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TEST — Carboxylic acides, esters and fats.
» Give the names

» Carboxylic acides Reactions

» Esterification and hydrolysis

» Saponification

The carboxyl functional group that characterizes ¢arboxylic acids is unusual in that it is- #
composed of two functional groups described eairi¢his text. As may be seen in the formula /}/

on the right, the carboxyl group is made up of drbyyl group bonded to a carbonyl group. IF Dlmc
is often written in condensed form as —E0Oor —COOH. Other combinations of functional++ #
groups were described previously, and significéuatinges in chemical behavior as a result of grotgrantions
were described (e.g. phenol & aniline). In thisegcabe change in chemical and physical propergsslting
from the interaction of the hydroxyl and carbonybuyp are so profound that the combination is cuatdyn
treated as a distinct and different functional grou

H

1. Nomenclature of Carboxylic Acids

As with aldehydes, the carboxyl group must be ledatt the end of a carbon chain. In the IUPAC systé
nomenclature the carboxyl carbon is designateda#d,other substituents are located and named acgbyrd
The characteristic IUPAC suffix for a carboxyl gpois "oic acid’, and care must be taken not to confuse this
systematic nomenclature with the similar commontesys These two nomenclatures are illustrated in the
following table, along with their melting and boiyj points.

Formula Common Name Source IUPAC Name Melting Point Boiling Point
HCOH formic acid ants (L. formica) methanoic acid 1 101 °C
CH,COH acetic acid vinegar (L. acetum) ethanoic acid 626 118 °C
CH,CH,COH propionic acid  milk (GK. protus prion) propanaicid -20.8°C 141°C
CH;(CH,),CGQH butyric acid butter (L. butyrum) butanoic acid .58C 164 °C
CH4(CH,),.COH valeric acid valerian root pentanoic acid -345° 186 °C
CHs(CH,).COH caproic acid goats (L. caper) hexanoic acid °€.0 205°C
CH;(CH,)sCGH enanthic acid vines (Gk. oenanthe)  heptanoic acid -7.5°C 223 °C
CH;(CH,)sCOH caprylic acid goats (L. caper) octanoic acid &3 239°C
CHs(CH,);,COH pelargonic acid pelargonium (an herb) nonanoid ac 12.0 °C 253 °C

CH;(CH,);CGH capric acid goats (L. caper) decanoic acid 3C.0° 219 °C



Substituted carboxylic acids are named either By ItHPAC system or by common names. If you are dawer
about the IUPAC rules for nomenclature you shoaldew them now. Some common names, the amino acid
threonine for example, do not have any systemaiginroand must simply be memorized. In other cases,
common names make use of the Greek letter notdtiorcarbon atoms near the carboxyl group. Some
examples of both nomenclatures are provided below.

COzH
CHz-CHIOH)-CH{MH2)-CO2H HzM

= H OH
2-amino-3-hyd-oxybutanoic acid )
The 2%, 38 isomer is threonine “H3z

CH= H
s al s AN
ch—'?—CHg—'?—C\
CHs;  CeHs O
2-ethyl-4,4-dimethy pentanoic zcid

Br CieH

CozH

ciz-1,23-myclohexanedicarboxylic acid

2-bromro-3-methylbutanoic acid
c-bromcisova eric acid

Simple dicarboxylic acids having the general foratdO,C—(CH,),—CO,H (where n = 0 to 5) are known by
the common names: Oxalic (n=0), Malonic (n=1), $ucqn=2), Glutaric (n=3), Adipic (n=4) and Pimeli
(n=5) Acids. Common names, such as these can blelésiome to remember, so mnemonic aids, which take
the form of a catchy phrase, have been devisedhigroup of compounds one such phrase is:

"Oh My SuchGoodApplePie".

2. Carboxylic Acid Natural Products

Carboxylic acids are widespread in nature, oftemtmoed with other functional groups. Simple alkgrlooxylic acids,
composed of four to ten carbon atoms, are liquidew melting solids having very unpleasant oddtsefatty acids are
important components of the biomolecules knowtipggs, especially fats and oils. As shown in the follogitable,
these long-chain carboxylic acids are usually referto by their common names, which in most caséleat their
sources. A mnemonic phrase for thgt6 Cy, natural fatty acids capric, lauric, myristic, p&io stearic and arachidic is:
"Curly,Larry & MoePerformSilly Antics" (note that the names of the three stooges imralphabetical order).
Interestingly, the molecules of most natural faityds have an even number of carbon atoms. Anatogompounds
composed of odd numbers of carbon atoms are plgrigtetole and have been made synthetically. Siatarea makes
these long-chain acids by linking together acetaii¢s, it is not surprising that the carbon atoromposing the natural
products are multiples of two. The double bondh@unsaturated compounds listed on the rightlaogsgor Z).

FATTY ACIDS
Saturated Unsaturated

FEMLIE Cﬁrgrr:g " lecl)tii:tg Formula Cﬁlmmon Melt_ing
ame Point

CH3(002:2)1°C lauric acid 45 °C CH,(CH,).CH=CH(CH),COH palr;i:'?gleic 0°C
CHs(Oi:”lzC myristic acid 55 °C CH,(CH,),CH=CH(CH),COH oleicacid  13°C
CHs(Ocz:Z)MC palmitic acid 63 °C CHs(CH2)4CH:CHCHF&CH:CH(C&%COZ Nl el | =5 *e
CH3(002:2)16C stearic acid 69 °C CHSCHZCH:C(%%SE((:ZF(;Z:I—(I:HCI_LCH:CH Iin;)(l:?g © L
CH3(0(32|I:||2)18C arachidc 7o CH{(CH)(CH=CHCH),(CH).COH  2aSMEon  490c



stearic acid oleic acid

The following formulas are examples of other ndtyraccurring carboxylic acids. The molecular stires range from
simple to complex, often incorporate a variety thfew functional groups, and many are chiral.

COzH
H—C—0H 0 COzH CzH
1 2
CHa .y CJLCO | | HO{COQH
o
COZH 3 2 M COzH
malic acid pyruvic acid niacin citric acid
{warious fruits) {a metabalic intermediate) a witamin {from citrus fruits)
0 CO-H
5 =0
HO2C N 7 ) .
H Loz HO™ “OH
biotin ahietic acid cholic acid
(@ cell growth factor) (pine resin) {from bile)

3. Related Carbonyl Derivatives

Other functional group combinations with the cagd@roup can be prepared from carboxylic acids, amdusually
treated as related derivatives. Five common clasisesecarboxylic acid derivativesare listed in the following table.
Although nitriles do not have a carbonyl group ythee included here because the functional cartmnsaall have the
same oxidation state. The top row (yellow shadbdjvs the general formula for each class, and tkiemaow (light
blue) gives a specific example of each. As in #seaf amines, amides are classified as 1°, 2 defending on the
number of alkyl groups bonded to the nitrogen.

acyl halide anhydride ester amide nitrile
I
fp F—C fP z,f:' —
RS, s R—C, R—C R—C=M
L} b T
. R—C: O-R MR 2
— Y i
®=F, ClBrorl ] F'=H or alkyl
o 0l
4 ch—':\ I ;,D _
':QHj_C\ 0 H3C—CH H—I:\ HzC—C =M
cl HzC—C, O-CzHs NH_
W,
propanay| chlornde acetic anhydride ethy| acetate formamide acetonitrile

Functional groups of this kind are found in manyds of natural products. Some examples are sholewlvéth the
functional group colored red. Most of the functi@me amides or esters, cantharidin being a ran@geaof a natural
anhydride. Cyclic esters are calladtones and cyclic amides are referred tdastams Penicillin G has two amide
functions, one of which is &lactam. The Greek letter locates the nitrogertik&ao the carbonyl group of the amide.
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The carbon atom of a carboxyl group has a highaiiad state. It is not surprising, therefore, thmany of the
chemical reactions used for their preparation atidations. Such reactions have been discussedewmiqus
sections of this text, and the following diagramrmsuiarizes most of these. To review the previousudsion of
any of these reaction classes simply click on tmalver ( to 4) or descriptive heading for the group.
1. &xidation of Arene Side-Chains
H=C CzHs S HO=C COzH
H20, heat

CHzCHzCHz CCzH

2, Oxidation of 1°-Alcohols

2 on %
HEIC\C C,f Jones' Reagent HSC\ £—OH
—C— o, ~  H-ro—C
S OH (HzCrig) P
HaC ? e 2
3. Oxidation of Aldehydes
O O Q 0
cff Tallens' Reagent Cf;
S (agTin MH4OH) ,
H OH
4, Oxidative Cleavage of Alkenes and Alkynes
H F (i8]
‘c=c" or rR—c=c—r _ KWnOs a4
ST, = Hz0, heat . 2 R 5
R H OH

Two other useful procedures for preparing carbaxgtids involve hydrolysis of nitriles and carbatyon of
organometallic intermediates. As shown in the feitey diagram, both methods begin with an organioden
compound and the carboxyl group eventually repldbeshalogen. Both methods require two steps, lait a
complementary in that the nitrile intermediate e first procedure is generated by & $eaction, in which
cyanide anion is a nucleophilic precursor of theboayl group. The hydrolysis may be either acidbase-
catalyzed, but the latter give a carboxylate salth@ initial product. In the second proceduredigetrophilic
halide is first transformed into a strongly nucleibp metal derivative, and this adds to carbonxdie (an

electrophile). The initial product is a salt of tterboxylic acid, which must then be released bgttnent with
strong aqueous acid.



Hydrolysis of MNitriles
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Reactions of Carboxylic Acids
1. Salt Formation

Because of their enhanced acidity, carboxylic acefct with bases to form ionic salts, as showrhim
following equations. In the case of alkali metatifoxides and simple amines (or ammonia) the rewukalts
have pronounced ionic character and are usuallybtoin water. Heavy metals such as silver, mereuny
lead form salts having more covalent character €Xainmple), and the water solubility is reducedgeesly for
acids composed of four or more carbon atoms.

RCOO N + CcQ + HO
RCO™ (CHg)sNH™
RCOZS(-) A95(+) + HO

RCOH + NaHCQ
RCQOH + (CH)3N
RCO,H + AgOH

Carboxylic acids and salts having alkyl chains Emipan six carbons exhibit unusual behavior inewdtie to
the presence of both hydrophilic (@@nd hydrophobic (alkyl) regions in the same malecSuch molecules
are termeé@mphiphilic (Gk. amphi = both) oamphipathic. Depending on the nature of the hydrophilic
portion these compounds may form monolayers omtiter surface or sphere-like clusters, called Hesein
solution.

2. Substitution of the Hydroxyl Hydrogen

This reaction class could be termaddctrophilic substitution at oxygen and is defined as follows (E is an
electrophile). Some examples of this substituti@npovided in equations (1) through (4).

RCO~H + EY RCO~E + H"

If E is a strong electrophile, as in the first e it will attack the nucleophilic oxygen of tlearboxylic acid
directly, giving a positively charged intermediatbich then loses a proton. If E is a weak electilepkuch as
an alkyl halide, it is necessary to convert theboaylic acid to the more nucleophilic carboxylat@ca to
facilitate the substitution. This is the procedused in reactions 2 and 3. Equation 4 illustratesuse of the
reagent diazomethane (@) for the preparation of methyl esters. This tcxnel explosive gas is always used
as an ether solution (bright yellow in color). Tieaction is easily followed by the evolution ofragen gas and
the disappearance of the reagent's color. Thigiomars believed to proceed by the rapid bonding attrong
electrophile to a carboxylate anion.
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diazomethane, CHzMNz has the structure: HzC=N=N

3. Substitution of the Hydroxyl Group

Reactions in which the hydroxyl group of a carboxwcid is replaced by another nucleophilic group a
important for preparing functional derivatives drlooxylic acids. The alcohols provide a usefulnafiee
chemistry against which this class of transfornraimay be evaluated. In general, the hydroxyl gruawed
to be a poor leaving group, and virtually all alobteactions in which it was lost involved a prammversion of
—OH to a better leaving group. This has provenddrbe for the carboxylic acids as well. Four eghben of
these hydroxyl substitution reactions are presehyethe following equations. In each example, tew tboond
to the carbonyl group is colored magenta and thetepphilic atom that has replaced the hydroxyl @tygs
colored green. The hydroxyl moiety is often lostader, but in reaction #1 the hydrogen is logti&$ and the
oxygen as S© This reaction parallels a similar transformatioh alcohols to alkyl chlorides, although
itsmechanism is different. Other reagents that ypcedh similar conversion to acyl halides aresR@H SOB;.
The amide and anhydride formations shown in eqonati#? & 3 require strong heating, and milder procesl
that accomplish these transformations will be dbedrin the next chapter.

o o
Y socCl A
1. ozw@—c\ h—t‘?p @2N4®—c\ + HCl + 505
ea
2H [
@] CHs £
2. H Cf; . Nf toluene H—C\
v A -
5 , 110° © N@ + HzO
OH H 4
HaC
el i A
3. 6 FaC—iC + Poi0g ﬂ, 3 FaC—C C—CF3 + 2 HzPOg4
", T
2H (]
5 Hz504 pe
4 HaC—C + CoHsOH —(/—= HaC—C + HaD
oH D=-CzHs

Reaction #4 is calledsterification, since it is commonly used to convert carboxyl@da to their ester
derivatives. Esters may be prepared in many diftereays; indeed, equations #1 and #4 in the previou
diagram illustrate the formation of tert-butyl anethyl esters respectively. The acid-catalyzed &ion of
ethyl acetate from acetic acid and ethanol showe I&ereversible, with an equilibrium constant n2aiThe
reaction can be forced to completion by removirgywhater as it is formed. This type of esterificatie often
referred to agischer esterification As expected, the reverse reactiacid-catalyzed ester hydrolysiscan be
carried out by adding excess water.



A thoughtful examination of this reaction (#4) lsadne to question why it is classified as a hydroxy
substitution rather than a hydrogen substitutidme Tollowing equations, in which the hydroxyl oxygatom

of the carboxylic acid is colored red and thath# alcohol is colored blue, illustrate this distioc (note that
the starting compounds are in the center).

H,0 + CHCO-OCH,CHs H-substitution CH,CO-OH HO-substitution CHsCO-OCH,CHs + HO

T+ CHCH,-OH

In order to classify this reaction correctly antbbssh a plausible mechanism, the oxygen atonm@falcohol
was isotopically labeled 80 (colored blue in our equation). Since this oxygefound in the ester product
and not the water, the hydroxyl group of the acigstrhave been replaced in the substitution. A mashafor
this general esterification reaction will be dig@d on clicking the “Esterification Mechani$routton; also,
once the mechanism diagram is displayed, a reactiordinate for it can be seen by clicking the hehthe
green "energy diagrdharrow. Addition-elimination mechanisms of this#i proceed by way of tetrahedral
intermediates (such @#sandB in the mechanism diagram) and are common in addtgution reactions. Acid
catalysis is necessary to increase the electroptfiaracter of the carboxyl carbon atom, so it txhd more
rapidly to the nucleophilic oxygen of the alcohBase catalysis is not useful because base corthertcid to
its carboxylate anion conjugate base, a specieghioh the electrophilic character of the carbomeduced.
Since a tetrahedral intermediate occupies moreestbamn a planar carbonyl group, we would expectdbe of
this reaction to be retarded when bulky reactargsiaed. To test this prediction the esterificabbacetic acid
was compared with that of 2,2-dimethylpropanoidafCHs)sCO.H. Here the relatively small methyl group of
acetic acid is replaced by a larger tert-butyl groand the bulkier acid reacted fifty times slowman acetic
acid. Increasing the bulk of the alcohol reactasults in a similar rate reduction.

Soaps and Detergents

Carboxylic acids and salts having alkyl chains Bm g =] R R R R R
than eight carbons exhibit unusual behavior in wdte
to the presence of both hydrophilic (gOand
hydrophobic (alkyl) regions in the same moleculects
molecules are termexmphiphilic (Gk. amphi = both’
or amphipathic. Fatty acids made up of ten or mci R LT ERHCTERTECEH TR TR
carbon atoms are nearly insoluble in water, an@umBE i i A
of their lower density, float on the surface wheixed ARRRAARARAAR AR AR AAARARAARRARAARRARRARR
with water. Unlike paraffin or other alkanes, whitdnd to puddle on the waters surface, these tatigs
spread evenly over an extended water surface, @algnforming a monomolecular layer in which thelgo
carboxyl groups are hydrogen bonded at the waterfate, and the hydrocarbon chains are aligneetheg
away from the water. This behavior is illustratedtihe diagram on the right. Substances that acatmait
water surfaces and change the surface propertgesaliedsurfactants.

Alkali metal salts of fatty acids are more soluinlevater than the acids themselves, and the amhiiph
character of these substances also make them stwofagtants. The most common examples of such
compounds are soaps and detergents, four of whech@wn below. Note that each of these molecudesah
nonpolar hydrocarbon chain, the "tail”, and a pétdien ionic) "head group”. The use of such conmuisuas
cleaning agents is facilitated by their surfactardracter, which lowers the surface tension of kyaleowing it
to penetrate and wet a variety of materials.
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Very small amounts of these surfactants dissolve in water to give a
random dispersion of solute molecules. However, when the
concentration is increased an interesting change occurs. The
surfactant molecules reversibly assemble into polymolecular
aggregates called micelles. By gathering the hydrophobic chains
together in the center of the micelle, disruption of the hydrogen
bonded structure of liquid water is minimized, and the polar head
groups extend into the surrounding water where they participate in

a cationic detergent

hexadecyltrimethylammonium chloride

a nonionic detergent
difethylene glycol) dodecyl ether

KA -

S mf{
ShET Sie
S

7

micelle assemblies of amphiphiles

hydrogen bonding. These micelles are often spherical in shape, but may also assume cylindrical and branched
forms, as illustrated on the right. Here the polar head group is designated by a blue circle, and the nonpolar tail

is a zig-zag black line.

Fats and Oils

The triesters of fatty acids with glycerol (1,2tBydroxypropane) compose the class of lipids kn@srfats
and oils. Thes#riglycerides (or triacylglycerols) are found in both plants aamdmals, and compose one of the
major food groups of our diet. Triglycerides that solid or semisolid at room temperature are ifladsas
fats, and occur predominantly in animals. Thosgytcerides that are liquid are called oils and ioate chiefly
in plants, although triglycerides from fish are callrgely oils. Some examples of the composition of

triglycerides from various sources are given inftilwing table.

Saturated Acids (%)

27
48
46
2

50
85
43
56
19

Cis

4
6

10
20

34

26
76

Unsaturated Acids (%)
Cis

Cis

N

52

Source Cuo C  Cu = Ci  Cis SN
& less lauric myristic palmitic  stearic oleic linoleic unsaturated

Animal Fats

butter 15 2 11 30 9

lard - - 1 27 15

human fat - 1 3 25 8

herring oil - - 7 12 1

Plant Oils

coconut - 50 18 8 2

corn - - 1 10 3

olive - - - 7 2

palm - - 2 41 5

peanut - - - 8 3

safflower - - - 3 3



As might be expected from the properties of thgyfatids, fats have a predominance of saturatéy éaids,
and oils are composed largely of unsaturated aditiss, the melting points of triglycerides refldbeir
composition, as shown by the following examplestukéd mixed triglycerides have somewhat lower mejti
points, the melting point of lard being near 30,%Dereas olive oil melts near -6 °© C. Since fa&svalued
over oils by some Northern European and North Acaeri populations, vegetable oils are extensively
converted to solid triglycerides (e.g. Crisco) layt@al hydrogenation of their unsaturated composniebome of
the remaining double bonds are isomerized (to }ranshis operation. These saturated and trang-fattd
glycerides in the diet have been linked to longrtéealth issues such as atherosclerosis.

H2G—OCO(CH2)10CHs  HaC—OCO(CH2)16CHa HECI—DCD{CHZ]I?CHC:CH(CHZ]I?CHS
HE—0CO(CHzZ)10CHs HC—OCO(CHz)16CHa  HC—OCO(CHZ)7CH=CH(CHz)7CH3
HeC—0OCO{CHz) 10CHs HaC—OCO(CH 1 6CHe  HaC—OCO{CH)7CH=CH{CH217CHS
trilaurin tristearin triolein
mp 45° C mp Fl1® C mp -4 C

Triglycerides having three identical acyl chainscts as tristearin and triolein (above), are callgidhple”,
while those composed of different acyl chains aléed "mixed". If the acyl chains at the end hydidogroups
(1 & 3) of glycerol are different, the center cambleecomes a chiral center and enantiomeric cordigurs
must be recognized.

The hydrogenation of vegetable oils to produce selii products has had unintended consequences.
Although the hydrogenation imparts desirable fesguwsuch as spreadability, texture, "mouth feeld an
increased shelf life to naturally liquid vegetabiés, it introduces some serious health problenigesé
occur when the cis-double bonds in the fatty abi@ts are not completely saturated in the hydragema
process. The catalysts used to effect the adddfdmydrogen isomerize the remaining double bonds to
their trans configuration. These unnaturahs-fats appear to to be associated with increased heart
disease, cancer, diabetes and obesity, as welirasme response and reproductive problems.



