Chapter 18

Carboxylic Acids and Their
Derivatives.

Nucleophilic Addition-Elimination at
the Acyl Carbon

Carboxylic Acids

4 Organic compounds
O]

characterized by their acidity
. R
4 Contains COOH group (must
be at the end of a chain OH

¢ Widely distributed in nature
RCO,H

¢ Easily separated because of
acidity
RCOOH




Physical Properties of Carboxylic Acids

il
CH.CH,.CH,CHy  CH,CH,CHO  CH4CH,CH CH.COOH
L1

MW =58 MW =58 MW =60 MW =60
bp0°C bp 48°C bp97°C bp 118°C
High Boiling Points ¥ .l - @

Acetic acid, melting point = 16°C
Carboxylic acids soluble in organic solvents
Carboxylic acids with 5 or fewer carbons are water soluble

Carboxylic acids with longer chains insoluble (called “fatty acids”)

Nomenclature

4 In IUPAC nomenclature, a carboxylic acid is named changing
the -e of the corresponding parent alkane to -oic acid

® The carboxyl carbon is position 1 and is not numbered

O O

6 S 4 3 2 | 6 5 4 3 2 ”
CH}CHJLIHCHICHECOH CH,CH=CHCH,CH,COH

CH,
4-Methylhexanoic acid 4-Hexenoic acid
(or hex-4-enoic acid)

4 The common names for many carboxylic acids remain in use




Some straight chain acids

Water Solubility
(g 100 mL™" H,0),

Structure Systematic Name Common Name mp (°C) bp(°C) 25°C pPK
HCOH Methanoic acid Formic acid 8 100.5 ® 37
CH,COH Ethanaic acid Acetic acid 16.6 118 ® 47
CH,CH,COH Propanoic acid Propionic acid -21 141 @ 4.8
CH (CH,),COH Butanoic acid Butyric acid -6 164 o 48

H,(CH,),CO,H Pentanoic acid Valeric acid -34 187 497 48

H4(CH,),CO,H Hexanoic acid Caproic acid -3 205 1.08 48

H,(CH,);COH Octanoic acid Caprylic acid 16 239 0.07 48

Ha(CH,):CO,H Decanoic acid Capric acid 31 269 0.015 48

Ha(CH,)1,COH Dodecanoic acid Lauric acid 44 17918 0.006 5.3

H,(CH,);.COH Tetradecanoic acid Myristic acid 59 2002 0.002

Hy(CH,)1,.COH Hexadecanoic acid Palmitic acid 63 219" 0.0007 6.4

Ha(CH,);5COH Octadecanoic acid Stearic acid 70 383 0.0003

Naming Carboxylic Acids
COOH

COOH

Cl

¢ a-chlorobutyric acid

¢ 2-chlorobutanoic acid

OH

m-hydroxybenzoic acid




Some other acids with common names

¢ Diacids
® Oxalic HOOC-COOH
® Malonic HOOC-CH,-COCOH
® Succinic HOOC-CH,CH,-COOH
e Phthalic CooH
COOH
*Hydroxyacid
e[ actic acid

(S)-2-hydroxypropanoic acid

Amino Acids

« Amino acids contain two functional groups—an amine group
(NH,) and a carboxy group (COOH).

* Amino acids are the building blocks of proteins.

COQH-<«—— carboxy group
amino group - ngN—Cl:—H

2 o carbon
o-amino acid

» The simplest amino acid, glycine, has R =H. When R is any other
group, thea carbon is a stereogenic center.

COOH
NH, NH,
HaN—C—H |
\C st
H R ¢~ ~ R
L/ COOH Hooc™ N,

glycine

no stereogenic centers . . . .
L amino acid D amino acid

*




Unsaturated acids

cis-HO,C—CH=CH—CO,H Maleic acid
trans-HO, C—CH=CH—CO,H Fumaric acid

CHq(GHaly  [CHghGOOH % E

Oleic acid = cis-9-octadecenoic acid

75% of oliveail isoleic acid

Carboxylic Acid Salt

¢ Most carboxylic acids have a pK,=4-5
® Carboxylic acids are readily deprotonated by sodium
hydroxide or sodium bicarbonate to form carboxylate salts

® Carboxylate salts are more water soluble than the
corresponding carboxylic acid

~ 1 i
N HO |
\/K ) —COH + NaOH —— (| !>7(‘() Na* + H,0
_/, S~ -
Benzoic acid Stronger Sodium benzoate Weaker
(walter insoluble) base (water soluble) acid
Stronger acid Weaker base
A\ A\
N H.0 N
([ )—COH + NaHCO, —‘\( ) )—CO-Na* + CO,t +H,0
N N e e
(water insoluble) Stronger (water soluble) H,CO,
Stranger acid base Weaker base Weaker

acid




Naming Carboxylic Acid Salts

? sodium cation 0 potassium cation
|l
.-'cx l .-'C'\
CH; 'O~ Na* CH,CH; 'O K*
parent + suffix parent + suffix
acet-  -ate propan-  -cate
sodium acetate potassium propancate

Sodium salts of fatty acids are soaps

I
0 R OH
H* HQ'E)C}H (\? (\? (I?
0J< s OH + _C_ + _C_ + _C.
R or HO R HO R HO R"
0. R SHEpRes OH Three fatty acids containing
\[r glycerol 12-20 C's are formed as products.
0

triacylglycerol
the most common type of lipid

carboxylate __ @
group =

)
&,/o - \%%ﬁ@

HyC(CH,) ;s —C Na D OIL e D




Acidity of Carboxylic Acids

Electron-withdrawing groups increase the
carboxylic acid’s acidity
1. By inductive delocalization of charge

o cl 1 H
A A I I
cle\cl;—co:H > C|«ec|t—c0:H > (71%([—C03H >H— -

Cl H H H

CO,H

Predict the pK, of p-nitrobenzoic acid

QCOZH OZN@COZH

pK,=4.2 PKa="?

A. >42

B. 4.2 pK,=3.48
C. <42




Acidity of Substituted Benzoic Acids

[2] Electron-withdrawing groups stabilize the conjugate base,
making an acid more acidic

electron density removed from the carboxylate anion.

Stabilization effect much
greater in anion

Acidity of Benzoic Acids

X =
COOH
H 4.19
CH, 4.31
NH, 4.92
Cl 3.98
NO, 3.48 X




Acidity of Amino Acids

Since amines are basic and carboxylic acid groupsare
acidic, the two groups undergo a proton transfer

RNH, + RCOOH - > RNH;* + RCO,

Amino acids exist in three different forms depending on pH.
The “zwitterion” exists at neutral pH (7)

ammonium cationh___ﬁ_i COQO~=—carboxylate anion

HsN—C—H
|
CHj4
alanine
At low pH (<2), . T \‘H- . 0N
alanineexistsas a HaN—C—H > HN-C—H
positiveion CHj, CHs
A B

overall (+1) charge

At high pH (>11), ey I:I Co0

alanineexists an HO- ""HDNH?_C_H —  HN-C-H
. | |

anion CHa CH,
A c

overall (-1) charge




4 The carboxyl group is the parent group of a family of compounds
called acyl compounds or carboxylic acid derivatives

Structure Name Structure Name
1 P
C Acyl (or acid) chloride _C
R™ el R~ TNH,
11 1
_C C Acid anhydride _C - Amide
R Yo7 R R~ NHR’
] ]
C R’ Ester C
R/ N R,/ ‘\NH,R,,
R—C=N Nitrile ]
Esters

¢ Esters are named from the corresponding carboxylic acid and
alcohol from which the ester would be made

® The alcohol portion is named first and has the ending -yl
® The carboxylic acid is named ending with -ate or —oate.

(”) 0] CH, 0]
CH,( OCH,CH, CH,CH,C—OC—CH, CH,COCH=CH,
CH,
Ethyl acetate or tert-Butyl propanoate Vinyl acetate or
ethyl ethanoate ethenyl ethanoate
0 0] (0]

Cl . COCH, CH,CH,0CCH,COCH,CH,
Methyl p-chlorobenzoate Diethyl malonate

¢ Esters cannot hydrogen bond to each other and therefore have lower
boiling points than carboxylic acids
® Esters can hydrogen bond to water and have appreciable water
solubility
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Solubility

in Water

Name Structure mp (°C) bp(°C) (g 100 mL' at 20°C)
Methyl formate HCO,CH; -99 315 Very soluble
Ethyl formate HCO,CH,CH; -79 54 Soluble
Methyl acetate CH3CO,CH4 -39 57 24.4
Ethyl acetate CH3CO,CH,CHjz -82 77 7.39 (25°C)
Propy! acetate CH,CO,CH,CH,CH; -93 102 1.89
Butyl acetate CH3CO,CH4(CH;),CH, —74 125 1.0 (22°C)
Ethyl propanoate CH;CH,CO,CH-CH4 —73 99 1,75
Ethyl butanoate CH3(CH),CO,CH,CH,4 —-93 120 0.51
Ethyl pentanoate CH;(CH;);C0O;CH,CH; -9 145 0.22
Ethyl hexanoate CH3(CH;),CO,CH,CH, —68 168 0.063
Methyl benzoate CgHsCOCH4 -12 199 0.15
Ethyl benzoate CgHsCOCH,CH; -35 213 0.08
Phenyl acetate CH;CO,CsH5 196 Slightly soluble
Methyl salicylate 0-HOC;H,CO,CH, -9 223 0.74 (30°C)

¢ Acid Anhydrides

® Most anhydrides are named by dropping the word acid from
the carboxylic acid name and adding the word anhydride

0 O [0]
; | I I
HE C\ HC™ =Y C\ HC~ N
0 \ 0 0 I 0
/ HJ(‘\_C/ (_'/ HC‘\C/
H,C—C,
AN I I Il
8] O (0] 0]
Acetic anhydride Succinic anhydride Phthalic anhydride Maleic anhydride
(ethanoic anhydride) mp 121°C mp 131°C mp 53°C
mp —-73°C

¢ Acid Chlorides

® Acid chlorides are named by dropping the-ic acid from the
name of the carboxylic acid and adding -yl chloride

O
I I [
CH,C—CI CH,CH,C—Cl CH,C—Cl
Acetyl chloride Propanoyl chloride Benzoyl chloride
(ethanoyl chloride) mp =94°C; bp 80°C mp —1°C; bp 197°C

mp —112°C; bp 51°C

11



¢ Amides

® Amides are named by replacing -ic acid in the name with
amide
=» Groups on the nitrogen are named assubstitutents and are given the
locants N-or N,N-

O

(8] O .
“H.
u L S u
CH,C—NH, CH‘C*N\ CH,C—NHC,H;
CH,
Acetamide N.N-Dimethylacetamide N-Ethylacetamide
(ethanamide) mp —20°C; bp 166°C bp 205°C

mp 82°C; bp 221°C
O

- (0]
H-.
|G I
CHC—N_ C—NH,

CH,CH,CH,
N-Phenyl-N-propylacetamide Benzamide
mp 49°C; bp 266°C at 712 torr mp 130°C; bp 290°C

® Amides with one or two hydrogens on nitrogen form very strong
hydrogen bonds and have high melting and boiling points

= N,N-disubstituted amides cannot form hydrogen bonds to each other and
have lower melting and boiling points

4 Hydrogen bonding between amides in proteins and
peptides is an important factor in determining their
3-dimensional shape

12



Nitriles

4 Acyclic nitriles are named by adding the suffix -
nitrile to the alkane name
® The nitrile carbon is assigned position 1
® Ethanenitrile is usually called acetonitrile

2 1 3 2 1

CH,—C=N: CH,=CH—C=N:
Ethanenitrile Propenenitrile
(acetonitrile) (acrylonitrile)

Infrared Spectra of Acyl Compounds

4 The 1700 carbonyl stretching frequency varies slightly
according to the type of carboxylic acid derivative present

® O-H stretching vibrations of the carboxylic acid give a broad
band at 2500-3100 cm-1

® N-H stretching vibrations of amides appear at 3140-3500 cm-!

Functional Group

Approximate Frequency Range
(em™')

1840 1820 1800 1780 1760 1740 1720 1700 1680 1660 1640 1620 1600
||

1815-1785
Acid chloride 1800-1770 (conj.) M
. 1820-1750 =
Acid anhydride 1775-1720 (conj.) H (Two f—lo alt:solrptiunsi)
1750-1735 Also C—0 (1300-1000);

Ester/Lactone

1730-1715 (conj.)

m

no O—H absorption

Carboxylic acid

~1760 or 1720-1705
1710-1680 (conj.)

{monomer)

(dimer)| Also C—0 (1315-1280;
and 0—H (~3300, broad)

1740-1720 1T |
Aldehyde 1710-1685 (coni.) u AIISDC—H(283D—2695]
ket 1720-1710
SIoRe 1685-1665 (conj.)
Amide/lactam 1650-1640 (solid)
(solution)
1650-1550 |

Carboxylate salt

(Two C=0 absorptions)

*Orange bars represent absorption ranges for conjugated species.

13



¢ 'H NMR Spectra

® The a hydrogens of carboxylic derivatives appear at d 2.0-2.5
® The carboxyl group proton appears downfield at d 10-12

O

I
CH, — CH, —C— OCH,
(a) (b) (c)

(h)
24 2.2 1.2 1.0 | TMS

¢ 13C NMR Spectra

® The carbonyl carbon signal for carboxylic acids and their
derivatives appears at d 160 to 180

0 0
/ / / /
H,C—( H,C—( H,C—C H,C—( H,C—C=N
\ ' \ \
OH OCH,CH, cl NH,

0177.2 o 170.7 8170.3 0 172.6 al117.4

13C NMR chemical shifts for the carbonyl or nitrile carbon atom

14



Preparation of Carboxylic Acids
4 By Oxidation of Alkenes

1) KMnO,, OH
RCH=CHR'’ ”#» RCO,H + R'CO,I

(2) H;O

4 By Oxidation of Aldehydes and Primary Alcohols

(1) Ag,0O or Ag(NH;),"OH
R—CHO RCO,H
GHE (2) H;0 G0

1) KMnO, OH
RCH,OH ”%—» RCO,H
cal

(2) H;0*

H,CrO,
R— CHO or RCH,0H ——"%5 RCO,H

4 By Oxidation of Alkylbenzenes

(1) KMnO,, OH-
e

heat
(2) H,O*

CH, CO,H

® By Oxidation of the Benzene Ring

[
(1) 0,, CH,CO,H

—cp \DO-CHCOH .
R—CH, o R—COH

® By Oxidation of Methyl Ketones (The Haloform Reaction)

| [
(1) X,/NaOH
QXM ¢ + CHX,
A7 el OHOT AT Som

® By Hydrolysis of Cyanohydrins and Other Nitriles

* Hydrolysis of acyanohydrin yields an a-hydroxy acid

R R OH OH
N N/ HA
C—0+HCN=—= C 2L R—C—COH
7 s\ Bo | )
R’ R” CN R’

15



¢ Primary alkyl halides can react with cyanide to form nitriles
and these can be hydrolyzed to carboxylic acids

NaCN (1) OH™, H,0

HOCH,CH,CI W HOCH,CH,CN 2 HO' HOCH,CH,CO,H
3-Hydroxy- (75-80%)  3.Hydroxypropanoic
propanenitrile acid
. . NaCN —— S - H,0" LT £ - "
BrCH,CH,CH,Br T NCCH,CH,CH,CN T7-86%) HO,CCH,CH,CH,CO,H
Pentanenitrile Glutaric acid

¢ By Carbonation of Grignard Reagents

CH, CH, CH,
- L - Mg . L 4 (€O, . i
CH,—C—Cl ——— CH,CMgCl ———=—> CH,CCO,H
Et,0 I (2) H,0* | o
CH, CH, CH,
tert-Butyl chloride 2,2-Dimethylpropanoic acid
(79-80% overall)
1) CO, .
CH,CH,CH,CH,CI CH,CH,CH,CH,MgCl t:l HO" CH,CH,CH,CH,CO,H

Butyl chloride Pentanoic acid
(80% overall)

f\‘f"\: Mg (1) €O, .
w\/,‘ Rrw M:_er‘ COH

Benzoic acid
(85%)

Nucleophilic Addition-Elimination at an Acyl Carbon

4 Recall that aldehydes and ketones undergo nucleophilic
addition to the carbon-oxygen double bond

' Nu Nu
RY, M. N\ - | JHENU »e
C=0. + Nu:-—= C—0: C—0—H + Nu:~
R R/ R/
Aldehyde or R R
ketone
\ J

Y

Nucleophilic addition

Tetrahedral intermediateiscreated and
maintained, unlessit can easily dehyrate

16



Nucleophilic Addition-Elimination at the Acyl Carbon

¢ The carbonyl group of carboxylic acids and their
derivatives undergo nucleophilic addition-elimination
® The nucleophile reacts at the carbonyl group to form a
tetrahedral intermediate
® The tetrahedral intermediate eliminates a leaving group (L)

® The carbonyl group is regenerated; the net effect is an acyl
substitution

H
\
R Nut Nu Nu
L N, N S ;
/( =0, +iNu—H+—  C—0:— C=0:-—— (=0, + HL
- R]/ ll-;l/ B
An acyl compound g I Another acyl
Tetrahedral intermediate compound
J " J
T \J
Nucleophilic addition Elimination

¢ To undergo nucleophilic addition-elimination the acyl
compound must have a good leaving group or a group that
can be converted into a good leaving group
® Acid chlorides react with loss of chloride ion

® Anhydrides react with loss of a carboxylate ion

Specific Example

.-“: :0: O
» s ;

R ({g/?:il)—u =R (‘—('lifll — R—( +:CIF
. +
Cl: ( >: (7] : ‘0O—H
~ H Cl H |5
Loss of the H
chloride ion /
as a leaving H,0 ‘[
rou .
group ..( ):
R—C + HO"
X & .
O—H

17



¢ Esters, carboxylic acids and amides generally react with loss of
the leaving groups alcohol, water and amine, respectively

® These leaving groups are generated by protonation of the acyl
compound

¢ Aldehydes and ketones cannot react by this mechanism because
they lack a good leaving group

:0‘:)— ‘/l/()-'
R—C—Nu —>& R—C + H:~
<| \ Hydride
H Nu ion These reactions
s . [ rarely occur.
:0: 0 ’
€ /
R—C—Nu—%>R—C + R:~
(' \N Alkanide
R L ion |

Relative Reactivity of Acyl Compounds

O O O O

R ( =R L >R C >R (
X A \ AN
Cl O OR’ NH
/
R —C
AN
O
Acyl Acid Ester Amide

chloride anhydride

¢ Based on the ability of the leaving group (L) to depart
® |Leaving group ability is inversely related to basicity
® Chloride is the weakest base and the best leaving group
® Amines are the strongest bases and the worst leaving groups

¢ As ageneral rule, less reactive acyl compounds can be
synthesized from more reactive ones

® Synthesis of more reactive acyl derivatives from less reactive ones is
difficult and requires special reagents (if at all possible)

18



¢ Acid Chlorides

® Synthesis of Acid Chlorides
® Acid chlorides are made from carboxylic acids by reaction with
thionyl chloride, phosphorus trichloride or phosphorus

pentachloride
* These reagents work because they turn the hydroxyl group of the carboxylic acid

into an excellent leaving group

(”7 (l')
RCOH + SOCl, — R—C—Cl + S0, + HCI
Thionyl chloride

(”) @]
3RCOH + PCl, — 3 RCCI + H,PO,
Phosphorus
trichloride
o] O
I [
RCOH + PCI, — RCCI + POCI, + HCI

Phosphorus
pentachloride

- al ‘Cl
o
‘o, Cl 03 Cl (o} Cl
BT R [ s
L - — R—C—+—0—S — + +5
R N07 o ) R™ =
| c:H O H o0

Protonated acyl
chlorosulfite HCI + SO,

® Reactions of Acyl Chlorides

® Acyl chlorides are the most reactive acyl compounds and can be
used to make any of the other derivatives

® Since acyl chlorides are easily made from carboxylic acids they
provide away to synthesize any acyl compound from a carboxylic
acid

® Acyl chlorides react readily with water, but this is not a
synthetically useful reaction




(
it 0 0
R'CO"Na' |

> RC—O0—CR’
(~Na*Cl")
Anhydride
0
R'OH, base
> RCOR’
(—HCI»
Ester
S0CI,
O 0 0
RCOH L} RCC1 NH, RCNH.
X 2 —F—————— R(
or (—NH,"CI") e
Carboxylic acid PCl,  Acyl chloride Amide
0
L RCNHR'
(~R'NH,*CI) )
N-Substituted amide
(4}
RRNI RONR'R
. 2 R"
(—R'R"NH,*C1")
- N,N-Disubstituted
amide
O
) RCOH + HCI
0}
RCCI o
( O~
. T :
Acyl chloride 2 RCO- + Cl

¢ Carboxylic Acid Anhydrides

® Synthesis of Carboxylic Acid Anhydrides
= Acid chlorides react with carboxylic acids to form mixed or

symmetrical anhydrides
* Itis necessary to use a base such as pyridine

=® Sodium carboxylates react readily with acid chlorides to form
anhydrides

O L0] O 0]

&
R O-Na R a R 0~ TR

20



¢ Cyclic anhydrides with 5- and 6-membered rings can be
synthesized by heating the appropriate diacid

0
i 7 0 0
O C I !
H,C OH 0 HCT N C C
| ST Yo+ mo O OH 20c, (7N b +mo
N HC— Jl_ _oH \ A/ :
i\ C C
0 I |
. P 0 0
-"ll'-'t'"l.'\' Phthalic acid Phthalic anhydride
anhydride (~100%)

¢ Reactions of Carboxylic Acid Anhydrides

® Carboxylic acid anhydrides are very reactive and can be
used to synthesize esters and amides
= Hydrolysis of an anhydride yields the corresponding carboxylic

acids
0 (4]
R'OH
RCOR’ + RCOH
Ester
0 0
NHH
d RCNH, + RCO™NH*
O ‘l’ Amide
RC—0—CR —
Anhydride o o
R'NH,
— RCNHR' + RCO R'NHg*
N-Substituted
amide
0 0
R'R'NH
— RCNR'R” + RCOR'R'NH,*
N,N-Disubstituted
amide By-products
0 0

0

R(

(#]
O0—CR’
Anhydride

nl

O
UI] ,”) o

RCO~ +

RCOH + HOCR’

4]

OCR

21



¢ Esters

® Synthesis of Esters: Esterification

=® Acid catalyzed reaction of alcohols and carboxylic acids to form
esters is called Fischeresterification

® Fischer esterification is an equilibrium process

* Ester formation is favored by use of a large excess of either the alcohol or
carboxylic acid
* Ester formation is also favored by removal of water

0 0O
C FR—OH=— £ H0
® oH R oR
0 (0]
HA
CH,COH + CH,CH,0OH — CH,COCH,CH, + H,0
Acetic acid Ethanol Ethyl acetate
0] (8]
HA
CH.COH + CH,OH — C(H.COCH, + H),0
Benzoic acid Methanol Methyl benzoate

¢ Esterification with labeled methanol gives a product labeled
only at the oxygen atom bonded to the methyl group

0 0

) ! . 18 HA i 18
CH,C—=—0OH + CH,—0—-+—H — (CH.,C—0CH,; + H,0

H—OH o "
—O~ (o) "0 —
| e ™~ H—O: H
H C . cl. +CH,—OH |
C.H. 0O—H == CH; O—H = CH;—C—O0—CH;, ==
—CH,—OH |
" :0—H
The carboxylic acid The alcohol attacks the A proton is lost at one
accepts a proton from protonated carbonyl oxygen atom and
the strong acid catalyst. group to give a cained at another
tetrahedral intermediate.
" H—0'"\ . ..
H—0O | H—O 9]
—O0—CH " e
CH;—C—O0—CH, —— ( . _ ( .
[2 cu” TO—cH, MO cu” T O—cH,
[0 H ! : \
H
Lass of a molecule of I'ransfer of a proton to
water gives a a base leads to the ester.

protonated ester




4 Thereverse reaction is acid-catalyzed ester hydrolysis
® Ester hydrolysis is favored by using lots of water

, I
A, ¢ + R'—OH

¢ Esters from Acid Chlorides

® Acid chlorides react readily with alcohols in the presence of abase
(e.g. pyridine) to form esters

O: VE

R—( b R—O—H % p
\ 5 .
:Cl: O—FR

0]

O
| e, p—
CH.C—Cl  + CH,CH,OH 4 f/) — C,H.COCH,CH, 4 @(‘l
\\\.

Benzoyl chloride Ethyl benzoate 1
(80%) i

——2Z

4 Esters from Carboxylic Acid Anhydrides
® Alcohols react readily with anhydrides to form esters

0
R( 0 0

0 + RR—OH — R( + RCOH
R( O—R’

0O O

((‘n_.r )_.u + CH,CH,OH —> CH,COCH,CH, + CH,COH

Acetic Benzyl Benzyl acetate
anhydride alcohol
O O
CH,
( G |
110°C OCHCH,CH
0 + CH,CHCH,CH,——— on
' OH s
0 0]
Phthalic sec-Butyl alcohol sec-Butyl hydrogen phthalate
anhydride 97%)

23



Base-Promoted Hydrolysisof Esters. Saponification

Reaction of an ester with sodium hydroxide results in the
formation of a sodium carboxylate and an alcohol

[¢] O
I . H,0 | .

RC—OR’" + NaOH —— RC—O Na' + R'OH
Ester Sodium carboxylate  Alcohol

The mechanism is reversible until the alcohol product is formed

Protonation of the alkoxide by the initially formed carboxylic acid is
irreversible, driving the overall reaction go to completion

o . 20
(H_S _——=t0—H  gow . (I:j.é ;
R TO—R 2
OSR

A hydroxide ion attacks The tetrahedral intermediate

/C\"-G PN A =
R O-—H + 0—R’' R 0:" + H—0—R’
Transfer of a proton leads
to the products of the reaction

L actones

¢ o or dHydroxyacids undergo acid catalyzed reaction to give
cyclic esters known as g or d-lactones, respectively

ATHe 0_ 0 H/
5 Y B a (H)\S dﬁ\
R—CH—CH,—CH,—CH,—C—OH=— ()—H — 10:
:(l):xaﬁ
i

A é-hydroxy acid
+

OJ“'\ 0:
& %
:0: + =(|)*H—-z— 0 +H*(|)*H + A

H H
R R

A &-lactone

24



original lactone if too much acid is added

(0]
[ OH 0
~
0 OH~/H,0 \ |
L ———— C,H,CHCH,CH,C—0~
| HA., slight excess s
C,H. oo | 1A exactly one
equivalent
OH 0]

I
C¢H:CHCH,CH,COH

4 Lactones can be hydrolyzed with aqueous base
® Acidification of the carboxylate product can lead back to the

Synthesis of Amides
4 From Acyl Chlorides

® Ammonia, primary or secondary amines react with acid

chlorides to form amides

® Excess amine is needed to neutralize the HCI formed

® Carboxylic acids can be converted to amides via the
corresponding acid chloride

B o i)
HIEN R’
L : o, . O R
R™ 1l —R [| —Cl: —R CleR‘ :(Clm —R r‘q + R'R'NH,* Cl
\:NHR'R" H—lT'*—R" H R’
. rpr
R :NHR'R
Reactant Product
Ammonia; R, R"=H Unsubstituted amide; R', R" = H
1° Amine; R = H, R" = alkyl, aryl N-Substituted amide; R = H, R" = alkyl, aryl
2° Amine; R', R" = alkyl, aryl

N,N-Disubstituted amide; R',R" = alkyl, aryl
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¢ Amides from Carboxylic Anhydrides
® Anhydrides react with 2 equivalents of amine to produce an

amide and an ammonium carboxylate

0
I ) H "
(RC 0 + 2R'—NH—> RC—N—R’ + RCO,” R'R'NH,

RH RH
R’, R” can be H, alkyl or aryl

¢ Reaction of a cyclic anhydride with an amine, followed by
acidification yields a product containing both amide and

carboxylic acid functional groups

(o] O
I [
A _C
E/ 3 o 2, O [0 pLLUNG N,
) * vam \_/ 0 \u TR\, OH
c c”
[ I
(8] O
Phthalic \nnnunmm Phthalamic
anhydride phthalamate acid
(94%) (81%)

¢ Heating this product results in the formation of a cyclic imide

0 O
[ [II
C g
. - N
NH, 150-160°C C) N—H + H.O
_OH / -
s C
[ I
(0] 8]
Phthalamic acid Phthalimide
(~100%)
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4 Amides from Carboxylic Acids and Ammonium Carboxylates

® Direct reaction of carboxylic acids and ammonia yields ammonium
salts

0] (0]

Lo

§ + .-— b
R” TOH R” O NH,*
An ammonium
carboxylate

® Some ammonium salts of carboxylic acids can be dehydrated to the
amide at high temperatures
® This is generally a poor method of amide synthesis

0
| 0

C e
R O NH* |,

4 (solid)

/ .

R—C + H,0
\ :
NH,

A better way to prepare an amide is to convert a carboxylic acid to an acid
chloride and react the acid chloride with ammonia or an amine

4 Dicylohexylcarbodiimide (DCC) is a reagent used to form
amides from carboxylic acids and amines in one step

4 DCC activates the carbonyl group of a carboxylic acid
toward nucleophilic addition-elimination

CH,,

) N I N—CH,, R N—CH,,
( ( — C=0—( — . 0—(
O0—1 N H—O N H—O N
C,H,, CH,, CH,,
Dicyclohexyl-
carbodiimide
(DCC)

NHC H
Reactive
intermediate

0 »N—C.H,, 0 NHCH,,

NH,* NHC,H s NHR' NHCH,,
[ and protor Anamide  N,N’-Dicyclohexylurea
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¢ Hydrolysis of Amides
® Heating an amide in concentrated agueous acid or base

causes hydrolysis
® Hydrolysis of an amide is slower than hydrolysis of an ester

0] O
é + HO' 20, (u + NH
. 3 7_ - 4
R” NH, heat - g 0oH
O 0]
g + Na*OH 0 (ll, + NH
. .
SN ) Pt 3
R NH heat R O Na*
.. — i %3
‘(”J' . }Il '(”), H ) :(ll—H
N :0H, -t
C..  + U0 — Ce— —=R—C—0H, =
R~ TNH, R~ RNH, |
:NH,
The amide carbonyl accepts A water molecule A proton is
lost at

attacks the protonated
carbonyl to give
a tetrahedral

a proton from the

aqueous acid. one oxygen

and gained
at the

nitrogen.

intermediate,

:0—H 0™-H ()
y TN
R—C—O0—H—= _C +NH, — _C
\ R~ YQ—H R~ YOH

g‘NHJ
F

Transfer of

a proton to

leads

Loss of a molecule
of ammonia gives
a protonated

ammoni

to the carboxylic
acid and an

ammonium ion.

carboxylic acid.
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() 0 . :():T
5 " L o <
Ce" +I0H-=R—C—0—H=—=R—(C—O0:
N e 1 "
R~ NH, | <l
NH, NH,
A hydroxide ion A hydroxide ion \—’HD("}H
attacks the acyl removes a proton ) o "
carbon of the to give a dianion. I'he dianion loses a
amide. molecule of ammonia

(or an amine); this
step is synchronized
with a proton transfer
from water due to
the basicity of NH,™.

4 Nitriles from the Dehydration of Amides

® A nitrile can be formed by reaction of an amide with
phosphorous pentoxide or boiling acetic anhydride

.() .

// PO CH,C0),0
R—C + R—C=N:+H,PO, or CH,COH
§NH (~H,0) A nitrile

¢ Hydrolysis of Nitriles

® A nitrile is the synthetic equivalent of a carboxylic acid
because it can be converted to a carboxylic acid by hydrolysis

we _ RCO,H

.

R—C=
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Hydrolysisin acid

| — !
] slow
R (,'ENfi HE‘()*—H.:u C=NH«<— R (=N1-_l\-‘:()—H
\ J
A
Protonated nitrile
lll
H_ .
:0+—H( \0:
|~ w | 1||
C :0H, C ~
R™ SNH —===R~ “NH+ HEQ0-H=—

Amide tautomer

\(")b ~o
(‘; /\, (‘l several steps RCO.H [{FH
TR NS (amide 2T 4
R EHZ R T\Hl hynlml)-':i.w
A\ J
¥
Protonated amide
Hydrolysisin base
N T\ NH
y
RSP G - VI A
f‘E:+:——“_j 4‘ + 1 0—H=—=
/" R~ ol R om
- Amide
tautomer
&)
OH O—H 0~
| ../i\‘ugm-: \ ..F\\uu [ HOH
R—C—NH ———R—C—NH,——R—C—NH, ——
‘ - “OH ‘ H,0 I “  “OH
OH OH O—H
=
0" 0]
|‘) < *nlon I
R—C-+—NH,——— C + NH; + OH~
[ R o-
0-
Carboxylate
anion
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Decar boxylation of Carboxylic Acids

4 b-Keto carboxylic acids and their salts decarboxylate readily
when heated
® Some even decarboxylate slowly at room temperature
(@] @]
" H 100-150°C ”
RCCH,COH — = RCCH, + CO,
A B-keto acid

® The mechanism of b-keto acid decarboxylation proceeds
through a 6-membered ring transition state

H /H
~
o 0 -Co o %
Py = f ]
SN U AN v
R” “cii, O R” Scn, RT o,
B-Keto acid Enol Ketone

4 Carboxylate anions decarboxylate rapidly because they
form a resonance-stabilized enolate

}):

R—C 0: 0: 0:
Ney / 7 HA 7
CH,—C_, —— R—C — R—C

O -co, \o. \
L0 CH, CH,
Acylacetate ion I
‘0,
R—C,
3\
CH,
Resonance-stabilized
anion

4 Malonic acids also decarboxylate readily

L ” 100-150°C |l .
H()L—(lj—COH S H—C|“—COH + CO,

R R
A malonic acid
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