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21.3: NUCLEOPHILIC ACYL SUBSTITUTION REACTIONS OF CARBOXYLIC
ACIDS

4) OBJIECTIVES

After completing this section, you should be able to
1. write an equation to describe the formation of

a. an acid chloride from a carboxylic acid.
b. an ester from a carboxylic acid.

c. an amide from a carboxylic acid.

d. an alcohol from carboxylic acid.

. write an equation to represent the formation of a cyclic anhydride from a dicarboxylic acid.

. write the detailed mechanism for the reaction of a carboxylic acid with thionyl chloride.

. identify the reagents necessary to convert a given carboxylic acid to a given acid chloride, ester, amide or alcohol.

. identify the carboxylic acid required for a direct synthesis of a given acid chloride, amide, ester or alcohol.

. write an equation to describe the formation of an ester through the nucleophilic attack of a carboxylate anion on an alkyl halide.

. write a detailed mechanism for the Fischer esterification reaction.

. describe the evidence from isotopic labelling experiments that is commonly cited to support the generally accepted mechanism of
the Fischer esterification reaction.
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9. explain why the direct conversion of a carboxylic acid to an amide can only be achieved with difficulty and at a high temperature.

Make certain that you can define, and use in context, the key term below.

e Fischer esterfication reaction

If necessary, review the Sy?2 reaction between a carboxylate anion and a primary alkyl halide (Sections 11.2 and 11.3).

You should recall that the oxygen-18 isotope, 80, has a nucleus containing eight protons and ten neutrons. Because it is
non-radioactive, 20 can be safely employed in the investigation of reaction mechanisms.

The poor leaving group ability of -OH makes carboxylic acids relatively unreactive towards nucleophilic acyl substitutions. The addition of
a strong acid protonates the carbonyl oxygen making the carbonyl carbon more electrophilic and circumventing this problem. Also, the
substitution reaction can be promoted by converting -OH into a better leaving group. Despite the lack of reactivity, under the right
conditions carboxylic acids can be successfully converted into acid chlorides, acid anhydrides, esters, and amides through nucleophilic acyl
substitution.

CONVERSION OF CARBOXYLIC ACIDS TO ACID CHLORIDES

Carboxylic acids can be converted to acid chlorides by reaction with thionyl chloride (SOCI,). During the reaction with thionyl chloride, the
hydroxyl group of the carboxylic acid is converted to an acyl chlorosulfite moiety which is a better leaving group. During the reaction a
nucleophilic chloride anion is produced which reacts with the acyl chlorosulfite intermediate through nucleophilic acyl substitution to
produce an acid halide.

GENERAL REACTION

O socl, 0
|C|: _— |C| + HCl + SO,
R” TOH R”Cl
Carboylic Acid Acid Chloride Sulfurdioxide

EXAMPLE
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i i
C SOCl, c
©/ ~oH — ©/ ~l
Benzoic Acid Benzoyl Chloride

MECHANISM

The O=S-Cl bonds of thionyl chloride are analogous to the O=C-Cl bonds of an acid halide in that they can undergo a type of nuleophilicy
acyl substitution. During the first step of the mechanism, the carboxylic acid reactant acts as a nucleophile and attacks the electrophilic
sulfur of thionyl chloride, pushing the pi electrons of the S=0O bond onto oxygen. Reforming the S=O bond and eliminating a cloride anion
(CI") as a leaving group creates a protonated acyl chlorosulfite. The chlorosulfite group represents an excellent leaving group due to its
ability to stabilize a negative charge. The carbonyl of the protonated acyl chlorosulfite intermediate is activated to nucleophilic attack, and
promptly reacts with the nucleophilic chloride anion created during the second step of the mechanism to produce a tetrahedral alkoide
intermediate. Subsequent reforming of the protonated carbonyl bond eliminates the chlorosulfite group as sulfurdioxide (SO,) and a
chloride anion. Lastly, the chloride anion deprotonates the carbonyl to form the acid chloride product.

1) Nucleophilic attack on S=O bond
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. . . Thionyl Cl
Carxoylic Acid Chloride
2) Removal of Cl leaving group
He Ho
& «a - Z °
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Cl Cl

Protonated Acyl
Chlorosulfite

3) Nucleophilic attack on the carbonyl

\® Ho.
P ¥ 8
_y 0 C__S
.0 D _ 7 pe I \O/ N
(G :0 S\ & Cl
Cl
4) Leaving group removal
05 NG o
| 1l — = Il + SO, + ClI
/C\/\/S\ﬁ C
§o -l
Protonated Acid
Chloride
5) Deprotonation

5C)
Chmy ..

0o i

i — ! + HCl
0N,
~Nal cl
Acid Chloride

ACID ANHYDRIDE FORMATION
An acid anhydride (or just anhydride) is the product of condensation of two carboxylic acid molecules with the release of a water molecule.
The most common anhydride in organic chemistry is acetic anhydride, due to the high temperatures needed to remove water.
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GENERAL REACTION
o}
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Joo M e
A
OH HO” R R Yo7 R

R

EXAMPLE
O (0] (0]
2 A, v AN
Acetic Acid Acetic Anhydride

CONVERSION OF CARBOXYLIC ACIDS INTO ESTERS BY ALKYLATION

Carboxylic acids can be easily converted into their conjugate bases through deprotonation with a base, such as sodium hydroxide. The
resulting carboxylate can be alkylated using by an Sy2 reaction with either a methyl or primary halide. If a methyl ester is required, methyl
iodide (CH3l) is a commonly used reagent.

EXAMPLE
o NaOH Q Sn2 Q
\)k — \)]\ o ® * HCl —— \)]\ ch. * MNa
OH O Na o” ¢
Propanoic Acid Sodium Propanoate  Methyl lodide Methyl Propanoate Sodium lodide

CONVERSION OF CARBOXYLIC ACIDS TO ESTERS: THE FISCHER ESTERIFICATION

Alcohols can be used as nucleophiles to convert carboxylic acids to esters. Due to the poor leaving group ability of -OH in carboxylic acids,
an acid catalyst is required to speed up the reaction. Usually the alcohol starting material is used as the reaction solvent so that it can be
present in a large excess. This helps to increase the reaction's yield by pushing reaction equilibrium to the right which can be understood via
Le Chatelier's principle.

GENERAL REACTION

PREDICTING THE PRODUCTS OF A FISCHER ESTERIFICATION
Add the alcohol with

ﬁ Remove the OH 1 one hydrogen removed (|)|
c C - C R'
R” OH R ‘\Ho-pg-)o—R' R” 0”7
EXAMPLE
o] H.SO, o]
/\)J\ + HOCH; ——"= /\)]\
_CHs
OH O
Butanoic Acid Methyl Butanoate
MECHANISM

The mechanism begins with protonation of the carbonyl to increase its electrophilic character. A tetrahedral alkoxide intermediate is formed
when the alcohol nucleophile adds to the protonated carbonyl, pushing the carbonyl pi electrons onto the oxygen. A different tetrahedral
alkoxide intermediate is created when a proton is then transferred to one of the hydroxides (OH), turning it into a good leaving group.
Reforming the protonated carbonyl bond then eliminates water as a leaving group. Finally, deprotonation of the carbonyl by water creates
the ester product and regenerates the acid catalyst. All the steps of the mechanism are reversible

1) Protonation of the carbonyl
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TN H-—B .-(g/H o
[l H - g H + B
Ester
2) Nucleophilic attack on the carbonyl
.'(g/ H 6/H
g) H # | /H
R—C—0O
O
N R H
R—O—H
3) Proton transfer
.._H .._H
% &
/
R—?—O/ —_— R—cl;—o\@
O Oo: H
R H R
4) Removal of water as a leaving group
QO/H H e
R—(I:—.. / ‘—: I + Hzo
P TR® o O R
Q+ H
Protonated
Ester
5) Deprotonation
,®/Hh: Be
(I)IJ i 1 R * HB
C R' SN~
R™ 07 R O
Ester

ISOTOPIC LABELING

Evidence to support the Fischer esterification mechanism comes from isotopic labeling experiments with oxygen-18. If the reaction is
carried out with an oxygen-18 labeled alcohol, the isotope is found exclusively in the ester and not the water generated. This shows that the
C-OH bond of the carboxylic acid and the H-OR bond of the alcohol that is broken during the reaction.

X
. o8
/I/ RN > H H
(0]
R)J\OH * H\Olg/\R
\ o
+ PN
R)J\Olg/\R H H

WORKED EXAMPLE: PLANNING A SYNTHESIS USING A FISCHER ESTERIFICATION
HOW COULD THE FOLLOWING MOLECULE BE MADE USING A FISCHER ESTERIFICATION?
O

o

Br
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ANALYSIS

O

|o o)
o= o
/ Br Br
EVR

N

The key bond formed during a Fischer Esterification is the C-O sigma bond. The target molecule can be separated into the two required
starting materials by breaking this bond. The carbonyl carbon fragment gains an —OH to become a carboxylic acid and the oxygen fragment
gains an H to become an alcohol. The carboxylic acid and the alcohol are reacted using a strong acid catalyst.

O/\ |:> H\O/\

SOLUTION
(@]

HCI
OH + H\O/\ _ o

Br Br

p-Bromo Benzoic Acid Ethanol Ethyl p-Bromo Benzoate

DIRECT CONVERSION OF CARBOXYLIC ACIDS TO AMIDES

The direct reaction of a carboxylic acid with an amine would be expected to be difficult because the basic amine would deprotonate the
carboxylic acid to form a stable carboxylate salt. However when the ammonium carboxylate salt is heated to a temperature above 100 °C,
water is driven off and an amide is formed. Due to the extreme conditions, this reaction is rarely used. When converting to an amide it is
preferred to convert the carboxylic acid to a more reactive form such as an acid chloride first and then convert this molecule to an amide.

GENERAL REACTION

CONVERSION OF CARBOXYLIC ACIDS TO AMIDES USING DCC

The formation of amides from carboxylic acids and amines is a reaction of great importance in biochemistry. Proteins are formed through
the creating of amide bonds between amino acid residues, so a great deal of research has been performed to find efficient methods. The
direct conversion of a carboxylic acids to amides is difficult because amines are basic and tend to convert carboxylic acids to their highly
unreactive carboxylates. One solution to this problem is through the use of dialkylcarbodiimides (R-N=C=N-R) coupling reagents, such as
dicyclohexylcarbodiimide (DCC).

.N=Cc=N’

Dicyclohexylcarbodiimide
(DCC)

During a DCC amide coupling, the OH of a carboxylic acid is made into a good leaving group which can then be replaced by an amine
during nucleophilic acyl substitution. Using DCC as a coupling reagent, 1° and 2° amines can be used to create 2° and 3° amides
respectfully.
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BASIC REACTION

0 o f
i , DCC | . d
_C + H)N—R' & —m 0 _C._ R + NN

~
R™NOH RN L
H H
Carboxylic Acid Amine Amide N,N'-Dicyclohexylurea
PREDICTING THE PRODUCTS OF DCC COUPLING
o Add the amine with o
i Remove the OH I one hydrogen removed Il
/C\ ~C O R
R” OH R WN—R' RTN
EXAMPLE
(0]
¢ el I
©/ NoH + HoN—CH,CHy _—=~ '_1)/c\N/c\CH3
H
Benzoic Acid Ethyl Amine N-Ethylbenzamide
MECHANISM

DCC deprotonates the carboxylic acid to form a carboxylate, which is a better nucleophile. The corresponding protonation of DCC
increases the electrophilic character of its C=N imide bond. The caboxylate nucleophile then adds to the imide bond and pushes the C=N pi
electrons onto the nitrogen. The amine nucleophile can now add itself to the carbonyl bond as part of a nuleophilic acyl substitution. The
DCC coupled oxygen is eliminated as dicyclohexylurea, a good leaving group, to create the amide product.

1) Deprotonation

.N=C=N - . D o
. _C.O * N=C=N

Carboxylic Acid DCC Carboxylate Protonated DCC

2) Nucleophilic attack by the carboxylate

3) Nucleophilic attack by the amine

{ox) H O

A\ | .5 H

C—0O N :

/ N~ “NCaH | |

R ﬁ sH11 R—?—O\ N

H

H AN H-NoH § Cetu
iR CeH11 [ N

/ R CeH
H

4) Proton transfer
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5) Leaving group removal
.6@ H
RL(IZ o N Q 0
T TN I , I
H—[{ﬂu ﬁ CeH11 = R/C\N/R + N/C\N
' | | |
R H7® CeHy H H H

Amide N,N'-Dicyclohexylurea

CONVERSION OF CARBOXYLIC ACIDS TO 1° ALCOHOLS
LITHIUM ALUMINUM HYDRIDE (LIALH,)

Hydride nucleophiles from lithium aluminum hydride (LiAlH4) can reduce carboxylic acids to 1° alcohols. Note that NaBHy is not a strong
enough reducing agent to convert carboxylic acids or esters to alcohols. Because the incoming nucleophile is an “H” the reaction first
produces an aldehyde intermediate which available for further hydride additions. The aldehyde intermediate is difficult to isolate because it
is more reactive than the original carboxylic acid. This reaction represents the first example in this chapter where a carboxylic acid
derivative can undergo a double nucleophilic addition. In the mechanism of this reaction, a nucleophilic acyl substitution is followed by a
nucleophilic addition allowing for two hydride nucleophiles being added to the electrophilic carbonyl carbon of a carboxylic acid.

GENERAL REACTION

O 1) LiAIH, H  H
N/
. - N
R OH 2) H30* R° OH
Carboxylic Acid 1° Alcohol

PREDICTING THE PRODUCT OF A HYDRIDE REDUCTION

Remove the carbonyl Add two hydrogens
(|3| oxygen _ c with single bonds H H
_Co >  R7 ToH > PN
R OH R OH
EXAMPLE
o 1) LiAlH,
—— "on
/\)J\OH 2) HyO"
Butanoic Acid 1-Butanol

POSSIBLE MECHANISM

Although the mechanism of this reaction is not precisely known, much of it is understood. Initially, a hydride deprotonates the carboxylic
acid to form a lithium carboxylate, hydrogen gas (Hj), and aluminum hydride. Then a hydride nucleophile, from aluminum hydride, adds to
the carbonyl carbon as part of a nucleophile acyl substitution. The resulting high-energy dianion intermediate forms a Lewis Acid/Base
complex with aluminum, making one of the oxygens a good leaving group (the negative charge on the oxygen complexed to aluminum is
not shown in step 2 below). The carbonyl bond is reformed along with the elimination of OAIH, as a leaving group to form an aldehyde. A
hydride nucleophile from another molecule of LiAlH4 adds to the re-formed carbonyl carbon as part of a nucleophilic addition. The
resulting alkoxide intermediate is protonated during an acidic work-up to form the 1° alcohol product. Due to the formation of a dianion
intermediate the reaction requires relatively high temperature and long reaction times.

1) Deprotonation
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Carboxylic Acid
2) Nucleopilic attack by a hydride anion
H
A
C@ o — :c')/ ) ®
e \b:: Li —(IZ—O Li
H H
A Dialkoxide
H™ TH Complex
3) Leaving group removal
|
.6/AI\H . .
G0 o 9, @0
—C—0: Li - —> C Li  O—AlH,
[ O
H Aldehyde
4) Nucleopilic attack by a hydride anion
5) Alkoxide protonation
22l B
H —> C + LiOH
R H R7IH
H H
1° Alcohol

BORANE TETRAHYDROFURAN COMPLEX

Solutions of a borane tetrahydrofuran complex (BH3-THF) rapidly reduce carboxylic acids at room temperature with often high yields. The
borane tetrahydrofuran complex offers a safer and easier alternative to LiAlH, reductions.

EXAMPLE
0 (0]
1) BH3-THF ~
o HBHyTHE How
HO ~
2) H,0 o]
(e}
Adipic acid monoethyl ester Ethyl 6-hydroxyhexanoate,

(88% Yield)

The acidic hydrogen of carboxylic acids allows them react faster with the borane tetrahydrofuran complex faster than any other functional
group, allowing them to be selectively reduced in the presence of other carbonyls. In the first step of the reduction mechanism, which is rate

https://chem.libretexts.org/@go/page/474174



https://libretexts.org/
https://creativecommons.org/licenses/by-sa/4.0/
https://chem.libretexts.org/@go/page/474174?pdf

LibreTextsw

determining, the acidic hydrogens of three carboxylic acids along with the three hydrogens from BH3 are rapidly removed to form hydrogen
gas (Hp) and a triacyloxyborane complex. A subsequent aqueous work-up converts the complex into a primary alcohol as shown in the
general reaction above.
(o]
o Hoe _H NN B/O/KR
s L . B I
H 0 o\fo

R OH
R

triacyloxyborane complex

+ 3H,

BIOLOGIC CONVERSION OF CARBOXYLIC ACIDS

In biological chemistry direct conversion of a carboxylic acid to an acyl derivative by nucleophilic acyl substitution does not occur. Rather,
the first conversion is from a carboxylate (the least reactive acyl transfer substrate) to an acyl phosphate (the most reactive acyl transfer
substrate). This transformation requires a reaction that we are familiar with: phosphorylation of a carboxylate oxygen with ATP as the
phosphate donor.

o)
R 0 0—P—0—P—0—P—0 N
R AU | o N
% % %
Glutamate

HO  ©OH
ATP
NH,
N X
SR, . add.. (T
-No® t To—P—O—P Z

R Yo | 77O\ _o N7 N
% O O

Activated Glutamate HO' “OH
ADP

Note that this is just one of the many ways that ATP is used as a energy storage unit: in order to make a high energy acyl phosphate
molecule from a low energy carboxylate, the cell must ‘spend’ the energy of one ATP molecule.

An excellent example of biological activated carboxylic acids is seed in the biosynthesis of fatty acids. In the biologically active form of
fatty acids, the carboxylate groups have been converted to thioesters using coenzyme A. For example, the activated form of the C,¢ fatty
acid palmitate is:

0]

/\/\/\/\/\/\/\)]\SCOA

Palmityl-SCoA

Let’s take a look at how this activation takes place, in a reaction catalyzed by an enzyme called acyl CoA synthetase. You already know that
carboxylates are not themselves good substrates for acyl substitution reactions, and must be activated. Thus, you might predict that the first
step of this reaction requires ATP to make a high-energy acyl phosphate intermediate. In fact, the activated carboxylate in this case is an
acyl-AMP, formed in the same way as the acyl-AMP intermediate in the asparagine synthetase reaction (section 12.2B).
o ATP PP ch)\ o
)J\ © ;-A' R O—I|3|—O—§ Ribose-A
R () o
(o)
Palmitate Palmityl-AMP
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The activated acyl-AMP intermediate is then attacked by the thiol sulfur of coenzyme A, and the AMP group is expelled to form the fatty

acyl CoA.
X
‘o .0 R SCoA
)]3 ICI) R ’Oi) o Palmityl-SCoA
R o—P—o—§ Ribose-A —— M .
le CoA—S L{O—P—O— Ribose-A
© & o 0
p> SCoA O—IID—O—§ Ribose-A
Q
L:B o
AMP
EXERCISES
Q21.3.1

How would you create the following esters from the corresponding acids?

(@

A

O
o>

©
Q21.3.2
The following molecule is treated with acid and undergoes an intramolecular Fischer Esterification. Draw the product.

SOLUTIONS
S21.3.1

a. Acetic acid + ethanol
b. Butanoic acid + isopropanol
c. Cyclohexanecarboxylic acid + propanol

S21.3.2

o]
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