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Hammett Equation

» Describes a linear free energy relationship, relating reaction rates and equilibrium
constants
* Can be applied to many reactions involving benzoic acid derivatives with m-

and p- substituents Hammett constant or
/ substituent constant

log (%) =',?0x or log (:Z—Eg) = POy

Ideq Reaction
constant

* For any two reactions with two aromatic reactants only differing in the type of
substituent, the change in free energy of activation is proportional to the change
in Gibbs free energy

K,(H) is directly related to AG® via AG® = —2.303 - RT - logK,(H)
K,(X) is directly related to AG® via AG® = —2.303 - RT - logK,(X)
Ko(X) —AAG°

o(X) = log 315 = 2303RT
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Hammett Equation

* How does substituents affect the acidity?

©
o OH o (o)
AGO ®
H
Ka
X X

p pK, K, AG°
X= NH, less acidic 4.86 1.4 x10° 6.7 kcal/mol
CH, 4.34 4.3x107
H 4.20 6.3 x 10 5.8 kcal/mol
Cl 3.96 1.1 x10%
NO, more acidic 3.42 3.8x10*% 4.7 kcal/mol
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Hammett Equation

 Hammett’s Hypothesis

* Each substituent X has a characteristic free-energy differnece

K.(X)  AAGO(X)

log1o a(X)

K,(H) 2.303RT A
Hammett X G
Parameter E P~
NH, Ka(NH2)<Ka(H)
AAG°(X) = AG°(X) — AG°(H) o
H Deﬁngelgn
) Br /023%™ X=NO,
O0._OH 0._O NO, Ka(N94>Ka(H)
0 o
AG H® J AGO(NO,)
Ka -------------------------------- -
X X reaction coordinate

24.06.14



Hammett Equation

* Hammett’s Hypothesis

 The same constants o apply to other reactions

o)
OH
0
log —Ka x) po(X) A0
10 =
K,(H) Ka
X
I Ka(X) 0,3 1
29K, (H)
02 - = p=0.489
01 - "
-0,6 -0,4 -0,2 0,2 04 O 0,6
0,1 -
-0,2
-0,3 -
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Hammett Equation

 Hammett’s Hypothesis

* The same constants o apply to other reactions
CO,H

K, (X AGY
Ka((Hi = po(X) s

log1o

K,(X) 03 7 p =0.489

-0,6

-0,3 -
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Physical Meaning of o and p

Reaction constant p
* Isthe slope of the line, correlating log k or log K with o

e Signis an indicator whether a reaction is suppressed or accelerated by the
different substituents (EWG & EDG)

* p— indicates a suppression of the reaction by EWG
* Positive charge is build up at the reaction center in the TS (rds)

* p+indicates an acceleration of the reaction by EWG
* Negative charge is build at the reaction center in the TS (rds)

Substituent constant o

* Represents the electron attracting or repelling power of a substituent group

* quantitative measure of polar effects in any reaction given m- or p- substituents
relative to H

* oOpositiv: EWG (-1 & -R)

* oOnegative: EDG (+| & +R)
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Further Meaning of p

o
)l// H Ho —> @)J\ NH; p=0.12
X

Effects cancel each other out

\ Br OH )
» HOY — [jA Br p=-0.33
X

Effects cancel each other out

|
R X
| B ’ ©/\ ©  Eton p=2.07
/G
X

EWG Effects are superior compared to the EDG
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p is an Indicator for Mechanism

(o] i 0
@)‘\0« H*, H,O @)J\ ©)
_> O
X
X

j’\/\ - A,. mechanism
\Me * e going away
A @ from aromat
H » Increased by EDG

* pis negative

-2,2

-2,4

-2,6
log k
-2,8

p = -0.8248

-3,2

-3,4

65 °C in 100 % H,SO,, H[B(HSO,) /]

O Me [. A, mechanism

JA) . e going toward
Ar (0] Me
OX aromat
H » Increased by EWG

s pis positive

log k p=1.9922

0 °C in 99 % H,SO,
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p is an Indicator for Mechanism

Me O
_Me NaOH, H,O
125 °C
X Me p=1.26
(0
(\ Et NaOH,

(o) EtOH/H,0

NaOH,

Me O

X Me

-0,5 0 0,5 1

NO,

log k 125
-4 °C

p value is lower than in case of basic
hydrolysis of unsubstituted esters
Hydrolysis of sulfonic esters proceeds
with alkyl-oxygen fission
« p values of hydrolysis of 4X-2,6-
diemthylbenzoate and benzyl-
Sulfonic esters are close to each
other
« Same mechanism proposed
« Evidence via 80 studies
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Modification of the Equation

Rate
determing Nuc
step
Me fast Me A
Me |
=
X X X
e quinonoidal
® resonance
QL Me Me structure
“@ﬂﬂ\e < X through
¢ ® conjugated
L Jd  system
1 L3 L3 4 Ld Ld
m-substitution * , | p-substitution
*
* 2
-0,2 05 0,2 0,4 06 O%m 08 1
-1 6]
1,5 -0,4 1
-2 -2
-2,5 -3
-3 -4 2=0,76864
-3,5 -5
Log(k,/ko) Log(k,/k,)
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Modification of the Equation

Cl Nuc
Me Me
—_—
X

Hammett Equation
modified by Brown.

lo —ka(X)— ot
Thea() ~ "

X

O,," values close to Hammett s

values
» Just inductive effects of
substituents

0," values for EDG show a great
difference to Hammett o, values

due to through conjugation

o" is applayed to reactions where
a cation is developed

m-substituted

+

0,2 0,4 0,6 Om 0,8

. p-substituted

1,5 1 o,f 1
) P
-2,5 " +
red for o -3 red for o
-3 blue for o 4 blue for o
35 7 Log (k/k,) 5 - Log (k/ko)
The slopes are made from calculated values
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Meaning of p*

o)
Dimethyl
AN ketene R Et
O e ] 0t =-6.6
[ F Y
X X
Reaction center is on the ring
| Y HBR, XN BR,
( —> » p* = -0.49

X

Effects cancel out each other

®
N, \N=N\
R
e — N
[ Z I pT=2.
X

Cationic intermediate causes a positive value
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Modification of the Equation

H

H
AR QM0

e M.\H
® —_

<8 <
P Opno, = 2.77 - 0.78 = 2.16 calculated

3.52 observed.
0 pNo, = 3.52" 2771 =1.27

(Modificat'ion of the Hammet't\
equation

k

7
m
4
Q

6

0,8 -0,4 00 0,4 0,8 1,2

loc—=p~o~
\_ Sk, " Y,

pK, values of phenols also fit to o~
because with phenolate anion

appears a much greater through
conjugation

AP s

o A H
©) G ©) %)
O\N ~ o\ﬁ)@/

QL Qo
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Yukawa-Tsuno equation

Yukawa Tsuno Equation

ko
logk— =p-(c+rlo” —0))
0

T™S.

©)
o o
AN OH- A
| — ||
/P Y&~
X X
M
Me\ i e / \
HOIIIISIIIIIO \
05 Me -05 =X

enhanced resonance
parameter
more sensitive to
-
r>0 resonance ef fects

less sensitive to
r<o0 resonance effects

r -

separating influence of induction and
resonance on a reaction (distinguish normal

from enhanced resonance effects)

a5 7 _
a3
£
3 &
E >2< Msigmam
25 M sigmam
signf@gigma m
2 " ‘sgmaapn
sigmagigma p
15 X sigmap -
Yukawa Tsuno
1
@5 - =3
()]
02 () 02 Qs 05 o8 1 12
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Elucidation of Reaction Mechanisms

Cyclodehydration of 2-phenyltriarylcarbinols

K, +
~— 2 N
Ky
k-1 ROH + Ht =—== R*+H,0
K K
ROH, === R+ H;0 Syt 1
Ko
k

3
R* —— Product SgAr

1. X, Y, Zare different substituents

2. left side: EDG can stabilize the
carbo cation via resonance and/or
inductive effects, so k; is the rds.

3. right side: EWG promote the
electrophilic aromatic substitution,
so k, is the rds.

4. o* values because cation is the
reactant

™ 3+4logk/k,

1
-1,6 -1,2 08 20" 04 0 0,4
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Elucidation of Reaction Mechanisms

S)
AN
p-X-Ar~  “Br p-EDG-Ar/s

el ., Ar-p-EDG
p-X-AI’ BI" p'X'Ar/ IS/ p
Substrate like :
Product like
TS TS

Mechanism changes

%

®
SAr
Sy
Tod >/:

EDG EDG EDG

Br .Br SAr
Sp2
0
I
EWG Ar
EWG EWG

—_—> p-X-Ar/\S'

Ar-p-EDG

Concave Up

EDG EWG

S\2

-0,2

-0,35 -0,05 0,25 0,55 0,85

24.06.14
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Elucidation of Reaction Mechanisms

CHchzoAC
CH,CH,OTs OAc
@ TsOH
fo X OTs
X X X CH,CH,0Ac CH,CH,

Lo -

3  EWG support S,2

mechanism since cations
EDG can not be stabelized

-z * EDG promote the S,1

3 mechanism

E; * No Elimination product

> due to “internal return”

-6

-0,6 -0,4 -0,2 0 © 0,2 0,4 0,6 0,8 1
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Concave downwards:
* Indicator for change in rate determining step

* Mechanism is not influenced

Concave upwards:
* Indicator for change in mechanism
 The new pathway must be faster than the
original, otherwise the original pathway
stays dominant
» The faster pathway causes an upward

curving deviation

-0,6

-0,4 -0,2

0

faster

0,2 04 0,6

0,8
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Thank you for your attention
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