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Charge Density--Activation Energy Correlations in 
Electrophilic Aromatic Substitution Reactions 

M. J. Nanjan, V. Kannappan, and R. Ganesan* 

Department of Physical Chemistry, University of ~Iadras, 
Madras-600 025, India 

(Received 10 September 1979. Accepted 4 December 1979) 

Charge-density calculations have been made on six aromatic molecules by 
making use of' Hitclcel MOLCAO and Del Re methods and correlated with 
experimental activation energy values to test certain earlier interpretations 
given. 
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Korrdation volt Ladungsdichte ~.nd Aktivierung.senergie j~ir etektrophile 
aron~,atiaehe Substitutionsreaktionen 

Fiir seehs aromatische 'Molekiile wurden mittels Hiiekelrechnung 
(MO-LCAO) and naeh der Meth0de yon Del Re die Ladungsdiehten errechnet 
und diese mit experimentellen Aktivierungsenergien korreliert. 

The general form of a reaction involving electrophilic attack on 
aromatics may be written as 

Slow Fast  
ArH + E +----+ E A v H  + > Products 

Absence of any significant kinetic isotope effect proves that  the second 
step is fast and kinetically insignificant 1. Suppose that  a substituent 
introduced in benzene increases the electron-density on the different 
ring carbon atoms. The efteet of such a substituent will be an increase in 
the attraction between E + and the center of a reaction. Tiffs in turn 
should decrease the activation energy (Ea) for the reaction. This has 
been the point of view taken by Hin,shelwood and others 2-4. Further, 
the activation energy Ea, for a dipole-dipole reaction is generally 
expressed as 

Ea = En + Ee 
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where E e is an electrostatic component  and E n a noneleetrostatic 
componen t  s. Combining these ideas Ganesan has recently shown tha t  
for a given reaction in a given solvent the values of En may  remain 
constant for benzene and simple derivatives of benzene but  Ee may  be 
different for different aromatics 4. This difference should lead to a 
variation in E a. Values of E e and hence E a should therefore give an 
indication about  electron-densities at the center of reaction. In  an 
electrophilic aromatic  substi tution reaction, one may  therefore 
conclude tha t  the lower the act ivat ion energy, the greater  is the 
electron-density on the carbon a tom where substitution takes place. 
Such an interpretation was given by 3?anjan and Ganesan recently for 
the trend observed in the experimental ly determined E a values for the 
brominat ion of' certain aromatic  compounds G,7. In  order to test  this 
interpretation,  we have now calculated charge-density distribution for 
six aromatic  molecules. Further,  we refer to the oRen discussed 
question whether groups like OH, OCH 3 and NHCOCH 3 are capable of 
act ivat ing the meta position. Conflicting results have been given by 
various workers s, 9. Indirect  kinetic comparisons do not seem to provide 
information on the true electronic effect of the substituents.  An answer 
to this question may  be obtained by  calculation of electron-densities at 
the various ring carbon a toms of these compounds. 

An analysis oI the results given in Table 1 leads to the following 
main conclusions: (1) I t  supports  our earlier approach namely, the 
lower the act ivat ion energy the greater is the electron-density on the 
center of reaction. (2) I t  indicates tha t  the electron-density is highest at  
the second (or the sixth) carbon a tom in all the six molecules. 

x 

6/ \ ,2  
a~0/la f4 

y 

which is in excellent agreement  with the actual preferred position of 
a t tack  by an electrophile and finally. (3) I t  also indicates tha t  groups 
like OH, OCH a and NHCOCH3 do act ivate  the meta position to a 
considerable extent.  For example, the charge-density at the second 
carbon a tom is higher in 1,4 d imethoxy benzene than it is in 
4-methylanisole. Fur ther  work on the calculation of charge-densities 
f0r several homocyelie and heteroeyclie systems are in progress to 
correlate them with experimental  activation energies. 
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Table 1. =-charge8, ~charge+ ~ and total charge-densities for the six ring carbon 
atoms and activation energies for the bromination of various molecules in acetic acid 

Charge densities Ea. 
No. Molecule Posi t ion ~ ~ Total  kcal tool 1 

1. X = NHCOCH a C, + 0.0655 + 0.0505 + 0.1160 
Y = CHa C2, C6 - -  0.0684 - -  0.0260 - -  0.0944 13.1 • 0.15 

Ca, C5 + 0.0004 0.0560 - -  0.0556 
C4 - -  0.0016 + 0.0220 + 0.0204 

2. X = OCH a Ct + 0.0725 + 0.2045 + 0.2770 
Y = CHa C2, C6 - -  0.0730 0.0250 - -  0.0980 10.2 ___ 0.25 

C3, C~ - -  0.0055 - -  0.0465 - -0 .0520  
C4 - -  0.0015 + 0.0223 + 0.0208 

3. X = NHCOCH.~ C~ + 0.0669 + 0.0505 + 0.1174 
Y = NHCOCH3 C2, C6 - -  0.0734 0.0260 - -  0.0994 8.9 ___ 0.22 

Ca, C5 - -  0.0734 - -  0.0260 - -  0.0994 
C4 + 0.0669 + 0.0505 + 0.1174 

4. X = OCH 3 C1 + 0.0719 + 0.2045 + 0.2764 
Y = OCH3 C> C 6 - -  0.0765 0.0250 - -0 .1015  7.6 ___ 0.14 

Ca, C5 - -  0.0765 - -0 .0250  - -  0.1015 
C4 + 0.0719 + 0.2045 + 0.2764 

5. X = OH C1 + 0.0780 + 0.1305 + 0.2085 
Y = CH3 C> C 6 - -0 .0830  0.0320 - -0 .1150  6.3 • 0.16 

C.~: C 5 - -  0.0055 0.0485 - -0 .0540  
C4 - -  0.0017 + 0.0010 - -  0.0007 

6. X = OH C1 + 0.0771 + 0.1305 + 0.2076 E a could not  
Y = OH Ce, C 6 - -  0.0840 - -  0.0320 ---0.1160 be de termined 

C> C 5 - -  0.0840 0.0320 - -  0.1160 because of 
Cn + 0.0771 + 0.1305 + 0.2076 its high 

react ivi ty  

T h e  c a l c u l a t i o n  of  = - c h a r g e s  w a s  d o n e  by  t h e  Hiickel MO 1,CAO 

m e t h o d ,  a s t a n d a r d  t e c h n i q u e  in q u a n t u m  c h e m i s t r y m .  I t  is g e n e r a l l y  

a g r e e d  that ,  w i t h  t h e  c o r r e c t  cho ice  of  p a r a m e t e r s  t h e  H M O  m e t h o d  

g ives  f a i r l y  g o o d  c h a r g e - d e n s i t y  d i s t r i b u t i o n s  w h i c h  are  c o m p a r a b l e  

w i t h  S C F  c a l c u l a t i o n s  11. a - c h a r g e s  w e r e  c a l c u l a t e d  b y  t h e  m e t h o d  of  

Del Re i2. T h e s e  m e t h o d s  a r e  n o t  d e s c r i b e d  h e r e  as t h e y  h a v e  b e e n  d e a l t  

w i t h  e x t e n s i v e l y  b y  s e v e r a l  a u t h o r s  1~ 14. V a l u e s  of  t h e  coe f f i c i en t s  of  h x 

a n d  /Cx__ Y u s e d  fo r  c a l c u l a t i n g  ~ - e h a r g e s  a re  g i v e n  in T a b l e 2 .  T h e  

v a l u e s  of  p a r a m e t e r s  u s e d  fo r  c a l c u l a t i n g  ~ - e h a r g e s  are  g iven  in T a b l e  3. 

T h e s e  v a l u e s  a r e  t a k e n  f i 'om l i t e r a t u r e  le 16. T h e  c a l c u l a t i o n s  of  r~- a n d  

~ - e h a r g e s  w e r e  p e r f o r m e d  on  an I B M  1130 c o m p u t e r ,  n- a n d  a - c h a r g e s  

w e r e  c a l c u l a t e d  fo r  t h e  s ix  m o l e c u l e s  g i v e n  in T a b l e  1. T h e  t o t a l  c h a r g e -  

39* 
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Table 2. The parameters used in the =-charge calculations 

Atom hx Ref. Bond kx-- Y Ref. 
(x Y) 

Cal!phati  c - - - 0 . 2 0  11 = C C H  3 0 . 1 0  14 

= C--CHa ---0.10 11 C (aliph.)--O 0.40 15 

Caromat ic  0 . 0 0  11 C N 0.90 11 

= 0 1.20 11 C-- 0 0.90 11 
/ C  / -H  

- - N ~ H  1.60 12 C =C 1 .00  11 ~ N ~  C 
1.80 ~-2 C = 0 1.50 n 

0 2 . 0 0  11 

Table 3. The parameters used in the z-charge calculations 

Atom 8 ~ X 7gef. B o n d  s X y v X Y  v y x  Ref. 

N H [ 0.45 0.30 0.40 17 H 0.00 17 0 H / 

C = ; /  0.70 0.10 0.10 12 Csp~ 0.07 17 C 
) 

Cslo2 0.12 12 C--O 0.95 0.10 0.10 17 
C =C} 

N 0.24 17 C--C 1.00 0.10 0.10 17 
C--N 

= 0 0 . 2 8  12 C ---I-I 1 . 00  0 . 3 0  0 . 4 0  17 

- - 0 - -  0.40 17 

dens i ty  of the a toms is ob ta ined  by  adding  =- and  z-charges 17 20. The 
Ea values and  the method  applied for their  accurate  de t e rmina t ion  
have been repor ted  a l ready 6, 7 
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