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• Describes	  a	  linear	  free	  energy	  rela/onship,	  rela/ng	  reac/on	  rates	  and	  equilibrium
constants

• Can	  be	  applied	  to	  many	  reac/ons	  involving	  benzoic	  acid	  deriva/ves	  with	  m-‐	  
and	  p-‐	  subs0tuents

!"# !!(!)
!!(!)

= !!! !!!or!!!!"# !!(!)
!!(!)

= !!! !

Idea	  
• For	  any	   two	   reac/ons	  with	   two	  aroma/c	   reactants	   only	   differing	   in	   the	   type	  of

subs/tuent,	  the	  change	  in	  free	  energy	  of	  ac/va/on	  is	  propor/onal	  to	  the	  change
in	  Gibbs	  free	  energy

!!(!)!!"!!"#$%&'(!!"#$%"&!!"!∆!!!!"#!∆!! = −2.303 ∙ !" ∙ !"#!!(!)!
!! ! !!"!!"#$%&'(!!"#$%"&!!"!∆!!!!"#!∆!! = −2.303 ∙ !" ∙ !"#!! ! !

! ! = !"# !!(!)!!(!) =
−ΔΔ!!
2.303!"!

Reaction 
constant 

Hammett constant or 
substituent constant 
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• How	  does	  subs/tuents	  affect	  the	  acidity?	  

OHO

X

OO

X

ΔG0

Ka
H

p	   pKa Ka ΔG0

X=	   NH2 less	  acidic	   4.86	   1.4	  x	  10-‐5	   6.7	  kcal/mol	  

CH3	   4.34	   4.3	  x	  10-‐5	  

H	   4.20	   6.3	  x	  10-‐5	  	   5.8	  kcal/mol	  

Cl	   3.96	   1.1	  x	  10-‐4	  

NO2 more	  acidic	   3.42	   3.8	  x	  10-‐4	   4.7	  kcal/mol	  
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•  HammeD‘s	  Hypothesis	  
•  Each	  subs/tuent	  X	  	  has	  a	  characteris/c	  free-‐energy	  differnece	  

log!"
!! !
!! ! = ∆∆!! !

2.303!" = ! ! !
Hammett..!!
Parameter!

!
∆∆!! ! = ∆!!(!)− ∆!!(!)!

ΔG0(NO2) 

ΔG0(H) 

X=H 

X=NO2 

E 

reaction coordinate 

OHO

X

OO

X

ΔG0

Ka
H

X	   σp	  

NH2	   -‐0.66	   Ka(NH2)<Ka(H)	  

H	   0	   Defini0on	  

Br	   0.23	  

NO2	   0.78	   Ka(NO2)>Ka(H)	  
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• HammeD‘s	  Hypothesis	  
• The	  same	  constants	  σ	  apply	  to	  other	  reac/ons	  

log!"
!! !
!! ! = !" ! !

X X

ΔG0

Ka
H

O

OOH

O

ρ	  =	  0.489	  

-‐0,3	  

-‐0,2	  

-‐0,1	  

0	  

0,1	  

0,2	  

0,3	  

-‐0,6	   -‐0,4	   -‐0,2	   0	   0,2	   0,4	   0,6	  σ	
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•  HammeD‘s	  Hypothesis	  
•  The	  same	  constants	  σ	  apply	  to	  other	  reac/ons	  

log!"
!! !
!! ! = !" ! !

ρ	  =	  0.212	  

ρ	  =	  0.489	  

-‐0,3	  

-‐0,2	  

-‐0,1	  

0	  

0,1	  

0,2	  

0,3	  

-‐0,6	   -‐0,4	   -‐0,2	   0	   0,2	   0,4	   0,6	  σ	


X X

ΔG0

Ka
H

CO2H CO2
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Reac'on	  constant	  ρ	

• Is	  the	  slope	  of	  the	  line,	  correla/ng	  log	  k	  or	  log	  K	  with	  σ	

• Sign	  is	  an	  indicator	  whether	  a	  reac/on	  is	  suppressed	  or	  accelerated	  by	  the	  

different	  subs/tuents	  (EWG	  &	  EDG)	  

• ρ –	  	  indicates	  a	  suppression	  of	  the	  reac/on	  by	  EWG	  
• Posi/ve	  charge	  is	  build	  up	  at	  the	  reac/on	  center	  in	  the	  TS	  (rds)	  

• ρ	  +	  indicates	  an	  accelera/on	  of	  the	  reac/on	  by	  EWG	  
• Nega/ve	  charge	  is	  build	  at	  the	  reac/on	  center	  in	  the	  TS	  (rds)	  

Subs'tuent	  constant	  σ	

• Represents	  the	  electron	  aDrac/ng	  or	  repelling	  power	  of	  a	  subs/tuent	  group	  
• quan/ta/ve	  measure	  of	  polar	  effects	  in	  any	  reac/on	  given	  m-‐	  or	  p-‐	  subs/tuents	  

rela/ve	  to	  H

• σ	  posi/v:	  EWG	  (-‐I	  &	  -‐R)	  

• σ	  nega/ve:	  EDG	  (+I	  &	  +R)
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NH2

O

X

OH

O

X
H H2O NH3

Br

X

OH
HO Br

X
EtO I

I

EtOH

ρ	  =	  0.12	  	  

ρ	  =	  -‐0.33	  	  

ρ	  =	  2.07	  	  

Effects	  cancel	  each	  other	  out	  

Effects	  cancel	  each	  other	  out	  

EWG	  Effects	  are	  superior	  compared	  to	  the	  EDG	  
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ρ	  =	  1.9922	  

-‐2,5	  

-‐2	  

-‐1,5	  

-‐1	  

-‐0,5	  

0	  
0	   0,2	   0,4	   0,6	   0,8	   1	  

log	  k	  

σ	


ρ	  =	  -‐0.8248	  

-‐3,4	  

-‐3,2	  

-‐3	  

-‐2,8	  

-‐2,6	  

-‐2,4	  

-‐2,2	  

-‐2	  
0	   0,5	   1	   1,5	   2	  

log	  k	  

σ	


O

O
R

X

O

O

X

H+, H2O

Ar O

O
Me

H
Ar O

O

Me

Me

H

• AAc mechanism
• e- going away

from aromat
• Increased by EDG
• ρ is negative

65 °C in 100 % H2SO4, H[B(HSO4)4] 0 °C in 99 % H2SO4 

• AA1 mechanism
• e- going toward

aromat
• Increased by EWG
• ρ is positive
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ρ	  =	  1.26	  

-‐4	  

-‐3,5	  

-‐3	  

-‐2,5	  

-‐2	  

-‐1,5	  

-‐1	  

-‐0,5	  

0	  
-‐1	   -‐0,5	   0	   0,5	   1	  

log	  k	  125	  
°C	  

s	  

H 
NH2 

NO2 

O

O
Me

O

O
NaOH, H2O

125 °C

Me

MeX

Me

MeX
ρ = 1.26

O

O
Et

O

O
NaOH, 

EtOH/H2O

X X
ρ = 2.5OH

S
OO

O
Et

X

S
OO

O
X

NaOH, 
EtOH/H2O

ρ = 1.2

OH

• ρ value is lower than in case of basic
hydrolysis of unsubstituted esters

• Hydrolysis of sulfonic esters proceeds
with alkyl-oxygen fission

• ρ values of hydrolysis of 4X-2,6-
diemthylbenzoate and benzyl-
sulfonic esters are close to each
other

• Same mechanism proposed
• Evidence via 18O studies
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y	  =	  -‐4.47	  
R²	  =	  0.98	  

-‐3,5	  

-‐3	  

-‐2,5	  

-‐2	  

-‐1,5	  

-‐1	  

-‐0,5	  

0	  
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1	  

-‐0,2	   0	   0,2	   0,4	   0,6	   0,8	  

Log(kx/k0)	  

σm	  

m-‐subs>tu>on	  

R²	  =	  0,76864	  

-‐5	  
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1	  

2	  

3	  
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Log(kx/k0)	  

σp	  

p-‐subs>tu>on	  

Me

Cl
Me

X

Me Cl
Me

X
SN1

Rate 
determing 

step
k

Me

Nuc
Me

X

fast

X

Me

Me
Me

X

Me

Me

X

quinonoidal 
resonance 
structure

through 
conjugated 

system



Modification of the Equation	


12	  24.06.14	  

ρ	  =	  -‐4.62	  
R²	  =	  1	  

-‐4	  

-‐3	  

-‐2	  

-‐1	  

0	  

1	  

2	  

3	  
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ρ	  =	  -‐4.62	  
R²	  =	  1	  
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+	  
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Me

Cl
Me

X

Me

Nuc
Me

X

Hammett&Equation&
modified&by&Brown.&&
!"# !! !!! ! = !!!! &

• σm
+ values	  close	  to	  HammeD	  s	  

values	  
• Just inductive effects of

substituents

• σp
+ values	  for	  EDG	  show	  a	  great

difference	  to	  Hammett σp values	  
due	  to	  through	  conjuga/on	  	  

• σ+ is	  applayed	  to	  reac/ons	  where	  
a	  ca/on	  is	  developed	  	  

The slopes are made from calculated values 
-‐5	  
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-‐3,5	  

-‐3	  

-‐2,5	  

-‐2	  

-‐1,5	  

-‐1	  

-‐0,5	  

0	  

0,5	  

1	  

-‐0,2	   0	   0,2	   0,4	   0,6	   0,8	  

Log	  (kx/k0)	  

σm
+	  
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red for σ+ 

blue for σ	

red for σ+ 

blue for σ	
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ρ+	  =	  -‐6.6	  

ρ+	  =	  -‐0.49	  

ρ+	  =	  3.7	  	  	  

Reac/on	  center	  is	  on	  the	  ring	  

Effects	  cancel	  out	  each	  other	  	  

Ca/onic	  intermediate	  causes	  a	  posi/ve	  value	  

X

Et

O

X

Dimethyl
ketene

X

HBR2

X

BR2

N2

X

N

N3
X

N
N3
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N
H

H

N
O

O

N H
H

N
O

O

H

! ∙ !!"#! = 2.77 ∙ 0.78 = 2.16!calculated!
.!!

! !!!"#! = 3.52 ∙ 2.77!! = 1.27!

ρ	  =2.77	  

0	  

1	  

2	  

3	  

4	  

5	  

6	  

7	  

-‐0,8	   -‐0,4	   0	   0,4	   0,8	   1,2	  

pK
a	  

σ	


σpNO2 

σpCH2OMe 

σpCN 

r	  =2.77	  

0	  

1	  

2	  

3	  

4	  

5	  

6	  

7	  

-‐0,8	   -‐0,4	   0	   0,4	   0,8	   1,2	  

pK
a	  

σ	


σp
-NO2 

σp
-COMe 

σp
-CN 

σpNO2 

σpCOMe 

σpCN 

3.52	  observed.	  

Modifica/on	   of	   the	   HammeD	  
equa/on	  

pKa	  values	  of	  phenols	  also	  fit	  to	  σ	  -‐	  
because	   with	   phenolate	   anion	  
appears	   a	   much	   greater	   through	  
conjuga/on	  	  	  

O
H

N
O

O

O

N
O

O



Yukawa-Tsuno equation	


15	  24.06.14	  

Yukawa&Tsuno&Equation&
log !!!! = ! ∙ ! + ! !! − ! &

•  separa/ng	   influence	   of	   induc/on	   and	  
resonance	   on	   a	   reac/on	   (dis/nguish	   normal	  
from	  enhanced	  resonance	  effects)	  

! →!!!"#"$%&%#
!!"!!"#$% !!"#$%&%'" !

! > 0! →!"#$%&%'"!!""!#$%
!"#$ !!"#!$%$&" !!" !

! < 0! →!"#$%&%'"!!""!#$%
!"##!!"#!$%$&" !!" !

however, it has been shown that for reactions of para-substituted compounds in which the 
transition state a nearly full charge, σR does not remain constant, and thus, the sum  is also 
variable. In other words, for such reactions, application of the standard Hammett Equation does 
not produce a linear plot. Still reading To correlate these deviations from linearity, Yasuhide 
Yukawa and Yuho Tsuno proposed a modification to the original Hammett Equation which 
accounts exclusively for enhanced resonance effects due to the high electron demand during 
such reactions. 

OSiHO
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Yukawa	  Tsuno	  
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Cyclodehydration of 2-phenyltriarylcarbinols 

OH

Ar Ar

Y

X

Z

H3O+

- H2O

ROH + H+
k1

k-1

ROH2

ROH2

k2

k-2

R+ + H2O SN1

ROH + H+
k`1

k`-1
R+ + H2O

R+
k3

Product SEAr

1	  

2	  

3	  

4	  

-‐1,6	   -‐1,2	   -‐0,8	   -‐0,4	   0	   0,4	  

3+
lo
gk
/k

0	  

Σ	  σ+	


ρ =2.67 ρ =-2.51 
1. X,	  Y,	  Z	  are	  different	  subs/tuents	  
2. lef	   side:	   EDG	   can	   stabilize	   the	  

carbo	   ca/on	   via	   resonance	   and/or	  
induc/ve	  effects,	  so	  k3	  is	  the	  rds.	  

3. right	   side:	   EWG	   promote	   the	  
electrophilic	   aroma/c	   subs/tu/on,	  
so	  k2	  is	  the	  rds.	  

4.  σ+	   values	   because	   ca/on	   is	   the	  
reactant	  
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p-X-Ar Br p-EDG-Ar S
p-X-Ar S Ar-p-EDG

Br

EDG EDG EDG

SAr
SN1

Br

EWG EWG
EWG

SArBr

S
Ar

SN2

Substrate like
TS

p-X-Ar Br

Product like
TS

p-X-Ar S Ar-p-EDG

-‐0,2	  

0,3	  

0,8	  

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

lo
g	  
k	  

σ	


EDG	  
SN1	  

EWG	  
SN2	  

Mechanism	  changes	  	   Concave	  Up	  
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Ar
OTs

Me OH

O

Ar
OAc

TsOH

• E W G	   s u p p o r t 	   S N 2	  
mechanism	   since	   ca/ons	  
can	  not	  be	  stabelized	  

• EDG	   promote	   the	   SN1	  
mechanism	  

• No	   Elimina/on	   product	  
due	  to	  “internal	  return”	  
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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	  devia/on	  

1	  
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faster 
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Thank you for your attention 


