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A series of C N D O / 2  molecular orbital propert ies were evaluated to deter-  
mine their utility in parameterizing chemical reactivities. Some of these indices 
were used previously for only 17 electron methods and were extended here 
to include the cr f ramework.  Theoretical  rationales were given for this 
extension to the semi-empirical all valence electron methods.  Four systems, 
the aromatic  hydrocarbons,  the benzene derivatives, the substituted benzoic 
acids, and the substituted phenyl amines, were studied to test how well these 
indices can parameter ize  chemical reactivities. This study focused on reactions 
involving both o- and r electrons where the reactive site is not necessarily 
on the aromatic  f ramework.  For the nonplanar  and heteropolar  systems, 
these indices per formed as well as the Hiickel method did for the classical 
aromatics. These C N D O  indices should per form effectively in multivariable 
regressions to parameter ize  the reactivities for more  complicated problems 
such as those encountered in quantitative structure activity relationships of 
drugs. 

K e y  w o r d s :  Q u a S A R  - S A R  - P o l a r i z a b i l i t y  - S u p e r d e l o c a l i z a b i l i t y  - R e a c -  

t i v i t y  - Index - Semi-empirical - C N D O  - Mo-index. 

1 .  I n t r o d u c t i o n  

The various Hiickel indices of reactivity have been successfully applied to the 
understanding of aromatic  substitution [1]. These include the electronic charges, 
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the bond orders, the self-atom polarizabilities, and the superdelocalizabilities as 
a few of the various successful indices. Their ease of calculation have made them 
useful tools for predicting chemical reactivities. However their applications have 
been primarily limited to planar and homonuclear II systems. Inferior results 
arise especially when heteroatoms are introduced into the system. 

Extensions ~3f some but not all of these indices have been made to the more 
sophisticated semi-empirical methods such as the extended Hiickel method, the 
Pariser-Parr-Pople method, Pople's SCF-II electron method, the complete 
neglect of differential overlap (CNDO/2) method, and the intermediate neglect 
of differential overlap (INDO) method. Refs. 2-5 give good examples of these 
extensions. Generally improved results were obtained. These indices normally 
relate to the isolated molecule method or to the localization energy method. 
The latter of these appears to be the most reliable and fundamental. Although 
Streitweiser et al. obtained very impressive results with this method, it does 
suffer from the problem that multiple calculations are normally necessary, a 
knowledge of the intermediate is required, and only classical aromatics can be 
studied [4]. Streitweiser, Hehre, and co-workers have also applied the STO-3G 
ab initio method to calculate energy changes for isodesmic processes, a procedure 
analogous to the localization energy method, and again obtained very impressive 
results [6]. 

With an eye to applying Hiickel type indices to more complicated problems 
such as drug-receptor interactions, we will utilize the more simple isolated 
molecule method and its related MO indices. Unfortunately, the entire develop- 
ment of many of these indices is associated with the separated-II electron model, 
in particular the simple Hiickel method and some of its more common variants. 
Considering the semi-empirical nature of these indices, it would perhaps be 
useful to extend the utilization of these indices to the more powerful albeit 
semi-empirical methods which include both the or and 7r electrons. Such a 
procedure could make these indices applicable to the reactive sites outside the 
aromatic framework. Correlations could more easily be made with the reactivities 
as determined directly by experiment rather than resorting to a redefinition of 
these parameters into the resonance and field effects. Such an extension, we 
caution, has various pitfalls and perhaps philosophical discrepancies as we will 
discuss later. However the possibility of accurately correlating chemical reactivity 
with semi-empirical MO indices for systems other than the simple aromatics 
warrants such a study. Wohl has already applied some extended Hiickel indices 
to drug design problems where all of the valence electrons were considered, but 
he applied these indices to only the 7r structure of the drug and ignored the cr 
contributions [7]. 

Of the various indices, we will use the electrophilic and nucleophilic electronic 
charges, the self-atom polarizabilities, the atom-atom polarizabilities, the elec- 
trophilic and nucleophilic superdelocalizabilities, the MO energies, and the bond 
orders [8, 9]. These will also include their frontier analogues where only the 
highest occupied MO (HOMO) and the lowest unoccupied MO (LUMO) are 
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used. Such indices will also be partitioned into their symmetry components, as 
for example when calculated from only the tr and ~- components of the MO. 
Besides these indices, we will use the electrostatic potential energy and electric 
field created by the molecule at selected points in its vicinity. Some of the indices, 
in particular the polarizabilities, are not entirely compatible with the advanced 
methods. The superdelocalizabilities also have little theoretical justification with 
even the simple H/ickel method, but have been proven to be useful in correlating 
and predicting experimental chemical reactivities [1, 10]. 

We emphasize also that these parameters need not be calculated accurately to 
be good predictors. The important characteristic is that the trends be well 
represented for a family of compounds. Although we will here emphasize single 
variable regressions against the reactivities of some simple test systems, our 
eventual aim is to utilize the more successful parameters in a multivariable 
regression to study and possibly predict biological activities. Some of these indices 
have not been used with the many electron methods, for example the super- 
delocalizabilities, possibly for lack of a clear theoretical justification. We however 
will concern ourselves with their performance as predictors. 

The CNDO/2 procedure will be employed here to calculate the MO indices. 
We feel that this method can reliably reproduce the correct trends necessary for 
a regression analysis, yet is efficient enough to be applied to large drug molecules. 
For testing the various indices, we studied four simple systems: the aromatic 
hydrocarbons, the substituted benzene compounds, the substituted benzoic acids, 
and the substituted phenyl amines. For a measure of the chemical reactivity, we 
used the appropriate Hammett parameters, o-, which have been tabulated for a 
wide variety of compounds. 

2. Details of the Method 

We summarize in Table 1 the various indices which we will use with the CNDO/2 
formalism. The subscripts v and /z denote atoms in the molecule and the 
subscripts i and / denote particular MO's. The superscripts, o- and ~- can be 
added to denote the symmetry component of the index. 

The charge indices follow the normal definitions. The partitioning into the 
symmetry components depends upon the immediate molecular environment, but 
has generally been found to be important primarily on the aromatic ring where 
the partitioning has an obvious nature [2, 3, 5]. Although the frontier charges 
as well as the frontier energies have received much criticism, they have been 
used successfully as indices in many problems [2, 3]. 

The potential energy and electric field of the molecule at point/~ are calculated 
using the point charge model: 

_ Z , ~ - q , ~  
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Table 1. The notation and description of the MO indices. The subscripts/* and v denote atoms in 
the molecule and the subscripts i and/' denote particular MO's. Superscripts tr and ~r can be added 
to denote symmetry components of each index 

q~, = qE,~. ; qN,.. 

EHOMO; ELUMO 

SE,  u. ; SN ,  t* 

"rl',o4. ; "rrtxv 

v(,q) 

P~(_~) 

Q~t 

Qp~v'" 

1 1 
"lT"t.~; 7r ~v  

S-i.~. ; S+io. 

q-ia* ; q+i,~ 
~--i;  E+i 

The electrophilic and nucleophilic electronic charges calculated from the 
occupied and unoccupied orbitals respectively. 

The respective energies of the highest occupied and lowest unoccupied 
MO. 

The electrophilic and nucleophilic superdelocalizabilities. 

The self-atom and atom-atom polarizabilities. 

The potential field for a unit positive charge created by the molecule at 
point R. 

The electric field created by the molecule for a unit positive charge at 
point R. 

The net atomic charge on atom/*. 

The net group charge on atoms ix, v, �9 �9 �9 

The self-atom and atom-atom pollarizabilities calculated with only the 
HOMO and LUMO. 

The corresponding quantities as above but calculated with only the ith 
occupied MO (- i )  below the HOMO or the ith unoccupied MO (+i) 
above the LUMO respectively. The HOMO and LUMO are taken with 
i=1 .  

Z~ -q~ 
/~(/~) = ~ i/~, ~ _/~[3 ( /~  - /~).  (2) 

The quantities Z ,  and R ,  are the nuclear charge and position vector of the/zth 
nucleus. The point charge model has some obvious deficiencies, the most apparent 
being the poor prediction of the coulombic potential and field close to the 
molecule and especially near lone pair electrons. However at points more distant 
from the molecule where electrostatically controlled reactions are initiated, the 
trends in these properties should be reliabily predicted. 

We will treat the superdelocalizabilities as simply an empirical parameter which 
although lacking a rigorous derivation does have an intuitive appeal. In the 
simple Hfickel method it is taken as the sum of the charge to energy ratio as 
contributed by each occupied MO at a particular atom. This index was first 
introduced by Fukui using the simple Hiickel formalism. By applying perturba- 
tion theory to the MO of the isolated molecule, he calculated the activation 
energy of the 11 system. This index increases for the reactivity of the atom for 
which it was calculated. The superdelocalizability is usually used to parameterize 
aromatic substitution reactions and in the case of drug design, rr-~r drug-receptor 
interactions at specific atoms in the molecule. We will apply this index to the o- 
framework to characterize sites off of the aromatic structure. For electrophilic 
attack, reactive sites should be characterized by high density and high electronic 
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energy as represented in the charge to energy ratio of the superdelocalizability. 
The reactivity of the 7r electrons as well as the basicity of lone pair electrons 
should be well represented by such a parameter. We expand the MO, ~bj, in 
terms of the AO, Xm, 

,~= E E C~jx~. (3) 
w = l  m = l  

N~ is the number of atoms in the molecule and N~ is the number of valence AO 
in the txth atom. For a dosed shell molecule, the superdelocalizability for each 
atom is given as: 

sE. , sN.  = 2 X 2 (4) 
] m = l  

The summation over/" is over the occupied MO for calculating SE.,, and over 
the unoccupied MO for calculating &v.~. For the various symmetry components, 
we use only the coefficients of those AO (or some linear combination of them) 
with the appropriate symmetry. In more complicated drug molecules which often 
possess little symmetry, this partitioning may not be practical since most of the 
MO will have appreciable components of each symmetry. The exceptions to this 
will be sites on the aromatic rings. In the study of atomic charges on substituted 

-rr 
benzene, Taft and Brownlee observed that q~ was a much better index than %, 
while on exocyclic sites, Kang et al found that the latter was the better index 
[2, 3, 51. We suspect that the same will be true for the superdelocalizability. 
Hopefully this empirical parameter may prove to be an effective index by 
combining the density of electrons at an atom with a measure of their instability. 
In multiple regressions, this parameter could be instrumental in reducing the 
number of necessary variables and their covariance. 

The derivation of the polarizabilities, 11,, and H,~, follows closely the original 
work of Coulson and Longuet-Higgins, but is modified significantly for an all 
valence electron wavefunction which includes antisymmetry and inter-electronic 
repulsions. We attempt to represent the perturbationally induced modifications 
to the CNDO wavefunction, xI *~ through an approximate configurational 
expansion. The CI coefficients are calculated as perturbation type coefficients. 

~I ~ = ~t~ 0 + aI'r ( 5 )  

. o+  = X X  , .  

i a 8 i  - -  8 a  

The perturbation, H 1 is considered as a one electron operator. Here the summa- 
tion over i is taken over the occupied orbitals and the summation over a is 
taken over the unoccupied orbitals. The MO energies are respectively ei and e~. 
�9 ~ is a singly promoted function with the two singly occupied MO, &i and ca, 
singlet coupled. 

xI *a= I&lq~lq~2""" 4~,-~(4~,~a--~i~a)~i+l''" (6) 
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The barred orbitals are those with/3 spin and N is the number of electrons. 
The energy difference, e~-  e~, is an approximate measure of the difference in 
energy between the ground state and the singly excited state. The correct energy 
difference between these two functions involves the coulomb and exchange 
integrals as well as the orbital energies. But as is often the case, this simple 
difference better approximates the splitting between the states which we are 
trying to represent. For determining qualitative trends, this simple difference 
should be sufficient. For a one electron perturbation, H 1 = ~k Ok, this function 
reduces to: 

= +E E <,t,,Iod o> (7) 
i a ~ i  - -  E a  

= ~ ~  

We now calculate the one electron density matrix where the integration is 
completed over all but the space coordinates of the first electron and where 
Xk = (fk, sk) is the combined space-spin coordinates: 

0(1) = I q~*~ dsl  dX2 " �9 �9 dXN. (8) 

Of interest to us is the modification of the density matrix to first order in the 
perturbation. Ignoring the second order terms, upon substitution of �9 and 
integration, we get 

Ap(1) =p(1)--p~ 

= 4 Y~ • (q~'lOll~b') r (1). (9) 
i a E i  - -  E a  

The density matrix, po, is that of the unperturbed function, q~o, and the CNDO 
orbitals, ~bl, are taken here as real orbitals. We use the identity, 

f "tl2"~ a as1 dX2  " " " d X N  = (1)~ba (1). (10) 

Note that with the orthonormal MO, the trace of A0 is zero as it should be to 
conserve charge. 

Substituting the AO expansions of the MO as given in Eq. (3), and employing 
zero differential overlap (ZDO), 

(x#  Ix:,) = 

=.~, 4 , ,  ,~ . tr (Ap) Y. ~,% CviCpa 

= ~ 8q~ 

6q~ = 4 E E E Cv,Cv,~ 
p i a E i  - -  E a  

(11) 
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The 6q, ,  is the loss or gain of charge at the txth atom. The remaining integral 
contains the effects due to the characteristics of the other atoms. 

We now apply a monocentric and empirical perturbation to the vth atom such 
that, 

<x,'~ IO, lx ,"  > = 8o,.8o,.8,~,~,,. 

The 6oz~ represents the modification of the one electron energy associated with 
atom u due for example to the field produced by an approaching electrophile. 
Such an empirical parameterization is consistent with the CNDO formalism. We 
assume that initially the perturbation at the other centers is insignificant. However 
perhaps the most questionable procedure here is the implicit assumption that 
the perturbation is the same for all of the AO associated with this atom. While 
it is not necessary since we could relate the perturbations vectorially to the AO, 
this assumption does simplify the computational scheme somewhat and is 
employed here. Upon substitution of the AO expansion of the MO and also the 
above definition of the perturbation in Eq. (11), we get upon collecting terms: 

n . . - a q ~ - 4 E E  X E (12) 
O O l v  i a p r e i  - -  F.a  

This we define as the atom-atom polarizability, a quantity very similar to the 
original as derived by Coulson and Longuet-Higgins for the Hiickel method. 
It represents the effect of a perturbation at the vth atom on the electronic charge 
at the/x th atom. Obvious extensions of this derivation can be made to calculate 
the other polarizabilities, i.e. the atom-bond polarizability, H,.~,  the bond-atom 
polarizability, I I~ , , ,  and the bond-bond polarizability, II,~.~, by employing the 
corresponding perturbations. 

By direct substitution, it is very easy to demonstrate that with this empirical 
perturbation, 8o~,, the CNDO function gives the same first and second order 
type corrections to the energy as did the Hfickel method. 

1 2 
8e  = e a) + e ~2~ = q ~ 6 a ~  + ~ 7 r ~  ( 6 a ~ )  (13) 

e (" = <*'~176 

Since the charge and polarizability affect the energy linearly, their use is compat- 
ible with linear free energy relationships. 

We can also attempt to calculate the electric polarizability tensor with the 
approximate function of Eq. (7). In this case the perturbation is a constant 
electric field applied to the molecule, H ' =  ~k/~ " 7k. Taking the second order 
effect a s  E (2) = (,t,~ and substituting for ~1 gives, 

E ~2~= E 22 (0'1~" FI,G)(0aI~? �9 ~l,~,) (14) 
i a $i  - -  Era 
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From this comes the components of the polarizability tensor as, 

~,~, = 2 Y~F~ (~bi [r'~ [~ba)(~ba [rn kbi) m,n =x ,  y, z. (15) 
I I i i 

i a E i  - -  E a  

As in the CNDO method,  we do not apply Z D O  to calculate the dipole moment  
matrix elements. Such a procedure should reproduce the trends for the polariza- 
bility tensor within a related family of compounds. 

One cautionary remark is in order here. In the Hiickel method, all of the atoms 
were treated as equivalent, i.e. with all of their diagonal matrix elements equal, 
at least for homopolar  molecules. In the CNDO method, the inclusion of 
inter-electronic repulsions changes this feature. Thus simple indices like the 
self-atom polarizability may not be sufficient to differentiate the carbons. Two 
variable regressions which include for example both q ,  and I I , ,  as in Eq. (13) 
may be more theoretically sound to differentiate relative sites within the same 
molecule. For  comparing sites between similar molecules, I I , ,  could be effective 
as a single parameter.  

3. Results and Discussion 

By studying some simple systems, we hope to obtain sufficient experience to 
apply the better  indices to more difficult problems. The measure of reactivity 
will be the appropriate Hammet t  function or an analogous parameter.  These 
systems will be simple enough to avoid the problems of steric hindrance, a 
quantity not effectively monitored in these MO indices. In other studies, this 
effect can be included by use of the Taft steric parameter,  the van der Waals 
contact distance or other  approximate measures of the substituent size. 

Of the four systems, we will first consider the simple aromatic hydrocarbons to 
make a clear comparison between the C N D O / 2  indices and those of the simple 
H/ickel method. The second system, the benzene derivatives, will illustrate how 
effectively these indices can parameterize electrophilic attack on a polarized 
aromatic ring. Studies on the last two systems, the substituted benzoic acids and 
phenyl amines, will monitor  the ability of these indices to parameterize the 
reactivity of exocyclic sites. 

3.1. The Simple Aromatics 

This family of compounds includes benzene, biphenyl, napthalene, anthracene, 
and phenanthrene.  Regressions were completed using all 13 unique carbons on 
these molecules where substitution can occur. Biphenyl was calculated for the 
various angles of rotation between the rings with the perpendicular conformation 
being the most stable for the C N D O / 2  method,  giving a barrier of rotation of 
8 kcal/mole.  For a measure of the reactivities, we use the Hammet t  parameters 
O r �9 

Table 2 gives the relevant single variable regressions which include some of the 
poor  as well as the best results. The best parameters give about the same results 
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Table 2. Some single variable regressions between the Hammett o'r parameter 
and the MO indices for the simple aromatic hydrocarbons, which include 
benzene, biphenyl, napthalene, anthracene, and phenanthrene a. All parameters 
are given in atomic units 

Index Slope Intersection R b 

II~,c -5.318 (+1) -7.066 (+1) 0,887 
SN, c 8.599 (-1) -1.417 (+) 0,864 
S~.c -4.043 (+1) -7.336 (+1) 0.861 
S~r,c 8.812 (-1) -7.777 0.858 
S LUMO N,c 7.252 (+1) -3.676 0.837 
SE, c -2.033 (+1) -1.065 (+2) 0.795 
V c 8.991 (+3) 7.163 0.730 
Ez c 3.843 (+4) -8.286 0.729 
Ilc, c -2.292 (+1) -8.198 (+1) 0.711 
qc,-4 -2.190 (+2) -2,103 (+2) 0.601 
IIc, H 7.052 (+2) -5.897 (+2) 0.571 
sHOMO E,c -6.515 -4.246 0,536 
Ilb, c -1.348 (+1) -2.425 0.467 

HOMO qc  9.933 -2.935 0.321 
LUMO qc  8.487 -2.526 0.305 

q~ 4.754 (+1) -4.889 (+1) 0.211 

a These five molecules give a total of 13 unique carbons used in the regression 
analysis. 
b The correlation coefficient. 
c V and Ez are the coulombic potential and electric field perpendicular to the 
molecular plane at a distance of 5A above the carbons. 

as do  the  Hi i cke l  p a r a m e t e r s .  A l t h o u g h  this resul t  m a y  be  s o m e w h a t  d i s a p p o i n t -  
ing, it should  no t  be  surpr i s ing  since the  Hi i cke l  m e t h o d  is m o d e l e d  expl ic i t ly  
for  these  sys tems whi le  the  C N D O / 2  m e t h o d  is su i ted  for  the  m o r e  gene ra l  
case. F o r  example ,  the  Hi icke l  va lues  of the  superde loca l i zab i l i ty ,  the  reac t iv i ty  
index  of Brown,  and  the  s e l f - a tom po la r i zab i l i ty  give regress ion  coefficients of 
0.91,  0.86 and  0.72 respect ive ly .  The  Hi icke l  supe rde loca l i zab i l i t y  is be t t e r  
t han  the  C N D O  ~r-value whi le  the  Hi icke l  s e l f - a tom po la r i zab i l i t y  does  worse  
than  the  C N D O  7r-value for  this index.  If we ca lcula te  the  co r re l a t ion  coefficient  
b e t w e e n  the  Hf ickel  and  C N D O  se l f - a tom polar izabi l i t i es ,  we get  a va lue  of 
0 .99,  ind ica t ing  the  s ame  genera l  b e h a v i o r  for  the  two me thods .  Thus  we view 
these  resul ts  as accep t ab l e  if we can ob ta in  a s imi lar  accuracy  for  the  h e t e r o p o l a r  
sys tems to fol low. 

Of the  p a r a m e t e r s  l is ted,  a b o u t  five give r e spec t ab l e  results .  The  z r - c o m p o n e n t  
of the  s e l f - a tom po la r i zab i l i t y  gives the  bes t  co r re l a t ion  with  a R coefficient  of 
0.89. G e n e r a l l y  speak ing ,  the  ~ - - componen t s  of the  indices  p e r f o r m e d  b e t t e r  as 
a g roup  whereas  the  e lec t ros ta t i c  and  f ron t i e r  indices  give the  worse  results .  
O n e  shou ld  expec t  tha t  the  eou lombie  po ten t i a l  and  e lec t r ic  field will co r re l a t e  
p o o r l y  for  these  h o m o p o l a r  hyd roca rbons .  I t  is s o m e w h a t  surpr i s ing  tha t  the  
7r-densi ty  p e r f o r m s  m o r e  p o o r l y  than  the  to ta l  e lec t ron ic  dens i ty  which p e r h a p s  
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just illustrates again that these reactions are not electrostatically controlled. 
Certainly these results do not strengthen some arguments that these reactions 
are frontier controlled. The importance of the self-atom polarizability does imply 
that the attacking reagent is a charged species. The reactivity number of Dewar 
gives a correlation coefficient of 0.93 for this family of compounds, a result 
which is somewhat better  than the best CNDO index used here. Since the 
reactivity number is based on the localization energy method, a more fundamental 
procedure,  we should not be surprised that it gives a bet ter  result. Interestingly 
enough, th6 intuitive parameters,  the superdelocalizabiities, give acceptable 
correlations. It is also interesting that simply dividing the 7r-density of each 
occupied MO by its energy dramatically increases the q~ correlation coefficient 
from 0.21 to that of 0.86 for the ~--component of the superdelocalizability. The 
fact that these carbons have positive as well as negative net charges probably 
explains why both the electrophilic and nucleophilic superdelocalizabilities per- 
form well. Normally one should be superior for comparing the reactivity of a 
particular site between different compounds. 

The best multiple regressions with two variables have a nice interpretive appeal. 

o-r = -46.47qc - 6 6 . 9 6 I I ~ -  62.13 R = 0.902 

= 2 = - o-r 2 5 7 . 7 Q c H - 6 8 .  9Sz,c 120.0 R =0.911.  

The first equation above represents the energy perturbation to the carbon atom 
through second order. The second equation is very similar and almost certainly 
mimics the first. The  fact that these two equations do not show a marked 
improvement  over those of II ~ and S ~ oc z,c as single variables supports our con- 
clusion that the differences in reactivities are not electrostatically determined. 
Not only are the atomic charges small, but they show little variation from one 
molecule to another. These reactivities are thus obviously perturbationally con- 
trolled through the field produced by the attacking reagent. 

3.2. The Substituted Benzenes 

For this series of compounds, we completed an analysis for benzene and twelve 
of its simple derivatives. The substituents include 

N(CH3)2, NH2, OCH3, OC2H5, CH3, C2H5, F, C1, CN, NO2, CF3, COCH3. 

The measure of reactivity is the usual Hammet t  parameters,  crm and o-p. Since 
the CNDO indices have been tailored to include both the field and resonance 
effects, we did not make an analysis using the o-R and O'F parameters as did Taft 
and Brownlee [5]. We note also that the substituents, N(CH3)20CH3,  OC2H5 
and COCH3, were considered only in the orthogonal conformation to the ring 
since these gave the lowest CNDO energy. For the same reason, the NH3 and 
NO2 groups were given coplanar conformations. The coulombic potential and 
field were calculated at the following points: 

1. 5A above the carbon atoms. 
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Table 3. The best single variable regressions a between the Hammett o-p and trm 
parameters and the following CNDO/2 indices for the monosubstituted ben- 
zenes. All parameters are given in atomic units 

11 

Index Slope Intersection R b 

SE.c 3.090 1.565 0.868 
S~r.n 2.373 (+1) -7.757 0.834 
S~,~ 1.228 (+1) 1.652 0.830 
V ( B )  c 1.823 (+2) -1.679 (-1) 0.828 
V ( C )  ~ 1.772 (+2) -1.809 (-1) 0.820 
V ( A )  c 1.740 (+2) -1.929 (-1) 0.806 
S~z.c 3.877 6.656 0.787 
Q~ 7.057 (+1) 4.002 (-1) 0.785 

a The number of data points in each regression is 25. 
b The correlation coefficient. 
c V is the coulombic potential at points A, B, and C as described in the text. 

2. 5A above the hydrogen atoms. 
3. 5A directly above the C - - H  bond midpoint. 

The results of the best regressions are given in Table 3. 

None of the 7r-components correlated well with the reactivities. Perhaps if we 
had attempted to use the trR parameters the correlation would have been better. 
Taft and Brownlee obtained good correlations in this manner. Since their fits 
were made with only nine data points, it is difficult to make a clear comparison 
with their results. However they found that both the net para ~--charge and the 
total net 7r-charge on the aromatic ring gave very good linear fits with the 
resonance parameter, OR. 

The best single variable is the total electrophilic superdelocalizability which is 
clearly superior to any of the others. Both the nucleophilic and electrophilic 
superdelocalizabilities of the hydrogen atoms are effective indices and probably 
mimic those of the carbon atom. Since we have only one orbital on the hydrogen 
atoms, it is not surprising that both the electrophilic and nucleophilic super- 
delocalizabilities there show a very strong correlation as was found also for the 
other systems studied here. The electrostatic indices also produced good results 
although not convincingly enough to warrant considering these reactions as 
purely electrostatically controlled. It is natural that the potential correlates better 
than the field since this can be more directly related with the free energy 
differences. The success of the superdelocalizabilities lends credence to the more 
complex nature of these reactions where both electrostatic and perturbational 
effects are important. Apparently these reactions are not frontier controlled 
since not a single frontier index gave an acceptable result with the best being 
the carbon atom superdelocalizability of the L U M O  which gave a correlation 
coefficient of 0.47. 
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The only two variable regression which gave a significant improvement over the 
best single variable result involved the carbon atom total superdelocalizability 
and the coulombic potential above the hydrogen atom. However the correlation 
coefficient of 0.89 was only a small improvement over that of 0.86 for the total 
superdelocalizability. 

3.3 The Benzoic Ac ids  

The results obtained for the derivatives of benzoic acid were very good. CNDO/2 
calculations and the ensuing regressions were completed on benzoic acid and 
18 of its meta and para monosubstituted derivatives of the following groups: 

F, C1, CN, NO2, NH2, CH3, OCH3, N(CH3)2, COCH3 

The benzoic acid molecule was considered as completely planar with the carboxy- 
lie acid group in the trans configuration in agreement with that as calculated by 
Helvie et al and determined experimentally [13]. Both the amino and nitro 
groups were given configurations planar with the ring. The methoxy and methyl 
carbonyl groups were calculated to be more stable perpendicular to the ring in 
both the meta and para positions. The dimethyl amino substituent assumed the 
perpendicular conformation in the meta position and the planar conformation 
in the para position. Remembering that the benzoic acid molecule is completely 
planar, the potential and electric field were calculated at the following points: 

1. 5A directly above the center of the benzene ring. 
2. 5A directly above the carbonyl atom. 
3. 5A directly above the hydroxyl oxygen. 
4. 5A from the hydroxyl hydrogen and colinear with the OH bond. 

The acidities of these compounds were represented by the Hammett type para- 
meters, o- = Log ( K a / K a  0) where Ka o is the acid dissociation constant of benzoic 
acid. Table 4 gives the best indices from single variable regressions. We denote 
O1 as the carbonyl oxygen and O2 as the hydroxyl oxygen. 

One marked result of this table is that these reactivities are not frontier controlled. 
However, these reactions are more electrostatically controlled since the charges, 
the potentials, and the electric fields correlate well with the reactivities. Clearly 
many of these indices mimic each other. The potential for a positive charge 
increases with o" or the acidity in the region close to the carbonyl group leading 
to a stabilization of an electrophile in that region for the stronger acids. The net 
charges for the atoms of the carbonyl group all correlated well except for that 
of the carbon atom which gave a correlation coefficient of only 0.28. As the 
acidity increases, the positive charge of the hydrogen increases while the negative 
charge of the oxygens decrease. The carbonyl oxygen demonstrates the greatest 
change in charge as well as giving the best correlation. The self-atom 
polarizabilities, IIo~ and IIH, correlate well and have regression coefficients of 
opposite sign which illustrates how the charge is modified upon approach of the 
charged or polar species prior to abstraction of the hydrogen ion. The electrophilic 
superdelocalizabilities on the two oxygen atoms also give very good results. In 
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Index b Slope Intersection R c 

S~,ol 2.812 2,500 (+1) 0.900 
Qcol 6.895 (+1) -4 .442 0.893 
QOOH 3.801 (+1) 1.641 (+1) 0.890 
Qcoo  5,563 (+1) 1.158 (+1) 0.890 
QoH 9.500 (+1) 1.030 (-#1) 0.882 
IIco 1 2.064 (+1) -1 .408 (+2) 0.874 
SE,o2 4.950 3.860 (+1) 0.880 
SE,H 3.162 (+1) 3.015 (+1) 0,874 
Qol  6,028 (+1) 1.949 (+1) 0.868 
V(C) a 2.079 (+2) -1.955 (-2)  0.865 
V(D) d 2.301 (+2) -5.735 (-2)  0.864 
QH 7.348 (+2) -2.211 (+1) 0.861 
Sr~.n 4.129 -1.529 (+1) 0.860 
Ilovo2 -1.688 (+2) -2.905 (+2) 0.859 
I1H,H 2.666 (+2) 2.124 (+2) 0,856 

a The number of data points in each regression is 19. 
b O1 refers to the carbonyl oxygen and 02 refers to the hydroxyl oxygen. 

The correlation coefficient. 
d V is the coulombic potential calculated at the points A, B, C, and D as 
described in the text. 

fact, SE, ol is the single best parameter and gives a correlation coefficient of 0.90 
which is considerably better than that of 0.58 for the nucleophilic superdelocaliza- 
bility for this atom. This reflects again the electrophilic role of this atom. 

Kang et al have performed INDO calculations on these molecules, however did 
little to quantify their results [2, 3]. They showed good graphical correlations 
with the exocyclic charges but obtained little apparent improvement upon par- 
titioning these reactivities into resonance and field components [14]. They did 
not attempt to correlate the group charges which we found performed much 
better than the atomic charges. Their correlation of the HOMO and LUMO 
energies were poor which agrees with our observation that these acidities are 
not frontier controlled. 

We did not attempt to partition these parameters into their o- and ~" components 
since the center of reactivity is off of the ring. However considering the planar 
structure of the acid and the resonance structures incorporating the carboxylic 
acid group, perhaps the 7r-components could also give good results. 

The two variable regressions showed little improvement over the single variable 
results. For example one of the better two variable regressions using Qol and 
SE, o~ gave a correlation coefficient of only 0.901, only 0.003 better than that of 
SE, o, by itself. The best two variable regression involving SE, ol and HH,H gave 
a correlation coefficient of only 0.906. The reactivities of these acids are satisfac- 
torily parameterized with one index. Once again the superdelocalizability gives 
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the best results which encourages us to apply this parameter to more complex 
problems. 

3.4 .  T h e  P h e n y I  A m i n e s  

For this family of compounds, we completed studies on phenyl amine and 14 
of its meta and para monosubstituted derivatives using, 

C1, CN, NH:,  NO2, CH3, OCH3, and COCH3. 

It has been calculated and determined that the amino group assumes a pyrimidal 
structure, but with a barrier of inversion of only 1.6 kcal/mole [13]. Thus we 
assumed a planar geometry in this work. The geometry of the substituents are 
the same as those discussed for the benzoic acids. For a measure of the reactivities, 
we used the Hammett  type parameter, o - = L o g ( K a / K a ~ 1 7 6  

where K a  ~ and K b  ~ are the acid and conjugate base equilibrium constants for 
phenyl amine. Thus the basicity of these compounds increases with decreasing ~r. 
The coulombic potential and electric field were calculated for each compound at 
the following points. 

1. 5A directly above the nitrogen. 
2. 5A directly above the amine hydrogen 
3. 5A along the bisector of the H - - N - - H  angle. 

The single variable regressions are given in Table 5. As with the benzoic acids, 
these reactivities are largely electrostatically controlled and show no tendency 

Table 5. The best single variable regressions between the reactivities of the 
monosubstituted phenylamines and the CNDO/2 indices below a. All parameters 
are given in atomic units 

Index Slope Intersection R b 

SE,N 1.051 (+1) 7.591 (+1) 0.863 
V(C) c 6.333 (+2) -1.510 0.860 
SE.H 6.688 (+1) 7.346 (+1) 0.855 
V(A)  r 5.645 (+2) -4.171 (-1) 0.855 
QNH2 1.422 (+2) 6.257 0.852 
E(C) c 9.821 (+3) -2.097 0.851 
V(B) ~ 5.732 (+2) -4.615 (-1) 0.850 
OH 3.179 (+2) --3.142 (+1) 0.845 
SN.H 8.342 -3.085 (+1) 0.843 
IIN,H --1.619 (+3) 1.297 0.838 
SN.N 2.853 --2.444 (+1) 0.826 
IIH, H 9.793 8.475 (+2) 0.816 
ON 9.329 (+2) 2.257 (+2) 0.796 
I'[N, N -7.833 (+1) -2.007 (+2) 0.792 

a The number of data points used in the regressions is 19. 
b The correlation coefficient. 
c V and E are respectively the coulombic potential and the magnitude of the 
electric field calculated at points A, B, C, and D as described in the text. 
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toward frontier control. Both the potential and field above the nitrogen are 
important. Once again the net group charges perform better than the net atomic 
charges since they probably mimic better the potential at points distant from 
the charged substituent group. The electrophilic superdelocalizability of the 
nitrogen atom gives the best result. This parameter appears to describe well 
those important sites involved in an electrophilic attack on a lone pair of electrons. 
These results are acceptable at the one variable level and are close in accuracy 
to the other systems studied here. We did not consider the ~ components of 
these indices since the reactive site is off of the aromatic framework. The two 
variable fits give only a moderate improvement in the precision of the fit which 
supports our earlier conclusions that these indices are effective as single variables 
in describing the simple reactions discussed here. 

4. Conclusions 

The CNDO/2 indices in these initial studies appear to give good correlations 
for predicting the reactivities of aromatic compounds for both cyclic and exocyclic 
sites of reactivity. It is also significant that in general the superdelocalizability 
gave the best results for these four systems. A more convincing derivation of 
this index is in order. The parameter apparently includes both electrostatic and 
perturbational effects which perhaps explains the difficulty in obtaining a correct 
derivation of it. We feel that this parameter can be useful in a multivariable 
regression in systems which are considerably more complex, for example as in 
characterizing biological activities. The extension of some of these classical 
~--electron indices to the o- framework appears to be justified in as much as the 
results obtained for all four systems were of similar accuracy. 

For these reactions which were experimentally studied under equilibrium condi- 
tions, the frontier indices did very poorly. Such indices as the orbital energies 
gave consistently inferior results, but have been applied in various drug design 
problems. Quite possibly, the fault may lie with the CNDO method which may 
erroneously produce the MO energies with the wrong magnitude and ordering. 
However we feel in general that their utility is suspect in comparison with the 
other indices. But they may still be useful for processes which are kinetically 
determined. 

Additional studies are evident. For example, one should study the effect of using 
the complete denominator in the first order wave function of Eq. (7) instead of 
the simple MO energy difference, e i -  e~. Also for the polarizabilities, II~, the 
perturbations to each orbital on an atom need not be set equal, but can perhaps 
be vectorially related. And multiple perturbations should be investigated rather 
than limiting the perturbation to just one atomic site as was done here. However 
all of these possibilities would probably entail a considerably more complex 
formalism. 

Since the multivariable analysis gave little improvement for these reactions which 
were characterized by one reactive site, these indices will be efficient in reducing 
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the  n u m b e r  of  necessary  var iables  for  m o r e  com plex  p rob lems .  W e  are cur ren t ly  

applying these  indices to the  s tudy of  the  ch lo r am phen i co l  family  of  drugs which 

envo lves  severa l  i m p o r t a n t  cen ters  of  react ivi ty.  
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