2.4 Resonance 43

Resonance

Most substances can be represented without difficulty by the Kekulé line-
bond structures we’ve been using up to this point, but an interesting problem
sometimes arises. Look at the acetate ion, for instance. When we draw a line-
bond structure for acetate, we need to show a double bond to one oxygen and
a single bond to the other. But which oxygen is which? Should we draw a dou-
ble bond to the “top” oxygen and a single bond to the “bottom” oxygen or
vice versa?

Double bond to this oxygen?
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Acetate ion Or to this oxygen?

Although the two oxygen atoms in the acetate ion appear different in
line-bond structures, experiments show that they are equivalent. Both
carbon-oxygen bonds, for example, are 127 pm in length, midway between
the length of a typical C—0O bond (135 pm) and a typical C=0 bond (120 pm).
In other words, neither of the two structures for acetate is correct by itself. The
true structure is intermediate between the two, and an electrostatic potential
map shows that both oxygen atoms share the negative charge and have equal
electron densities (red).
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Acetate ion—two resonance forms

The two individual line-bond structures for acetate are called resonance
forms, and their special resonance relationship is indicated by the double-
headed arrow between them. The only difference between resonance forms is the
placement of the m and nonbonding valence electrons. The atoms themselves
occupy exactly the same place in both resonance forms, the connections
between atoms are the same, and the three-dimensional shapes of the reso-
nance forms are the same.

A good way to think about resonance forms is to realize that a substance like
the acetate ion is no different from any other. Acetate doesn’t jump back and
forth between two resonance forms, spending part of the time looking like
one and part of the time looking like the other. Rather, acetate has a single
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44 CHAPTER 2 Polar Covalent Bonds; Acids and Bases

unchanging structure that is a resonance hybrid of the two individual forms
and has characteristics of both. The only “problem” with acetate is that we can’t
draw it accurately using a familiar line-bond structure. Line-bond structures just
don’t work well for resonance hybrids. The difficulty, however, lies with the
representation of acetate on paper, not with acetate itself.

Resonance is an extremely useful concept that we’ll return to on numer-
ous occasions throughout the rest of this book. We’ll see in Chapter 15, for
instance, that the six carbon-carbon bonds in so-called aromatic compounds,
such as benzene, are equivalent and that benzene is best represented as a
hybrid of two resonance forms. Although an individual resonance form seems
to imply that benzene has alternating single and double bonds, neither form
is correct by itself. The true benzene structure is a hybrid of the two individ-
ual forms, and all six carbon-carbon bonds are equivalent. This symmetrical
distribution of electrons around the molecule is evident in an electrostatic
potential map.
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Benzene (two resonance forms)

2.5 Rules for Resonance Forms

When first dealing with resonance forms, it’s useful to have a set of guidelines
that describe how to draw and interpret them.

Rule 1 Individual resonance forms are imaginary, not real. The real structure is a
composite, or resonance hybrid, of the different forms. Species such as the
acetate ion and benzene are no different from any other. They have single,
unchanging structures, and they do not switch back and forth between reso-
nance forms. The only difference between these and other substances is in the
way they must be represented on paper.

Rule 2 Resonance forms differ only in the placement of their = or nonbonding
electrons. Neither the position nor the hybridization of any atom changes
from one resonance form to another. In the acetate ion, for example, the
catbon atom is sp2-hybridized and the oxygen atoms remain in exactly
the same place in both resonance forms. Only the positions of the 7 electrons
in the C=0 bond and the lone-pair electrons on oxygen differ from one form

Key IDEAS » to another. This movement of electrons from one resonance structure to
Test your knowledge of Key another can be indicated by using curved arrows. A curved arrow always indi-
Ideas by using resources in cates the movement of electrons, not the movement of atoms. An arrow shows that

Th NOW or b i . .
eng_’;‘f_‘;ﬂapte, grrob\feargzv:f:rﬂgd a pair of electrons moves from the atom or bond at the tail of the arrow to the

with A. atom or bond at the head of the arrow.
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2.5 Rules for Resonance Forms 45

The red curved arrow indicates that a lone

pair of electrons moves from the top oxygen The new resonance form
atom to become part of a C=0 bond. has a double bond here...
H Ot H \:o:
\ / \ 7
H H :0: H H :Q:_
Simultaneously, two electrons from the and has a lone pair
C=0 bond move onto the bottom of electrons here.

oxygen atom to become a lone pair.

The situation with benzene is similar to that with acetate. The 7 electrons
in the double bonds move, as shown with curved arrows, but the carbon and
hydrogen atoms remain in place.

i i
H\C4\C]\C/H H\C/C%C/H
| I — I |
H/C%c/C\H H/C\Cé SH
| |
H H

Rule 3 Different resonance forms of a substance don’t have to be equivalent.
For example, we'll see in Chapter 22 that a compound such as acetone, which
contains a C=0 bond, can be converted into its anion by reaction with a strong
base. The resultant anion has two resonance forms. One form contains
a carbon-oxygen double bond and has a negative charge on carbon; the other
contains a carbon-carbon double bond and has a negative charge on oxygen.
Even though the two resonance forms aren’t equivalent, both contribute to the
overall resonance hybrid.

This resonance form has the This resonance form has the
negative charge on carbon. negative charge on oxygen.
)
I . | |
/\ /\ | /\ | /\
H HH H H H H H H H
Acetone

Acetone anion
(two resonance forms)

When two resonance forms are nonequivalent, the actual structure of the
resonance hybrid is closer to the more stable form than to the less stable form.
Thus, we might expect the true structure of the acetone anion to be closer to the
resonance form that places the negative charge on an electronegative oxygen
atom than to the form that places the charge on a carbon atom.
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46 CHAPTER 2 Polar Covalent Bonds; Acids and Bases

Rule 4

Rule 5

2.6

Thomson Click Organic
Interactive to use an online
palette to practice drawing
resonance forms.

Resonance forms obey normal rules of valency. A resonance form is like any
other structure: the octet rule still applies to main-group atoms. For example,
one of the following structures for the acetate ion is not a valid resonance form
because the carbon atom has five bonds and ten valence electrons:

H 2:6; H 0: _ 10electrons on
\ / / this carbon
VRN /C \\/
H H :0: H H :0:
Acetate ion NOT a valid

resonance form

The resonance hybrid is more stable than any individual resonance form.
In other words, resonance leads to stability. Generally speaking, the larger the
number of resonance forms, the more stable a substance is because electrons are
spread out over a larger part of the molecule and are closer to more nuclei. We'll
see in Chapter 15, for instance, that a benzene ring is more stable because of
resonance than might otherwise be expected.

Drawing Resonance Forms

Look back at the resonance forms of the acetate ion and the acetone anion
shown in the previous section. The pattern seen there is a common one that
leads to a useful technique for drawing resonance forms. In general, any three-
atom grouping with a p orbital on each atom has two resonance forms.

v, ’\v T oew
e e

Multiple bond

The atoms X, Y, and Z in the general structure might be C, N, O, P, or S, and the
asterisk (*) might mean that the p orbital on atom Z is vacant, that it contains a
single electron, or that it contains a lone pair of electrons. The two resonance
forms differ simply by an exchange in position of the multiple bond and the
asterisk from one end to the other.

By learning to recognize such three-atom groupings within larger structures,
resonance forms can be systematically generated. Look, for instance, at the
anion produced when H* is removed from 2,4-pentanedione by reaction with
a base. How many resonance structures does the resultant anion have?

Base
_—

2,4-Pentanedione
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2.6 Drawing Resonance Forms 47

The 2,4-pentanedione anion has a lone pair of electrons and a formal nega-
tive charge on the central carbon atom, next to a C=0 bond on the left. The
O=C—C:~ grouping is a typical one for which two resonance structures can be
drawn.

Lone pair of
electrons —

Double bond \(‘3‘ / ?_/ Double bond
c\f%

HzC™ |
H

Just as there is a C=0 bond to the left of the lone pair, there is a second C=0
bond to the right. Thus, we can draw a total of three resonance structures for the
2,4-pentanedione anion.

o: Q'd:_ o) :0:
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WORKED EXAMPLE 2.2 Drawing Resonance Forms for an Anion

Draw three resonance forms for the carbonate ion, CO32~.

—e \6__ Carbonate ion

Strategy Look for one or more three-atom groupings that contain a multiple bond next to an
atom with a p orbital. Then exchange the positions of the multiple bond and the
electrons in the p orbital. In the carbonate ion, each of the singly bonded oxygen
atoms with its lone pairs and negative charge is next to the C=0 bond, giving the
grouping O=C—-0:".

Solution Exchanging the position of the double bond and an electron lone pair in each group-
ing generates three resonance structures.

Three-atom groupings

P A VAN
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48 CHAPTER 2 Polar Covalent Bonds; Acids and Bases

WORKED EXAMPLE 2.3 Drawing Resonance Forms for a Radical

Draw three resonance forms for the pentadienyl radical. A radical is a substance that
contains a single, unpaired electron in one of its orbitals, denoted by a dot (-).

Unpaired electron

|
H\C4C\C4C\é/H Pentadienyl radical

Strategy Find the three-atom groupings that contain a multiple bond next to a p orbital.

Solution The unpaired electron is on a carbon atom next to a C=C bond, giving a typical

three-atom grouping that has two resonance forms.

Three-atom grouping
—

 mt—
b b
\|C¢C\(|:4C\Ci/H — H\?4C\'|/C§|/H
H H H H H H

In the second resonance form, the unpaired electron is next to another double
bond, giving another three-atom grouping and leading to another resonance form.

Three-atom grouping

I I~
T T
H\C¢C\ /C%C/H - H\(.:/C% /C%C/H
I I I I I I
H H H

Thus, the three resonance forms for the pentadienyl radical are:

H H H H H

H
| | | | | |
R S T
H H H H H H H H H

Problem 2.10 | Draw the indicated number of resonance forms for each of the following species:

(a) The methyl phosphate anion, CH3OPO32_ 3)
(b) The nitrate anion, NO3~ (3)

(¢) The allyl cation, H,C=CH—CH," (2)

(d) The benzoate anion (4)

COy™
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