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CHEMISTRY OF CARBOXYLIC ACIDS

Carboxylic acids are compounds with a -COOH group. §4<

These compounds are abundant in nature, where they are responsible for some familiar odours.

(0]
X 22 ('(? H, Hp ©
Me” ~ "OH Me” " ~C” "OH Me/C\C/C\C/C\OH
H2 Hz H2
acetic acid butanoic acid hexanoic acid
(pungent smell of vinegar)  (rancid odour of sour butter) (odour of dirty socks)

These molecules may also be drawn in the following way (line structure):
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lactic acid
(odour of sour milk)
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Carboxylic acids are also found in a wide range of pharmaceuticals that are used to treat a variety of conditions.
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- OH
acetylsalicylic acid NH, O O
(aspirin, analgesic) 4-aminosalicyclic acid ciprofloxacin
(for tuberculosis treatment) (antibiotic)

o U

atorvastatin
(for cardiovascular disease)

F
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Structure and property:

(0]
Carboxylic acids are compounds with a -COOH group. §—<
O-H
4
The carbon atom of a carboxylic acid group is sp? hybridized sp?
and therefore exhibits trigonal planar geometry with bond angles \1 0 0 o)
that are nearly 120°.
y X \OH $1% 3‘&
S O-H O-H O-H
Y (0]
) All bond angles
planar, resides on the XY plane ~ 120 degrees
O%------ H-O
Carboxylic acids can form two intermolecular hydrogen-bonding interactions, R }*R
O-H------:0

allowing the molecules to associate with each other in pairs.
carboxylic acid dimer

These hydrogen-bonding interactions explain the relatively high boiling points of carboxylic acids.
For example, compare the boiling points of acetic acid and.ethanol. Acetic acid has a higher boiling point as a result of stronger intermolecular forces.

0
Me)J\OH Me” “OH
acetic acid , b.p. 118°C ethanol , b.p. 78°C
H\
O%------ H-0 /,O/\Me
Me Me H’/
4/<O—H------%O>7 Me” 0"

stronger H-bonds relatively weaker H-bonds
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Structure and property: Acidity

Carboxylic acids are compounds with a -COOH group.

As their name implies, carboxylic acids exhibit mildly acidic protons.

Treatment of a carboxylic acid with a strong base,

such as sodium hydroxide, yields a carboxylate salt.

0]
R% ﬁl\la\\@@OH
@H

Carboxylate salts are ionic and are therefore more water-soluble than their corresponding carboxylic acids.

0]

=

O-H

Carboxylate ions are named by replacing the suffix "ic acid" with "ate"; for example:

Even in water, carboxylic acid is partly ionized:

RJ{O K_\Hzo(j —— r4 g
(oM

\

o)

Note the direction of
the equilibrium arrow

©)
H30

In most cases, the equilibrium significantly favours the carboxylic acid ,

i.e. it favours the LHS.

To quantify the relative acidity of different species, we use something known as the pKj.

This the negative log value of K, where Kj is the acid ionization constant

What exactly is the acid ionization constant?

pKa =- IOg Ka
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CHEMISTRY OF CARBOXYLIC ACIDS

Structure and property: Acidity

To quantify the relative acidity of different species, we use something known as the pKj.

This the negative log value of K,, where Kj is the acid ionization constant pK, = - log K,

What exactly is the acid ionization constant?

Consider the following equlibrium where HA is an acid, A is the corresponding conjugate base, H,0O is the base and H;0™ is the conjugate acid

A° 4 H3O@

HA + H,O
The equilibrium constant for this reaction can be defined as:

_ [H:0'[A]

eq. = [X] implies egm. concentration of species X
~ [HA][H0]

as water is the solvent as well as the base here, its concentration is essentially constant.

Thus, we have,

[H30"] [A] ,
K.=K. [H,O]=z —————~ at afixed T
a eq.[ 2 ] [HA]
Recall that,
PKa = -log K,

As the acidity increases, the HA molecules have a greater tendency to ionize, K increases, so does K,

As K, increases, -log K, decreases, i.e. pK, decreases.

[Therefore, higher the acidity of an acid HA, smaller is the value of its pKa.]
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Structure and property: Acidity

To quantify the relative acidity of different species, we use something known as the pKj.

This the negative log value of K,, where Kj is the acid ionization constant pK, = - log K, ’

[Higher the acidity of an acid HA, smaller is the value of its pKa.]

Carboxylic acids generally have K, usually around 10 or 10°. In other words, the pK, of most carboxylic'acids is between 4 and 5.

0 0 0
O+4 "6 ot

Me O—H
benzoic acid acetic acid propanoic acid

PKa 4.19 4.76 4.87

When compared to inorganic acids, such as HCI or H,SO,, carboxylic acids are extremely weak acids.

O
But when compared to most classes of organic compounds, such as alcohols, they are relatively acidic. Me ~__H
For example, compare the pK, values of acetic acid and ethanol. O-H Me 0
acetic acid ethanol
Acetic acid is 11 orders of magnitude more acidic than ethanol (over a hundred billion times more acidic).
pK, 476 16
The acidity of carboxylic acids is primarily due to the stability of the conjugate base, which is resonance-stabilized.
©
O ©) 0 0 ®
- -H )
Me% H Me% o - > Me« Me/\O/H Me/\O
O-H o O ethanol no resonance stabilisation
acetic acid resonance-stabilised conjugate base available in the conjugate base

In the conjugate base of acetic acid, the negative charge is delocalized over two oxygen atoms, and it is therefore more stable than the conjugate base of
ethanol.
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0]
il O H
4O—H \H Me/\O/

acetic acid phenol ethanol

Structure and property: Acidity

pK, 4.76 9.95 16

The conjugate base of phenol is also resonance-stabilized, but its stabilization is less than that of carboxylates:

o H@ O O@ O/H O@ 0
Me - Me ~—> Me ©} ©
4/<O—H 4«0@ «O -H - @ ~——> soon

resonance-stabilised conjugate base

negative charge delocalized over resonance-stabilised conjugate base

the more electronegative O atoms negative charge delocalized over
O as well as over less electronegative C atoms

Thus acidity order of the three classes of compounds:

OH

OH

acidity increases, as the conjugate base becomes more stable

The key to increasing the acidity is therefore to stabilise the conjugate base. This implies delocalizing the negative charge on the conjugate base.
Either via resonance or via some other mechanism.
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Structure and property: Acidity
Substituent Effect on Acidity:

The presence of electron-withdrawing substituents can have a profound impact on the acidity of a carboxylic acid.

o} o} Cl 0 Cl o
Cl
Me% /—4 >—< H
O—H Cl O—H Cl O—H Cl O—H
acetic acid 2-chloroacetic acid 2,2-dichloroacetic acid 2,2,2-trichloroacetic acid
pK, 476 2.9 1.3 0.9
o} 0 Cl o) Cl Cl o
j : M
conjugate base e‘( o /—< o >—< o \/I—< o
(0] Cl (0] Cl (@) Cl (@]

‘ pK, decreases with each additional chlorine substituent at the a-carbon. ’

Clis an electron-withdrawing group (EWG). It draws away the electron density from the carboxylate group by inductive withdrawal. As the number of
the EW CI atoms increases, the conjugate base become progressively more stable. Therefore acidity increases with the increase in the number of ClI
atoms at the a-carbon.

As the EW capacity of the EWG increases; the conjugate base becomes more stable and the acidity increases.

O O O 0 0
Me .
/—4 is more stable than /—4
0-H cl’”  ©O-H F  O-H RNC o o°
acetic acid 2-chloroacetic acid 2-fluoroacetic acid F is more electronegative than C
pK, 476 2.9 2.6

pK, decreases with increase in the

0 0 EW capacity of the substituent

@)
conjugate base: Me4oe /_< o /_/< o

Cl @)
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Structure and property: Acidity
Substituent Effect on Acidity:

The presence of electron-withdrawing substituents can have a profound impact on the acidity of a carboxylic acid.
The effect of an electron-withdrawing group depends on its proximity to the carboxylic acid group.

0] 0]

] O
me—{ 7 B
O-H cl O—H CI/\)J\O/H CI\Y/\)J\O,H
acetic acid 2-chloroacetic acid 3-chloropropanoic acid 4-chlorobutanoic acid
pK, 4.76 29 4.1 4.5

The EW effect is most pronounced when the electron-withdrawing group is located at the a—position (C-2).

As the distance between the chlorine atom and the carboxylic acid group increases, the EW effect of the chlorine atom is diminished,
acidity decreases.

‘ pKj, increases with increasing distance between the EW substituent and the carboxylate group

The effects of electron-withdrawing substituents are also.observed for substituted benzoic acids.

EWG ERG
Z;@_é) z NO, CHO cl H Me OH
OH pKsy 3.4 3.8 4.0 4.2 43 45

like

opposite

) charges charges
close close
together together

stab|||s|ng destablllsing

the conjugate base, giving a low pKa value (relative to benzoic acid).
In contrast, a hydroxy group is a powerful electron-donating group
(+R > -I effect), and therefore, the presence of the hydroxy group will
destabilize the conjugate base, giving a high pKa value (relative to

benzoic acid). (\LN ~oP

A nitro group is a powerful electron-withdrawing group (-I, -R effect).
Consequently, the presence-of the nitro group on the ring will stabilize
@
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Preparation: Carboxylic acids from Grignard reagents

Grignard Reagents: Organomagnesium compounds of general formula RMgX or ArMgX.

Typically made from organohalides and Mg metal, in inert solvents such as ether under N, atmosphere.

Mg, dry ether or THF
R=X reflux ~ R-MgX b.p. (°C)
[X =Cl, Br, I] ether: diethyl ether Me._ O._Me 34.6
| _— can do the reaction
Mg, dry ether or THF ] .
Ar—X 9. q Ar—MgX THF: tetrahydrofuran L y 66 at high temp.s
reflux 0

[For X=CI, THF has to be used,
for X = Br, I, we can use ether]

Mg is oxidatively inserted into the C-X bond; weaker the C-X bond, easier is the reaction:

partial doébéel Eong character, ® less effective resonance,
stronger C-Cl bond, Br C-Br orbital size mismatch,

. ® 3
cl C/ r Br
© more difficult tqeshactk. o C-Br bond relatively weak,
- ﬂ ; , easier to break.

must use high boiling THF
lllustrative examples: can use low boiling ether

Mg, dry ether /
C|/©\Br reflux cl MgBr

selective conversion of C-Br to C-MgBr

Mg, dry ether

Cl MgCl Me” " Br =~ Me~ > “MgBr
reflux
M, (For aliphatic organochlorides,
reflux Me Me Mg, dry ether Me Me there is no possibility of conjugation,

no GR if Et,O is used C-Cl is pure single bond, can use
( ? : Me™ Cl reflux Me™ MCl  giher as solvent)




CHEMISTRY OF CARBOXYLIC ACIDS

Preparation: Carboxylic acids from Grignard reagents

Utility of Grignard reagents: Source of carbanions - negatively polarised carbon - extremely useful for construction of new C-C bonds,

\ &° \ & ¥ of X >y of C >y of Mg

C A 7

the electrophilic carbon becomes nucleophilic

- reversal of reactivity (polarity) forX=Cl  5¢5 1.3
3.1
. . . : . : 0o 0
Grignard reagent can thus act as a nucleophile and react with a variety of electrophiles to generate various products. 8 §* ngt
One such electrophile is carbon dioxide. The product is a carboxylate salt, upon work up we get a carboxylic acid. i C
(0]
like a carbonyl
O-MgX HCI, H,0 OH
R-MgX + 0=C=0 > R« R«
in dry ether (solid, crushed) 0 O\ one new carbon atom
Mg-salt, carboxylate added to R
Example: poured into
Me_ Me c. HCl Me ‘Me Mg Me Me dry ice Me_Me HCI, H,O Me_ Me
Do oM = N — OMgCl ————= OH
Me OH shaken Me Cl dryether Me MgCI Me Me
pivalic acid

MgBr BrMgO.__0O HO. _O
Brz, CC|4 Me Me HCI, H,0 Me Me
dry ether poured into
dry ice
Me Me

mesitoic acid, preparation
is otherwise difficult
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Introduction to carboxylic acid derivatives:

Carboxylic acids can be converted into several derivatives that still contain the acyl group:

R%O remove OH R%O
OH introduce Z 7

Replacement of the OH group with a different group (Z) does not involve a change in oxidation state if Z is a heteroatom (Cl, O, N, etc.).
Compounds of this type are called carboxylic acid derivatives. The four most common types of carboxylic acid derivatives are shown below.

0 0 0 o] o) 0
R R 0 R R rR—4 R
cl 0—~ OR NH; NH N-R
R R R
acid chloride acid anhydride ester primary secondary tertiary
acid amides

The carbon atom of a carbonyl group is electrophilic as a result of both inductive and resonance effects.

. o°
|

The same is true of carboxylic acid derivatives, although there is a wide range of reactivity among the carboxylic acid derivatives,
illustrated in the following figure:

O 0 ) 0

S GRS
cl o< OR NH,
R

acid chloride acid anhydride ester amide

A
< |
\

reactivity fowards nucleophile increases
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Introduction to carboxylic acid derivatives:

Explanation of relative reactivity:

0] O@ The larger the electron deficiency on the cabonyl carbon,
1 L® higher is the electrophilicity and higher is the reactivity
PON C :
N towards nucleophiles

Electrophilicity of acid derivatives:

an electronegative heteroatom, has two effects

0 a) -l effect - electron-withdrawing inductive effect - enhances electrophilicity of carbonyl carbon,
& / b) +R effect - electron-releasing resonance effect - decreases electrophilicity of the same carbonyl carbon
~ \Z
0 9 o°
ra)
/C\VZ\\ _C /C\\Z@
- effect +R effect
because is Z is an because is Z has
electronegative heteroatom unshaired electron pairs

Case of acid chloride:

0 9 0°
) «——>
C\ ° C\ @
- y&* - -7l
-| effect +R effect
because is-Clis an because is Cl has
electronegative heteroatom unshaired electron pairs

The.inductive EW effect of Cl is higher than its resonance ER effect.

Because the C(2p) orbital and the CI(3p) orbitals are different in size - there is significant size mismatch between C and Cl orbitals;
this compromises the delocalization of the Cl lone pair over the C=0. This reduces the +R effect of Cl. However, as inductive EW
effect operates through the sigma bond network and Cl is a more electronegative element than C, the -l effect is strong enough

to overcome the +R effect.

An acid chloride is thus extremely electrophilic
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Introduction to carboxylic acid derivatives:

Explanation of relative reactivity:

0] O@ The larger the electron deficiency on the cabonyl carbon,
1 L® higher is the electrophilicity and higher is the reactivity
PON C :
N towards nucleophiles

Electrophilicity of acid derivatives:

an electronegative heteroatom, has two effects
0 a) -l effect - electron-withdrawing inductive effect - enhances electrophilicity of carbonyl carbon,
& / b) +R effect - electron-releasing resonance effect - decreases electrophilicity of the same carbonyl carbon
~ \Z

(o o®

1l N\ ey
/C\VZ\\ _C /C\\Z@
- effect +R effect
because is Z is an because is Z has
electronegative heteroatom unshaired electron pairs
Case of acid anhydride:
0 o N 0% o 0 ¢
m - - _
/C\O/C\ /C\é/c\ /C\\O/C\ e \O/ ~
® ®
-1 effect +R effect
because is-O is an because is O has The. red O is conjugalted thh both C=0,
electronegative heteroatom unshaired electron pairs but it must interact with either one,

cannot donate electrons simultaneously

to both C=0, this is cross-conjugation.
The.inductive EW effect of Cl is higher than its resonance ER effect.

The cross conjugation of O |.p. reduces the +R effect. In addition, O is highly electronegative so does not particularly like to donate electrons.

Inductive EW effect of O operates through the sigma bond network and the -I effect is strong enough to overcome the +R effect. The orbital sizes
between C and O match, so electron donation is not as poor as in case of Cl, but not strong enough to overcome the strong -I effect.

The acid anhydride is thus moderately electrophilic.
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Introduction to carboxylic acid derivatives:

Explanation of relative reactivity:

0] O@ The larger the electron deficiency on the cabonyl carbon,
1 L® higher is the electrophilicity and higher is the reactivity
PON C :
N towards nucleophiles

Electrophilicity of acid derivatives:

an electronegative heteroatom, has two effects
0 a) -l effect - electron-withdrawing inductive effect - enhances electrophilicity of carbonyl carbon,
& / b) +R effect - electron-releasing resonance effect - decreases electrophilicity of the same carbonyl carbon
~ \Z

(o o®

1
ry <=————
R 5 ACg®

-| effect

because is Z is an
electronegative heteroatom

Case of ester:

e \Z
+R effect

because is Z has
unshaired electron pairs

; @, 0%
= A G
+R effect
-| effect

because is O has

because.is O is an unshaired electron pairs

electronegative heteroatom

The.inductive EW effect of OR is higher than its resonance ER effect.
O being more electronegative than C shows a strong -l effect, but it also has a +R effect. The donation is better than that seen in anhydride as

there is no cross conjugation, but the much greater electronegativity of O implies that the -I effect is still strongly operating. And because O is highly
electronagative, it does not like to share its e-pair easily.

The ester is thus considerably electrophilic.
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Introduction to carboxylic acid derivatives:

Explanation of relative reactivity:

Electrophilicity of acid derivatives:

O@ The larger the electron deficiency on the cabonyl carbon,

L® higher is the electrophilicity and higher is the reactivity
~ towards nucleophiles

an electronegative heteroatom, has two effects

0]

?
PIASN
-l effect

because is Z is an
electronegative heteroatom

Case of amide:

0]
I

C\
/5\N&H2
-| effect

because.is N is an

electronegative heteroatom

a) -l effect - electron-withdrawing inductive effect - enhances electrophilicity of carbonyl carbon,
C / b) +R effect - electron-releasing resonance effect - decreases electrophilicity of the same carbonyl carbon
~ \Z

<O (I)@
N «—>
/C\'Z' /C\\Z@

+R effect

because is Z has
unshaired electron pairs

(o o®
|

CH = _CcOH
N
[
H

+R effect

because is N has
unshaired electron pairs
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The.inductive EW effect of NH, is higher than its resonance ER effect.
O being more electronegative than C shows a strong -1 effect, but it also has a +R effect. The donation is better than that seen in ester, and N

is less electronegative than O. Because of this - a) N tolerates positive charge better than O does, the +R effect is very strong, and b) NH2
has a much lower inductive EW effect tha OR or OCOR or Cl.

The acid amide is thus the least electrophilic of the lot.
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