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An understanding of the generality of this way of looking at organic reactions is
0 fundamental that we will explore it in this chapter using acid--base reactions as
amples. Your goal n this chapter is 1o learn (0 see the sites of electron density and
deficiency in the structures of compounds. These sites make the molccules
sainerable 10 a variety of chemical reagents. A species with electrons to donate is &
base. An electron-deficient species that accepts an clectron pair is an acid.
. You should not attempt, at this point, (o memorize structures or names of com-
pounds: you will become familiar with them gradually as you study and write reac-
tons. In this chapter you should concentrate on learning o predict acid—base reac
vty from the structiral features that are apparent in the formulas and on depicting
mechanisms correctly using the curved-arrow notation. Wi e

A Bronsted-Lowry Theory of Acids and Bases
What are acids and bases? Two typical acid-base reactions are shown on the fol-
lowing page.
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In cach reaction, 4 proton from one of the molecules on the left side of the equa-
tion s transferred (o the other molecule on the same side of the equation. In the
Bronsted-Lowry theory of acids and bases. an acid is efined as 4 proton donor.
and a base as a proton acceptor. An altenative and more accurate way to define
Bronsted acids and bases is (0 say that an acid is a substance from which a proton
an be removed and 4 base is a substance that can remove & proton from an acid. In
the first equation, therefore, acetic acid is the acid (the substance from which & pro-
ton was removed). and water is the base (the substance that removed the proton
from acetic acid). Acetate ion, which is formed by the loss of  proton from acetic
acid, is a base. It can remove & proton from the hydronium ion 10 become acetic
acid again. A pair of species that can be interconverted by the loss and gain of 4 pro-
ton is called a conjugate acid~base pair. The conjugate acid of any base will have
an additional hydrogen and an increase in positive charge (or a decrease in negative
charge). The conjugate base of an acid will have one hydrogen fewer and will have
an increase in negative charge (o a decrease in positive charge). Bronsted acids are
also called protic acids—that is, acids that react via the transfer of a proton, Note
that water can be an acid or a base. It can gain a proton to become  hydroniur fon,
H0". its conjugate acid, or lose a proton to become the hydroxide fon, OH- its
conjugate base.

Problem 3.1 Idenify the acid and base in each of the following conjugate acid—base
pairs. Draw Lewis structures for each species and locate any formal charge.

(@) (CH).0, (CH,).OH (b) HS0,, HSO, () NH", NH,

@ CHOH: . CHOH  (e) H,CO, HiCOH () CHOH. CHO

Acidity and basicity are described in terms of equilibria. A review of the quanti-
tative treatment of acid -base equilibria is given later in this chapter. First, we will
concentrate on achieving a qualitative understanding of the phenomens.

A useful way 10 picture acid—base reactions s o imagine two bases competing
for the same proton, which is transferred from one species to the other in the reac-
tion. For example, in the reaction of acetic acid with water, acetate ion and water
are the bases in competition for the proton. Their relative strengths as bases deter-
mine where the equilibrium lies. Methylamine and hydroxide ion are the bases that
compete for the proton in an equilibrium process when methylamine reacts with
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In contrast. in the reaction of hydrogen chioride with dimethy lamine, chloride
the conjugate base of the strong acid hydrogen chloride, is  weak base and
ot compete effectively with dimethylamine for the proton. Sirong acids have
weak conjugare bases, while weak acids have strong conjugate bases. The reaction
is written with the longer arrow pointing to the right and only a short one pointing
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i cquilibrium very few dimethylamine and hydrogen chloride molecules remain,
have been converted to dimethylammonium and chloride ions.
In discussing equilibria, we must not forget that in reality we are talking about
he dynamic interactions of very large numbers of molecules. The smallest amount
material that we can weigh in the lboratory contains billions and billions of mol-
. For example, if we were to work with a single drop of acetic acid, depend-
o the size of the dropper, it would weigh approximately 10~50 mg. A mole of
aceic acid weighs 60 ¢ and contains 6.022 X 10 molecules. A millimole (10~
mole) of acetic acid weighs 60 mg and contains 6.022 X 10 molecules, sill an
jous number, Even though we write balanced equations showing one or, at
afew molecules of each reactant and product, the molecular formulas used in
equations represent large numbers of molecules
In writing equations, the formulas for the species that chernists mix together in
be lsboratory are put on the left side of the reaction arrows and are called reactants.
species that form in the reaction appear on the right side of the reaction armows
ad are called products, even though in many reactions more of the reactants than
15 may be present at equilibrium and even though the “products” also react
cach other t0 give the “reactants” in the reverse reaction of the equilibrium.
ants are also often called starting materials, perhaps a clearer term indicating
cir experimental origin.

Lewis Theory of Acids and Bases

proton acts as an acid because it has an empty 1s orbital that can accept a pair
eectrons from some species that is serving as & base. This view of an acid—base
tion is shown in Figures 2.12 and 2.14 (pp. 48 and 49) and leads o another def-
fion of acids and bases. The Lewis theory of acids and bases defines an acid as
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In both these cases. a species with a vacant orbital accepts a pair of electrons from a
donor species. Lewis acids are known as aprotic acids, compounds that react with
bases by accepting pairs of electrons, not by donating protons.

Problem 3.2 Write Lewis structures for the ons or molecules involved in the following.
reactions, and point out which ones are Lewis acids and which are Lewis bses,

<18 G
*F 4NH, = CuNH)* (b} CH,~C—CH, + HO

@ ¢

i i
© cinden, + b, === a6,

3.2 Reactions of Organic Compounds as Bases

Organic compounds with nonbonding electrons on nitrogen. oxygen, sulfur, or
phosphorus can react as Lewis bases or Bronsted bases. They rcact with Lewis acids
or Bronsted acids. We have already considered the reactions of nitrogen bases, or
amines. with acids (pp. 48 and 78). Just as water is protonaied to give a hydronium
ion, organic oxygen compounds are protonated (© give oxonium fons. The reaction
of diethyl ether with concentrated hydriodic acid is typical of that of an oxygen base
with a protic acid.
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Generally. nonbonding electrons on nitrogen, oxygen, and sulfur are more
Joosely held and are protonated more casily than the electrons of  bonds (sec
Figure 2.25)

n a Bronsted acidbase reaction, 4 proton is transferred from the acid © the
ase o give products that are the conjugate base and conjugate acid of the reactants
In a Lewis acid -base reaction, a pair of electrons is donated from the Lewis base 10
the Lewis acid to give 4 single product in which those electrons are shared in 4 co-
valent bond.

Problem 3.3 Write equations showing the reactions you would expect for the following
compounds with AICI; (a Levwis acid) and with HSO, (s stron protc acid).

o cicH,
(@ CHNHCH,  ®) HCH () HO=CH (@) CHCHJPCHCH,
ametylamine - syl [E—

() CHCHOH (1) CHCH.SCH.CH,

ol .

Some organic compounds have more than one atom With nonbonding electrons;
more than one site in such a molecule can react with acids. For example, acetamide
has nonbonding electrons on both an oxygen and a nitrogen atom, and either may
be protonated.

o: 0—H

I
HSO, &= CHCNH, + HSO,
acetamide sulfaric conjugate hydrogen sufate
hase acid anion
scetimide
o f0—H 0:

] 1. 1
CHCOH + HSO, &= CHCOH or CHCOH, + HSO,

aecaid  sulfurc conjogute hydrogen slfute
e acd widsal anion

Note that neither compound is protonated twice. Once a molecule has been proto-
nited and bears a positive charge, the availability of the other electrons in the sys-
{em is greatly reduced. In principle, it is possible to protonate the compound again,
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from acetamide in which the nitrogen has been protonated has a high
tion of positive charge at a single atom and s, therefore, less stable than
in which the oxygen has been protonated.
The protonation of the nonbonding electrons on the oxygen atom of a carbonyl
droxyl group is an important frst step in the reactions under acidic condi-
compounds such as acetamide, acetic acid, and alcohols. The conjugate
these compounds are usually more reactive toward Lewis bases than the un-
asted forms are. Consequently. acids are often used as catalysts 10 promote fe-
s of organic compounds.

3.4 The following compounds all have more than one site where they can eact
 srong proic acid such as sulfuric acid. For each compound. dra Lewis structures,
equations showing the structures of the different products you would expect (0 ob-

o,

o
T ———— 2ppental oy e

I
(b HOCH.CHNCH, (© CH=CHCHOH (@ CHN:
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3.3 The Use of Curved Arrows
in Writing Mechanisms

Almost all chemical transformations involve 4 change in the connectivity of atoms,
Bonds are broken; new bonds are formed. Chemists are interested not oniy in the re-
actants and the products of a reaction but also in the details, especially the timing,
of the bond-breaking and bond-forming processes. In order to study these details,
chemists exaniine the progress of reactions using many experimental techniques.
Modern faser technology, especially. is giving chemists 4 way to look at reactions
that take place very fast, in 10°* seconds, for example. Chemists study the rate
of a chemical reaction, how fast it goes, and see how the rate and the products
vary when experimental conditions are changed. They explore changes in stereo-
chemistry that occur during the reaction. From observations such as these, they
postulate the deails of the pathway that the reactants follow as they are converted
into the products. Such a detailed reaction pathway is called the mechanism of the
reaction.

Mechanisms serve as an aid 1o understanding the chemical reactivity of dif-
ferent types of organic compounds. Subsequent sections of this book will contain
‘many mechanisms proposed for reactions. In this section we explore the symbolism
widely used by organic chemists to trace the details of the changes that occur as re-
actants are converted to products. The symbolism is a powerful tool with which
chemists organize their knowledge of a large number of reactions into a relatively
few types of transformations. Understanding reaction mechanisms and practice in
drawing them will enable you t0 learn, recall, and predict chemical reactions.

Any strong acid, when put into water, transfers protons to waer (o give hydro-
nium ions, the real acids in agueous solutions. The overall equation is familiar. For
example, gaseous hydrogen chloride dissolves in water 1o give the solution we call
hydrochloric acid. Hydrochloric acid is really  solution containing hydronium ions
and chloride fons.

HClg) + HO L L o
hyi water hydronium Chloride
ehloride on on

wid base | conupute acid | comjugate base

In this reaction 4 bond is broken between hydrogen and chlorine., and a new bond is
formed between hydrogen and the oxygen in water. There are at leas three possible
ways in which we can imagine this process as taking place.
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examine these three possible processes critically, we find problems with
ocess | and Process 2. In the first process we create the hydrogen cation, usually
e & proton. The problem with this is that a naked proton, without the electron

d that makes it a hydrogen atom, is very small (~10 * X the size of an atom)
 positive charge concentrated in such a small volume atiracts electrons strongly.

HC,is unstable in the presence of other species that have elctrons 10 do-

he equation for Process 2 shows a species with a hydrogen atom with two co-

ot bonds (or four electrons) to it and a negative formal charge. Such a species

s the rule that hydrogen can accept only two electrons into its bonding mo-

s orbital (p. 43). We can therefore dismiss this as a reasonable process for hy-

(Note that for atoms with room in their valence shells for larger numbers of
wons, such a process might very well be a good one.)

The third equation, representing a process in which bond-breaking and bond-

ing occur at roughly the same rate, seems the most reasonable one for this
i





[image: image10.png]reaction. In the cquation, in brackets, we see a species that represents the halfway
pointat which the proton is losing its hond to the chlorine atom, which is beginning
10 look like a chloride jon. Meanwhile. the proton is taking electrons away from the
oxygen atom of the water molecule. The oxygen atom s beginning to acquire a pos-
itive charge. This transitional stage is usually not shown when we write @ mecha-
nism. For example, the transfer of the proton from hydrogen chloride to water is
shown below

Vs U

water  bydrogen  hydonium  chlorde
chloride ion ion

‘The curved arrows in the equation above show the electronic changes that take
place as covalent bonds are formed and broken during the reaction. Such arrows are
part of a symbolic language used by many chemisis. This kind of symbolism has
several important features. First, the structures of both reactants are writien 10 show
reactive clectrons and ites of electron deficiency. A curved arrow is drawn from
the site of electron availability. such as a pair of nonbonding clectrons, o the site of
electron deficiency, such as an atom with a partial positive charge. This arrow de-
picts the start of the bonding process. It represents the motion of an electron pa
sather than the movement of atoms. If the transfer of electrons would result in (00
‘many electrons around an atom. such as two covalent bonds to a hydrogen atom or
violation of the octet rule for a second period atom, another curved arrow s drawn
10 symbolize the simultaneous release of bonding electrons o some atom or group
of atoms. which then detaches itself. Chloride ion is the species formed by this
process i the equation above.

Let us look more closely at another reaction, the reaction of ethanol with sulfu-
ric acid.

NS0 R 2 N e W REA SR 0
CH.CH, CHCH,
Wy .
L s
g o
ethanol sulfuic acid conjugateacid  hydrogen sulfte
of ehanol anion

The nonbonding clectrons on the oxygen atom are shown moving toward the par-
tally positively charged hydrogen atom of sulfuric acid. As the proton s transferred
10 the oxygen atom of ethanol, the hydrogen sulfate ion is detached, taking with it
the pair of electrons that bonded it o the proton.

“The 7 electrons of a multiple bond may also serve as the site of electron avail-
ability in a reaction.

1
3
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Teaction of 2-butene with hydrobromic acid starts with the bonding of the 7

with the positively polarized hydrogen atom of the hydrogen halide. The

atom that loses its share of the electrons in the  bond becomes positively
Bromide ion is the other product of the reaction.

ex a mechanism is written for a reaction, it is important to make sure

et charge is the same on both sides of the equation. Thus, in all the previ-

umples within this chapter, two neutral reactants with a net charge of zero

 products with one positive and one negative charge, also a net charge of zefo.

he site of electron deficiency may be an empty orbital on a positively charged

“The reaction of the sec-butyl cation with bromide ion llustrates this kind of

acid-base reaction

H

sec-butyl cation 2bromobutane
and bromide o

e curved arrow shows the transfer of electrons from the bromide ion, the site of
ctron availability, t0 the positively charged carbon atom, the site of electron defi-
sy
- The equations and the description given in this section provide an introduction
a language that will be used frequently in the rest o this book. It s important that
begin 10 practice it right away. Observe carefully the way that the curved ar-
s are drawn, especially where they start and where they end. These arrows.
ich represent the movement of an electron pair as bonds are formed and broken,
be used with precision. The tail o the armow is associated with the pair of elec-

ns that is being used 10 form a new bond or is being transferred to an atom in the
eaking of a bond. The head of the arrow points between the two atoms where the
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Problem 3.6 Rewrite the equations in your answers for Problems 3.3 and 3.4 0 show,
rons move i the reactions,

how el

Problem 3.7 In the following equations, reactants and arrows showing the transfer of
electrons are indicated. Supply the products of the reactions.

e, CHy 4

) o] (b CH.—N:_HEC *
7 i :

1 oH, :

cH, :

O Co

=

CHCH,

3.4 Carbon, Nitrogen, Oxygen, Sulfur,
and Halogen Acids

A. Relative Acidities and Basicities across a Period
in the Periodic Table

‘The reactions of an organic compound as an acid depend on the case with which it
can lose a proton 10 4 base. The acidity of a hydrogen atom bound to a central atom
increases the further to the right the central atom s in any period of the periodic
table. Ethanc, in which the hydrogen atoms are bonded to carbon, is a vry weak
acid. The hydrogen atoms on the nitrogen atom of methylamine are more acidic
while the hydrogen atom bonded to the oxygen atom of methanol is even more

acidic
H
|
Heon
H
cthane methyla methunal

incraasing acidiey of hrogen bonded 1 carbon, nirogen, and ovvien

“The conjugate bases of ethane, methylamine, and methanol are shown below,

W " "
e
|
o W "
e i L

strongest buse of methylamine  methanol; weakest base
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relative basicities of the ethyl anion. the methylamide anion. and the
ide anion are related to the electronegativities of the carbon, nitrogen, and
n atoms. Carbon is less electronegative than nitrogen, which means that it
and holds the electrons around it less firmly than nitrogen does. For this rea-
.an ethyl anion is less stable relative to its conjugate acid, ethane, than methyl-
e anion is relative to methylamine. Similarly, because oxygen is more elec-
ive than nitrogen is. methoxide anion is more stable relative to methanol
thylamide is relative (0 methylamine. Any factor that stabilizes an anion
8 it basicity, making it less kel to he protonated to form its conjugate acid
ertions about acidity that depend on the concept of electronegativity can
made about species containing atoms from the same period of the periodic
Comparisons based on the electronegativity of atoms in different periods do
Atomic size becomes an important factor in comparing elements from

ent periods. as we will see in the next section.

3.8 Amange the species in each of the following sets in order of decreasing

HCH,, CH,OCH,  (b) NH, ,CH, .F ,OH" (¢} CHNCH,, CHO

the Periodic Table

reaction between methanol and hydroxide ion, equilibriam is reached when

atrations of hydroxide ion and methoxide ion are roughly equal. because

ciditie of methanol and water are similas. The substitution of 4 methyl group

ydrogen atom in the waier molecule does not greatly affect the acidity of the
xyl group.
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o et deiceney

methanol  hydroxide metboxide water

In the reaction of methanethiol with hydroxide fon, the equilibrium lies much
more 1o the right
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Deprotonation of a Thiol

i = i

H—C—§2H  :0—H = H—C—§~ H—O—H
| i |
H "

methanchiol | hydovide  methatbiokte  water

A hydrogen atom bonded 10 & sulfur atom is more acidic than one bonded 10 oxygen
and is transferred more completely 0 hydronide ion. Another way of describing the
same phenomenon s to say that the methanethiolate anion is a weaker base than hy-
droxide ion (or methoxide ion). Sulfur is below oxygen in the periodic table and is &
larger atom. Therefore, a negative charge on sulfur is more spread out—less con-
centrated at any one point in space.

The negative charge on a sulfur anion is more diffused than the negative charge
on oxygen. The sulfur anion is, therefore, more siable relative 1o its conjugate acid
than the oxygen anion is. The sulfur acid is more likely 1o lose its proton to the
base, hydroxide ion. In other words, methanethiol is a stronger acid than methanol,
and methanethiolate is @ weaker base than methoxide ion. A more stable anion cor-
responds 10 a weaker base, one that is less likely to be protonated to form its conju-
st acid. The relationships discussed above can be shown pictorially by drawing.
two diagrams showing the relative energies of the species involved in the two equa-
tions (Figure 3.1).

“The more stable a species is, the lower in energy it is. It appears lower on an
energy diagram than a less stable species, which has higher eneray. The energy dia-
gram for the reaction of methanol with hydroxide ion shows litle difference in en-
ergy between the reactants and the products in that reaction. There is a much larger
difference in energy between the reactants and the products when methanethiol and
hydroxide ion react. The products are much farther “downhill” in this case.

One of the reactants, hydroxide ion, and one of the products, water, are the
same for both reactions; therefore, we can use these energy diagrams 1o tell us
something about how each acid compares with its own conjugate base. Methanethi-
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Protonation reactions of alcohols, ethers, and Ketones yield oxonium ions,
which are acidic. Methyloxonium ion, the conjugate acid of methanol, has an
ity similar o that of the hydronium ion.
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Carbocations are strong Bronsted acids as well as Lewis ones (p. 79). The hy-
drogen atoms on the carbon atoms adjacent to the cationic carbon are acidic and
easily lost 1o bases, even weak bases such as waler.

CHCHCH, + H0 = CHCH—CH, + HO'

isopropylcation water propene  hydronium fon .
acid base conjusate buse of | conjase id
oprapylcation. o water

Problem 3.11 () Water s 4 Lewis basc as well as a Bronsted one. What other reaction
besides the one shown above is possible between a carbocation and water? Waite  mecha-
nism for the reaction using the curved-arrow notation

(b) The product of the reaction you wrole in part (&) s iself an acid. How will it react with
excess water?

Problem 3.12  Amange the species in each of the following sets in order of increasing
acidity

(@ CHCHOH,  CHCHCH,  CHCHNH,  CHCHSH

i o !
) CHOCH,  CHOCH,.  CHNHCH, @ CHNCH, | CHCHCH,  CHoCH,
)

Problem 3.13 Give the structural formula for the conjugate base of cach of the follow-
ing species.

¥
i :

@ CHE—OH (b CHCHCHSH @ CH.CH—Q—CHCH,
cH, H

s oo,
I [
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E. The Importance of Solvation in Acidity

The pK,, of an acid varies somewhat depending on the solvent in which it is dis-
solved and the temperature at which the determination is made. The importance of
the solvent has become much clearer since the development of mass spectrometers
(Chapter 11), instruments that allow chemists to study reactions in the gas phase.
For example, the proton-transfer reaction of acetic acid with water in the g

phase has been examined.

(6] (€]
I | - +
CH,COH(g) + H,0(g) = CH,CO(g) + H;0()
acetic acid water in acetate anion hydronium ion
in the gas the gas in the gas in the gas
phase phase phase phase
pk, 130

The pK, of acetic acid under these conditions is 130, indicating that it is enor
mously difficult to separate the negatively charged acetate ion from the positivelf
charged hydronium ion unless solvent molecules are present to stabilize the charged
particles. Clearly, the interaction of the solvent with the undissociated acid and wil
anions and cations that form on dissociation contributes significantly to the stabi
lization of the various species and, therefore, to the position of the equilibrium.

Such interactions are particularly important in water, which participates in ex
tensive hydrogen bonding (p. 31). When an acid is dissolved in water, the bonding
between the solvent molecules is disrupted, and new hydrogen bonds are formed
between water molecules and the solute particles. Large changes in the entropy ant
the enthalpy of the system occur. Experimentation has shown that such interactior
may be the most important factor in determining the relative acidities of closely
related compounds.

Section 3.6 will discuss the relative acidities of a series of acids and offer rati
nalizations for the trends observed. The language used here to talk about acidityi
used by chemists to correlate facts and predict reactivity in all areas of organ

chemistry.

3.6 The Effects of Structural Changes on Acidity

A. The Resonance Effect

Acetic acid is a typical member of the family of organic compounds kno
as the carboxylic acids (p. 54). Carboxylic acids, in which a hydroxyl groupi
bonded to the carbon of a carbonyl group, are much stronger acids than are ald
hols, in which the hydroxy!l group is bonded to an sp-hybridized carbon atom..
simple experimental observation illustrates the difference in acidity. When a ¢
boxylic acid is put into a solution containing bicarbonate ion, bubbles of carl

dioxide are seen.
carboxyl group carboxylate anion
? J (") /

CH,COH + HCO, —= CHCO™ + HCO, == HO + co, !

acetic acid bicarbonate acetate carbonic water carbon
pK, 4.8 anion anion acid dioxide
acid base conjugate pK, 65 bubbles

base of conjugate acid
acetic acid of bicarbonate
anion




[image: image19.jpg]When an alcohol is placed in a bicarbonate solution, there is no such evidence of re-
action. Ethanol is not a strong enough acid to protonate bicarbonate ion.

CH;CH,OH + HCO,” —— no bubbles
cthanol bicarbonate
anion

pK, 17
Acetic acid, pK, 4.8, on the other hand, is a stronger acid than carbonic acid,
H,COs, pK, 6.5, and protonates bicarbonate anion, the conjugate base of carbonic
acid. The stronger acid, acetic acid, transfers a proton to the conjugate base of the
weaker acid, carbonic acid. Carbonic acid is formed by dissolving carbon dioxide in
water: in the absence of external pressure (such as exists in capped bottles of soft
drink), bubbles of carbon dioxide can be seen whenever reactions lead to carbonic
acid.

The difference in the acidities of ethanol and acetic acid can be rationalized by
comparing the relative basicities of their conjugate bases. The conjugate base of
acetic acid, acetate anion, is a weaker base than ethoxide anion, the conjugate base
of ethanol. In the acetate anion, the negative charge is distributed equally between
the two oxygen atoms. This delocalization of charge (p. 83) by resonance stabilizes
the anion. An anion in which the charge is delocalized to two oxygen atoms is a
weaker base than one in which the charge is concentrated on a single oxygen atom,
as it is in the ethoxide anion.

CH,CH,—0+

ethoxide anion resonance contributors for the

N af i
charge localized on acetateranion

one oxygen atom charge delocalized to two oxygen atoms
less stable more stable
strong base weak base

In summary, one factor that affects the basicity of an anion and therefore the
acidity of its conjugate acid is whether there can be delocalization of charge over
several atoms by resonance. The resonance effect is used to account for part of the
observed difference of about 12 units between the pK, of ethanol and that of acetic
acid. It is a strong and important effect.

B. Inductive and Field Effects

Other structural features of acids also affect their acidity. For example, one of the
hydrogen atoms on the carbon atom attached to the carboxyl group of acetic acid
can be replaced by another group or atom. The carbon atom adjacent to a carboxyl
group is called the a-carbon of the acid, and the hydrogen atoms bonded to it are
the a-hydrogen atoms.

the carboxyl group

”
¢ i |
:I:; as—hydu gen C’
——H
the o-carbon

atom




[image: image20.jpg]Table 3.1 The Acidity of Substituted Carboxylic Acids Determined in Water at 25 °C

fluoroacetic acid

In the series of compounds shown in Table 3.1, an a-hydrogen atom in acetic
acid has been replaced in turn by a methyl group, a fluorine atom, a chlorine atom, a
bromine atom, and an iodine atom. The pK, values given indicate that acidity is de-
creased slightly by substitution of a methyl group but increased by substitution of a
halogen atom. Substitution by a fluorine atom at the a-carbon produces the greatest
increase in acidity. The acidity decreases as the substituted atom changes from
fluorine to chlorine to bromine to iodine.

The pK, values for another series of acids illustrate the effect of a halogen atom
that has been substituted farther and farther away from the carboxyl group (Table
3.2). Butanoic acid has an acidity very close to that of propanoic acid (see Table 3.1).

]
CH;CH,CH,COH CH,CH,COH
butanoic acid propanoic acid
pK,4.82 pK,4.87

Acidity does not change significantly with the size of the alkyl group attached to the
carboxyl group. A chlorine atom on the a-carbon atom increases the acidity of bu-
tanoic acid, but the effect falls off rapidly as the chlorine atom is moved farther
from the carboxyl group in 3-chlorobutanoic acid and still farther in 4-chlorobu-
tanoic acid.

Table 3.2 The Effect on Acidity (Determined in Water at 25 °C) of the Distance between the Substituent and the
Carboxyl Group

butanoic acid

~ 2-chlorobutanoic acid ~ CH,CH,CHCOH - . hlorob (}ZHYCHzCH,COH -





[image: image21.jpg]These data suggest that the acidity of an acid increases when electronegative
aoms are introduced into the molecule. The greater the electronegativity of the
substituent, the greater is the increase in acidity (see Table 3.1). This increase in
acidity also depends on the distance between the substituent and the carboxyl group
(see Table 3.2).

Chemists explain these facts in two ways. An electronegative substituent, such
as a chlorine atom, draws the electrons of the carbon—chlorine bond toward the
chlorine atom, creating an electron deficiency in that carbon atom and in neighbor-
ing carbon atoms. This effect results in a withdrawal of electron density from the
carboxyl group, which acts to stabilize the carboxylate anion. The carboxylate an-
ion becomes a weaker base; consequently, the corresponding conjugate acid is
stronger.

0 i
gHg—Ceo- (lefc—o-
a H

chloroacetate anion acetate anion
stabilized by the
inductive effect,
a weaker base
than acetate anion

The transmission of the effect of an electron-withdrawing (or electron-donating)
group through o bonds is called an inductive effect. It diminishes rapidly as the
number of bonds between the substituent and the carboxyl group increases.

The field effect arises in the bond dipole moments of a molecule and is trans-
mitted not through the bonds but through the environment around the molecule. For
example, chloroacetate ion is stabilized relative to acetate ion by the bond dipole of
the carbon—chlorine bond.

positive end of carbonchlorine

bond dipole interacts through
space with negative charge

on carboxylate group

H
L
=g/
.- \
Hd \«
H
=
2
chloroacetate anion acetate anion
the field effect; no additional stabilization
negative charge arises from the presence
on carboxylate group of polar bonds in the
is stabilized by the molecule; stronger base
positive end of the than chloroacetate anion

carbon—chlorine
bond dipole

Itis theorized that the positive end of the dipole of the carbon—chlorine bond in
chloroacetate anion interacts directly through space with the negative charge on the
carboxylate anion to reduce charge density at the carboxylate group. The effect of
the carbon—chlorine bond dipole on the carboxylate anion decreases as the distance
between the chlorine atom and the carboxylate group increases (see Table 3.2).

The inductive effect and the field effect operate in the same direction. Many in-
genious experiments have been devised to measure these effects separately. The
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most successful experiments indicate that the transmission of the effect through
space by interaction of bond dipoles is more important than the transmission of the
effect through bonds. Customarily, inductive effect is used to refer to the combina-
tion of both these effects.

Problem 3.23 Predict whether CF;CH,OH is more or less acidic than CH;CH,OH. Why?

Problem 3.24 100k up the pK, values for chloroacetic

|
chloroacetic acid, CI,CCOH, in the table of pK,, values. How
do you explain the data? Use structural formulas and energy

| |
acid, CICH,COH, dichloroacetic acid, CLLCHCOH, and tri- diagrams to illustrate your answer.

Other substituents that increase the acidity of carboxylic acids are the hydroxyl,
¢yano, and nitro groups (Table 3.3). In hydroxyacetic acid, the electronegative oxy-
gen atom substituted on the a-carbon atom reduces clectron density at the carboxy-
late anion, making it a weaker base in comparison with the unsubstituted acetate
ion. Consequently, hydroxyacetic acid is a stronger acid than acetic acid.

The cyano and nitro groups are strongly electron-withdrawing. Note that ni-
troacetic acid is a stronger acid than fluoroacetic acid (see Table 3.1) and cyano-
acetic acid is slightly stronger than fluoroacetic acid. The powerful electron-
withdrawing effects of these groups are rationalized by pointing to their electronic
structures. In each case, the atom attached to the a-carbon atom of the acid either
has a positive formal charge or has a positive charge in an important resonance con-
tributor. The presence of this partial positive charge in the substituent contributes to
the stabilization of the carboxylate anion.

Problem 3.25 Draw Lewis structures for cyanoacetic acid and nitroacetic acid (see
Table 3.3). Draw resonance contributors for them. Explain in each case why the substituent
increases the acidity of the acid over that of acetic acid, and also explain why nitroacetic acid.
is stronger than cyanoacetic acid.

In summary, an electron-withdrawing atom or group substituted on the alkyl
chain of a carboxylic acid stabilizes the corresponding carboxylate anion, thereby
increasing the acidity of the carboxylic acid. Tmportant electron-withdrawing groups
are the halogens, hydroxyl and ether groups, the cyano group, and the nitro group.

ithdrawing Groups on the Acidity of Carboxylic Acids





[image: image23.jpg]Problem 3.26 In Section 3.6A the argument was made that the difference in acidity be-
tween ethanol and acetic acid is due to resonance delocalization of the negative charge on
the acetate ion and the lack of such stabilization in the ethoxide ion. Chemists also rational-
ize the difference in acidity between the two compounds using inductive effects. To what
kind of carbon atom is the oxygen atom bonded in ethoxide ion and in acetate ion? On what
would such an argument be based? A review of Sections 1.9 and 2.8B will be helpful.

In water, propanoic acid is slightly weaker than acetic acid. The nature of the
inductive effect of an alkyl group is debated by chemists. Alkyl groups stabilize car-
bocations (p. 82) and in that role appear to be electron-releasing. They also in-
crease the basicity of amines (below), again suggesting that they are electron-
releasing. On the other hand, though tert-butyl alcohol (pK, 19) is a weaker acid
than ethanol (pK, 17) in water, it is a stronger acid in the gas phase. This experi-
mental observation suggests that alkyl groups can stabilize anions as well as cations
and that solyation plays an important role in determining relative acidities. Thus a
word of caution is necessary. The relative acidities on which the generalizations pre-
sented in this chapter are based were determined in water. In the gas phase, rever-
sals in the order of related compounds are often seen.

The models presented above, which rationalize acidity solely in terms of the
electronegativity of the substituents and of the polarization of bonds within mole-
cules, are too simple. Such models are retained, however, because they are enor-
mously useful in rationalizing a wide range of experimental observations and in
making predictions about reactivity in many different systems. Resonance effects
and inductive effects will be invoked frequently as we try to understand how the
structures of organic compounds determine their reactivity.
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