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22.6: ESTER CHEMISTRY

INTRODUCTION

Esters are readily synthesized and naturally abundant. Esters are frequently the source of flavors and aromas in many fruits and flowers.
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oil of wintergreen pineapple chocolate

Esters also make up the bulk of animal fats and vegetable oils—glycerides (fatty acid esters of glycerol). Soap is produced by a
saponification (basic hydrolysis) reaction of a fat or oil.

Esters are also present in a number of important biological molecules and have several commercial and synthetic application. For example,
polyester molecules make excellent fibers and are used in many fabrics. A knitted polyester tube, which is biologically inert, can be used in
surgery to repair or replace diseased sections of blood vessels. PET is used to make bottles for soda pop and other beverages. It is also
formed into films called Mylar. When magnetically coated, Mylar tape is used in audio- and videocassettes. Synthetic arteries can be made
from PET, polytetrafluoroethylene, and other polymers.

The most important polyester, polyethylene terephthalate (PET), is made from terephthalic acid and ethylene glycol monomers:

nHOCHCHOH + nHOOC COOH —

Ethylene glycol Terephthalic acid

_FO‘@; COOCHZCH20~]» + nHO
n

Polyethylene terephthalate

SYNTHESIS OF ESTERS

Carboxylic acids can react with alcohols to form esters in the presence of an acid catalyst as shown in the reaction below.
(o] H,SO, (o]
” + HO—F l|: + H,0
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Acid chlorides react with alcohols to form esters as shown in the reaction below.
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& + HO—R — & r + Ha
R/ xCI R/ \0/
Acid Chloride Alcohol Ester

Acid anhydrides also react with alcohols to form esters as shown in the reaction below.
oo + HO—R' Pmdine 9 . ?
g Ll TS :

Acid Anhydride Alcohol Ester Carboxylic acid

As an example, the synthesis of banana oil (isoamyl acetate) is an example of these two reactions.

Example: Ester Synthesis

0

)J\ Cl

o 0
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o] banana oil
)J\OH H*

Esters can be also be synthesized from trans-esterification reactions. Trans-esterification is discussed in the next section on Reactivity of
Esters

REACTIVITY OF ESTERS

Esters can be hydrolyzed to carboxylic acids under acidic or basic conditions. Basic hydrolysis can be used to convert fats and oils into soap
and is called a saponification reaction. Esters can be converted to amides via an aminolysis reaction. Esters can undergo trans-esterification
reactions to form different esters by applying LeChatlier's principle to this equilibrium reaction. Esters can be reduced to form alcohols or
aldehydes depending on the reducing agent. Esters also react with organometallic compounds to form tertiary alcohols. The reaction map for
esters is shown below.

R Ha 0/ H o

R4-R Ao

o4 1) 2 RMgx oG
2) Hy

j‘i 5 excess R"OH /H_ R)]\OR'
gentle [H RO
j\ "NH 5 / sther
strong{H]
R” “H ’/gﬂ o
R OH RJ\NR’H

ESTER HYDROLYSIS

Ester hydrolysis requires an acid catalyst or base promotion to occur. Esters are less reactive than acyl halides and acid anhydrides because
the alkoxide group is a poor leaving group with its negative charge fully localized on a single oxygen atom.

Ester Hydrolysis - Acid Catalyzed

Esters can be cleaved back into a carboxylic acid and an alcohol by reaction with water and a catalytic amount of acid as shown in the
reaction below.
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H,0
I — I + HO-R'
c. R c
R” O H,0* R” TOH
Ester Carboxylic Acid Alcohol

The acid catalyzed hydrolysis of ethyl benzoate is shown below as an example.

Example: Acid Catalyzed Ester Hydrolysis
o]

H;0

| 0
| Il
C.o-CHLH: Con + HO—CH,CH;
H;0"

The mechanism for the acid catalyzed hydrolysis reaction begins with protonation of the carbonyl oxygen to increase the reactivity of the
ester. The nucleophilic water reacts with the electrophilic carbonyl carbon atom to form the tetrahedral intermediate. Proton transfer
reactions occur to create a good leaving group when the carbonyl reforms. The complete mechanism is shown below.

1) Protonation of the Carbonyl
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2) Nucleophilic reaction by water
@ H . /H
c|)|§ <0
+ —» R—C—0
/C\ /R X,
R (0] @o.. R
. H'/ \H
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H/ \H
3) Proton transfer
H H
.'_o/ .:o/ H
R—C—'0" > Rr—c—
@ \Rl \Rl
o o]
H H Sy

4) Leaving group removal
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ESTER HYDROLYSIS - BASE PROMOTED

Esters can be cleaved back into a carboxylic acid and an alcohol by reaction with water and a base. The reaction is called a saponification
from the Latin sapo which means soap. The name comes from the fact that soap used to me made by the ester hydrolysis of fats. Due to the
basic conditions, a carboxylate ion is made rather than a carboxylic acid. The hydroxide ions are consumed in the reaction so it is described
as "base promoted".

0 H,0 0

I | . 0 +  HO-R'
R” '-\.0/ NaOH R” \0.

Ester Carboxylate Alcohol

o) H,0 o)

I . i _
R” ™0 H,0* R” “OH

Ester Carboxylic Acid Alcohol

The base promoted hydrolysis of ethyl benzoate is shown below as an example.

I
S ikt . . C.og + HO—CH.CH,
NaOH

The mechanism for the base promoted hydrolysis reaction begins with the nucleophilic hydroxide reacting with the electrophilic carbonyl
carbon atom to form the tetrahedral intermediate. The carbonyl reforms with the loss of the alkoxide leaving group. The alkoxide then
deprotonates the resulting carboxylic acid. The complete mechanism is shown below.

1) Nucleophilic reaction by hydroxide

..0..(9
. . bty R'
i ./
| —  + R—C—O
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2) Leaving group removal
.'6.6
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3) Deprotonation
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NUCLEPHILIC ACYL SUBSTITUTION REACTIONS FROM ESTERS

Carboxylic acid derivatives can be synthesized from esters via the nucleophilic acyl substitution mechanism previously discussed.

ESTER SYNTHESIS: TRANS-ESTERIFICATION
Trans-esterification is the conversion of a carboxylic acid ester into a different carboxylic acid ester. When an ester is placed in a large
excess of an alcohol along with presence of either an acid or a base there can be an exchange of alkoxy groups. The large excess of alcohol
is used to drive the reaction forward. The most common method of trans-esterification is the reaction of the ester with an alcohol in the
presence of an acid catalyst as shown below.

9 H30" or OR" o

H + HO—R" =—]m—————mx | + HO—R"

c R' c R
R/ “‘xo/ R/ \O/

The trans-esterification of ethyl acetate to methyl acetate and methyl benzoate to ethyl benzoate are shown below as examples.

Example: Trans-esterification Reactions

fo) catalyst: o)
| | H,S0, |
U + CHgOH U + EtOH
CHS/ okt CH3/ \OCH3
0 (0]
I i I

C CH C CH2CH2
O/“o/ ® 4 HO—CHCH, ————— Of‘o/ + HO—CH;

Under acidic conditions, the reaction mechanism begins with protonation of the carbonyl oxygen which increases the reactivity of the ester.
An alcohol then reactions with protonated ester to form the tetrahedral intermediate. After several proton transfers, the carbonyl reforms to
produce a new ester. The complete mechanism is shown below for the trans-esterification of ethyl actetae to methyl acetate.
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Since both the reactants and the products are an ester and an alcohol, the reaction is reversible and the equilibrium constant is close to one.
Consequently, the Le Chatelier’s principle has to be exploited to drive the reaction to completion. The simplest way to do so is to use the
alcohol as the solvent as well.

Under basic conditions, the mechanism begins with the nucleophilic reaction of the alkoxide with the carbonyl carbon to produce the
tetrahedral intermediate. The carbonyl reforms with the loss of the leaving group to produce a new ester.

1) Nucleophilic reaction by an alkoxide

ﬂ) 6 R
g S o |
R } 0 — = R—C—0
/ 0
C_3::0: R" OURT
2) Leaving group removal
B
:C|): R' o
rR—¢Lg,  —— (|:| r Ot R
. R hor "
- ~R" )

AMINOLYSIS: CONVERSION OF ESTERS INTO AMIDES

Esters react with ammonia and 1° or 2° alkyl amines to yield amides in a reaction called aminolysis.

T" NH ﬁ
c CH —_— c + CH30H
R o 3 Ether R \\NHz

The aminolysis of ethyl benzoate is shown below as an example. The mechanism for this reaction is analogous to the base promoted
hydrolysis reaction of esters shown above.
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Example: Aminolysis of Esters

Ao _NHy |“)l\NH2 + o
| 2 ether =

ESTER REDUCTION REACTIONS

ESTER REDUCTION TO A 1° ALCOHOL
Esters can be converted to 1° alcohols using LiAlHy4, while sodium borohydride (NaBHy,) is not a strong enough reducing agent to perform
this reaction.

9 1) LiAlIH, .
o ——= AHa. + HO—FR'
OH
R0 Mo R
Ester 1° Alcohol

The reduction of ethyl benzoate to benzyl alcohol and ethanol is shown as an example.

Example: Ester Reduction to a 1° Alcohol

0
I 1) LiAIH, CH;.
OH
Copuiy = + HO—CH,CH;
2) H;0*

The mechanism begins with a hydride nucleophile reacting with the ester carbonyl carbon to form the tetrahedral intermediate. The carbonyl
reforms to produce an aldehyde with the loss of the alkoxide ion. The resulting aldehyde undergoes a subsequent reaction with a hydride
nucleophile to form another tetrahedral intermediate. The carbonyl is not able to reform, because there are no stable leaving groups.
Therefore, the alkoxide (tetrahedral intermediate) is protonated to produce a primary alcohol. The complete mechanism is shown below.

1) Nucleophilic reaction by the hydride

éﬂ' Bou®
. R'
R/ \O/R R_(:;_O/ £l AlHz
H H
s o
Li H—P|\I—H
H
2) Leaving group removal
Li®
0. ..@ . |
C\. R 0 ® 09
ey ! * L o—R
J{ ' R H

3) Nucleopilic reaction by the hydride anion
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ESTER REDUCTION TO AN ALDEHYDE

Esters can be converted to aldehydes using diisobutylaluminum hydride (DIBAH). The reaction is usually carried out at -78 °C to prevent
reaction with the aldehyde product.

ﬂ 1) DIBAH CT
+ HO—R'
c R' C
R o 2) H;0" R H
Ester Aldehyde Alcohol

The reduction of methyl benzoate to form benzaldehyde is shown as an example. The mechanism is analogous to the LiAlH4 mechanism
shown above with the important difference that the reaction stops after the aldehyde is produced because the DIBAH reducing agent is not
strong enough to reduce the aldehyde at low temperatures.

Example: Ester Reduction to an Aldehyde

0O—0

0
ﬂ 1) DIBAH

CH
~o ™~y + HO—CH;

2) H,0*

ESTER REACTIONS WITH ORGANOMETALLIC COMPOUNDS

GRIGNARD REAGENTS

Esters react with Grignard reagents to form tertiary alcohols. This reaction is analogous to the reaction discussed for acid chlorides with
Grignard reagents. The first equivalent of the Grignard reagent produces a ketone which reacts with the second equivalent of the Grignard
reagent to produce a tertiary alcohol. In effect, the Grignard reagent adds twice as shown in the reaction below.

ﬁ 1) 2 R"MgBr OH
R R—C.gp *+ HO—R'
R O 2) H;0* ,‘?.

Ester 3° Alcohol

The reaction of methyl benzoate with a Grignard reagent to produce 3-phenyl-3-pentanol.

Example: Ester Reaction with a Grignard Reagent

OH

)
i 1) 2 CH;CH,MgBr
i
e chﬁcH:CHg + HO—CH;
2) H;0* y

CH,CH;
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The mechanism begins with a carbide nucleophile from the Grignard reagent reacting with the ester carbonyl carbon to form the tetrahedral
intermediate. The carbonyl reforms to produce a ketone with the loss of the alkoxide ion. The resulting ketone undergoes a subsequent
reaction with a carbide nucleophile from the Grignard reagent to form another tetrahedral intermediate. The carbonyl is not able to reform,
because there are no stable leaving groups. Therefore, the alkoxide (tetrahedral intermediate) is protonated to produce a tertiary alcohol. The
complete mechanism is shown below.

1) Nucleophilic reaction

¢.O¢
Sl .+ @ MgB]”
C R' .05
DRSS | R’
e
) ——= R—E—0
R"——MgBr |:|{
2) Leaving group removal
.o ® [MgBr .
.5 (MgBr] h
R' [ 5 ® Fos
R CH d [MgBr]~ 0—R
| e R/ \R”
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3) Nucleophilic reaction
Y -2 ®
J:| 5 [MgBr]
e — L
RT | "R
R"——MgX R"
4) Protonation
H
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Exercise

8. Why is the alkaline hydrolysis of an ester not a reversible process? Why doesn't the reaction with a hydroxide ion and a carboxylic
acid produce an ester?

9. Draw the product of the reaction between the following molecule and LiAlH,, and the product of the reaction between the following
molecule and DIBAL.

o0

10. Prepare the following molecules from esters and Grignards?

Et

SE

(@
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(b)
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Answer

8. The reaction between a carboxylic acid and a hydroxide ion is an acid base reaction, which produces water and a carboxylate

anion.
9.
HO (LiAIH,)
OH
H (DIBAH)
HO
o)
10.
O
o — + 2 EtMgBr
(a
O MgBr

/\)L o 2 2 CH3;MgBr
O
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