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The Importance of Carboxylic Acids

Starting materials for acyl derivatives (esters, amides,
and acid chlorides)

Abundant in nature from oxidation of aldehydes and
alcohols in metabolism

Acetic acid, CH;CO,H, - vinegar
Butanoic acid, CH;CH,CH,CO,H (rancid butter)

Long-chain aliphatic acids from the breakdown of
fats

Based on McMurry, Organic Chemistry, Chapter 2
20, 6th edition, (c) 2003



20.1 Naming Carboxylic Acids and
Nitriles

Carboxylic Acids, RCO;H

If derived from open-chain alkanes, replace the
terminal -e of the alkane name with -oic acid

The carboxyl carbon atom is C1

O CH, O O CH,CHj,4 CH, O
| | I | | |
CH,CH,COH CH,CHCH,CH,COH HOCCH,CHCH,CH,CHCH,COH
5] } 3 2 ] I 2 3 -4 H 6 7 8
Propanoic acid 4-Methylpentanoic acid 3-Ethyl-6-methyloctanedioic acid

2 homson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter 3
20, 6th edition, (c) 2003



Alternative Names

Compounds with —CO,H bonded to a ring are
named using the suffix -carboxylic acid

The CO,H carbon is not itself numbered in this
system

Use common names for formic acid (HCOOH) and
acetic acid (CH,COOH) — see Table 20.1

CO.H :
: CO.,H
,‘ 1
1 3
3-Bromocyclohexanecarboxylic acid 1-Cyclopentenecarboxylic acid

© 2004 Thomson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter
20, 6th edition, (c) 2003



Nitriles, RC=N

Closely related to carboxylic acids named by adding -
nitrile as a suffix to the alkane name, with the nitrile
carbon numbered C1

Complex nitriles are named as derivatives of
carboxylic acids.
Replace -ic acid or -oic acid ending with -onitrile

€

C=N vy JON
W )

Acetonitrile Benzonitrile 2,2-Dimethylcyclohexanecarbonitrile
(from acetic acid) (from benzoic acid) (from 2,2-dimethylcyclohexane-
carboxylic acid)
@ 2004 Thomson/Brooks Cole
CH,

CH;CHCH,CH,CN 4-Methylpentanenitrile
b 4 .3 2 1 Based on McMurry, Organic Chemistry, Chapter 9
20, 6th edition, (c) 2003



20.2 Structure and Physical Properties
of Carboxylic Acids

Carboxyl carbon sp? hybridized: carboxylic acid
groups are planar with C—C=0 and O=C-0O bond
angles of approximately 120°

Carboxylic acids form hydrogen bonds, existing as
cyclic dimers held together by two hydrogen bonds

Strong hydrogen bonding causes much higher boiling
points than the corresponding alcohols

Based on McMurry, Organic Chemistry, Chapter
20, 6th edition, (c) 2003



20.3 Dissoclation of Carboxylic
Acids

Carboxylic acids are proton donors toward weak and
strong bases, producing metal carboxylate salts,
RCO, *M

Carboxylic acids with more than six carbons are only
slightly soluble in water, but their conjugate base
salts are water-soluble

I I
C + NaOH —— C + H,0
R~ “OH R~ O Na*
A carboxylic acid A carboxylic acid salt
g%%gefvg;:é&soluble) (water-soluble)

Based on McMurry, Organic Chemistry, Chapter
20, 6th edition, (c) 2003



Acidity Constant and pK,

Carboxylic acids transfer a proton to water to give
H,O* and carboxylate anions, RCO,~, but H;O* Is a
much stronger acid

The acidity constant, K, , is about 10~ for a typical
carboxylic acid (pK, ~ 5)

(”) 0
_C_ _+HO0 = C

R OH R O

¢ _ [RCO,I[H;0"]
" [RCO,H]

© 2004 Thomson/Brooks Cole

and pK, = —log K,

Based on McMurry, Organic Chemistry, Chapter
20, 6th edition, (c) 2003



Acidity Compared to Alcohols

Carboxylic acids are better proton donors than are
alcohols (The pK, of ethanol is ~16, compared to ~5
for acetic acid)

In an alkoxide ion, the negative charge is localized on
oxygen while in a carboxylate ion the negative charge
IS delocalized over two equivalent oxygen atoms,
giving resonance stabilization

__""-}---.- N 'H.L
. . RO™ + H30"

o,

— Resonance
i “  stabilization

-
S
= e

RCOO™ + H3OF
/ AG*

RCOOH + H20)

Reaction progress



20.4 Substituent Effects on Acidity

Electronegative substituents promote formation of the

carboxylate ion

TaBLE 20.4 Acidity of Some Carboxylic Acids

Structure K. pK,
F;,CCO;H 0.59 0.23 i )
‘ Stronger acid
CICH,COyH 14 X 103 2.85
BrCH,CO;H 2.1 x 1072 2.68
ICH,CO>H 7.6 X 104 Sl
HCO,H 177 X 104 3.75
HOCH,CO,H 1.5 X 104 3.83
CesH;CO;H 6.46 X 10—° 4.19
H,C=CHCO,H 5.6 X 10~° 4.25
CH«;CHzCOzl[ 1.34 X 1072 4.87 . .
Weaker acid
CH;CH,OH (ethanol)” (10-16) (16)

“Value for ethanol is shown for reference.

@ 2004 Thomson/Brooks Cole
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Substituent Effects

An electronegative group will drive the ionization
equilibrium toward dissociation, increasing acidity

An electron-donating group destabilizes the
carboxylate anion and decreases acidity

(”) (”)
EWG « C—O- EDG) " C—0-
ghs =
Electron-withdrawing group Electron-donating group
stabilizes carboxylate destabilizes carboxylate
and strengthens acid and weakens acid
© 2004 Thomson/Brooks Cole
Based on McMurry, Organic Chemistry, Chapter 11

20, 6th edition, (c) 2003



Examples of Inductive Effects on
Acidity

Fluoroacetic, chloroacetic, bromoacetic, and
lodoacetic acids are stronger acids than acetic acid

Multiple electronegative substituents have synergistic
effects on acidity

', O O O
H A C Cl.  C. CL.  C. CL.  C
'\._.-{::__- .1 }l 1 '\-[1 - -1: }l 1 -._-{'-?-' '\-_1. }I I -_.-{.:-' '\-._I. }I I
H H H H 1 H Cl Cl

pka=4.75 pKka=285 pha = 145 pha = 0.64

: stronger
:M acid

Based on McMurry, Organic Chemistry, Chapter 12
20, 6th edition, (c) 2003



20.5 Substituent Effects In
Substituted Benzoic Acids

Y Ka pKa

—OH 3.8 10~° 4.48 ]
\\"(‘[ll‘;'(‘l' _()(!l_l 3.5 X 10_5 4.46 \ ;\('ti\’ll[il]g
acid ' ; ) ' groups
s —CH, 4.3 X 1075 4.34 [

—H 6.46 X 10~° 4.19

= 1.0 x 10~ 4.0 |

—Br 1.1% 1074 3.96 -
‘ —CHO 1.8 X 10-4 375 | I.)('sl('ll‘.'litlll‘ﬂ
otronger i 4 5 groups
s —CN 2.8 X 10 3.55

—NO, 3.9 %X 10~4 3.41

® 2004 Thomson/Brooks Cole




Aromatic Substituent Effects

An electron-withdrawing group (-NO,) increases
acidity by stabilizing the carboxylate anion, and an
electron-donating (activating) group (OCH,)
decreases acidity by destabilizing the carboxylate
anion

We can use relative pKa's as a calibration for effects
on relative free energies of reactions with the same

substituents
I I

0
C G (|Jl
@ SOH ©/ SOoH ,©/\()H
cH,0” O,N

p-Methoxybenzoic acid Benzoic acid p-Nitrobenzoic acid
(pK, = 4.46) (pK, = 4.19) (pK, = 3.41)

Weaker
acid

© 2004 Thomson/Brooks Cole

Stronger
acid 14




20.6 Preparation of Carboxylic Acids

Oxidation of a substituted alkylbenzene with KMnO,
or Na,Cr,0O-, gives a substituted benzoic acid (see
Section 16.10)

1° and 2° alkyl groups can be oxidized, but tertiary
groups are not

> / 7 ‘ ‘
KMnOy -

p-Nitrotoluene p-Nitrobenzoic acid (88%)

@ 2004 Thomson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter 15
20, 6th edition, (c) 2003



From Alkenes

Oxidative cleavage of an alkene with KMnQO, gives a
carboxylic acid if the alkene has at least one vinylic
hydrogen (see Section 7.8)

I R
. : —_— KMn( L L
CH3(CH,);CH= CH(CH,);,COH — .:])‘," CH4(CH,),COH + HOC(CH,),COH
Oleic acid Nonanoic acid Nonanedioic acid
© 2004 Thomson/Brooks Cole
Based on McMurry, Organic Chemistry, Chapter 16

20, 6th edition, (c) 2003



From Alcohols

Oxidation of a primary alcohol or an aldehyde with
CrO; In aqueous acid

0
CHy(CH,)CH,0H — o+ CH3(CH2)8(|,lOH
1-Decanol Decanoic acid (93%)
0 0
CH3CHQCH2CHZCH2(|lH ﬁ» CH3CHQCHQCH2CH2gOH
Hexanal Hexanoic acid (85%)

© 2004 Thomson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter
20, 6th edition, (c) 2003
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Hydrolysis of Nitriles

Hot acid or base yields carboxylic acids

Conversion of an alkyl halide to a nitrile (with cyanide
lon) followed by hydrolysis produces a carboxylic acid
with one more carbon (RBr - RC=N — RCO,H)

Best with primary halides because elimination
reactions occur with secondary or tertiary alkyl
halides

0

| |
N, RCH,C=N —2> RCH,COH + NH,
(SNZ)

RCHZBI'

@ 2004 Thomson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter 18
20, 6th edition, (c) 2003



Carboxylation of Grignard
Reagents

Grignard reagents react with dry CO, to yield a metal
carboxylate

Limited to alkyl halides that can form Grignard
reagents (see 17.6)

Br MgBr CO,H
H,C CH, H.C CH; H,C CH;
1. CO,, ethes
Ether 2. H;0*
CH; CH, CH;
1-Bromo-2,4,6-trimethyl- 2,4,6-Trimethylbenzoic acid
benzene (87%)
@ 2004 Thomson/Brooks Cole
Based on McMurry, Organic Chemistry, Chapter 19

20, 6th edition, (c) 2003



Mechanism of Grignard Carboxylation

The organomagnesium halide adds to C=0 of carbon
dioxide

Protonation by addition of agueous HCI in a separate
step gives the free carboxylic acid

: :0: O
/,——\ //\‘v l -

/ | H-O" ’
R"\IH+)—(—()—> RS aa s

© 2004 Thomson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter

20
20, 6th edition, (c) 2003



20.7 Reactions of Carboxylic Acids:
An Overview

Carboxylic acids transfer a proton to a base to give
anions, which are good nucleophiles in Sy2 reactions

Like ketones, carboxylic acids undergo addition of
nucleophiles to the carbonyl group

In addition, carboxylic acids undergo other reactions
characteristic of neither alcohols nor ketones

()
., C. N ol
Deprotonation o Reduction
o \ ’.-..____- :ﬁ----h‘ / .
C. s 0 TR .
) ., O
¢~ TOH o & R S
\?memm&:m | {“ OH |
Adpna T ps
suhstitution . - MNucleaophilic acvl

substitution 21



20.8 Reduction of Carboxylic Acids

Reduced by LiIAIH, to yield primary alcohols

The reaction is difficult and often requires heating in
tetrahydrofuran solvent to go to completion

0

|
CH,(CH,)-CH=CH(CH,)-COH ; H(i i, THF

Oleic acid cis-9-Octadecen-1-0l (87%)

© 2004 Thomson/Brooks Cole

» CH,(CH,),CH=CH(CH,).CH,0H

Based on McMurry, Organic Chemistry, Chapter 22
20, 6th edition, (c) 2003



Reduction with Borane

Borane in tetrahydrofuran (BHs/THF) converts
carboxylic acids to primary alcohols selectively

Preferable to LIAIH,; because of its relative ease,
safety, and specificity

Borane reacts faster with COOH than it does with
NO-

I
CH,COH CH,CH,OH
1. BH;, THF
2. H;07
O,N O,N
p-Nitrophenylacetic acid 2-(p-Nitrophenyl)ethanol
(94%)
Based on McMurry, Organic Chemistry, Chapter 23

20, 6th edition, (c) 2003



20.9 Chemistry of Nitriles

Nitriles and carboxylic acids both have a carbon atom
with three bonds to an electronegative atom, and
both contain a © bond

Both both are electrophiles

O
//
R—C=N R—C
\
OH
A nitrile—three An acid—three

bonds to nitrogen bonds to two oxygens

© 2004 Thomson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter 24
20, 6th edition, (c) 2003



Preparation of Nitriles by Dehydration

Reaction of primary amides RCONH, with SOCI, or
POCI; (or other dehydrating agents)

Not limited by steric hindrance or side reactions (as is
the reaction of alkyl halides with NaCN)

0
|

SOCI,. her

CH3CH.ZCHZCH2(|JI-IC —NH, ——— CH3CI-I:ZCHQCHQC|HC =N + S0, + 2 HCI
CH2CH3 CHQCHJ
oot Ethylhexanamide 2-Ethvlhexanenitrile (94%)
Based on McMurry, Organic Chemistry, Chapter 25

20, 6th edition, (c) 2003



Mechanism of Dehydration of Amides

Nucleophilic amide oxygen atom attacks SOCI,
followed by deprotonation and elimination

© 2004 Thomson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter
20, 6th edition, (c) 2003

= R—UC=0N + %

26



Reactions of Nitriles

RC=N is strongly polarized and with an electrophilic

carbon atom
Attacked by nucleophiles to yield sp2-hybridized
Imine anions

Carbonyl 5~ i = |
y :0: :0:
compound #o— |
s+l >iNa :
C — C —>  Products
AN T R
R R R Nu
R
© 2004 Thomson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter
20, 6th edition, (c) 2003



Hydrolysis: Conversion of Nitriles into

Carboxylic Acids

Hydrolyzed in with acid or base catalysis to a
carboxylic acid and ammonia or an amine

O

H.O* \ | I
or NaOH, H,O 3 R/

R—C=N

© 2004 Thomson/Brooks Cole

SOH

Based on McMurry, Organic Chemistry, Chapter
20, 6th edition, (c) 2003
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Mechanism of Hydrolysis of Nitriles

Nucleophilic addition !
of hydroxide to C=N
bOﬂd R—C=N: Nitrile

Protonation gives a —
hydroxy imine, which |
tautomerizes to an R |
amide U el
A second hydroxide :
adds to the amide N
carbonyl group and e 2
loss of a proton gives
a dianion

Expulsion of NH>—
gives the carboxylate

4

R/ Nn Carboxylate

Based on McMurry, Organic Chemistry, Chapter 29
20, 6th edition, (c) 2003



-t OH ('} / ~OH
G

R—C=N: Nitrile R |
1 H
. l
?H P
¢ \ /
R” NN:- R/ NH,
r lﬂao lon-
CO e
OH ol @R |
| R/ \N_l:l,
H - . :
O
If + NH,™
R o Carboxylate
Based on McMurry, Organic Chemistry, Chapter 30

20, 6th edition, (c) 2003



Reduction: Conversion of Nitriles into
AMmines

Reduction of a nitrile with LIAIH4 gives a primary

amine
C=N CH,NH,
1. LiAlH,, ether _
2. H,0 !
CH, CH,
o-Methylbenzonitrile o-Methylbenzylamine
(88%)
Based on McMurry, Organic Chemistry, Chapter 31

20, 6th edition, (c) 2003



Mechanism of Reduction of RC=N

Nucleophilic addition of hydride ion to the polar C=N
bond, yieldis an imine anion

The C=N bond undergoes a second nucleophilic
addition of hydride to give a dianion, which is
protonated by water

- N - H H a0 H H
— AT JQ\Egi:] 1A 11/ 9
R—C=N: —5 [ P — \/
ether C ether C C
A P ™. R
R H R N R NH,
Nitrile Imine anion Dianion Amine
® 2004 Thomson/Brooks Cole
Based on McMurry, Organic Chemistry, Chapter 32

20, 6th edition, (c) 2003



Reaction of Nitriles with Organometallic
Reagents

Grignard reagents add to give an intermediate imine
anion that is hydrolyzed by addition of water to yield a
ketone

:N: O
—— I H,0 |
. ~~:R'~ *MgX -
R—C=N: SN C C + NH,
1 P I =
\ R R R R
Nitrile
Imine anion Ketone
© 2004 Thomson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter 33

20, 6th edition, (c) 2003



20.10 Spectroscopy of Carboxylic Acids and
Nitriles. Infrared Spectroscopy

O-H bond of the carboxyl group gives a very broad
absorption 2500 to 3300 cm1

C=0 bond absorbs sharply between 1710 and 1760
cm1
Free carboxyl groups absorb at 1760 cm

Commonly encountered dimeric carboxyl groups
absorb in a broad band centered around 1710
cm1

Based on McMurry, Organic Chemistry, Chapter 34
20, 6th edition, (c) 2003



IR of Nitriles

Nitriles show an intense C=N bond absorption near
2250 cm~! for saturated compounds and 2230 cm1
for aromatic and conjugated molecules

This is highly diagnostic for nitriles

Based on McMurry, Organic Chemistry, Chapter
20, 6th edition, (c) 2003
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Nuclear Magnetic Resonance
Spectroscopy

Carboxyl 13COOH signals are at 6165 to 6185

Aromatic and o,p-unsaturated acids are near 6165
and saturated aliphatic acids are near 56185

13C = N signal 6115 to 6130

@\\ . ﬁ

CHgCHQC OH CH;CH=CHCOH  CH,CH,C=N
[ T TN T 11
9 25 1\1 134 128,130 1291453 18 122 148 172 10 11 121

© 2004 Thomson/Brooks Cole

Based on McMurry, Organic Chemistry, Chapter 36
20, 6th edition, (c) 2003



Proton NMR

Intensity

The acidic —CO,H proton is a singlet near 6 12

When D,0O Is added to the sample the —CO,H proton
IS replaced by D causing the absorption to dlsappear
from the NMR spectrum

Note that the carboxyl proton absorption occurs at
012.0

T | ! ! ! ! | ——
1206 | ‘ | | .

I I N I AN B R :

. | | | | | CH,— C—OH _|[TMS

| | |

1 | ‘ I8
10 9 8 7 6 5 4 3 2 1 0 ppm

Chemical shift (8)

Based on McMurry, Organic Chemistry, Chapter 37

20, 6th edition, (c) 2003



