborhood of 1 700 cm ~
l that we have come to expect of O -O

stretching (see Fig. 20.1).

The exact frequency depends on the family the compound belongs to (see Table

20.3, p. 689) and, for a member of a particular family, on its exact structure. For

esters, for example :

C--O stretching, strong

RCOOR 1740 cm- > ArCOOR 1715-1730 cnr * RCOOAr 1770 cm- *

or or

~C=C-COOR RCOOC=C-

Esters are distinguished from acids by the absence of the O H band. They
are distinguished from ketones by two strong C O stretching bands in the 1050-

1300 cm' 1
region; the exact position of these bands, too, depends on the ester's

structure.
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