Organic Chemistry LEC.2 Second Stage Dr. Sabrean F.Jawad

Carboxylic Acids

Introduction

Carboxylic acids or organic acids are the compounds containing in the molecule the
carboxyl functional group attached to the hydrocarbon radical. They are largely distributed
in nature and are intermediates in the degradation pathways of amino acids, fats, and

carbohydrates.
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The carboxyl group consisting of a carbonyl (C=0) with a hydroxyl group (O—H) attached
to the same carbon atom and is usually written as —COOH or CO2H. The compounds
presenting two or more carboxylic groups are called dicarboxylic, tricarboxylic acids,
while their salts and esters are called carboxylates. By the nature of the radical, they can be
classified into saturated, unsaturated, or aromatic acids. In the International Union of Pure
and Applied Chemistry (IUPAC) nomenclature, carboxylic acids have an “-oic acid”
suffix added to hydrocarbons having the same number of carbon atoms. Still, some

organic acids are called by their common name, for example, formic acid and acetic acid.

The molecular weight of organic acids varies widely from relatively small compounds
such as formic and acetic acids too much larger compounds (fatty acids) with higher
numbers of carboxylic and phenolic functional groups. Monocarboxylic acids with 5-10
carbon atoms in the chain are colorless liquids with unpleasant smells. As the carbon chain
length increases (>10 carbon atoms) the acids are waxlike solids, and their smell

diminishes with increasing molar mass and decreasing volatility.

Organic acids are weak acids with pKa values ranging from 3 (carboxylic) to 9 (phenolic)

meaning that they do not dissociate totally in a neutral aqueous solution to produce H+
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‘cations. TNe representative Tow molecular WeIgnt organic acrds (formic, oxalic, and malic)

have a relatively low pKa (<4.0).

Due to the presence of both hydroxyl and the carbonyl groups in the molecule, the
carboxylic acids can exhibit hydrogen bonding with themselves leading to increased
stabilization of the compounds and show elevated boiling points. They are polar molecules
soluble in polar solvents, but as the alkyl chain increases their solubility decreases due to
the hydrophobic nature of the carbon chain. In non-polar media, carboxylic acids exist as

dimeric pairs due to their capacity to form hydrogen bonds
Nomenclature of Carboxylic Acids

As with aldehydes, the carboxyl group must be located at the end of a carbon chain. In the
IUPAC system of nomenclature the carboxyl carbon is designated #1, and other
substituents are located and named accordingly. The characteristic IUPAC suffix for a
carboxyl group is "oic acid", and care must be taken not to confuse this systematic
nomenclature with the similar common system. These two nomenclatures are illustrated in

the following table, along with their melting and boiling points.
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Formula Common Name Source IUPAC Name || Melting Point | Boiling Point
HCO2H formic acid ants (L. formica) methanoic acid 84°C 101 °C

CH1CO%H acetic acid vinegar (L. acetum) ethanoic acid 16.6 °C 118 °C
CH4CH»COsH propionic acid | milk (Gk. protus prion) || propanoic acid -20.8°C 141 °C
CH3(CH2)2CO5H butyric acid butter (L. butyrum}) butanoic acid -55°C 164 °C
CH3{CH3)3CO2H valeric acid valerian root pentanoic acid -34.45°C 186 °C
CH3(CH32)4CO5H caproic acid goats (L. caper) hexanoic acid -4.0°C 205°C
CH3(CH3)sCO5H enanthic acid vines (Gk. oenanthe) || heptanoic acid -15°C 223°C
CHz2(CH2)sCOzH || caprylic acid goats (L. caper) octanoic acid 16.3°C 239 °C
CH3(CHz)7CO2H || pelargonic acid || pelargonium (an herb) | nonanoic acid 12.0°C 253°C
CHa(CH3)gCO5H capric acid goats (L. caper) decanoic acid 3.0°C 219°C

Substituted carboxylic acids are named either by the IUPAC system or by common names.
If you are uncertain about the IUPAC rules for nomenclature you should review them
now. Some common names, the amino acid threonine for example, do not have any
systematic origin and must simply be memorized. In other cases, common names make
use of the Greek letter notation for carbon atoms near the carboxyl group. Some examples

of both nomenclatures are provided below.

CHs H Co=H
hoctt 3cp, 2 CH3-CH(OH)-CH(NHz)-COzH  HzN
™ =
CHz (L_,ZH5 o+ 2-arino-2-hydroxybutancic acid H OH

i i i CH
2-athyl-4,4-dimethylpentanaic acid The 28, 38 isomner is threonine 3

Br COH
HaC.f
3V“7/$“COEH
Ha COoH

2-brama-3-methylbutanaic acid

o-brormoizowaleric acid cir-1,3-cyclohexanedicarboxylic acid
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Properties of Carnoxylic Acids

1. Physical Properties of Carboxylic Acids

The table at the beginning of this page gave the melting and boiling points for a
homologous group of carboxylic acids having from one to ten carbon atoms. The boiling
points increased with size in a regular manner, but the melting points did not. Unbranched
acids made up of an even number of carbon atoms have melting points higher than the odd
numbered homologs having one more or one less carbon. This reflects differences in
intermolecular attractive forces in the crystalline state. In the table of fatty acids we see
that the presence of a cis-double bond significantly lowers the melting point of a
compound. Thus, palmitoleic acid melts over 60° lower than palmitic acid, and similar
decreases occur for the Cig and C,, compounds. Again, changes in crystal packing and

intermolecular forces are responsible.

The factors that influence the relative boiling points and water solubilities of various types
of compounds were discussed earlier. In general, dipolar attractive forces between
molecules act to increase the boiling point of a given compound, with hydrogen bonds
being an extreme example. Hydrogen bonding is also a major factor in the water solubility
of covalent compounds To refresh your understanding of these principles . The following
table lists a few examples of these properties for some similar sized polar compounds (the

non-polar hydrocarbon hexane is provided for comparison).
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Formula IUPAC Name Molecular Weight | Boiling Point | Water Solubility
CHs(CHz)2CO3sH butanoic acid 38 164 °C very soluble
CH3(CH»)40H 1-pentancl 88 138 °C slightly soluble
CH3(CHz)3CHO pentanal 86 103°C slightly soluble
CH;CO3C5H5 ethyl ethanoate 88 T7°C moderately soluble
CHaCH5C0O5CH4 methyl propanoate 88 80°C slightly soluble
CH3(CH2)2CONH2 butanamide 87 216 °C soluble
CH3CON(CH3)2 || N,N-dimethylethanamide 87 165 °C very soluble
CH3(CHo)4NH2 1-aminobutane a7 103°C very soluble
CH3(CH2)3CN pentanenitrile 83 140 °C slightly soluble
CH3(CH>2)4CH3 hexane 86 g9 °C insoluble

The first five entries all have oxygen functional groups, and the relatively high boiling
points of the first two is clearly due to hydrogen bonding. Carboxylic acids have
exceptionally high boiling points, due in large part to dimeric associations involving two
hydrogen bonds. A structural formula for the dimer of acetic acid is shown here. When the
mouse pointer passes over the drawing, an electron cloud diagram will appear. The high
boiling points of the amides and nitriles are due in large part to strong dipole attractions,

supplemented in some cases by hydrogen bonding.

Q----" H—p
A ",
HyC—r> C—0CHs
N o
O-__H._ —_—

Acidity of Carboxylic Acids

The pK, 's of some typical carboxylic acids are listed in the following table. When we
compare these values with those of comparable alcohols, such as ethanol (pK, = 16) and 2-

methyl-2-propanol (pK, = 19), it is clear that carboxylic acids are stronger acids by over
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TEN POWETS OT ten! FUrtnermore, electronegative SUDSUTUENts near the carboxyl group act to

increase the acidity.

Compound PK; [ Compound pPKj;
HCOsH 375 N CH3CH5CH2COzH 482
CH3;CO2sH 474 ] CICH3CH;CHCOzH | 4.53
FCH2CO2H 2.65 N CH3CHCICH2CO2H 4.05
CICH,COzH 285 N CH3CH;CHCICO2H 289
BrCH;COsH 2.90 B CgHsCO2H 420
ICH2COH 310 | [p-OoNCgHaCOH | 345
Cl3CCOgH 0.77 N p-CH30CgH4CO5H 4 45

Why should the presence of a carbonyl group adjacent to a hydroxyl group have such a
profound effect on the acidity of the hydroxyl proton? To answer this question we must
return to the nature of acid-base equilibria and the definition of pK, , illustrated by the

general equations given below. These relationships were described in an previous section

of this text.
He + Hi0 et Hol ok AF Keq = —[Hﬁ)][ﬂg?
: S T HA H400
| OiT = toak = 1o
a — [H.'E'.] F:l a - g - g( Ka )

We know that an equilibrium favors the thermodynamically more stable side, and that the
magnitude of the equilibrium constant reflects the energy difference between the
components of each side. In an acid base equilibrium the equilibrium always favors the
weaker acid and base (these are the more stable components). Water is the standard base
used for pK, measurements; consequently, anything that stabilizes the conjugate base (A:*
)) of an acid will necessarily make that acid (H-A) stronger and shift the equilibrium to the

right. Both the carboxyl group and the carboxylate anion are stabilized by resonance, but
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TNhe Stabilization of the anion IS much greater than that oT the neutral tanction, as snown in

the following diagram. In the carboxylate anion the two contributing structures have equal
weight in the hybrid, and the C-O bonds are of equal length (between a double and a
single bond). This stabilization leads to a markedly increased acidity, as illustrated by the

energy diagram displayed by clicking the "Toggle Display" button.

i~ ‘0. - o~ [ -
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small large
resonance stahilization resonance stahilization
note charge separation note charge delocalization

The resonance effect described here is undoubtedly the major contributor to the
exceptional acidity of carboxylic acids. However, inductive effects also play a role. For
example, alcohols have pK,'s of 16 or greater but their acidity is increased by electron
withdrawing substituents on the alkyl group. The following diagram illustrates this factor
for several simple inorganic and organic compounds (row #1), and shows how inductive
electron withdrawal may also increase the acidity of carboxylic acids (rows #2 & 3). The

acidic hydrogen is colored red in all examples.
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Water is less acidic than hydrogen peroxide because hydrogen is less electronegative than
oxygen, and the covalent bond joining these atoms is polarized in the manner shown.
Alcohols are slightly less acidic than water, due to the poor electronegativity of carbon,
but chloral hydrate, CI;CCH(OH),, and 2,2,2,-trifluoroethanol are significantly more
acidic than water, due to inductive electron withdrawal by the electronegative halogens
(and the second oxygen in chloral hydrate). In the case of carboxylic acids, if the
electrophilic character of the carbonyl carbon is decreased the acidity of the carboxylic
acid will also decrease. Similarly, an increase in its electrophilicity will increase the
acidity of the acid. Acetic acid is ten times weaker an acid than formic acid (first two
entries in the second row), confirming the electron donating character of an alkyl group
relative to hydrogen, as noted earlier in a discussion of carbocation stability.
Electronegative substituents increase acidity by inductive electron withdrawal. As
expected, the higher the electronegativity of the substituent the greater the increase in
acidity (F > Cl > Br > 1), and the closer the substituent is to the carboxyl group the greater
is its effect (isomers in the 3rd row). Substituents also influence the acidity of benzoic acid
derivatives, but resonance effects compete with inductive effects. The methoxy group is
electron donating and the nitro group is electron withdrawing (last three entries in the table
of pK, values).
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Preparation of Carboxylic AcCIds

The carbon atom of a carboxyl group has a high oxidation state. It is not surprising,
therefore, that many of the chemical reactions used for their preparation are oxidations.
Such reactions have been discussed in previous sections of this text, and the following
diagram summarizes most of these. To review the previous discussion of any of these

reaction classes simply click on the number (1 to 4) or descriptive heading for the group.

1. Oxidation of Arene Side-Chains
HzC CzHs HO =iz CiozH
FMINC g
Hs0, heat

CH2CH2CH=S COzH

2. Oxidation of 1°-Alcohols

HaC 02 o D
E' e C/ Jones' Reagent Hat ;C_OH
¢ Hz (HzCrOq4) A= h,
HaC HzC

3. Oxidation of Aldehydes

] o ]
Cf‘rf Tollens' Reagent | C{x
\‘H (2ot in NH4OH) A

oH

4, Oxidative Cleavage of Alkenes and Alkynes
H F i
Y i - KM, A
;’C:C\ or R—iIZ=C—FR

Hz0, heat - 2 P&
R H OH

Two other useful procedures for preparing carboxylic acids involve hydrolysis of nitriles
and carboxylation of organometallic intermediates. As shown in the following diagram,
both methods begin with an organic halogen compound and the carboxyl group eventually

replaces the halogen. Both methods require two steps, but are complementary in that the
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TIrIe mtermearate m the T1rst procedure IS generated Dy a sy2 reaction, m wnicn cyanide

anion is a nucleophilic precursor of the carboxyl group. The hydrolysis may be either acid
or base-catalyzed, but the latter give a carboxylate salt as the initial product.
In the second procedure the electrophilic halide is first transformed into a strongly
nucleophilic metal derivative, and this adds to carbon dioxide (an electrophile). The initial
product is a salt of the carboxylic acid, which must then be released by treatment with

strong aqueous acid.

Hydrolysis of Nitriles

]
HzO + HaO" o
R—CHo—Br — 2N p e-cay 72 - 3> R—CHz~C. + NHa*
S eat oy
Carboxylation of Organometallic Reagents
(]
. Mg 1) COs i
{or R=Cl or R-I] [Grignard reagent) 3 \'DH

8]

B el . L 1) cog OH
pentane or ether 21 Hzot + LiBr

[phenyl lithiurm

Reactions of Carboxylic Acids
1. Salt Formation

Because of their enhanced acidity, carboxylic acids react with bases to form ionic salts, as
shown in the following equations. In the case of alkali metal hydroxides and simple
amines (or ammonia) the resulting salts have pronounced ionic character and are usually
soluble in water. Heavy metals such as silver, mercury and lead form salts having more
covalent character (3rd example), and the water solubility is reduced, especially for acids

composed of four or more carbon atoms.

RCO,H + NaHCO; RCO,?Na® + CO, + H,0

RCO,H + (CH3)sN: RCO," (CH3)sNH®

RCO,H + AgOH RCO,’” Ag®™ + H,0
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TCarboxylic acids and salts naving alkyl chains Tonger than sSiX carbons exnioit unusual

behavior in water due to the presence of both hydrophilic (CO,) and hydrophobic (alkyl)
regions in the same molecule. Such molecules are termed amphiphilic (Gk. amphi = both)
or amphipathic. Depending on the nature of the hydrophilic portion these compounds
may form monolayers on the water surface or sphere-like clusters, called micelles, in

solution.
2. Substitution of the Hydroxyl Hydrogen

This reaction class could be termed electrophilic substitution at oxygen, and is defined
as follows (E is an electrophile). Some examples of this substitution are provided in

equations (1) through (4).

RCO,H + E® RCO,E + H"

If E is a strong electrophile, as in the first equation, it will attack the nucleophilic oxygen
of the carboxylic acid directly, giving a positively charged intermediate which then loses a
proton. If E is a weak electrophile, such as an alkyl halide, it is necessary to convert the
carboxylic acid to the more nucleophilic carboxylate anion to facilitate the substitution.
This is the procedure used in reactions 2 and 3. Equation 4 illustrates the use of the reagent
diazomethane (CH,N,) for the preparation of methyl esters. This toxic and explosive gas is
always used as an ether solution (bright yellow in color). The reaction is easily followed
by the evolution of nitrogen gas and the disappearance of the reagent's color. This reaction
is believed to proceed by the rapid bonding of a strong electrophile to a carboxylate anion.

The nature of Sy2 reactions, as in equations 2 & 3, has been described elsewhere The

mechanisms of reactions 1 & 4 will be displayed by clicking the "Toggle Mechanism"

button below the diagram.
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oL
diazomethane, CHzMNz has the structure; HeC=N=N

Alkynes may also serve as electrophiles in substitution reactions of this kind, as illustrated
by the synthesis of vinyl acetate from acetylene. Intramolecular carboxyl group additions
to alkenes generate cyclic esters known as lactones. Five-membered (gamma) and six-
membered (delta) lactones are most commonly formed. Electrophilic species such as acids
or halogens are necessary initiators of lactonizations. Even the weak electrophile iodine
initiates iodolactonization of v,6- and ,e-unsaturated acids. Examples of these reactions

will be displayed by clicking the "Other Examples™ button.

3. Substitution of the Hydroxyl Group

Reactions in which the hydroxyl group of a carboxylic acid is replaced by another

nucleophilic group are important for preparing functional derivatives of carboxylic acids.

The alcohols provide a useful reference chemistry against which this class of

transformations may be evaluated. In general, the hydroxyl group proved to be a poor
leaving group, and virtually all alcohol reactions in which it was lost involved a prior

conversion of —OH to a better leaving group. This has proven to be true for the carboxylic
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acias as well.

Four examples of these hydroxyl substitution reactions are presented by the following
equations. In each example, the new bond to the carbonyl group is colored magenta and
the nucleophilic atom that has replaced the hydroxyl oxygen is colored green. The
hydroxyl moiety is often lost as water, but in reaction #1 the hydrogen is lost as HCI and
the oxygen as SO,. This reaction parallels a similar transformation of alcohols to alkyl
chlorides, although its mechanism is different. Other reagents that produce a similar
conversion to acyl halides are PCls and SOBr».
The amide and anhydride formations shown in equations #2 & 3 require strong heating,
and milder procedures that accomplish these transformations will be described in the next

chapter.

0 0
o SOCI o
1. DZN@C\ h—tzp 92N4®~C\ + HCl + 503
ea
oH (o]
0
CHz i

o fp N/ toluene H—C\
el [, e ) e

HaC

heat

3. 0 FaC é? + P:0 Fa é? b 2 HaPO
. 3 3 2lg 3 ra ,KJJ,CCF3+ aHllg

OH o

,}3 Hz504 fp
4, HSC—C\ + CoHsOH —(/—* HaC—C + HzO

2H D -CaHs

Reaction #4 is called esterification, since it is commonly used to convert carboxylic acids
to their ester derivatives. Esters may be prepared in many different ways; indeed,

equations #1 and #4 in the previous diagram illustrate the formation of tert-butyl and

methyl esters respectively. The acid-catalyzed formation of ethyl acetate from acetic acid
and ethanol shown here is reversible, with an equilibrium constant near 2. The reaction can
be forced to completion by removing the water as it is formed. This type of esterification
is often referred to as Fischer esterification. As expected, the reverse reaction, acid-

catalyzed ester hydrolysis, can be carried out by adding excess water.
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ougntiar examination ot this reaction €ads one to question wWny It 1s classiied as

a hydroxyl substitution rather than a hydrogen substitution. The following equations, in
which the hydroxyl oxygen atom of the carboxylic acid is colored red and that of the
alcohol is colored blue, illustrate this distinction (note that the starting compounds are in

the center).

H- HO-
substitutio CH3CO- substitutio CH5CO-
H,0 + CH;CO-
n OH + CH3CH2 n OCH2CH3 + H2
OCH,CHj,
-OH O

In order to classify this reaction correctly and establish a plausible mechanism, the oxygen
atom of the alcohol was isotopically labeled as "0 (colored blue in our equation). Since
this oxygen is found in the ester product and not the water, the hydroxyl group of the acid
must have been replaced in the substitution. A mechanism for this general esterification

reaction will be displayed on clicking the "Esterification Mechanism" button; also, once

the mechanism diagram is displayed, a reaction coordinate for it can be seen by clicking

the head of the green "energy diagram" arrow. Addition-elimination mechanisms of this

kind proceed by way of tetrahedral intermediates (such as A and B in the mechanism
diagram) and are common in acyl substitution reactions. Acid catalysis is necessary to
increase the electrophilic character of the carboxyl carbon atom, so it will bond more
rapidly to the nucleophilic oxygen of the alcohol. Base catalysis is not useful because base
converts the acid to its carboxylate anion conjugate base, a species in which the
electrophilic character of the carbon IS reduced.
Since a tetrahedral intermediate occupies more space than a planar carbonyl group, we
would expect the rate of this reaction to be retarded when bulky reactants are used. To test
this prediction the esterification of acetic acid was compared with that of 2,2-
dimethylpropanoic acid, (CH3);CO,H. Here the relatively small methyl group of acetic
acid is replaced by a larger tert-butyl group, and the bulkier acid reacted fifty times slower
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Than acetic acid. Increasing e bulk Of the alconol reactant resuars I a similar rate

reduction.

Reductions & Oxidations of Carboxylic Acids
1. Reduction

The carbon atom of a carboxyl group is in a relatively high oxidation state. Reduction to a
1%-alcohol takes place rapidly on treatment with the powerful metal hydride reagent,
lithium aluminum hydride, as shown by the following equation. One third of the hydride is
lost as hydrogen gas, and the initial product consists of metal salts which must be
hydrolyzed to generate the alcohol. These reductions take place by the addition of hydride
to the carbonyl carbon, in the same manner noted earlier for aldehydes and ketones. The

resulting salt of a carbonyl hydrate then breaks down to an aldehyde that undergoes further

reduction.

ether H,O
4 RCO,H + 3 4 H, + 4 4 RCH,OH + metal
LiAIH, RCH,OM + metal oxides hydroxides

Diborane, B,Hg, reduces the carboxyl group in a similar fashion. Sodium borohydride,
NaBH,, does not reduce carboxylic acids; however, hydrogen gas is liberated and salts of
the acid are formed. Partial reduction of carboxylic acids directly to aldehydes is not
possible, but such conversions have been achieved in two steps by way of certain carboxyl
derivatives. These will be described later.
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Z-Ooxigation

Because it is already in a high oxidation state, further oxidation removes the carboxyl
carbon as carbon dioxide. Depending on the reaction conditions, the oxidation state of the
remaining organic structure may be higher, lower or unchanged. The following reactions
are all examples of decarboxylation (loss of CO,). In the first, bromine replaces the
carboxyl group, so both the carboxyl carbon atom and the remaining organic moiety are
oxidized. Silver salts have also been used to initiate this transformation, which is known as
the Hunsdiecker reaction. The second reaction is an interesting bis-decarboxylation, in
which the atoms of the organic residue retain their original oxidation states. Lead
tetraacetate will also oxidize mono-carboxylic acids in a manner similar to reaction #1.
Finally, the third example illustrates the general decarboxylation of B-keto acids, which
leaves the organic residue in a reduced state (note that the CO, carbon has increased its

oxidation state.).

(]
CCly
1. + Bre + HQO ————= D_E'r + C02 + HBEr
heat
ZH
Cio=H
/ heat
2. [ | +PB(OCOCHz)s — + 2C0p+
CozH 2 CHzCOzH + PR{OCOCH:)2

9

o-H o
o (Rg 2o (| =Y

o

Three additional examples of the Hunsdiecker reaction and a proposed mechanism for the
transformation will be shown above by clicking on the diagram. Note that the meta-
dihalobenzene formed in reaction 4 could not be made by direct halogenation reactions,
since chlorine and bromine are ortho/para-directing substituents. Also, various iodide
derivatives may be prepared directly from the corresponding carboxylic acids. A heavy
metal carboxylate salt is transformed into an acyl hypohalide by the action of a halogen.

The weak oxygen-halogen bond in this intermediate cleaves homolytically when heated or
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"EXPOSEd to Ngnt, and the resultmng carboxXy radical decarboxylates to an alkyl or aryl

radical. A chain reaction then repeats these events. Since acyl hypohalites are a source of
electrophilic halogen, this reaction takes a different course when double bonds and
reactive benzene derivatives are present. In this respect remember the addition of

hypohalous reagents to double bonds and the facile bromination of anisole

Applications in Life Sciences

The pharmaceutical industry benefits as well from the presence and the functions of
carboxylic acids. Explaining the importance of carboxylic acids and their derivatives in the
pharmaceutical industry rely on the chemical nature of the functional group. The most

important roles that carboxylic functions play in pharmaceuticals are:

« Solubilizer acting in modulating solubility, lipophilicity, and cell permeation (e.g.
antibiotic or antihistaminic drug classes);

. Prodrug and/or bioprecursor acting as compounds not biologically active but
converted into active ones in specific conditions (e.g. drugs from antihypertensive,
antithrombotic, or antiviral classes);

. Pharmacophore providing specific interactions with an enzyme, triggering, or
blocking its biological response (e.g. blood cholesterol-reducing drugs, nonsteroidal

anti-inflammatory drugs).

Carboxylic acid-containing drugs play a major role in the medical treatment of pain and

diseases
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