Carboxylic Acids

The combination of a carbonyl group and a hydroxyl on the same carbon atom is
called a carboxyl group. Compounds containing the carboxyl group are distinctly
acidic and are called carboxylic acids.

O O
I
——e—0=—H R—C—0—H R—COOH R—CO.H
carboxyl group carboxylic acid condensed structures
O O O O
[ |_ . I
H=—C—0O—H CHy—CH;—C—0—H =0 CH,(CH,),,—C—0—H
formxc acid propionic acid benzoic acid stearic ack
(an aliphatic acid) (an aromatic acx) (a fatty acid)
0O O
- - .
R—C—0—H + HO0 & R—C—0" + HO
carboxylic acid carboxylate ion
Nomenclature Common Names
of Carboxylic Acids
TABLE 20-1 Names and Physical Properties of Some Carboxylic Acids
Common mp bp Solubility

IUPAC Name Name Formula (°Q) (°C) (g/100 g H;0)
methanoic formi HCOOH 8 101 o0 (miscible)
ethanoic acet CH,COOH 17 11% 0
propanoic propionic CH;CH,COOH -2l 141 oa
2-propenoic acrylic H,C=CH—COOH 14 141 o0
butanoic butyric CH4(CH;5)2COOH -6 163 00
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2-methy |propanoic isobutyric (CH4),CHCOOH =46 155 230

trans-2-butenoic crotonic CH3;—CH=CH—COOH 71 185 8.6
pentanoic valeric CH;(CH;);COOH -3 186 3.7
3-methylbutanoic isovalerx (CH;),CHCH,COOH =29 147 50
2,2-dimethylpropanoic pivalic (CH4);C—COOH 35 164 2.5
hexanoic caproic CH1(CH,),COOH -4 200 1.0
octanoi caprylic CH1({CH,)4COOH 16 240 0.7
decanoic capric CH1(CH,)3sCOOH 31 269 0.2
dodecanoic lauric CH3(CH;) 4¢COOH 44 i
tetradecanoic myristic CH1{CH;),,COOH 54 i
he xadecanoi palmitic CH»(CH;),4CO0H 63 i
octadecanoic stearic CH1(CH;)14COOH 72 i
cis-9-octadecenoic oleic CH1(CH;,);CH=CH(CH,);COOH 16 i
ciscis-9,12-octadecadienoic  linoleic CH3(CH;)4CH=CHCH,CH = CH(CH;);COOH =5 i
cyclohe xanecarboxylic -CgHy COOH 31 233 0.2
benzoic benzoic CgHsCOOH 122 249 0.3
2-methylbenzoic o-1oluic o-CH;CgHCOOH 106 259 0.1
3-methylbenzoic m-tolux m-CHyCgzH COOH 112 263 0.1
4-methylbenzoic p-toluk p-CH,CgH,COOH 180 275 0.03

- Lo Lo C o= o= C=—C—0OH
€ & v B [

T 1 7 =
CH,—~CH—C—OH  CH;—CH,—CH,—C—OH  CH,—CH—CH,—C—0H
B o Y 18] o Y B I
a-chloropropionic acid y-aminobutyric aad sovaleric acid

( B-methylbutyric acid)
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IUPAC Names

0
I

s S Dol Ml S O BLan 8L
& 5 % & 3" 4

) . 1§
0 0 s 10 CH,CCH—C—OH

|| [ Col S
H—C—OH CH;—C—OH  CHy—CH—C—OH CH,CH,CH,

IUPAC name
common name:

methanoic aad
formic acid

TH, 0

IUPAC name: 4-aminobutanoic acd
common name:.  y-aminobutyric acid

CH,—CH, H
5N\
C=C
4 3N\
H,C (’:HQ—C;OOH

IUPAC name:
new |UPAC name:

@/COOH /@rCOOH
HN

henzoic acid

(E)-4-methyl-3-hexenoic acid
(E)4-methylhex-3-enoic aad

p-aminobenzoic acid

ethanme acid
acetic aad

2.cyclohexylpropanmce acid
a-~cyclohexylpropionk acid

3-0x0-2propylbutancic acid
a-acetylvaleric acid

Ph 0 CH, 0

| I [ I
CH,—CH,—CH,—C—OH CHy—CH,—CH—CH,—C—OH CH;—CH—CH,—C—OH
. X 2 ! 5 4 3 2 I 4 i 2

3-phenylpentanoic acid 3-methvlbutanoic aci

B-phenylvaleric acid isovaleric acil
‘O0H
Ph H
N A
| cam ™ ‘ CH
= 3
H C;OOH CH;

frans-3phenyl-2-propenoic acid
(E£)-3-phenylprop-2-enoic aad

3, 3-dimethvleyelohexanecar box yl aad

{cinnamic acxl)

COOH
OH H,C
o-hydroxybenzoic acid p-methylbenzoic acid a-naphthoic acy

(salicyelic acid) (p-toluic ack)
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Nomenclature of Dicarboxylic Acids

Common Names of Dicarboxylic Adds

TABLE 20-2 Names and Physical Properties of Dicarboxylic Acids

Solubility
Common mp  (9/100 g
IUPAC Name Name Formula (°C) H,0)
ethanedioic oxalc HOOC— COOH 189 14
propanedioic malonic HOOCCH,COOH 136 74
butanedioic succinic HOOC{CH;),COOH 185 8
pentanedioic glutaric HOOC(CH,);COOH 9% 64
hexanediox adpic HOOC{CH,)4sCOOH 151 2
heptanedioic pimelic HOOC(CH;)sCOOH 106 5
cis-2butenedioic maleic cis-HOOCCH=CHCOOH 130.5 ™
trans-2-butenediox fumari trans-HOOCCH=CHCOOH 302 0.7
benzene- | 2-dicarboxylic  phthalic 1.2-C¢H4(COOH ), 231 0.7
benzene- | 3-dicarboxylic isophthalic  13-CgHy(COOH ), 348
benzene- | d-dicarboxylic terephthalic 1,4-C¢H4y(COOH), 300 subl. 0002
(|:|) li"r O O (f H, ll’h (")
HO—C—CH,—CH—CH,—CH,—C—OH HO—C— CI [— CH—CH —(C—0OH
o &)
B-bromoadipic acid - meth) l-{}-phm) lglutaric ackd
COOH HOOC COOH COOH
COOH HOOC
o-phthalic acd nphithalic acxd p-phthalic ack
phthalic aad isophthalic acid terephthalic aaid
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IUPAC Names of Dicarboxylic Acids

(“) Br 0 O CH, Ph 0

I | e I
HO—C—CH,—CH—CH;—CH;—C—0H HO—C—CH—CH=—CH,—C—O0H
I 3 3 ' 5 6 | 2 3 ] S

3-bromohexanedioic acxl 2-methyl-3-phenylpentanedoic acid

"0OH
H COOH

o

COOH '-Q)\COOH

rrans-1 3-cyclopentanedicarboxylic acid 1.3-benzenedicarboxy lic acid
PROBLEM 20-1

Draw the structures of the following carboxylic acids.

(a) a-methylbutyric acid (b) 2-bromobutanoic acid

(c) 4-aminopentanoic acid (d) cis-4-phenyl-2-butenoic acid
{e) trans-2-methylcyclohexanecarboxylic acid () 2.3-dimethylfumaric acid
{g) m-chlorobenzoic acid (h) 3-methylphthalic acid

(i) B-aminocadipic acid (j) 3-chloroheptanedioic acid
(k) 4-oxoheptanoic acid () phenylacetic acid

PROBLEM 20-2

Name the following carboxylic acids (when possible, give both a common name and a sys-
tematic name).

~_ _COOH
I CH,CH,
(a) /\[J\ COOH  (b) = " “COOH © NO,
CH, NO,
COOH
(d) ¢ (e) (f
‘COOH HOOC ~cl H,C CooH

.
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Structure and Structure of the Carboxyl Group
Physical Properties i
. - y . 0 audl I8
of Carboxylic Acids < (,hm LBAY o072
106° LI0A PN
r‘ \ C y \ }{
H 3720 / . o~
bond angles bond lengths
: L g
‘ B €2 H w+ H
0 Yo~ o TR
major Very minor minor
S . O O
Boiling Points
O “H—0 acetic acid, bp 118°C I-propanol, bp 97°C propionaldehyde, bp 49°C
7 =
R—C C—R
N 7
Q=—H-=0
hydrogen-bonded acx dimer
O H HH H
. - L =
Melting Points CHy—(CH,),,—C—0H g = o — X
stearic acid, mp 70°C S - T
CH,4(CH,), CH, (CH,),—C—OH

linoleic acid, mp =5°C

Solubilities Carboxylic acids form hydrogen bonds with water, and the lower-
molecular-weight carboxylic acids (up through 4 carbon atoms) are miscible with water.
As the length of the hydrocarbon chain increases, water solubility decreases until acids
with more than 10 carbon atoms are essentially insoluble in water. The water solubilities
of some simple carboxylic acids and diacids are given in Tables 20-1 and 20-2.

6
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Acidity

of Carboxylic Acids

Measurement of Acidity

O

R—C—0O-—H

+ H,0

K

i

pK, =

_—

O

R=C—0"

[R—CO;|[H,0%]

[R—CO,H]
_logm Ka

TABLE 20-3 Values of K, and pK, for Carboxylic Acids and Dicarboxylic Acids

Formula Name Values
Simple carboxylic acids
K, (at 25°C) PK,
HCOOOH methanoic acid 177 x 107 375
CH,COOH ethanoic acid 1.76 x 1073 4.74
CH,CH,COOH propanoic acid 1.34 X 10 487
CH1(CH,),COOH butanoic acid 154 x 107 482
CH.(CH;);COOH pentanoic acid 1.52 X 10 48]
CH4(CH;),COOH hexanoic acid 131 X 107 488
CH1(CH; }sCOOH octanoic acid 1.28 x 107° 4.89
CH1(CH;)gCOOH decanoic acid 143 X 107 4384
CeHsCOOH benzoic acid 6.46 X 107 4,19
p-CH1CgH ;COOH p-toluic acid 433 x 107 436
p-CIC¢H ,COOH p-chlorobenzoic acid 1.04 x 107 3.98
p-NO2CgH ;COOH p-nitrobenzoic acid 393 x 10™ 341
Dicarboxylic acids
Ka pKal Ka2 pKaz
HOOC— COOH oxalic 54 X107 127  52x107% 428
HOOCCH,COOH malonic 1.4 X107 28 20x 10" 570
HOOC(CH,),COOH succinic 64 X107 419 23x107° 564
HOOC(CH,);COOH glutaric 45X 107 435 38x 107 542
HOOC(CH,),COOH adipic 37 X107 443 39x 107 54)
¢is-HOOCCH=CHCOOH maleic 1.0 X 1072 200 55x1077 626
trans-HOOCCH=CHCOOH  fumaric 96 x 107 302 41x107 439
1.2-CgHy(COOH), phthalic 1.1 X107 296 40x 107 540
1,3-C¢Hy(COOH), isophthalic 24 X 10 362 25x 107 460
1,4-CeHy(COOH)» terephthalic 29 X107 354 35X 107 446

+ H,0*
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R—O—H + HO: «— R—O:
alcohol alkoxide
O o
Il /0 /o pK, =5
R—C— O'—H + H O e R—C «— R—C + H;O+ (X, =10™9
: N = A :
carboxylate
R—O~ + HO*
l—
! #°
> P + H,0O!
5 N
€ | R—COOH + H,0 stabili zation 0
- ol
carboxy lute
0 8] O
oo RN
€ & 3
- \ / o \ -
malonic acid Ky=14x10"? anion
(0] 0O
” . T
< 2 2H07 + C C
& THHT N
Kp=20x10"% dianion
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Substituent Effects on Acidity TABLE 204 Values of K, and pK; for Substituted
Carboxylic Acids

Acid K pK,
F,CCOOH 59 X 107! 023 .
C1,CCOOH 2.3 X 10°! 064 Sirongeracies
C1,CHCOOH 55 X 102 1.26
0,N—CH,COOH 21 X 10°: | .63
NCCH,COOH 34 % 10-° 2406
FCH,COOH 2.6 % 1073 2.59
CICH,COOH 1.4 X 1073 2.86
CH,CH, CHCICOOH 14 X 1073 286
BrCH,COOH 1.3 1073 290
ICH,COOH 6.7 X 1074 318
HC=CCH,COOH 48 X 1074 3.32
CH,OCH,COOH 29X 1074 3.54
HOCH,COOH 1.5% 10"* 3.83
CH,CHCICH,COOH 8.9 x 1073 4.05
C,HCH,COOH 49 X 1073 431
CHy,=CHCH,COOH 45X 1073 435
CICH,CH, CH,COOH 3.0 10758 4.5
CH,COOH 1.8 X 1079 474 —
CH{CH,CH,COOH 1.3 X 1079 4,582
CH,CH,COOH 1.3 X 1073 487
H © H O H O Cl O
| ||l L |- .-
ll—lC—C—O—Il CI—CI'—C—O—II CI—Ll“—C—()—ll CI—CI‘—C—(_)—H
H H a Cl
acetic acid chloroacetic acid dichloraacetic acid trichloroacetic acid
pk, =474 pk, = 286 pK, = 1.26 pK, = (.64
| EEE
Cl O Cl O Cl O

I I | I | |
CH,—CH,—CH,—C—0H CH,—CH—CH,—C—0H CH;—CH,—CH—C—O0OH
d-chlorobutanoic acid 3-chlorobutanoic acid 2-chlorobutanoic acid
9 pk, = 452 pK, = 4.05 pk, = 286
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The absorption of many orally
administered drugs containing
carboxylic acids depends on their
pK, values. Aspirin, for example,
is largely absorbed from the
addic environment of the stomach
because it is present as the acid,
which readily passes through the
membranes into the blood.

COOH COOH COOH COOH COOH
: | S N
@ ® $®
P
P P NO»
OCHa NO;
p-methoxy  benzoic acid nNitro pNitro o-nitro
piy= 4.46 4.19 347 3.41 2.16

COOH ¢
|
0—C—CH, I
aspirin
PROBLEM 20-3
Rank the compounds in each set in order of increasing acid strength.
(a) CH;CH,COOH  CH;CHBrCOOH  CH;CBryCOOH
(b) CH;CH,CH,CHBrCOOH CH;CH,CHBrCH,COOH CH3CHBrCH,CH,COOH
5 CH3(IZHCOOH CH,C|‘HCOOH CH,CH,COOH  CH,CHCOOH
c
NO, Cl C=N
Salts of -
Carboxylic Acids 0 i)
(§= R—C—0O—H + M*'-OH = R—C—0"'M + HO
carboxylic acid strong base acid salt water
i I
CHy—C—O—H + Na*"OH <+ CHy,—C—O0O"*Na + H,0
aceti acid sodium hydroxide sodium acetate
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O O

| I
(B~ R—C—0"'M + H' <« R—C—O0—H + M

acid salt regenerated acid
Example
! 1
CH—C—O"*Na + H*CI = CHy—C—O—H + Na*(CI"
sodium acetate acetic acid

Nomenclature of Carboxylic Acid Salts

I 1
CH,CH,CH,CH,—C—0OH + LiOH — CH.CH,CH,CH,—C—0O""Li
IUPAC name: pentanoic acid lithium hydroxide lithium pentanake
COMmMOonN name: valeric acid lithium valerate
| 1
CHCH,CH,—C—OH  +  :NH, —  CH,CH,CH,—C—0"*NH,
IUPAC name: butanox acid ammoma ammonium butanocate
COmmaon name: butyric acid ammomnum butyrate
Properties of Acid Salts
| 1
2 CHCH,),—C—O0-*Na + Ca* —> [CH,(CH,)—C—O0],Cal + 2Na*
a soap “hard-water scum™
I I
|
R—C—O—H + NaHCO, = R—C—O0"*Na + HO + CO,!
insoluble in water water soluble
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Commercial Sources
of Carboxylic Acids

sugar and starches

H H
~c=cZ
H™ H
ethylene
O

fermentation

0O,

[ —
PdCL/CuCl,

(catalyst)

CH;OH + CO

methanol

fatoroil

12

hydrolysis

(soap)

I
fermentat}
CH,—CH,—OH ——_—> CH,—C—OH
ethyl alcohol . vinegar
@) O
l 0, I
— — —.) — — —_—
CH,—C—H cobalt acetate CH,—C—O0—H
(catalyst)
acetaldehyde acetic acid
Rh catalyst
~—"_, CH;COOH
heat, pressure "
acetic acid
0
L _AAMAA
CH,—OH ~0—C
i
“OH/H,0 .
——2 5 gg=—gH -0—C—/VVVW}
]
CH,—OH -0—C—/VVVVW
glycerol fFatty acid salts
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COOH

" = O

toluene benzoic acid
N /w COOH
Iugh pressure \\ Co(OCOCH1)3 CHBCOOH COOH
benzene cyclohexane adipic acid
COOH
02 V2OS
heat
COOH
xylene naphthalene phthalic acid
Synthesis of
Carboxyllc Acids Review of Previous Syntheses

1. Primary alcohols and aldehydes are commonly oxidized to acids by chromic
acid (HoCrOy, formed from Na,Cry O and H»SOy). Potassium permanganate is
occasionally used, but the yields are often lower (Sections 11-2B and 18-20).

O
H,CrO, [ H,CrO, I
R—(CH,—OH E— " R—E—H s R—C—OH
. - (or KMnOy) (or KMnQ,) ) _
primary alcohol aldehyde carboxylic acid
Example
O
Na,Cr,0,, H,S0, l
Ph—CH,—CH,—CH,—OH > Ph—CH,—CH,—C—OH
3-phenylpropanol 3-phenylpropanoic acid

13
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2. Cold, dilute potassium permanganate reacts with alkenes to give glycols. Warm,
concentrated permanganate solutions oxidize the glycols further, cleaving the
central carbon-carbon bond. Depending on the substitution of the original double
bond, ketones or acids may result (Section 8-15A).

R R’
R R’ concd. KMnO | | R’
& . c=c( *> [H—C—C—R'| — R—COOH + 0=
H R” | | R"
alkene HO OH acid ketone
glycol (not isolated)
Examples
Ph\ /H concd. KMnO,
~c=c_ > Ph—COOH + CH,—CH,—COOH
| concd. KMnO, COOH
il COOH
cyclohexene adipic acid
With alkynes, either ozonolysis or a vigorous permanganate oxidation cleaves
the triple bond to give carboxylic acids (Section 9-10).
O O
concd. KMnO, ” ” 3
@ B—E=C—R’ or(1) O > R—=C—(C—R/! — R—COOH + HOOC—R
alkyne (2) HZO (not isolated) carboxylic acids
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Example
(1) Oy

CH,CH,CH,—C=C—Ph

3. Side chains of alkylbenzenes are oxidized to benzoic acid derivatives by
treatment with hot potassium permanganate or hot chromic acid. Because
this oxidation requires severe reaction conditions, it is useful only for mak-
ing benzoic acid derivatives with no oxidizable functional groups. Oxidation-

resistant functional groups such as —Cl, —NO,;. —SO3H, and —COOH
may be present (Section 17-14A).

R(alkyl) COOH
7 Na2Cr207, H2804, heat . .
& .(D orKMnO,. H,0.heat ~ '\/

75 Z
an alkylbenzene a benzoic acid
(Z must be oxidation-resistant)

Example
CH,
CH—CH, COOH
; Na,Cr,04, H,S0,
heat
Cl Cl
p-chloroisopropylbenzene p-chlorobenzoic acid

19 (Ul {58 07



Carboxylation of Grignard Reagents

Mg
R—X —=> R—MgX
(alkyl or
aryl halide)
fﬂ

O=C=0 " H* ” -
R—MgX - R—C— O *MgX — R—C—OH

Example

Br Fa MgBr
Mg
—_—>
O/ ether U

bromocyclohexane

Q/MoBr G e UC O~ ICigBr v O/COOH

Formation and Hydrolysis of Nitriles cyclohexanecarboxylic acid
(& R—CH—X o> R—CH,—C=N:
O
H*, H,0 I g
R—CH,—C=N: —sr=>* R—CH,—C—OH + NH;
s Ty
Example CH.,—Br CH—C=N
©/ : NaCN ©/ .
—_—
acetone
benzyl bromide phenylacetonitrile
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0
I

CH,—C=N CH,—C—OH
* H*, H,0

phenylacetonitrile phenylacetic acid

PROBLEM 20-11

Show how you would synthesize the following carboxylic acids. using the indicated start-
ing materials.

(a) 4-octyne — butanoic acid (b) rrans-cyclodecene — decanedioic acic
(¢) bromobenzene — phenylacetic acid (d) 2-butanol — 2-methylbutanoic acid
k(e) p-xylene — terephthalic acid (f) allyl iodide — 3-butenoic acid
Reactions Nucleophilic acyl substitution
of Carboxylic Acids 5 o
and Derivatives; I [
NUCleophiIiC ACY' R—C—X + Nuc: = R—C—Nuc +
Substitution
Acid derivatives
O O O O O O
I [ ! || I

N,

|
R—C—OH R—C—X R—C—0—C—R R—C—0—R’ R—C—NH,

carboxylic acid acyl halide anhydride ester amide

17
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MECHANISM 20-1 Nucleophilic Acyl Substitution in the Basic
Hydrolysis of an Ester

Step 1: Hydroxide ion (strong nucleophile) adds to the carbonyl group, forming
a tetrahedral intermediate.

O 56:-
I) I
_(|: _—

R—C—OR’ = R OR’
! {OH
ester + "OH tetrahedral intermediate

Step 2: An alkoxide ion leaves, regenerating the C=0 double bond.

:(j:_
. /.
R_(fCQR, E— R—C\ ‘Q—R’

:OH :\(;-) H

tetrahedral intermediate acid + alkoxide

Step 3: A fast, exothermic proton transfer drives the reaction to completion.

.'O.
! ke / 2
R—C 0—R° —> R—C H—(0O—R’
N Yo
:0—+—H s
acid + alkoxide carboxylate + alcohol

19 (Sl o518 07



Example: Basic hydrolysis of ethyl benzoate.
Step 1: Addition Step 2: Elimination Step 3: Proton transfer.
of hydroxide. of alkoxide.
'b' :6:_ .'()'.
. < i
Ph—C—OCH,CH; == Ph—(l'.‘-C(QCHQCH_q o~ = Ph—C\ ‘OCH,CHj;
<:0H :OH -Q—*P
ester + "OH tetrahedral intermediate acid + alkoxide
.'O'.
4 .
O Ph—C\ H—O—CH,CHj
0
. carboxylate + alcohol
Condensation of o 0
Acids with Alcohols: @D R g‘ OH 4 R*—OH Z:’W R g‘ O—R’ ¥ HO
The FiSCher acid alcoh-()l :
“ge - ester
Esterification
Examples
O O
I H,S0,
CH;—C—OH + 'CH,CH,—OH <?—338) CH,—C—0O—CH,CH; + H,0O
=3
@:COOH excess CH,OH, H* @[COOCH3
COOH COOCH,
dimethyl phthalate 19 ¢l ¢ 58 07

19 phthalic acid



Part 1: Acid-catalyzed addition of the alcohol ro the carbonyl group.
Protonation activates  The alcohol adds. Deprotonation completes the reaction.
the carbonyl.
T P H .t as
N | B L g )
s H* P .. " +
R—C—OH = |R—C—OH| & R—CI—OH = R—le—QH + R'OH,
ok ' e/
R—O—n HTO—R R
R**—0O=—H ester hydrate
Part 2: Acid-catalyzed dehydration.
Protonation prepares Water leaves. Deprotonation completes the reaction.
the OH group to leave.
:0—H &O—H +6_H’]' \ -
| 72 HT I /H "‘J Na /O 4
R—(IJ—Q—H = R—(ll—-k():\ = [g—C +iHer =2 R—EL + H;0
H ~Niap! ‘OR’
- Q R' . QI{’ 'QR | ..

EXAMPLE: Acid-catalyzed formation of methyl benzoate from methanol and benzoic acid.

Part 1: Acid-catalyzed addition of methanol to the carbonyl group.
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Protonation activates Methanol adds.

the carbonyl.

Part 2: Acid-catalyzed dehydration.

Protonation prepares Water leaves.

the OH group to leave.

H
0 :'. .-
5 H+ ~ .
PR—=E=Ql =2 Ph—C)—QH = Ph—C—OH " P
CH;—0—H Hg—CH,
CH;—O0—H

Deprotonation completes the reaction.

:0—H
g +
(l-.:_QH + Cl‘lgOHz

:QCH;;

ester hydrate

Deprotonation completes the reaction.

T

e /,6 o4
+ HyO: = ph—c’\ + H30
*OCH;

:0—H :0—H i B hay § s
B e \| . _H +(||)‘JH
Ph—C—O0—H &= Ph—CO0X = |p—C
| | H OCH;
:OCH; *OCH, g el
protonated ester

methyl benzoate

QUESTION: Why can’t the Fischer esterification take place under basic catalysis?

PROBLEM 20-12

onance forms of these two intermediates.
(b) Propose a mechanism for the acid-catalyzed reaction of acetic acid wi
ethyl acetate.

21

(a) The Key Mechanism for Fischer Esterification omitted some important resonance forms
of the intermediates shown in brackets. Complete the mechanism by drawing all the res-

th ethanol to give
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| PROBLEM 20-13

Most of the Fischer esterification mechanism is identical with the mechanism of acetal for-
mation. The difference is in the final step, where a carbocation loses a proton to give the ester.
Write mechanisms for the following reactions, with the comparable steps directly above and
below each other. Explain why the final step of the esterification (proton loss) cannot occurin

acetal formation, and show whathappens instead.

O CH,0 OCH,
Il H*, CH,0H \ /
Ph—C—H —— Ph—C—H + H,0
aldehyde acetal
(@ 0
| H*, CH,0H [
Ph—C—OH —— Ph—C—OCH, + H,0
acid ester

PROBLEM 20-15

Show how Fischer esterification might be used to form the following esters. In each case,

suggest a method for driving the reaction to completion.

(a) methylsalicylate (b) methyl formate (bp 32°C) (c) ethyl benzoate

PROBLEM 20-16

The mechanism of the Fischer esterification was controversial until 1938, when Irving
Roberts and Harold Urey of Columbia University used isotopic labeling to follow the alcohol
oxygen atom through the reaction. A catalytic amount of sulfuric acid was added to a mixture
of 1 mole of acetic acid and 1 mole of special methanol containing the heavy '80 isotope of
oxygen. After a short period, the acid was neutralized to stop the reaction, and the compo-

nents of the mixture were separated.

I H,S0,
CH,—C—O0—H + CH~0—H #=—— CH,—C—O0—CH, + H,0

(a) Propose a mechanism for this reaction.
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SOLVED PROBLEM 20-1
Ethyl orthoformate hydrolyzes easily in dilute acid to give formic acid and three equivalents of ethanol. Propose a mechanism for the

hydrolysis of ethyl orthoformate.
(I)CH2CH3 (")
H+
H—C —OCH,CHj; Ho 0 + 3 CH;CH,OH
& H OH
DCHRCH; formic acid ethanol
ethyl orthoformate

SOLUTION
Ethyl orthof ormate resembles an acetal with an extra alkoxy group, so this mechanism should resemble the hydrolysis of an acetal

(Section 18-18). There are three equivalent basic sites: the three oxygen atoms. Protonation of one of these sites allows ethanol to leave,
giving a resonance-stabilized cation. Attack by water gives an intermediate that resembles a hemiacetal with an extra alkoxy group.

OEt :OFt :OFt :OFt
£ wr - ; [ o H O |
H— C OE[ == H— (II L..O & |H—C H—(|3—Q\ — H—(|3 OH
Et H
:OEL *OE( :OEt :OEt
Protonation and loss of a second ethoxyl group gives an intermediate that is simply a protonated ester.
E[\ /H
o + s
LI G .o
| H* _OH| Ho: I ..
H— C—OH = H— C—OH == |H—C == H—C—O0—Et
\ -
OEt
:OEt ‘OEt i
protonated ester ethyl formate

Hydrolysis of ethyl formate follows the reverse path of the Fischer esterification. This part of the mechanism is left to you as an exercise.
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Esterification R—C—OH + CH,N R (I? O—CH; + N,f
: : o = el e 21Ny — —C—0O—LH, 2
USlng DlaZOmEthane acid diazomethane methyl ester
Example
P cooH COOCH,
CH,N,
—_—— + NzT
cyclobutanecarboxylic acid methyl cyclobutanecarboxylate (100%)

MECHANISM 20-3 Esterification Using Diazomethane

Step 1: Proton transfer, forming a carboxylate ion and a methyldiazonium ion.

CH,=N=N:
‘o I o
P _ it .
R—C—Q;PIM,_/:CH:—NEN:_ —ir R—€ -0 + CH;—N==N:
K carboxylate ion methyldiazonium ion
Step 2: Nucleophilic attack on the methyl group displaces nitrogen.
(e} [e)
L .. ; I
R—C—QR\JCII}@EN: —D R—C—O0O—CH; + :N=N:{

. O O O
Condensation || ) i . » I
of ACidS With @ R—C—OH + R"—NH, = R—C—0 H,N—R’ R—C—NH—R' + H,01

acid amine an ammonium carboxylate salt amide

Amines: Direct
Synthesis of Amides
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Example 0}

" | =
~_COOH COO~ H,NCH,CH, C—NHCH,CH,
©/ + CH,CH,NH, —> @ Dent, ©/ + H,0

benzoic acid ethylamine ethylammonium benzoate N-ethylbenzamide

PROBLEM 20-18
Show how to synthesize the following compounds, using appropriate carboxylic acids and amines.
CH (lll‘ —N(CH;CH ﬁ) O
3\0/ 2CH3)2 NH—C—CHj i
(a) C (b) (e) €
©/ H” N(CHj),
N.N-diethyl-meta-toluamide ’
k (DEET insect repellent) acetanilide N N-dimethylformamide (DMF)
Reducti 2
cancean | . I (1) LiAIH,
of Carboxylic Acids (& R—C—OH 5> R—CH—OH
. 3 .
acid primary alcohol
Example

(@
I (1) LiAlH,
CH,—C—0H W CH,—CH,0H

- (75%)
phenylacetic acid 2-phenylethanol
H

Il R

— | I
R—E—05H=F Lif H-\—Ald-'—H — H,t + R—C—O" ‘Li + AlH,
H
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Several paths are possible for the rest of the mechanism. In one likely path, AIH5 adds to
the carbonyl group of the lithium carboxylate salt.

0 H H :0— AlH,
I N |
R—le = R—C—H
107 Lit l .
H :Q: Li*
Elimination gives an aldehyde, which is quickly reduced to a lithium alkoxide.
‘i('j—Ale H H
I V o ,'_’_\\ I = |
R—E—H — R—C=—H H—AI—H — R—(lf—H + AlH,

CQ=_ Li? 07 H L :Q: Li?
aldehyde lithium alkoxide

Water added in the second step protonates the alkoxide to the primary alcohol.

R—CH,—O Li* + H,0 — R—CH,—OH + LiOH

0 0 o
| | BH, - THF I/
H,C—C C—OH —o— HC—C CH,OH
or Bzﬂﬁ)
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Reduction to Aldehydes

o :0 ) *Li 0
‘ _ | | f .
@D R—C—Cl + LIA(O—R);H = R—C\—\Cl + AI(O—R), — R—C—H + LiCl
acid 2 aldehyde
chloride H
Example
Step 1: Conversion to the acid chloride. Step 2: Reduction to the aldehyde.
O
I socl, i LIAI[OC(CH,),]H [
CH3—~|CH-—C-—-OH —_— CH]—(IEH—C—CI — CH:—CH—=C—H
CH, CH, CH,
isobutyric acid isobutyryl chloride isobutyraldehyde
PROBLEM 20-19
Show how you would synthesize the following compounds from the appropriate carboxylic
acids or acid derivatives.
CH,CH,OH CH,CHO 0 CH,OH
(a) (b) (c)
\_
Alkylation 0 0
i i I ) 2 R'— |
of Carboxylic Acids R—C—o—n DIE=L, o & p 4 R—H
to Form Ketones & &
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Example 0

I
COOH . C—CH,CH,
(1) 2 CHyCH,—Li =
(2) H,0 ) ©/

benzoic acid propiophenone
OLi OH 0
2 R'—Li | - HO" ' 3 =
R—C—OH P R—C—0L; — R—(“.—OH — R—C—R' + H{O

carboxylic acid

28

. y ketone
R R

dianion hydrate of ketone

PROBLEM 20-20
Propose a mechanism for conversion of the dianion to the ketone under mildly acidic conditions.

PROBLEM 20-21

Show how the following ketones might be synthesized from the indicated acids, using any

necessary reagents.

(a) propiophenone from propionic acid (two ways, using alkylation of the acid and using
Friedel-Crafts acylation)

Qb) methyl cyclohexyl ketone from cyclohexanecarboxylic acid
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0 Os :b: 0
g R (I.!J Cl —2 R (I:‘) Cl R (”: N +: €]
2 o S e iy il —C—Nuc 3
B -
R Cl ) | b acid derivative
Nuc:- Nuc
an acid chloride (acyl chloride) acid chloride tetrahedral intermediate
i ! 1
Cl—S—Cl
@ R—C—OH 0 0 > R—C—€]
or | |
Cl—C—C—(]
Examples 0 (0]
CH,(CH,) (CH,) (": OH CI) CH4(CH,) (CH,) ("3 Cl
I AN, = Cl=S—C} Al S T A
H/C C\H thionyl chloride H/C C\H + SO;1 + HCH
oleic acid oleoyl chloride
(95%)
O (0]
I 0 0 I
CH,—CH,—C—OH 1 1 CH,—CH,—C—Cl] + HCl} + COT + €O,
Cl—=C—C=Cl:_
©/ oxalyl chloride . @
3-phenylpropanoic acid 3-phenylpropanoyl chloride
(95%)
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