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5.1: Correlations of Structure with Reactivity of Aromatic Compounds

This section is concerned with the quantitative correlation of reaction rates and equilibria of organic reactions with the structure of
the reactants. We will restrict the discussion to benzene derivatives. The focus is on a remarkably simple treatment developed by L.
P. Hammett in 1935, which has been tremendously influential. Hammett's correlation covers chemical reactivity, spectroscopy and
other physical properties, and even the biological activity of drugs. Virtually all quantitative treatments of reactivity of organic
compounds in solution start with the kinds of correlations that are discussed in this section.

5.1.1: The Hammett Equation

If we compare the acid strengths (K,) of a series of substituted benzoic acids with the strength of benzoic acid itself (Table 26-4),
we see that there are considerable variations with the nature of the substituent and its ring position, ortho, meta, or para. Thus all
three nitrobenzoic acids are appreciably stronger than benzoic acid in the order ortho >> para > meta. A methoxy substituent in the
ortho or meta position has a smaller acid-strengthening effect, and in the para position decreases the acid strength relative to
benzoic acid. Rate effects also are produced by different substituents, as is evident from the data in Table 26-5 for basic hydrolysis
of some substituted ethyl benzoates. A nitro substituent increases the rate, whereas methyl and methoxy substituents decrease the
rate relative to that of the unsubstituted ester.

Table 26-4: Dissociation Constants (10_5 X Ka) of Some Substituted Benzoic Acids in Water at 25°
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R H CH,3 0OCH, F Cl NO,
ortho 6.27 12.3 8.06 541 114 671
meta 6.27 535 8.17 13.6 148 321
para 6.27 4.24 3.8 7.22 10.5 37.0

Table 26-5: Specific Rate Constants® for Alkaline Hydrolysis of Some Substituted Ethyl Benzoates in 85% Ethanol-Water Solution
at 30°
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R H CH, OCH, F Cl NG,

artho 81.7 158 462 267 912
meta 81.7 57.7 605 5180
para 81.7 38.2 175 251 353 8480

105, liter mole™ sec™.

Figure 26-3). The linear correlation for meta and para substituents is observed for the rates or equilibrium constants for many other
reactions. For example, straight lines are obtained on plotting log K for the dissociation of phenylethanoic acids (meta- and para-

@
RC H,CH,CO,H) against log K’ for the dissociation of phenylammonium ions (meta- and para-RCH,NI,), or against log k
for the rate of hydrolysis of phenylmethyl halides (meta- and para-RCzH,CH,X).
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Figure 26-3: Plot of log 10° K, for the dissociation of substituted benzoic acids in water at 25° against log 10° k for the rates of
alkaline hydrolysis of substituted ethyl benzoates in 85% ethanol-water at 30°.
The straight line in Figure 26-3 can be expressed conveniently by Equation 26-3, in which the two variables are log k and log K,
the slope of the line is p, and the intercept is C":

logk=plog K+C (26-3)
For the particular case for which the ring substituent is hydrogen (R=H), Equation 26-3 becomes
log kg =plog Ky +C (26-4)

in which K is the dissociation constant of benzoic acid and ky is the rate of hydrolysis of ethyl benzoate. Subtracting Equation 26-
4 from Equation 26-3 we obtain

k K
log — =plog — 26-b
8 ~Plos (26-5)
This equation could be tested on the ratios of any rates or equilibrium constants, but it is convenient to reserve log (K/K) for the
dissociation of benzoic acids in water at 25° (Table 26-4) and correlate the rate or equilibrium constants for all other processes with
log (K/Kj). The common procedure is to rewrite Equation 26-5 as Equation 26-6:

k
log — =po (26-6)
ko
in which o is defined as:
K
o = IOg FO (26—7)

Equation 26-6 is known as the Hammett equation, but before we discuss its general applications, it will be helpful to say more
about the o term in Equation 26-7.

The relative strength of a substituted benzoic acid and hence the value of o depends on the nature and position of the substituent in
the ring. For this reason, o is called the substituent constant. Table 26-6 lists several substituent constants and these will be seen
to correspond to the polar character of the respective substituents. Thus the more electron-attracting a substituent is, by either
resonance or induction, the more acid-strengthening it is, and the more positive is its o value (relative to H as 0.000). Conversely,
the more strongly a substituent donates electrons by resonance or induction, the more negative is its o value. We expect that among
the more electron-attracting and electron-donating substituents will be those with electric charges, positive and negative
respectively. Indeed, a diazonium group (—N;) in the para position has a very large o value of +1.91, whereas a para —O° group
has a o value of -1.00. In general, meta o constants correspond to the inductive effect of the substituent while the para ¢ constants
represent the net influence of inductive and resonance effects. If there is a substantial resonance effect, and it and the inductive
effect operate in the same direction, op,ra Will have a considerably greater magnitude than omets. The converse will be true if the
resonance and inductive effects operate in opposite directions.

Table 26-6: Hammett Substituent Constants
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Substituent Meta Para Substituent Meta Para
o® 071 —1.00 F +0.34 +0.06
OH +0.12 —037 cl +037 +0.23
OCH, +0.12 —027 COo,H +036 +0.41
NH, —0.16 066 COCH, +0.38 +0.50
CH, -0.07 —0.17 CF, +0.43 +0.54
(CHg),Si —0.04 0.07 NO, +0.71 +0.78
CiHs +0.06 —0.01 (CHa)sN® +0.88 +0.82
H 0.00 0.00 NST +1.76 +1.91
SH +0.25 +0.15 (CHy),5? +100 +0.90
SCH, +0.15 0.00

Figure 26-4, which shows plots of log (k/ko) or of log (K /Ko) against o for several different reactions. For the examples given,
the fit to the Hammett equation is fair. A number of p values (slopes) are listed separately in Table 26-7. It can be seen that p
values vary with the type of reaction and are appropriately called reaction constants. However, the real significance of p is that it
measures the sensitivity of the reaction to the electrical effects of substituents in meta and para positions. A large p constant,
positive or negative, means a high sensitivity to substituent influences. Reactions that are assisted by high electron density at the
reaction site characteristically have negative p values (e.g., Reaction 15, Table 26-7), whereas reactions that are favored by
withdrawal of electrons from the reaction site have positive p values (e.g., Reaction 16, Table 26-7).

: 25°

@ ROH—NHE + H,0 === RGCeH,—NH, + H0%

GH,CO,H, 357
CH,COZ

C:HsOH
42.5°

A RC¢H,—COCH,; + Br,

RCeH,—OC.H; + 12

B RC,H,—0% + CH

AC:H,— COCH,Br + HBr
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No. Equilibria o
H,0 o
1 RCH,—COH ? RCyH,—C0,2 + HE 100
HO P
2 RCH—CHCOH = RGeH,—CH.CO.Z + 1P 0.49
@ o @
3 RC.H,—NH, o A, H,—NH, + H® 277
95%
HyOH
4 RCH,—CHOC + HCN C’iv RCyH,—CH(OHICN 148
5 RCyH,—OH ‘;"?{?7 HCGH‘—O:E-\- +HE o1
No. Feaction rates o

85%

6  RC.H—COCiH, + OHE % AC,H—CO0.2 + C,H,0H 243
HE
7 RC:H,—CO.H + CH,OH 25? RCyH,—CO,CH, + H,0 —0.23
8 RCyH.—OH + GyH,COCI 22 s ACH,—OCOG,H, + HCI 0.56
9 RCH—O + Cyblyl C‘Ssﬂ- RCyH,—OC;H, + 1€ -0.99
10 RCH—CH,CI +OH 0. ReH,—cH,0H + C° -0.33
ﬂB‘-k.
1 RCH—CHCI + 1,0 2O, o, .01 + Hel 218
/J_\ o A
12 A~ Scr—ca+cron 2 a— Voo 4 Ho —5.08
A= | — |
¢ OGH,
13 AGYH,—NH, + GiH,COC! -~ AG,H,—NHOOG,H, + HO! ~2.78
14 RGH,—~COCH, + Br, SHCOM 35 e 1 COGH,Br + Har .42
cHCo,®
16 RCyH—H +NO® LIWEAD, ey o, + 1@ 593
e —, - PR oy
6 \f\,—nv P YT n—{/ N Y Her 492
— \_’/ — !
= \=(
NO, O,

Usually, p for a given reaction is influenced by conditions such as the temperature and composition of the solvent. However, the
changes normally are not large unless an actual change in mechanism occurs with a change in the reaction conditions.

5.1.2: Scope of the Hammett Equation

The Hammett treatment provides a correlation of much experimental data. Tables 26-6 and 26-7 contain 38 substituent constants
and 16 reaction constants. This means that we can calculate relative k or K values for 608 individual reactions. To illustrate, let us
suppose that we need to estimate the relative rates of Reaction 16 of Table 2-7 for the para-substituents R = OCH; and R = CF;.
According to the p value of 4.92 for this reaction and the o values of p-OCH, and p-CF; in Table 26-6, we may write

kP-CF3

k
g % =492 x (-0.27) , and log ==+ =4.92 x (0.54) (5.1.1)

Subtracting these two equations gives the result:

This then is a rate ratio of 1/10,000. If we have a further table of the sixteen kg or K values for the reactions listed in Table 26-7,
we can calculate actual k or K values for 608 different reactions. It should be recognized that neither Table 26-6 nor Table 26-7 is
a complete list; at least 80 substituent constants® and several hundred p constants are now available.

The Hammett relationship formalizes and puts into quantitative terms much of the qualitative reasoning we have used for reactions
involving aliphatic, alicyclic, and aromatic compounds. Considerable effort has been made to extend the Hammett idea to cover
reactions other than of meta- and para-substituted benzene derivatives, but these will not be discussed here.!

5.1.3: Limitations of the Hammett Equation

The effects of substituents in ortho positions on the reactivity of benzene derivatives do not correlate well with the Hammett
equation, as can be seen in Figure 26-3. The problem is that ortho substituents are close enough to the reaction site to exert
significant "proximity" effects, which may be polar as well as steric in origin. Thus the enhanced acid strength of 2-nitrobenzoic
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acid over the 3- and 4-isomers (see Table 26-4) may be due to a polar stabilization of the acid anion by the neighboring positive
nitrogen, which of course is not possible with the 3- and 4-isomers:

0o

Q C‘K Z-nitrobenzoate ion
L
@ 0o

Iy R

.
\\ attraction between negative
oxygen and positive nitrogen

,'7 = )

=20 040

In contrast, the slower rate of alkaline hydrolysis of ethyl 2-nitrobenzoate than of its 3- and 4-isomers is more likely due to a steric
hindrance effect of the 2-nitro group (see Table 26-5):

-0
Q& oem Qom0
OCH, CDH \0’9

NO, NO,
“s‘ter\c hindrance
Because the effect of steric hindrance on different types of reactions is not expected to be the same, a given substituent is unlikely
to exert the same relative steric effect in one reaction as in another. Consequently we cannot hope to find a very simple relationship
such as the Hammett equation that will correlate structure and reactivity of ortho-substituted compounds.

The Hammett equation also fails for open-chain aliphatic derivatives. For example, there is no simple linear relationship between
log K for a series of substituted ethanoic acids (RCH,CO,H) and log k for the hydrolysis rates of similarly substituted ethyl
ethanoates (RCH2CO2CZH5). The freedom of motion available to a flexible open-chain compound permits a much wider range
of variations in steric effects than for meta- and para-substituted aromatic compounds.

The Hammett equation sometimes fails for meta- and para-substituted aromatic compounds. This failure may be expected
whenever the opportunity arises for strong electron delocalization between the substituent and the reaction site. Generally, reactions
that are strongly assisted by donation of electrons to the reaction site, as in Sy1 reactions and electrophilic aromatic substitution,
will be facilitated by electron-delocalization effects of substituents with unshared electron pairs adjacent to the aromatic group
(e.g., —OCH,, —OH, —O°, —NH,, and —Cl). Such reactions generally give a poor Hammett correlation. Thus a diphenylmethyl
chloride with one 4-methoxy group solvolyzes in ethanol at 25° at a rate much faster than predicted by the Hammett equation,
because of the resonance stabilization provided by the substituent to the intermediate carbocation:

CH.;O'A@CHC..,HE — CH.,O'GCHCRHA —> etc,

important
VB structure

The same type of stabilization by a 4-methoxy group does not appear to be important in influencing the ionization of 4-

methoxybenzoic acid.
gy o // 7 i
CHO cn wnimpotant ve

Similarly, those reactions that are strongly assisted by withdrawal of electrons from the reaction site, such as nucleophilic aromatic
substitution, give a poor fit to a Hammett plot for the substituents that are capable of withdrawing electrons by delocalization (
—NO,, fN; ,—C =N, and so on). An example is Reaction 16 in Table 26-7. To correlate reactivity data with structures where
strong resonance effects operate, different sets of substituent constants are required.!

1J. Hine, Structural Effects on Equilibria in Organic Chemistry, Wiley-Interscience, New York, 1975, p. 65. This book offers a
very broad coverage of quantitative correlations of substituent effects on processes as diverse as radical formation and rates of
rotation around single C—C bonds.

5.1.4: Contributors and Attributions

John D. Robert and Marjorie C. Caserio (1977) Basic Principles of Organic Chemistry, second edition. W. A. Benjamin, Inc. ,
Menlo Park, CA. ISBN 0-8053-8329-8. This content is copyrighted under the following conditions, "You are granted permission
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for individual, educational, research and non-commercial reproduction, distribution, display and performance of this work in any
format."

This page titled 5.1: Correlations of Structure with Reactivity of Aromatic Compounds is shared under a not declared license and was authored,
remixed, and/or curated by [L.ayne Morsch.

¢ 26.6: Correlations of Structure with Reactivity of Aromatic Compounds by John D. Roberts and Marjorie C. Caserio is licensed CC BY-
NC-SA 4.0.
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