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The application of Molecular Orbital theory to aromatic sub

stitution has been developed extensively in literature. Until re

cently, calculations of reactivities in aromatic substitution have 

been based either on static indices of the reagents or on the rela

tive stabilities of transition states. However, most of the Molec

ular Orbital calculations to determine reactivities in aromatic sub

stitution reactions haven't considered the dynamically changing 

systems.

By realizing this problem in the calculation with a single 

model of the transition state in every kind of reaction we were rather 

interested in the dynamically changing system - the reaction pathway 

from reactant to intermediate through the transition state.

The purpose of our work was to construct the energy profile for 

transformation of reactants to intermediates in electrophilic aromatic 

substitution and to determine the reactivities based on that energy 

diagram.

Previous work based on static indices such as bond order, charge 

density (1), frontier orbital coefficients (2) and free valence (3) 

has been concerned with the reactants only. They have neglected 

any consideration of transition state, assuming that the transition 

state is an aromatic 7C-system, very similar to the original 

hydrocarbon, which is perturbed to a relatively small degree by the 

attacking reagent. The tendency to react is determined by the

indices of the reactants.
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These methods were successful in some reactions, but there have 

been numerous failures, particularly in substitution reactions of 

heterocyclic compounds (4).

To improve this method the transition states of reaction were 

taken into account. As pointed out by De\*ar and Thomson (5)̂  from 

the view of current kinetic theory this approach has more validity. 

Any treatment of reactivity that neglects the transition state is in

correct in principle, since in fact the rate of reaction corresponds 

to the energy difference between the reactants and transition states. 

However, in practise, there are three main difficulties in transition 

state approach. In calculating the free energy of activation to find 

reactivities we need to determine the entropy of activation, the 

geometry of the transition state and also the energy of a transition 

state which contains a (T-bond with a TL-bond. The entropy of activa

tion cannot yet be estimated to any degree of accuracy and the 

assumption that the entropies of activation are almost constant 

throughout has been necessary. To overcome other complexities in 

the calculation of the energy of transition state the principle 

of Evans and Polanyi (6) has been used. These workers observed 

that the activation energy of a reaction is parallel to the heat 

of that reaction. (Equation 1)

Dewar (7) proposed that the reaction energy in a conjugated system 

can be expressed with some assumptions as proportional to the 

change in delocalization energy. (Equation 2)

A  E* »  A +  B A H (1)

A E =  C + A Edeloc (2)
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If this holds, using the Evans-Polanyi Principle the activation energy 

is given by equation 3.

&E* = M + N A E deloc (3)
Consequently there should be a simple linear relationship between

the change of delocalization energy and activation energy.

Reactivities can then be determined by the localization energies 

at least in a qualitative way. Here the localization energy 

(the change of delocalization energy) represents the difference of 

energy between the delocalized reactants and partially localized 

transition states.

There have been suggested several models of transition states 

with the assumption that they resemble intermediates. The Wheland 

intermediate (8) has been the most common model for the transition 

state for a long time. In that model the electrophile forms a

(f-bond with one of the carbons in the original aromatic compound 

and two of the orginal 7C-electrons are localized in that bond.

In the mechanism of electrophilic aromatic substitution (9, 10), 

two species of intermediates are commonly proposed, called T - complex 

and 7t-complex.

» E,+

7L - complex O' - complex 
(Wheland intermediate)

There is evidence of the existence of both complexes (10), 

and they think that there is no sharp dividing line between 

tr and rt.-complexes.
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Therefore, it was suggested that an equilibrium can exist between an 

aromatic compound and two types of complex (10).

Direct experimental evidence is scanty at present with respect 

to 7L-complexes as rate-determining intermediates in electrophic 

aromatic substitution, even if it has an important role in some 

mechanisms of aromatic substitution.

There is considerable evidence of the d'-complex as a rate

determining intermediate. Olah and Kuhn have isolated the (T-complex 

from reaction mixtures (11, 12). In most of the literature the 

fl'-complex (Wheland intermediate) has been used as a transition 

state model (5, 9, 13) and results have been in good agreement with 

experimental reactivities. This has long been a useful model in 

explaining orientation effects of substituents in aromatic sub

stitution. Using this model in his original paper (8), Wheland 

calculated the localization energy (the change in delocalization energy) 

to estimate relative reactivities in aromatic substitution.

However, there are twofold criticisms in the calculations with 

that model as transition state. First, the attacking reagent is 

removed from the Tl-system being used to calculate the localization 

energy and as a result the localization energy is invariant to the 

nature of the reagent in isoelectronic reactions. An attempt to 

improve this model to include the nature of the reagent has been

H H

F

TL-complex <f -complex



made by Daudel and his co-workers (4). They called this model a 

unified treatment of the transition state. In this approach it is 

assumed that a pseudo atomic orbital of the attacking electrophile 

overlaps with 7t-orbitals of the original aromatic compound. They 

included this pseudo atomic orbital of the electrophile in the 

calculation of transition state energy. Their results showed good 

agreement with experimental results in some heterocyclic 

substitution reactions (14). The second criticism is that it is a 

single rigid model of transition state regardless the type of 

reaction. According to the mechanism, evidently, some reactions 

must have different transition states which show more significant 

role than (^-complex in that reaction. Olah, Tashiro, and Kobayashi 

(15) have tried to demonstrate that the substituent in the elect

rophile affects the nature of the transition state. In this paper 

they reported that the transition state is not a rigidly fixed one 

resembling the Wheland intermediate, but frequently represents a 

much earlier transition state resembling starting aromatics. At 

this point we can realize that a single transition state in all 

reactions may lead to incorrect results.

For this reason we were not interested in the localization energy 

only determined by a rigid model of transition state. In our work we 

tried to calculate the energy at each state as reaction proceeds, 

construct an energy profile of electrophilic aromatic substitution 

and observe the reaction pathway as well as reactivities. Earlier 

work on this problem was done by Harris (16). In his investigation 

the Wheland intermediate was used as a model of the transition state.

6
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The energy of the 7L-electrons of aromatic systems as a simple 

electrophile approached was calculated. Two of the ^.-electrons of 

the aromatic system were partially localized in the forming carbon- 

electrophile bond and the energy of this bond was calculated from 

the Morse function. The total energy of the system at each state 

was the sum of those energies (Equation 4).

E = E, . + E , . (4)deloc Q^-bond
This total energy at different distances between carbon and elec

trophile were plotted versus distance of approach. This calculation 

indicated at least that a single proposed transition state for all 

modes of attack may lead to erroneous conclusions.

Our purpose was to get some more promising results by improv

ing the method of approach. In the calcualtions most of the theo

retical work has been done by the simple HMO (Hilckel Molecular 

Orbital) method (17). More advanced MO methods such as the semi- 

empirical SGF-MO (Self-Consistent Field Molecular Orbital) method 

introduced by Pariser and Parr (18), and Pople (19) also have been 

attempted (5,20,21,22). Recently various all-valence-electron 

treatments have become available (23,24). As one of the methods the 

CNDO (Complete Neglect Differential Overlap) method has been used 

(21) in electrophilic aromatic substitution and showed much better 

results compared to the HMO method.
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The (T-complex (Wheland intermediate) was the model for 

the reaction intermediate in our work. As Daudel and his co

workers pointed out (4), and also Olah, Tashiro and Kobayashi 

showed in their experiments (15), the electrophile may affect 

the transition state which influences the reactivity of the reac

tion. To consider this point we included the pseudo atomic or

bital of the electrophile in the linear combination of the other 

atomic orbitals. According to the theory of Daudel and his co

workers the concept of hyperconjugation can be applied in a Whe

land intermediate containing a tetrahedral carbon atom at the 

reaction site (4,17). Supposing that the attacking electrophile, 

E \  and hydrogen attached to the reaction site can be linearly 

combined to form pseudo TC.and 0"-orbitals, Xn.E-flan<i x<r£_n> then the 

pseudo TL-orbital, X^^can overlap with the 1L-orbitals of the or

iginal conjugated system, and the total molecular orbital is ex

pressed as the linear combination of those ?C-orbitals, as shown 

in equation 5.

In our calculation we did not consider the hydrogen at the reac

tion site and assigned the pseudo atomic orbital to the electro

phile only instead of using the TL-orbital formed by hydrogen and 

the electrophile. Therefore, the molecular orbital of the reaction 

was simply given by

1  = C X r t ^  + ^  M  s**., (5)

(.0 ; TL-orbital of aromatic system)
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Our model of the reaction was that the electrophile appoach- 

ed the side of the aromatic compound. When it started to overlap 

with the Tt-electron cloud of the aromatic compound, two of the 7C- 

electrons in the aromatic system were gradually localized to form 

the bond between the electrophile and the carbon attacked. The in

teraction (resonance integral) between the adjacent carbons and 

the carbon at the reaction site was decreased at the same rate. 

Ultimately, two of the TL-electrons were localized in the carbon- 

electrophile bond and the rest of the electrons were delocalized 

over the rest of the carbons of the original aromatic reagent, as 

the Wheland intermediate visualized. We calculated the total en

ergy at each step as this reaction progressed and considered this 

change of energy in the system as the reaction pathway.

In the calculation the simple HMO (Hiickel Molecular Orbital) 

method was used. In this approach, the elements of the secular 

determinant have the following forms.

= *l0 +  h (7)

=  k ^ 0 (8)

For the atomic orbitals of benzene h=0, k=l, while for substituent 

groups of benzene the proper h and k values were chosen (8,17,25 

26). In the case of the electrophile the h was assigned so that 

the H^^term was the energy of the pseudo atomic orbital of the 

electrophile when it had one electron in it. Consequently it re

flected the strength of the electrophile; the large h value rep-
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resented the strong electrophile and the small h value the 

weak electrophile.

As an example, the calculation of the electrophilic sub

stitution to benzene can be written in the form of a secular det

erminant .
oi0 §0 0 0 0 0

0 0 0 0
0 Po 0 0 0
0 0 *• °Co *• 0 0
0 0 0 <ko 0

?• 0 0 0 *• ot o 0
0 0 0 0 0 0 -f h (S o

The seventh diagonal term is for the electrophil 2 . In the begin®

ning of the reaction there isn' t any interaction between the elec-

trophile and benzene (h 71=o). This matrix is solved to get eigen-

values and eigen-vectors after substituting U0-Fx = — ----.The total
i*'

energy is calculated from eigen-values (Equation 9).
OCC _

E total =  ^  ?  E a/t
As reaction begins, the electrophile and one of the carbons in 

benzene start to have a small amount of interaction, shown by an 

increase in the value of the resonance integrals (off-diagonal 

terms). Suppose the carbon represented in row 1 of the determin

ant reacts with the electrophile. While the H-jj term increases, 

the H^2 an  ̂ terms are getting smaller because the interaction

between the adjacent carbons and the carbon at the reaction 

site decreases by localization of electrons in the carbon- 

electrophile bond. The determinant is now changed.



X 0.9 0 0 0 0.9 0.1
0.9 X 1 0 0 0 0
0 1 X 1 0 0 0
0 0 1 X 1 0 0
0 0 0 1 X 1 0
0.9 0 0 0 1 X 0
0.1 0 0 0 0 0 x + h

Using this determinant, we calculate the total energy and the elec

tron densities, now changed by the interaction with the electro

phile at this stage of reaction. This whole calculation is repeat

ed, changing the values of H12, H16 and H17 until the H12 and H16 

terms go to 0 and the term goes to 1. At this point two elec

trons are localized and the state is the Wheland intermediate.

The total energy at each stage was plotted versus the resonance 

integral between the electrophile and the aromatic carbon. The 

plot traces the energy of the system as the electrophile attacks 

the aromatic compound.

Energy

— > £ c- e*
All the calculations were performed on an International 

Business Machines Model 1130 computer. The subroutine, Eigen (27) 

was used to compute the eigenvalues and eigenvectors of a real 

symmetric matrix. The main program is listed in the Appendix. In 

this program the input data are the dimension of the matrix, in
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dieating the size of matrix, and the matrix elements. The pro

gram reads these input data cards and prints out the matrix.

The one-dimensional matrix array is put in a two-dimensional array 

to memorize the matrix for the next calculation. Using subroutine 

Eigen the eigenvectors and the eigenvalues are computed from the 

symmetric matrix. The electron densities and the total energy at 

that state are calculated from the eigenvectors and the eigenvalues 

respectively. The program then changes the appropriate matrix 

elements for the next state of reaction and does the above calcu

lation again. This is repeated until the electrophile forms a 

bond to the aromatic ring. The terms printed out at each state of 

reaction are the matrix,the eigenvectors, the eigenvalues, the 

electron densities at each atom and the total energy.
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In our calculations the most difficult part was the assign

ment of the diagonal matrix term of the electrophile, which repre

sented the electron energy of the pseudo atomic orbital of the 

electrophile. We tried to express that term in the same form as 

the other matrix elements in the HMO method, but it may not be 

reasonable to use a definite value of energy for the electrophile. 

Because this calculation is carried out over a changing system 

of the reaction, the condition of the electrophile is also changing 

continuously as the reaction proceeds. A readily apparent change 

is that the electron density of the electrophile increases from 0 

to 1. Considering the interaction of electrons, it must be true 

that the energy of the empty orbital is different from the energy 

of the orbital which contains one electron. The H. , term of the 

empty orbital should be lower than that of one having one electron 

in it, because there is no repulsion of electrons. By this HMO 

method, however, there is no way to determine the changing of the 

orbital energy, H^^term, for the electrophile during the reaction. 

As mentioned previously, we decided to assume this value to be 

simply the energy of the orbital having one electron in it.

The first calculation carried out was the electrophilic sub

stitution of benzene. For benzene, regular matrix terms, 0>

were used. To see the effect of the electrophile on the transition 

state, various values of the H^iterm for the electrophile were 

tried. The results of these calculations were plotted from reac

tants to intermediates as shown in Figure I. The eight electro

philes of different energy states attack benzene by various differ-
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Figure I. Electrophilic Attack at Benzene.

Curves Correspond to Electrophiles of Different Strengths.

A =o(e- 2 B =  U.-
G 0.5 i0IIQ 0.1
E = *„+ 0.05 £0 F = *><„+ 0.2
G = < „ +  0.5 H = oi9+

h
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Table I. The Electron Density Change at Electrophile 
as Reaction Proceeds

Electron density on electrophile
A B

0 0 0

0.1 0.03938 0.00228

0.2 0.20122 0.01030

0.3 0.48475 0.02625

0.4 0.77821 0.05322

0.5 0.99835 0.09564

0.6 1.13861 0.15986

0.7 1.21756 0.25327

0.8 1.25287 0.37408

0.9 1.25787 0.48884

1.0 1.24253 0.55278

A; H ^ E + ) = *40+ 0-5 po

B; V (e+) = fo



ing pathways. Since ^is a negative quantity the lowest curve 

represents the substitution of the electrophile having the lowest 

orbital energy state and the highest curve for the highest energy 

of the electrophile. If the orbital energy of the electrophile 

can be used for measuring the stability or strength of the elec

trophile, the lowest orbital energy corresponds to the strongest 

electrophile and the highest orbital energy to the weakest elec

trophile. This diagram then shows good agreement with the results 

we can expect from the actual reactions. Considering the highest 

point of the curve as the transition state, the reaction using 

the strong electrophile has an earlier transition state and lower 

activation energy, whereas the substitution by the weak electrophile 

has a later transition state and much higher activation energy.

The former is the faster reaction and the latter is the slower reac

tion.

The electron density at each atom was calculated at each stage 

of the reaction. In all reactions the electron density on the elec

trophile increased as the interaction (resonance integral) of the 

carbon and electrophile increased. The different electron densities 

found in the intermediate stages depend upon the strengths of elec

trophiles used, as shown in Table I. In the case of strong electro

philes the final electron density is greater than one in the electro

phile's orbital, whereas it is much less than one in the weak elec

trophiles orbital.

Tracing the energy change at each stage in the results of our 

calculations, we found that the localization of electrons of a con-

18
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jugated system in a bond affects the total energy of the system 

such that it is increased. Prior to the transition state, this 

effect is predominant and the total energy increases continuously. 

After the transition state, however, the electron energy in the 

localized bond between carbon-electrophile compensates for that 

effect and thereafter the total energy decreases until the inter

mediate state is reached.

We next tried to trace the reaction pathway in the electro

philic substitution reaction of toluene at the ortho, meta and para 

positions. There are various ways of treating the substituent 

group attached to conjugated compunds. In the HMO method the heter

oatoms, X, attached to it-systems are treated by appropriate changes 

in the e£0and |90 parameters used for benzene. (Equation 10, 11)

Many empirical methods have been used to obtain the h* and k cx 

values (17), considering the effects of inductivity, electronega

tivity, etc. of substituent group. As one of the examples Streit- 

wieser (25), and Matsen and his co-workers (26,28,29) have tried to 

get those values from the ionization potential of compounds contain

ing the heteroatom, X.

In the case of toluene, there are two ways of treating the meth

yl group as a part of the linear combination with the atomic orbit

als of the Jt-system. One approach is the heteroatom model intro

duced by Matsen (26). The methyl group is treated as a pseudo

heteroatom which contributes a pair of electrons to the -system.

The other is the hyperconjugation concept (17), in which the two

= o£„+ hx 

(5c k ~~ k cx

(10)
(ID



electrons in the pseudo 7L-orbital formed by overlap of the C-H 

bond of the methyl with the p-atomic orbitals of the conjugated 

system, is treated as part of the TL-system, like a modified 

attached vinyl group. In this model the atomic orbital of hydro

gen as well as that of the carbon in the methyl group has to be 

considered. We chose the former approach, the heteroatomic mod

el, and two electrons of the methyl group were contributed to

the Tt-system. The values of h _ T = 2.0 and k„ =0.7 (26) were
L H 3  C —L.U 3

chosen.

Throughout our calculations the electrophile was assumed to be 

the methyl cation, The parameters of this electrophile

should be treated using different values than those chosen for the 

methyl group of toluene. A modified simple model, which is the 

inductive model of hyperconjugation, introduced by Wheland and Pauling 

(1,30). Conjugation effect of C-H group with H-system is neglected 

and the inductive effect of the carbon alone is considered; one 

electron of the carbon is counted in the calculation by assigning a 

negative h value to the carbon in the methyl group. For the electro

phile, this model was chosen throughout all calculations consid

ering only one electron for the electrophile was encountered in the 

reaction process. This value was - oi0- ° i The results are

shown in Figure II and Table II.

Table II shows the change of energy in substitution. The results 

are in good agreement with the observed rules of orientation, show

ing that substitution in the ortho and para positions takes place 

more easily than in the meta position. The results predict that the
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Figure II. Substitution at Toluene



Table II. Total Energy as Toluene Reacts

X c~ ̂ ____________ ortho meta para

0 12.15072 12.15072 12.15072
0.1 11.89684 11.89300 11.89486
0.2 11.66781 11.65759 11.66364
0.3 11.47203 11.45174 11.46543
0.4 11.31974 11.28479 11.31056
0.5 11.22175 11.16773 11.20997
0.6 11.18643 11.11127 11.17226
0.7 11.21628 11.12207 11.20017
0.8 11.30678 11.19912 11.28931
0.9 11.44865 11.33396 11.43043
1.0 11.63133 11.51473 11.61287
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transition states of all of these substitution reactions occur at 

the same place, as was assumed in previous empirical calculations 

(5,8,13).

The electrophilic substitution of nitrobenzene was calculated 

in a nine by nine matrix system including nitrogen and one oxgen 

of the nitro group and an electrophile. For the purposes of all 

calculations our model of this compound was the conjugated system 

of benzene with the N = 0  group, excluding the other oxygen. Two el

ectrons from the N=0 group are contributed to the 7L-system. Accor

ding to the electronegativities of nitrogen and oxygen the terms h^ 

and hp should be larger than those for the carbons on benzene. The 

values, 0.4, h^= 0.8 (8) and 0.7, ^ = 0.7 (17) were us

ed. To account for the inductive effect on carbon attached to nitro

gen, the value h = 0.6 was tried for the carbon bearing the NO2 group. 

That may be too large for carbon. The larger value of h0= 0.8 was 

chosen for the oxygen because of the greater electronegativity of 

oxygen compared to nitrogen. This makes the nitrogen somewhat elec

tron deficient, even though it is an electronegative atom. The re

sults are given in Figure III and Table III. This also gives good 

agreement with experimental observations. Substitution at the meta 

position has the lowest activation energy. Substitution at the 

para position requires more energy than at the ortho, even though we 

would expect the opposite to be true in the actual reaction because 

of the steric effects of the nitrogroup, which cannot be estimated in 

our approach. An interesting aspect of these results is that reacti

on at the meta position passes through relatively high energy states
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0 1 2 3  4 5 6 7 8 9  10
Resonance Integral between C—  E”*~ (X 10~

Figure III. Substitution at Nitrobenzene
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Table III. Total Energy as Nitrobenzene Reacts

P c  -E*___________ ortho meta para
V
0 11.60597 11.60597 11.60597
0.1 11.35836 11.34762 11.35265
0.2 11.13049 11.11142 11.11811
0.3 10.92698 10.90458 10.90663
0.4 10.75364 10.73639 10.72366
0.5 10.61833 10.61783 10.57620
0.6 10.53208 10.55970 10.47431
0.7 10.50896 10.56890 10.43224
0.8 10.55986 10.64469 10.46491
0.9 10.68195 10.77880 10.57558
1.0 10.85980 10.95935 10.75018
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in the beginning of the reaction but later crosses the other energy 

line and finally reaches its lowest energy state. Also the trans

ition state of reaction at the meta position is reached earlier 

than those of reaction at the other positions even when using 

electrophiles of equal strength. This is a good example which indi

cates that calculations based on the assumption of the same trans

ition state in all reactions, even in the same type of reactions, 

may not give the correct results in the determination of reactiv

ities .

Two electrophiles of different strengths, oL^* - i^Lo~0-l̂ o 

o l = e£a — o.f i®, ;were tested in our calculations to compare the 

effect of the electrophile on the transition state. The results 

were the same except for a minor shift of all transition states 

parallel to the electrophile's energy.

Electrophilic substitution of phenol was treated in about the 

same way as toluene. Two electrons of oxygen were assumed to be 

contributed to the 7t-system. The values of ho = 1.5, 1cq_q =0.8 

were used (17) for the substituted hydroxy group. To account for 

the strong resonance effect of the hydroxy group, an oi0 term was 

chosen which was smaller than that for the methyl group of toluene, 

even though oxygen has higher electronegativity. We tried two 

different calculations; one which considered the inductive effect 

of oxygen on the carbon attached to the hydroxy group, the other 

neglecting this effect. The calculations neglecting the inductive 

effect of that carbon produced better results. Probably the elec

tron affinity of that carbon resulted in a diminished contribution
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Resonance Integral between C —  E+ (X 10* g )

Figure IV - A. Substitution at Phenol (1)



Table IV - A. Total Energy as Phenol (1) Reacts

r -E + ortho meta para
\ --
0 11.23247 11.23247 11.23247
0.1 10.98143 10.97455 10.97811
0.2 10.75740 10.73888 10.75028
0.3 10.56952 10.53272 10.55817
0.4 10.42857 10.36541 10.41262
0.5 10.34464 10.24799 10.32401
0.6 10.32396 10.19120 10.29895
0.7 10.36618 10.20174 10.33758

0.8 10.46505 10.27864 10.43394
0.9 10.61122 10.41338 10.57870
1.0 10.79507 10.59412 10.76214
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Figure IV - B. Substitution at Phenol (2)
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Table IV - B. Total Energy as Phenol (2) Reacts

___________ ortho meta para

0 11.64315 11.64315 11.64315
0.1 11.39071 11.38525 11.38741
0.2 11.16191 11.14964 11.15502
0.3 10.96431 10.94359 10.95360
0.4 10.80748 10.77640 10.79282
0.5 10.70215 10.65911 10.68364
0.6 10.65809 10.60240 10.63603
0.7 10.68004 10.61295 10.65510
0.8 10.76526 10.68982 10.73826
0.9 10.90457 10.82454 10.87641
1.0 11.08661 11.00526 11.05809
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of two electrons in oxygen to the delocalization. The results of 

both calculations are given in Figure IV-A, Figure IV-B and Table 

IV-A, IV-B. These show approximately the same energy profile pat

tern as did toluene except for greater reactivity differences 

between the meta and ortho, para positions in the reaction consider

ing only the inductive effect of oxygen. (Figure IV-A).

In our final calculations, the substitution reaction of chloro

benzene was treated with parameters as in the Wheland calculation (8). 

In this case we considered the inductive effect of the other car

bons caused by the strong inductive effect of chlorine, even though 

the unpaired electrons contribute to the IL-system. The values of 

h ^  = 1.6,  ̂= 0.85 and, for the carbon attached to the chloro

group, hC£ = 0.5, and for carbons adjacent to that carbon h ^  = h  ̂= 

0.075 were used. As shown in Figure V and Table V, there is only a 

small energy difference between substitution at the meta and para, 

ortho positions. This predicts the reduced selectivity in the reac

tion of chlorobenzene. But ortho, para attack is still preferred.

All of the calculations carried out were in agreement with the 

observed experimental results in a qualitative way. But there were 

more important facts that we could observe from the calculated data, 

e.g. the change of electron density at each atom, the change of en

ergy in each molecular orbital, etc. First looking at the change of 

electron density at each atom, we see that there is some relation

ship between the electron density change and the energy change.

Let us consider a substituted compound which has an ortho, para
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Energy
)

Figure V. Substitution at Chlorobenzene
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Table V. Total Energy as Chlorobenzene Reacts

3 o - £+ ortho meta para
V
0 12.17834 12.17834 12.17834
0.1 11.92629 11.92006 11.92249
0.2 11.69714 11.68299 11.68917
0.3 11.49810 11.47378 11.48554
0.4 11.33835 11.30111 11.32073
0.5 11.22855 11.17562 11.20560
0.6 11.17903 11.10879 11.15081
0.7 11.19574 11.10942 11.16311
0.8 11.27700 11.17893 11.24144
0.9 11.41401 11.30980 11.37712
1.0 11.59507 11.48949 11.55815



orientation effect. When the electrophile attacks the para or ortho 

position, the electron density on the carbon in that position is 

increased and the electron densities of adjacent carbons are de

creased. The decreasing electron densities of the adjacent car

bons is partially compensated for by the electron donating effect 

of substituent group, consequently the electron density of the sub

stituent group itself is decreased. This compensation for decreasing 

electron density affects the total energy. Rather than increasing 

considerably, it is held at a relatively lower level. However, when 

the electrophile attacks at the meta postion of that compound, the 

substituent group can no longer compensate for the decreasing elec

tron density at the adjacent carbons of the carbon attacked. This 

makes the total energy relatively higher, i.e. the state is unstable 

compared to the energy of ortho, para attack. Consequently the com

pound has its lowest activation energy when the substitution occurs 

in either the ortho or para position. As an example, the change of 

electron density in the substitution at chlorobenzene is shown in 

Table VI-A, VI-B, and VI-C.

For the compound which has a meta dircting substituent group 

this effect is just the opposite. When the electrophile attacks the 

meta position the electron withdrawing effect of the substituent 

group is least, and. that reaction has the’ loVeSt energy ppth. When 

the electrophile attacks an ortho or para position the electron 

density of the substituent group attached to carbon increases, and 

the total energy path is higher than that of meta attack.
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Table VI - A. The Change of Electron Density in the Substitution at Chlorobenzene 
Ortho Attack

P11 P22 P33 P44 P55 P66 P77
p 88 Energy

\
0 1.00428 0.98244 0.98840 0.98244 1.00428 1.12593 1.91213 0.0 12.17834

0.1 1.00746 0.97815 0.98901 0.97945 1.00352 1.12647 1.90806 0.00777 11.92629
0.2 1.01286 0.96658 0.98985 0.96961 1.00255 1.12045 1.90089 0.03710 11.69714
0.3 1.02177 0.94420 0.99095 0.94932 1.00133 1.10434 1.88928 0.09870 11.49810
0.4 1.03548 0.90773 0.99227 0.91509 0.99981 1.07471 1.87198 0.20281 11.33835

0.5 1.05398 0.85690 0.99362 0.86613 0.99800 1.03084 1.84884 0.35157 11.22855

0.6 1.07409 0.79804 0.99478 0.80819 0.99602 0.97 835 1.82228 0.52815 11.17903
0.7 1.08974 0.74392 0.99555 0.75390 0.99416 0.92929 1.79748 0.69586 11.19574

0.8 1.09638 0.70595 0.99593 0.71520 0.99276 0.89472 1.77955 0.81940 11.27700

0.9 1.09438 0.68671 0.99608 0.69533 0.99197 0.87729 1.77011 0.88802 11.41401
1.0 1.08716 0.68168 0.99612 0.69008 0.99175 0.87279 1.76754 0.91283 11.59507



Table VI - B. The Change of Electron Density in the Substitution at Chlorobenzene

Meta Attack

P11 P*22 p33 P44 P55 P66 P77 p 88 Energy

0 1.00428 0.98244 0.98840 0.98244 1.00428 1.12593 1.91213 0.0 12.17834

0.1 1.00252 0.98054 0.986 1 2 0.98293 1.00293 1.12547 1.91239 0.00698 11.92006
0.2 0.99358 0.97987 0.97657 0.98367 0.99492 1.12499 1.91272 0.03357 11.68299
0.3 0.97346 0.98188 0.95568 0.98470 0.97630 1.12448 1.91311 0.09028 11.47378
0.4 0.93771 0.98864 0.91891 0.98601 0.94247 1.12391 1.91355 0.18869 11.30111
0.5 0.88393 1.00181 0.86372 0.98752 0.89051 1.12321 1.91399 .0.33521 11.17562
0.6 0.81642 1.02035 0.79433 0.98902 0 . 82396 1.12231 1.91434 0.51917 11.10879
0.7 0.74915 1.03 877 0.72494 0.99024 0.75635 1.12127 1.91456 0.70461 11.10942

0.8 0.69889 1.05037 0.67284 0.99102 0.70496 1.12033 1.91465 0.84683 11.17893
0.9 0.67256 1.05316 0.64540 0.99141 0.67766 1.11974 1.91469 0.92527 11.30980

1.0 0.66562 1.04993 0.63814 0.99152 0.67040 1.11956 1.91470 0.95006 11.48949



Table VI - C. The Change of Electron Density

Para Attack

5
4!

$r-f* P11 P22 p33 P44
V w ^
0 1.00428 0.98244 0.98840 0.98244

0.1 1.00472 0.98014 0.98724 0.98015
0.2 1.00540 0.97059 0.98740 0.97059

0.3 1.00639 0.94990 0.99057 0.94990
0.4 1.00765 0.91424 0.99 832 0.91424
0.5 1.00904 0.86262 1.01174 0.86262
0.6 1.01029 0.80104 1.02887 0.80104
0.7 1.01117 0.74318 1.04418 0.74318
0.8 1.01165 0.70210 1.05260 0.70211
0.9 1.01184 0.68124 1.05360 0.68124
1.0 1.01189 0.67579 1.04993 0.67579

in the Substitution at Chlorobenzene

7
Cl

/ o \

ol;
P55 P66 P77 p 88 Energy

1.00428 1.12593 1.91213 0.0 12.17834
1.00472 1.12500 1.91013 0.00780 11.92249
1.00541 1.11757 1.90536 0.03749 11.68917
1.00639 1.09992 1.89645 0.10037 11.48554
1.00765 1.06811 1.88193 0.20774 11.32073
1.00904 1.02064 1.86124 0.36295 11.20560
1.01029 0.96272 1.83632 0.54931 11.15081
1.01117 0.90733 1.81229 0.72738 11.16311
1.01165 0.86751 1.79463 0.85766 11.24144
1.01184 0.84710 1.78533 0.92771 11.37712
1.01189 0.84175 1.78283 0.95006 11.55815
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Therefore if we can assign the proper parameters for a sub

stituent group so that it can show the above observed effect, we 

should be able to predict the reactivities of any kind of compound 

in this reaction. Using the fact of the changing electron density 

in the reaction, we can additionally prove that the previous \rork 

based on the indices of the reactants to determine the reactivities 

might fail in some cases. The charge density at each atom of the 

reactants can be changed by changing parameters, i.e. even with 

ortho, para directing substituted compounds, the electron densities 

of reactants at the ortho, para position can be lower than at the 

meta position, depending upon the parameters we choose. If we de

termine the reactivity based on those charge densities of reactants 

it must be incorrect. However in our calculation the pattern of the 

electron density change as reaction proceeds is always the same 

regardless of the charge density of reactants at the beginning of 

the reaction.

Compared with the model used in the previous work done by 

Harris (16), our model of the reaction might be more reasonable 

in that we could treat the electrophile in the same basic approx

imation method as the conjugated system. Even though it was a 

quantitatively chosen value, it may not be reasonable to estimate 

the total energy by calculating the (T-bond energy and the electron 

energy in 7C-system separately and combining those two, as Harris did.

Because we are using the K.-approximation method which treats 

the Tt-electrons only in the conjugated system, we have to use the 

same calculation method for the electrons in the localized bond
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as that used in TC-system, even though the electrons in the local

ized bond are different from those in the 7t-system. In that way we 

may match the energy scales, at least in a qualitative way.

Even so, our model and the method of calculation contain many 

weak points. First of all, in the linear combination of the atomic 

orbital of the electrophile with those of TL-system, there are many 

problems to consider-the energy of the atomic orbital of the elec

trophile, hyperconjugation of electrophile with hydrogen at the reac

tion site, the influence of the electrophile on the other atomic 

orbitals of the 7L-system, etc.

Another question in this model of calculation is how the 0''-bond 

energy of the carbonelectrophile bond can be reflected differently 

from 71-electron energy.

To at least partially* overcome some of our weakness in our 

calculations, we need a method which can consider the change of the 

orbital energy of the electrophile as well as those of the other 

carbons in the 7L-system. The semi-empirical SCF-MO method by 

Pariser and Parr (18) and Pople (19) may be able to improve this 

situation. Once the interaction starts between the carbon-electro

phile the Pm  terms (electron density) at each atom are changed.

From these new P^ P  terms the matrix elements can be calculated again. 

They should be different from the beginning of the reaction. The 

diagonal term (I^u) for the electrophile will be increased and the 

other diagonal terms for carbons in 7L-system will be decreased.

By repeating this calculation until self-consistency is achieved, 

the different energy terms for each atom are established. One then
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changes the interaction of the carbon-electrophile and repeats the 

same procedure until the two electrons become localized in the 

carbon-electrophile bond. This method can also produce somewhat 

quantitative results by using empirical values to establish matrix 

elements.

The advanced method based on an all valence-electron basis 

set (23,24) would give much more refined results by treating (T-elec- 

trons together with tz:-electrons in the interaction of the electro

phile with the 7L -system. In this way the difference of the electron 

energy in 7C-system and that in localized bond can be reflected.

Also it may be a good way to get better quantitative agreement with 

experimental results.



S U M M A R Y



The reactivities in electrophilic aromatic substitution reactions 

were observed by calculating the energy profile for transformation 

of reactants to intermediates. This differs from the previously 

used method in that it pays attention not only to the locali

zation energy of the reaction, but the energy at each state of a 

dynamically changing system. In this way we can observe the 

reaction pathway as well as reactivities with a reasonable 

model of intermediate. Even though there were many difficulties 

not solved, we could get some interesting insight about the 

reaction mechanism as well as qualitative agreement of our cal

culated reactivities with empirical results. The effect of 

the electrophile on the transition state of the reaction and 

the presence of different transition states in the same type 

of reaction were particularly interesting. More valuable results 

can be anticipated from more advanced calculation methods.
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Program

DIMENSION Q( 8) , A(64) , R(64), F(8,8) 
DATA Ml, M2, M3/5, 9, 31/
READ (2, 100) N N

100 FORMAT (12)
J1 =  1
DO 5 I = 1, N l
J2 = Jl + I -1
READ (2, 101) (A(J), J = Jl, J2)

5 Jl = J2 + 1
101 FORMAT (8F10.5) ^

GO TO 23 \
8 Jl = 1
DO 25 I = 1, N l
J2 = Jl + I - 1 l
DO 26 J = Jl, J2 
K = J - Jl + 1 

26 A(J) = F(1,K)
25 Jl = J2 + 1

A(Ml) = A(Ml) - 0.1
A(M2) = A(M2) - 0.1
A(M3) = A(M3) + 0.1
IF (A(M1) + 0.1) 22, 23, 23 

23 DO 6 I = 1, N 
6 R(I) = 0 

Jl = 1
\

DO 15 I = 1, N 
J2 = Jl + I - 1
WRITE (3, 102) (A(J), J = Jl, J2) 

102 FORMAT (8F9.5)
DO 21 J = Jl, J2 
K = J - Jl + 1

21 F(I, K) = A(J)
15 Jl = J2 + 1

CALL EIGEN (A,R,N,0)
NSQ = N**2
L = 1
ESUM = 0
DO 10 I = 1, N
J2 = N*I
Jl = J2 - N + 1
WRITE (3, 105) A(L)
IF (I - N/2) 17, 17, 18

17 ESUM = ESUM + 2*A(L)
GO TO 18

18 L = L + 1 +  1
10 WRITE (3, 102) (R(J) , J = Jl, j2) 

105 FORMAT (//F9.5)

J

\

read input data

change the matrix 
terms

print out the matrix 
and change the matrix 
array to two dimensional

diagonalize the matrix 
and print eigen values

calculate total energy 
and print out eigen vec
tors
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DO 7 I = 1, N 
K = 1 + N 
J = K + N 
L = J + N
Q(I) = (R(I)**2 + R(J)**2 + R(L)**2)*2 
SUM = 0

calculate and print 
the electron density 
and energy

DO 4 I = 1, N 
4 SUM =  SUM + Q(I)
WRITE (3, 120) (Q(I), I = 1, N) SUM, ESUM 

120 FORMAT (//4X ’Pll', 6X, 'P22', 6X, 'P33', 6X, 'P44' , 6X, 
1 'P55', 6X, 'P66', .6X, 'P77', 6x, *P88', /8F9.5, //’
1SUM = F10.5, 5X,1 ESUM = F10.5//)
GO TO 8 

22 CALL EXIT 
END
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