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3.5: SUBSTITUENT EFFECTS IN SUBSTITUTED AROMATIC RINGS

40 OBJECTIVES

After completing this section, you should be able to

1. describe the two ways in which a substituent influences the electrophilic substitution of a monosubstituted aromatic compound.

2. classify each of the following substituents as being either activating or deactivating with respect to electrophilic aromatic
substitution: —NH,, —OH, —NHR, —NR,, —OR, —NHCOR, alkyl (R), phenyl, R3N+, —NO,, —CN, —COR, —CO,H, —CO,R,
—CHO, halogens.

3. list a given series of substituents (selected from those given in Objective 2) in order of increasing or decreasing ability to activate or
deactivate an aromatic ring with respect to electrophilic substitution.

4. explain, in general terms, the factors that determine whether a given substituent will activate or deactivate an aromatic ring with
respect to electrophilic substitution.

5. list a given series of aromatic compounds in order of increasing or decreasing reactivity with respect to electrophilic substitution.

6. explain the inductive effects displayed by substituents such as nitro, carboxyl, alkyl and the halogens during electrophilic aromatic
substitution reactions.

7. explain the resonance effects displayed by substituents such as nitro, carbonyl-containing, hydroxy, alkoxy and amino groups during
electrophilic aromatic substitution reactions.

Make certain that you can define, and use in context, the key terms below.

¢ inductive effect
e resonance effect

X STUDY NOTES

On reading Objective 2 students may exclaim “How am I ever going to memorize all of this!”—or words to that effect. The answer is
that if you are trying to memorize such things, you are taking the wrong approach to organic chemistry. What you should be doing is
trying to understand the factors that determine whether a given substituent will activate or deactivate a benzene ring with respect to
electrophilic substitution.

You may wish to review earlier material on to the inductive effect. If so, refer to Sections 2.1, 7.9 (paying particular attention to the
“Study Notes”) and 14.5.

Note that one argument sometimes used to explain the ability of alkyl groups to donate electrons inductively to an aromatic ring is that
sp?-hybridized carbon atoms are more electronegative than sp3-hybridized carbon atoms. Thus, a sigma bond between sp?- and
sp3-carbon is slightly polarized, as follows:
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When substituted benzene compounds undergo electrophilic substitution reactions of the kind discussed above, two related features must
be considered:

L. The first is the relative reactivity of the compound compared with benzene itself. Experiments have shown that substituents on a benzene
ring can influence reactivity in a profound manner. For example, a hydroxy or methoxy substituent increases the rate of electrophilic
substitution about ten thousand fold, as illustrated by the case of anisole in the virtual demonstration (above). In contrast, a nitro substituent
decreases the ring's reactivity by roughly a million. This activation or deactivation of the benzene ring toward electrophilic substitution
may be correlated with the electron donating or electron withdrawing influence of the substituents, as measured by molecular dipole
moments. In the following diagram we see that electron donating substituents (blue dipoles) activate the benzene ring toward electrophilic
attack, and electron withdrawing substituents (red dipoles) deactivate the ring (make it less reactive to electrophilic attack).
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The influence a substituent exerts on the reactivity of a benzene ring may be explained by the interaction of two effects:

The first is the inductive effect of the substituent. Most elements other than metals and carbon have a significantly greater electronegativity
than hydrogen. Consequently, substituents in which nitrogen, oxygen and halogen atoms form sigma-bonds to the aromatic ring exert an
inductive electron withdrawal, which deactivates the ring (left-hand diagram below).

The second effect is the result of conjugation of a substituent function with the aromatic ring. This conjugative interaction facilitates
electron pair donation or withdrawal, to or from the benzene ring, in a manner different from the inductive shift. If the atom bonded to the
ring has one or more non-bonding valence shell electron pairs, as do nitrogen, oxygen and the halogens, electrons may flow into the
aromatic ring by p-m conjugation (resonance), as in the middle diagram. Finally, polar double and triple bonds conjugated with the benzene
ring may withdraw electrons, as in the right-hand diagram. Note that in the resonance examples all the contributors are not shown. In both
cases the charge distribution in the benzene ring is greatest at sites ortho and para to the substituent.

In the case of the nitrogen and oxygen activating groups displayed in the top row of the previous diagram, electron donation by resonance
dominates the inductive effect and these compounds show exceptional reactivity in electrophilic substitution reactions. Although halogen
atoms have non-bonding valence electron pairs that participate in p-m conjugation, their strong inductive effect predominates, and
compounds such as chlorobenzene are less reactive than benzene. The three examples on the left of the bottom row (in the same diagram)
are examples of electron withdrawal by conjugation to polar double or triple bonds, and in these cases the inductive effect further enhances
the deactivation of the benzene ring. Alkyl substituents such as methyl increase the nucleophilicity of aromatic rings in the same fashion as
they act on double bonds.
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EXERCISES

? EXERCISE 3.5.1

Draw the resonance structures for benzaldehyde to show the electron-withdrawing group.
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? EXERCISE 3.5.2

Answer

Draw the resonance structures for methoxybenzene to show the electron-donating group.
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