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Chapter 11

Reactions of
Carboxylic Acids
and Carboxylic
Acid Derivatives

Paula Yurkanis Bruice
University of California,
Santa Barbara

The Families in Group IV

Group IV

|| Z = an atom more

C electronegative
R” \Z/ than carbon

0
(Ilj
R™ >Z

42=RorH

8/15/2016



8/15/2016

A Carbonyl Group an Acyl Group

0 I i
/C\ R/C\ Ar/C\
a carbonyl group acyl groups
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Carbonyl Compounds that have a group
that can be Substituted

[ carbonyl compounds with groups that can be replaced by a nucleophile
7 V 0 V ] \/ T \/ i V i
C {62 C C C G

R” OH R” OR’ G R NH, R NHR’ R” NR,
a carboxylic acid an ester an acyl chloride amides

These carbonyl compounds have a group that can be
substituted by another group.
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Carbonyl Compounds that have a group
that cannot be Substituted

carbonyl compounds with groups that cannot be replaced by a nucleophile

1

R/ \H R;/ \R

an aldehyde a ketone

These carbonyl compounds do not have a group that can be
substituted by another group.
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The Basicity of the group attached to the Acyl
Group determines whether it can be Substituted

Table 11.1  The pK; Values of the Conjugate Acids of the Leaving Groups of
Carbonyl Compounds
Carbonyl Leaving Conjugate acid of \‘)
compound group the leaving group PK,
[

Carboxylic Acids and Carboxylic Acid Derivatives a carboxylic acid
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R” TOH OH H;0 15.7
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R” ONH, NH, NH, 36+
an ester
an amide 6

an acyl chloride

Aldehydes and Ketones
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A Carboxyl Group

i
& —COOH —CO,H
~ SOH I\ A
a carboxyl group carboxyl groups are frequently

shown in abbreviated forms

7
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(0] (0] (0] 0}
| I I [
H” SOH  CHf ~OH  CH;CH;y ~OH  CH,CH,CH; “OH
systematic name: methanoic acid ethanoic acid propanoic acid butanoic acid
common name: formic acid acetic acid propionic acid butyric acid
o) 0 9
M /\/\)J\ c
OH OH CH,=CH”~ ~OH
pentanoic acid hexanoic acid propenoic acid
valeric acid caproic acid acrylic acid
8
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Naming Carboxylic Acids

0 0
| I

C C
CH3CH24CH2CH2CH2/ I >OH CH;CH,CH,CH,CH;~ “OH
6 . | 3 2 e 8 v B a

systematic nomenclature common nomenclature

In systematic nomenclature, the carbonyl carbon is C-1.

In common nomenclature, the carbon next to the carbonyl
is the alpha—carbon.

9
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0 Br O (0)
/%OH MOH /NOH
OCH; Cl

systematic name: 2-methoxybutanoic acid 3-bromopentanoic acid 4-chlorohexanoic acid

common name: a-methoxybutyric acid pB-bromovaleric acid y-chlorocaproic acid
10
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Naming Acyl Chlorides

(") \/l\)(i
PO Cl

CHJ Cl
systematic name: ethanoyl chloride 3-methylpentanoyl chloride
common name: acetyl chloride B-methylvaleryl chloride
1

© 2016 Pearson Education, Inc.

Naming Esters

carbonyl oxygen

O
g
R~ SOR

carboxyl oxygen

o) o] o]
[ I Br I

C c l C
CH;Y” OCH,CH; CH;CHi \o@ CH;CHCH5” “SOCH,

systematic name: ethyl ethanoate phenyl propanoate methyl 3-bromobutanoate
common name: ethyl acetate phenyl propionate methyl g-bromobutyrate

state the substituent attached to the O
delete “ic acid”

add “ate 12
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Naming Carboxylate lons

i
A

H O™ Na*

systematic name: sodium methanoate
common name: sodium formate
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0
|

C
CH; O K'

potassium ethanoate
potassium acetate
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Naming Amides

(0]
|
C
CH;” NH,
systematic name: ethanamide
common name: acetamide
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(@]

l
CICH,CH,CH;” NH,
4-chlorobutanamide
vy-chlorobutyramide

14
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Naming Amides

0 0 0

: " &
CH;CH;~ \NH—O CH;CH,CH,CH;3~ \ITICHZCH3 CH;CH,CH;~ \l\llCHZCH}
CH; CH,CH;

N-cyclohexylpropanamide N-ethyl-N-methylpentanamide N,N-diethylbutanamide

The substituent attached to the nitrogen is stated first.

15
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The Structure of a Carbonyl Compound

.°()'.
~120° (g\v ~120°

RC
N Y

~120°
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The Orbitals used in
Carbonyl Group Formation

17
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Resonance Contributors

Q(”) (I)— Esters, carboxylic
e — _Cuus z;ads, and amines
R™  "OCH; R” NOcH, have two resonance

contributors.
.‘()'. -
] |
N — M
R™ “OH R™ SOH
Co o
/C\{). € /C 5

18
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Physical Properties

0
I [ Il
CH;CH,CH,OH H OCH, CH; ~a CcHY “CH,
bp =97.4 °C bp =32 °C bp = 51°C bp = 56 °C
0
[ I |
SN cH{ TOH CH{ C\NH
CH.CH; H CH,CH,OCH; 3 C 3 NH,
bp = 49 °C bp=108°c  PP=118°C bp =221°C

19
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Amides and Nitriles have
relatively high Boiling Points

intermolecular
hydrogen bonds

0O====HO
/ \
R—C C—R
\ /
OH----0O
B R
l}I—C
YRS
dipole—dipole O\ E/R
interactions C= N
R/ \R

20
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The Carbonyl Carbon
Is an Electrophile

O—
O |carbonyl carbon

| z
Pl

R o+ 7Y

21
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Nucleophilic Acyl Substitution Reaction

the n bond

reforms and
a group is
eliminated
G [57] ) -‘o'
. _=p, . .
+ Z: = =@ — + Y:
AN 2 N
R ‘\Y/ l R 7z
Z
A a tetrahedral

the nucleophile adds intermediate
to the carbonyl carbon

22
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When the incoming Nucleophile (Z) is a weaker
Base than the Base in the Reactant (Y)

0 07 Z”is a weaker
= I |<) base than Y,
/C\ + Z: = R—(IZ—Y scI{Zf is G
R Y eliminated an
v C—Z the reactants
a tetrahedral | are re-formed

intermediate

The weakest base is eliminated from the tetrahedral
intermediate.

If the incoming nucleophile (Z) is a weaker base than the base
in the reactant (Y), the reactants will be reformed.

23
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When the incoming Nucleophile (2) is a stronger
Base than the Base in the Reactant (Y)

Y~ is a weaker base
thanZ7,so Y is
eliminated and the
products are formed

C(HZ Z — R Cl‘)Y ] g Y4
+ & G +
Z RN U PG
RFAE -~ | R™ Z
Z
a tetrahedral
intermediate

24
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When the Reactant (Y) and the incoming
Nucleophile (Z) have similar Base Strengths

the basicities of Y-and Z~

are similar, so a mixture
of reactants and products
will be obtained
ok :07 0
Doz — 2 — v
+ Z: _ —C— _— + Y:
ROy Gy R™ Oz
a tetrahedral
intermediate

25
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When a Nucleophile attacks a Carbon,
the weakest Bond Breaks

CHCH,—Y + @ — CHCH—{§ + ¥

b an Sy2 reaction

When a nucleophile attacks an alkyl halide, the sigma bond
breaks.

When a nucleophile attacks a carbonyl compound, the pi
bond breaks.

26
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The Relative Reactivities depend on the Basicity
of the substituent attached to the leaving Group

weakest CI” < "OR = "OH < "NH, strongest
base base

(0]
H,

O (0]
I I

G > C = @ > (6
most R ™1 RT SOR  R7 SOH R ONH, _[least
reactive [” acyl chloride ester carboxylic acid amide reactive

(0]
It
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A weak base makes formation of the
Tetrahedral Intermediate faster

‘O 0
d  —
/C\()’ 7 e
R V% R~ Y N

resonance contributors of a carboxylic acid or carboxylic acid derivative

28
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A weak base makes elimination from the
Tetrahedral Intermediate faster

R—C—Y the weaker the base, the
easier it is to eliminate

29
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A Carboxylic Acid Derivative can be converted into a less reactive
Carboxylic Acid Derivative but not into a more reactive One

i I
C + CH;00 —> C + CI
R™ ’ R~ OCH;
0
[
R/C\OCH3 + ClI ——  no reaction

30
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An Acyl Chloride

acetyl chloride

31
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Reactions of Acyl Chlorides

I (II)
C + CH;0H — & + HCI
R™ I R™ OCH,
(II) |
C + H,0 — C + HCI
R™ I R OH
| | + -
C + 2CH;NH, — + CH3NH; Cl
R Y@ R~ NHCH;

32

© 2016 Pearson Education, Inc.

16



Two equivalents of Amine are Required

O

O
I l +
R/C\Cl + NH; — R/c\NH2 + HOl s, NH, CI-
33
Mechanism for Reaction With a
Negatively Charged Nucleophile
the weaker base is eliminated
C-|ccl). + RO — R—:Egm — .E. + CI
R/&CI/I.. - | R™ TOR
:0R "
7
formation of a tetrahedral
intermediate
34
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Mechanism for Reaction With a
Neutral Nucleophile

the weaker base is eliminated

0 0% 205 ‘0
(g ROH R c[ Cl R c|‘)c1 |C| cr
: + — R—C— — R—C—+ — +
L e ICHNS .
| - .
/ H\_/:B HB
formation of a tetrahedral \
intermediate [a proton is removed

35
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An Ester

methyl acetate

36
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Reaction of an Ester with Water

a hydrolysis reaction l

g HCl |
S HzO
R~ OCH; R™ OH

+ CH;OH

A hydrolysis reaction is a reaction with water that converts
one compound into two compounds.

37
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Reaction of an Ester with an Alcohol

a transesterification reaction

(0]
I HCl |
_C + CH;CH,OH —

C + CH;OH
R OCHj, R™ “OCH,CH; '

An alcoholysis reaction is a reaction with an alcohol that
converts one compound into two compounds.

38
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Reaction of an Ester with an Amine

an aminolysis reactionl

0 0
| + CH;NH, -5 I + CH:CH,OH

¢ C
~ SOCH,CH, R” NHCH;

R

An aminolysis reaction is a reaction with an amine that converts
one compound into two compounds

39
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The Carbonyl Oxygen is the
Oxygen that is Protonated

H

e o

% 'O/

I (Ilj

+ HCl — + C

R~ OCH;, R~ OCH,
The acid protonates the atom with the greatest electron
density.

40
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The Resonance Contributors show that the Carbonyl
Oxygen has the Greatest Electron Density

this atom has the
©% o greatest electron
<(||) 5?3 density
C

— /C

N S
R™ ("OCH, R | OCH;

resonance contributors of an ester |

41

© 2016 Pearson Education, Inc.

The Mechanism for the
Acid-Catalyzed Hydrolysis of an Ester

the acid "
protonates e ro .e
the carbonyl —="0O ST S 7 OH
i ‘C L gy (” = R (l OCH
. ® .o SN e
R~ TOCH; R™AOCH; + HyQ: L
ML 7 OH B
A =
the nucleophile H=
adds to the tetrahedral intermediate |
carbonyl carbory ——— equilibration of the 3
tetrahedral intermediates;
either OH or OCH; can
‘OH be protonated
R—C—0CH;
L% -
B
removal of a
proton from the tetrahedral intermediate Il
carbonyl oxygen H
P HB* .{\/“‘ B .
0 o) g /:OH

| | o Y|
C = C + CH;OH == R—C—OCH; Taliminati
SN NG b elimination of
R OH R OH '(‘)H H the weaker base
tetrahedral Er’\termediate n

42
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Use excess water to drive the
Reaction to the right

g Lo - ! CH;OH
+ —— +
R NOCH;  excess R” OH ’

43
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Protonation makes the Carbonyl Group
more susceptible to Nucleophilic Addition

protonation of the carbonyl oxygen increases the susceptibility of
the carbonyl carbon to nucleophilic addition

H
il i
€ C
R A\OCH3 R™ /\\OCH3
more susceptible less susceptible
to addition by a to addition by a
nucleophile nucleophile

44
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Protonation makes the Leaving Group a
better Leaving Group

', o

R—(l:—g(:H3 R—(|:—§):(:H3
‘OH  \ OH  \
leaving group in acid-catalyzed leaving group in uncatalyzed
ester hydrolysis ester hydrolysis

The Mechanism for Hydroxide-lon
Promoted Hydrolysis of an Ester
s 05, o -
(l'\ + HET = R—C“—/Q(‘H; — /g\__ N — /(”.‘\._ + CH,0H
46
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Why is collapse of the Tetrahedral
Intermediate faster in a basic solution?

of CH30™ from a negatively T 7({7 of CH30™ from a neutral (‘7
charged tetrahedral intermediate ‘

transition state for elimination -0 transition state for elimination #*OH

tetrahedral intermediate

5-OCH; 5-OCH,

l more stable transition state less stable transition state

47
Reaction with an alcohol can be
catalyzed by an Alkoxide lon
| CH3CH,0™ I
.- . + CH}CHon —_——— P - 4 CHgOH
R OCHj excess R OCH,CH;3
48
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A Carboxylic Acid

acetic acid

49
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A Carboxylic Acid must be in its acidic form in order to
undergo a Nucleophilic Acyl Substitution Reaction

relative reactivities toward nucleophilic addition-elimination

0 0 0
momae~d . L e
i

R~ TOH R NH, gl

50
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Carboxylate lons do not
react with Nucleophiles

51
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Reaction of a Carboxylic Acid
with an alcohol

HCl
C + BEPH —

excess

The reaction is catalyzed by acids.

Excess alcohol drives the reaction to the right.

52
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Reaction of a Carboxylic Acid
with an Amine

0 0

& + CH;CH,NH, — @ o
R” DOH A R~ O~ H;NCH,CH,
an ammonium

carboxylate salt

A carboxylic acid is an acid and an amine is a base, so an
acid-base reaction occurs.

53
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An Amide

acetamide

54
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Amides do not undergo Nucleophilic Acyl Substitution
Reactions (unless the reaction is acid catalyzed)

o)
|

g
R~ NHCH,CH,CH; + CI” — no reaction

0
I

o + CH30H —— no reaction

R™ NHCH;

0
I

R/C\ + H,O —— no reaction

NHCH,CHj

55
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Amides react with water and alcohols if an
Acid Catalyst is added

| mo A9, “ CH,CH,NH
+ 2 + 3CHyNH;3
R” NHCH,CH; A R NoH
” CH,CH,0H 1<, “ CH;NH
¥ 3CHy : +; 3NHj3
R” NHCH; % R7 DOoCH,CH,

56
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The Mechanism for the
Acid-Catalyzed Hydrolysis of an Amide

[the acid protonates | ;5.

the carbonyl = (') T ‘B "7(“)}{ .(‘,)H

loween " [ & e e = e R
*NH, ¥ |

R “NH, R .
) =, (o B

A
the nucleophile H=
adds to the
carbonyl carbon tetrahedral intermediate |
‘OH either NH, or OH
| o3 can be protonated
R—C—NH,

| \Tan
:0H  HLB

tetrahedral intermediate Il

=0
N=C-

:0H
+ 'NHy <

X - %
C ¥ + NH; == R—C—NH;3__—the weaker base
R~ ToH R~ oH [ .B\‘[iseliminated

‘OH

tetrahedral intermediate Il
57
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The weakest base is the
best Leaving Group

:OH :OH
o G
CHg_C_NH‘; CH;_$_NH2

L =
‘OH |\ *OH \
the leaving group in the leaving group in (unsuccessively)
acid-catalyzed amide hydrolysis| | uncatalyzed amide hydrolysis

A protonated amino group An amino group is a
is a weaker base than stronger base than
hydroxide ion. hydroxide ion.

58
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A Nitrile

acetonitrile

59

Nomenclature of Nitriles

systematic name:
common name:

© 2016 Pearson Education, Inc.

CH.C=N

ethanenitrile
acetonitrile
methyl cyanide

T
CH;CHCH,CH,CH,C=N

5-methylhexanenitrile
&-methylcapronitrile
isohexyl cyanide

propenenitrile
acrylonitrile

60
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Acid-Catalyzed Hydrolysis of a Nitrile

61
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The Mechanism

B N

T e HTE
R—c=N, == p—clfm + mo & ..
—C= —C= + O —= 4 ——
L S R~ ~OH R~ TOH
SRS o
oxygen loses H B H
U
(‘)H :ITHz ("ﬁ\I‘Hz
! H,0 5
C e © —> o
R O: (several steps) OH T OH
2 R R PANRS:

a carboxylic acid ’resonance contributors for a protonated amide

62
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Synthesis of a Carboxylic Acid

| an Sy2 reaction J

C=N HCl, H,0 |
CH;CH,Br —5pe—> CH;CH,C=N —2> _EN
CH;CH, OH

63
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Synthesis of a Primary Amine

H,

RE Raney nickel

RCH,NH,

64
© 2016 Pearson Education, Inc.

32



8/15/2016

An Acid Anhydride

acetic anhydride

65
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An Acid Anhydride is formed when water is
lost from two molecules of a Carboxylic Acid

carboxylate ion
(0]
I

T i i
R-CNOH  HOS SR N S
an acid anhydride

66
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Nomenclature of Acid Anhydrides

o o0
i
o A - il -

ethanoic anhydride
acetic anhydride
a symmetrical anhydride

systematic name:
common name:

© 2016 Pearson Education, Inc.

0 0
I I

CH; o H

ethanoic methanoic anhydride
acetic formic anhydride

a mixed anhydride

67

Acid Anhydrides are less reactive than Acyl
Chlorides but more reactive than Esters

relative reactivities of carboxylic acid derivatives

(6] O O 9

N I
most R >c1  RT S07 R RT OR
reactive [~ acyl chloride acid anhydride ester

© 2016 Pearson Education, Inc.

O
I

(2
R” TOH
carboxylic acid

(0]
[
3 C
R NH,
amide

least
reactive

68
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Reactions of Acid Anhydrides

P9 0 0
C. gl + CHyCH,OH — c + _C
R™ IOFER R OCH,CH; R OH
(0]
[ é[ I
2 + HO — 2
(0]
(”“ ("‘ 2 CH;NH (”“ (”
+ 2CH3NH,  — +
R” @R R” O NHCH; R™ SO H,NCH,
69
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20 O O (0] (e} (o]
- ROH o | oy ¢ &
2 + o) — | 2] = [, X — 3/ ¥ G
RANSHT DR o R —0~ TR R—C—0" R “TNoR 7 R
N ~, [
= ("ior OR |
—| HB‘H
H_ ‘B HB*
0
i
HO
70
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Activating Carboxylic Acids
by converting them to Acyl Chlorides

O
I % |
A + P — > + SO, + CI
R 0 phosphorus R Cl
trichloride
(\IJ l
C + ROH — C + HCI
R™ R™ TOR
an ester
0 i
C + 2RNH, — C + RNH; CI”
R™ Tcl R” TNHR
an amide
71
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Heating Phosphoric Acid forms
Pyrophosphoric Acid and Triphosphoric Acid

I 0 Tor o
P. A P. P P. P
HO”|SOH ——— HO”|>07|™0oH + HO” |07 |M07|™H  + 3H,0
OH OH OH OH OH OH
phosphoric acid pyrophosphoric acid triphosphoric acid

a phosphoanhydride

72
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ATP

NH,
Z N
D
T ¢ 7 NV
P P P
AN TR TN
o 10" 0" | o —
G 9
HO OH

adenosine triphosphate
ATP
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O O O
[

/F\ /F\ /r\ /Ad
O_O O_O O_O

73

Mixed Anhydrides of a Carboxylic Acid and
a Phosphoric Acid

0
|
R~ 07 _\0-

an acyl phosphate

o
NI
R© 0ol o

T
Ad

an acyl adenylate

mixed anhydrides

© 2016 Pearson Education, Inc.
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Forming an Acyl Phosphate

y-phosphorus a phosphoanhydride bond I
(6] 0} (0] (6] (6] (0] O (6]
I —\l [ [ enzyme [ [ [ [
+ A

Ced™ Pr P P Ad —— C_ P + P P _Ad
NG 7/|\‘/|\ /l\/ /\/|\7 7/|\ /|\/
R O: O 070 o O o O R O O_O (6] O_O O_O
adenosine triphosphate an acyl phosphate adenosine diphosphate
ATP ADP
75
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Forming an Acyl Adenylate

s a-phosphorus
P 1 1 ¥ T T
A enzyme

B P P P ] ——— 2 P P P
R/C\ti" *o/i\o/‘\8/|\()/A( R/C\O/[\O/Ad ™ 7 Py? Do
(O O I O O o O
adenosine triphosphate an acyl adenylate pyrophosphate
ATP

76
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The negative charges on ATP are
neutralized at the Active Site of an Enzyme

lysine | NH
H 2
! Z N active site of
v
H i 1 7
| P P P o
“NHN—C=N~H--"0"| Y07 | Yo7 o™
NHZ \M 2+
arginine H OH OH

7
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A Thioester is more susceptible to
Nucleophilic Addition than an Oxygen Ester

I
G

W
R SR’
a thioester
(”3 —> Cl CH,CH,SH CH,CH,OH
R~ \YR R \)’ER pK, = 10.5 pK,=15.9

78
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Coenzyme A

Z N
(o) K N
q rl:ll OH ”
1 P / \
(0] (0]
coenzyme A
CoASH () PO OH

A

A
decarboxylated pantothenate phosphorylated
cysteine

Coenzyme A is the thiol used in cells.

© 2016 Pearson Education, Inc.

79

A Carboxylate lon is first converted to an
Acyl Adenylate and then to a Thioester

O O (0]

9 O
I I Il I enzyme L CoASH I
/me, sl Y

P Ad

C + P
18 T
CH3 0 ,0/‘\ /l\()

ATP

O

acetyl-CoA

+ pyrophosphate

© 2016 Pearson Education, Inc.

/‘\ i~ (‘H;/ \O/l\O/ CH7” SCoA
o

+ AMP

80
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Using Acetyl-CoA to
form Acetylcholine

[ ) +l enzyme | CHj
/C\ + HOCH,CH,NCH; — 5. W 4 + CoASH
CHj SCoA | CHjJ OCH,CH,NCH;
CH; |
CH;,
acetyl-CoA choline acetylcholine
81
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