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ABST̂ AC'J 

A review has been ^iven of molecular o r b i t a l theory 
and of i t s a p p l i c a t i o n t c c a l c u l a t i o n s of ground and ex­
c i t e d s t a t e p r o p e r t i e s of s u b s t i t u t e d aromatic hydrocar­
bons . 

The n i t r a t i o n s of ortho, meta and para-xylenes and 
naphthalene have been studied, alone and i n competitive 
reactions v/ith benzene, usin.~ n i t r i c a c i d / a c e t i c a c i d as 
the n i t r a t in;; medium. P a r t i a l r a t e f a c t o r s have been det­
ermined r e l a t i v e t o benzene. 

Competitive n i t r a t i o n s have been c a r r i e d out between: 
naphthalene and 2-flucro - C-mothylnaphthalene, naphthalene 
and 2-acetamido -6-methylnaphthalene, 2-methylnaphthalene 
and. 2, 6-dimethylnaphthalene, 2-methoxy -6-methylnaphthalene 
and 2j6-dimethylnaphthalene. P a r t i a l r a t e f a c t o r s have 
been determined r e l a t i v e t o naphthalene. 

Proton ma;-riptin. resonance studies at Go, 100 and 220 

Mc/s have been made c f a series of 2, 6 - d i s u b s t i t u t e d naph­
thalenes . 

An attempt has been made t o i n t e r p r e t the experimental 
data by d e t a i l e d Pariser-Parr-Pople s e l f - c o n s i s t e n t f i e l d 
molecular o r b i t a l c a l c u l a t i o n s . 
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L i s t of symbols and ab b r e v i a t i o n s 
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o e l e c t r o n i c charge 

m e l e c t r o n i c mass 

c v e l o c i t y of l i ^ h t 

h Planck*s constant 

R sas constant 

N Avo^adro number 

Operators 

H the complete e l e c t r o n i c Hamiltonian 
c 

H the core Hamiltonianl the terms i n K v/hich are fu n c t i o n s i 
of j u s t the coordinates of e l e c t r o n i . 

2 
C-. .= e /v. . , an e l e c t r o n r e p u l s i o n term i n II. i J — J 
H. a one-electron Hamiltonian- n o n - e x p l i c i t . 

i 
F the SCF operator. 

M = e E r . , the dipole moment operator. - - i - i 
Wave Functions 

an atomic o r b i t a l ; <P a molecular o r b i t a l . 

^ 1 "bonding molecular o r b i t a l s . 

V^i 2. a n J ° : i ' - ^ o n d : ' " n ^ molecular c r b i t a l s . 
(p the ground s t a t e vave f u n c t i o n v/ritten as a s i n g l e 

determinant. 

j ^ ^ . an e x c i t e d s t a t e obtained from J by promoting an e l e c ­

t r o n from v|/ to <]/ . 
k r 

ol}fiJche sp i n func t i on s. 

if/ (1 ) ot (1 ) = <^ (1 ) , (1 ) (1 ) = * i / (1 ), molecular s p i n or-
r r r r b i t a l s . 
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( i i i ) 
INTRODUCTION 

The study of s u b s t i t u e n t e f f e c t s on the e l e c t r o n i c 
s t r u c t u r e and r e a c t i v i t y of organic compounds has occupied 
the a t t e n t i o n of chemists f o r many years. From the study 
of e l e c t r o p h i l i c aromatic s u b s t i t u t i o n i n p a r t i c u l a r , a 
considerable amount of experimental data has been c o l l e c t e d 
f o r the c o n s t r u c t i o n and t e s t i n g of t h e o r i e s of s u b s t i t u e n t 
e f f e c t s i n organic molecules. Current t h e o r i e s of 
su b s t i t u e n t e f f e c t s however, have been based i n the main on 
in f o r m a t i o n derived from studies of benzene d e r i v a t i v e s , 
while r e l a t i v e l y l i t t l e work has been done on s u b s t i t u t e d 
p o l y c y c l i c aromatic compounds. 

A vast amount of experimental data has been ta b u l a t e d 
1 

using Hammett (°~-/o) l i n e a r f r e e energy r e l a t i o n s h i p s , i n 
which, f o r a given type of r e a c t i o n , the e f f e c t of a 
su b s t i t u e n t i s given by a s u b s t i t u e n t constant ( < r"). Much 
of t h i s work has been devoted, t o q u a l i t a t i v e discussions 
of the magnitude and sign of «~ f o r a given s u b s t i t u e n t i n 
terms of i n d u c t i v e and mesomeric e f f e c t s . More r e c e n t l y , 

2 

Dewar and Grisdale have attempted a more q u a n t i t a t i v e 
treatment w i t h extension t o naphthalene systems, but i t 
remained dependent on several e m p i r i c a l parameters. 

The c h i e f drawback t o the above i n v e s t i g a t i o n s i s the 
f a c t t h a t the observed e f f e c t of a s u b s t i t u e n t depends not 
only on the e l e c t r o n i c e f f e c t of the l a t t e r upon the ground 
s t a t e of the molecule, but also on i t s e f f e c t on the 



( i v ) 
t r a n s i t i o n s t a t e f o r the r e a c t i o n under con s i d e r a t i o n . 

In recent years, the development of nuclear magnetic 
resonance and photoelectron spectroscopy has enabled 
s u b s t i t u e n t e f f e c t s of molecules t o be studied i n t h e i r 
ground states. Here again, very l i t t l e work has been done 
on s u b s t i t u t e d aromatic hydrocarbons other than benzene, 
and t h i s applies t o both t h e o r e t i c a l and experimental 
i n v e s t i g a t i o n s . 

As f a r as q u a n t i t a t i v e evaluations of s u b s t i t u e n t 
e f f e c t s are concerned, the most important i n v e s t i g a t i o n s 
have been based on the a n a l y s i s of the e l e c t r o n i c spectra 
of s u b s t i t u t e d benzenes and azulenes. The i n d u c t i v e and 
mesomeric parameters f o r each s u b s t i t u e n t derived from 
these analyses, have been incorporated i n t o t h e o r e t i c a l 
treatments based on the l o c a l i s e d o r b i t a l model, by 

3 h 
M u r r e l l et a l . and Craig et a l . These i n v e s t i g a t i o n s 
have concentrated on the e f f e c t of s u b s t i t u e n t s on the 
e l e c t r o n i c spectra. The most recent development has been 
the i n t r o d u c t i o n of the i n d u c t i v e s u b s t i t u e n t parameters 

5 
i n t o standard Pariser-Parr-Pople SCP MO c a l c u l a t i o n s . The 
r e s u l t s of t h i s type of treatment were very encouraging, 

1 
the p r o p e r t i e s i n v e s t i g a t e d being d l p o l e moments, H and 
13 

C chemical s h i f t s and e l e c t r o n i c spectra. 
I t i s c l e a r from t h i s discussion t h a t there i s a lack 

of experimental i n f o r m a t i o n on the e f f e c t of s u b s t i t u e n t s 



(v) 
on the r e a c t i v i t i e s , and ground and ex c i t e d s t a t e proper­
t i e s of p o l y c y c l i c aromatic hydrocarbons. The work des­
c r i b e d i n t h i s t h e s i s has been planned w i t h t h i s i n mind. 

Substituent e f f e c t s have been i n v e s t i g a t e d from meas­
urements of chemical s h i f t s and from p a r t i a l r a t e f a c ­
t o r s derived from competitive n i t r a t i o n r e a c t i o n s . Proton 
magnetic resonance studies at 60, loo and 22o Mc/s have 
been made of 2 , 6 - d i s u b s t i t u t e d naphthalenes, and p a r t i a l 
r a t e f a c t o r s have been measured f o r a series i n which one 
of the su b s t i t u e n t s was methyl and the other was H, CH^, 
•C I I O J F and NHCGCEL. During t h i s work, i t was found t h a t 
r e s u l t s were l a c k i n g f o r the p a r t i a l r a t e f a c t o r s of the 
xylenes w i t h reference t o n i t r a t i o n r eactions. As these 
r e s u l t s were necessary t o make comparisons between methyl-
naphthalenes and the corresponding benzene d e r i v a t i v e s , 
p a r t i a l r a t e f a c t o r s have been determined f o r the xylenes. 

An attempt has been made t o i n t e r p r e t the experimental 
data b""" d e t a i l e d Pariser—Parr—Po^le SCF MG c a l c u l a t i o n s . 



Chapter 1 

Substituent E f f e c t s 
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The main f e a t u r e of aromatic s u b s t i t u t i o n i s the 
inf l u e n c e exerted by s u b s t i t u e n t s on the p o s i t i o n at 

6 

which r e a c t i o n occurs. In g o l d accounted q u a l i t a t i v e l y 
f o r p o s i t i o n s of s u b s t i t u t i o n and r e l a t i v e r e a c t i v i t i e s 
i n terms of p o l a r e f f e c t s of s u b s t i t u e n t s . The processes 
by which a s u b s t i t u e n t can a f f e c t a r e a c t i o n are as 
f o l l o w s : 

6 

"• ) The q»-Inductive E f f e c t (I..) 

This o r i g i n a t e s i n the unequal sharing of the e l e c t r o n 
p a i r forming a covalent bond and can be t r a n s m i t t e d t o the 
r e a c t i o n centre by successive p o l a r i s a t i o n of i n t e r v e n i n g 
"-bonds. I t explains the increase i n dip o l e moment along 
a homologous series and the increase i n a c i d i t y of 
car b o x y l i c acids w i t h the i n t r o d u c t i o n of halogen atoms. 
The e f f e c t f a l l s o f f r a p i d l y and smoothly as the distance 
from the s u b s t i t u e n t increases. 

7 

2) The p i - I n d u c t i v e E f f e c t (l„) 
The charge produced at a conjugated atom adjacent t o 

the s u b s t i t u e n t may p o l a r i s e the corresponding p i e l e c t r o n 
system. This e f f e c t explains the d i f f e r e n c e between ground 
and e x c i t e d s t a t e measurements of the i n d u c t i v e and 

7 
mesomeric e f f e c t s of the halogens. The I„ e f f e c t produces 
a long range p o l a r i s a t i o n s i m i l a r t o the mesomeric e f f e c t 
(see below), but the l a t t e r changes the e l e c t r o n d e n s i t i e s 
only at a l t e r n a t e atoms, while the former b u i l d s up charge 
on one set of atoms and decreases i t on the other. 1 
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i* s- Si- m-
+ - I r X c = c — c = c 

+I„ x — c = c — c = c 

c 

3) The Mesomeric E f f e c t (M) 
The p i e l e c t r o n system can be p o l a r i s e d by resonance 

i n t e r a c t i o n w i t h the s u b s t i t u e n t . An e l e c t r o n - r e l e a s i n g 
s u b s t i t u e n t (4-M) w i l l act as f o l l o w s : 

X C-Q X *C* C* c — c " 

As w i t h the I e f f e c t , due t o d e l o c a l i s a t i o n of 
ele c t r o n s , the mesomeric e f f e c t i s t r a n s m i t t e d over a 
long range. 
k) The F i e l d E f f e c t 

The e l e c t r i c d i p o l e f i e l d of the s u b s t i t u e n t may 
inf l u e n c e the r e a c t i o n centre d i r e c t l y across space. I t 
i s not easy t o d i s t i n g u i s h between t h i s e f f e c t and 

2 

i n d u c t i v e e f f e c t s but Dewar et a l . have shown t h a t i t can 
be s i g n i f i c a n t . 
5) Hyp ere onjugat ion 

A f u r t h e r e f f e c t which cannot be e n t i r e l y discounted 
i s hyperconjugation. This i s the process by which a group 
such as an a l k y l group can conjugate w i t h an aromatic system 
as though i t possesses electrons of p i symmetry. T h e o r e t i c a l 

9, i0 
s t u d i e s , snow t h a t a c o n j u g a t i v e mode of e l e c t r o n release 
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by a l k y l groups i s f e a s i b l e , and spectroscopic evidence i s 
also i n favour of a methyl group behaving as a +M 
sub s t i t u e n t . 

There are two approaches f o r the i n t e r p r e t a t i o n of 
su b s t i t u e n t e f f e c t s i n organic chemistry. The f i r s t i s 
based on the Hammett l i n e a r f r e e energy r e l a t i o n s h i p 
and can be discussed i n terms of In-gold* s d e f i n i t i o n s 
of I n d u c t i v e and mesomeric e f f e c t s . The second approach 
i s based on evaluation of s u b s t i t u e n t e f f e c t s from 
e l e c t r o n i c spectroscopy and requires more c a r e f u l 
d e f i n i t i o n s i n quantum mechanical terms. 



a) Linear Free Energy Relationships 

The r e a c t i v i t i e s of f u n c t i o n a l centres i n the sid e -
chains of aromatic compounds are c o r r e l a t e d very w e l l 

i 
by the Hammett l i n e a r f r e e energy r e l a t i o n s h i p : 

I 0 3 k x / k Q = «"x/°y ( 1) 

i n which k x and k Q are e q u i l i b r i u m or r a t e constants 
f o r the s u b s t i t u t e d and u n s u b s t i t u t e d compounds, 
r e s p e c t i v e l y , «-x i s a constant of the s u b s t i t u e n t x and 
yOy i s a constant of the r e a c t i o n a t some centre y. 

The v a l i d i t y of equation ( 1 ) i s r e s t r i c t e d t o 
su b s t i t u e n t s i n the meta- and para-positions of the 
benzene ring., and the e f f e c t of a su b s t i t u e n t w i l l 
depend on i t s mutual o r i e n t a t i o n w i t h the r e a c t i o n centre. 
Thus, two d i f f e r e n t s u b s t i t u e n t constants, «~ m and a-
are r e q u i r e d f o r meta- and p a r a - s u b s t i t u t i o n , r e s p e c t i v e l y . 

The form of the Hammett equation requires t h a t there 
be no mutual conjugation between the r e a c t i o n centre and 
the s u b s t i t u e n t , otherwise s u b s t i t u e n t s w i l l r e q u i r e 
s p e c i a l o~ values when conju g a t i o n i s possible. 

When the Hammett equation i s app l i e d t o aromatic 
s u b s t i t u t i o n , resonance i n t e r a c t i o n s between the 
su b s t i t u e n t and the r e a c t i o n centre are much greater 

•1 i 
than i n side-chain reactions. Brown et a l . proposed 
t h a t a new s u b s t i t u e n t constant, a-"1", should be used f o r 



these r e a c t i o n s , <a~+ d i f f e r i n g from <r- by an amount 
depending on the resonance i n t e r a c t i o n between the 
s u b s t i t u e n t and the aromatic nucleus i n the t r a n s i t i o n 
s t a t e . Since depends i n p a r t on the above resonance 
i n t e r a c t i o n , i t should depend on the extent of formation 
of the new«~-bond i n the t r a n s i t i o n s t a t e . The l a t t e r i s 
dependent on the nature of the reagent, i n c r e a s i n g w i t h 
/O . A c c o r d i n g l y , Knowles et a l . proposed a f u r t h e r 
m o d i f i c a t i o n t o take t h i s i n t o account: 

lo g k/k G = (C~Q +• <s- R) ( 2 ) 

For a very r e a c t i v e reagent, the t r a n s i t i o n s t a t e 
w i l l resemble the ground s t a t e of the molecule and the 
r e a c t i o n r a t e w i l l be governed by ground s t a t e e l e c t r o n 
d e n s i t i e s . <S~Q represents the p o l a r i s a t i o n of the r e a c t i o n 
centre i n the ground s t a t e . For less r e a c t i v e reagents, 
the tf~-bond w i l l be appreciably formed at the t r a n s i t i o n 
s t a t e and a resonance i n t e r a c t ion (<s~R) w i l l be more 
important than«~Q. <y~R w i l l increase w i t h a n d a 
l i n e a r r e l a t i o n s h i p : 

was suggested , where o~p i s the a b i l i t y of the 
s u b s t i t u e n t t o supply el e c t r o n s t o the reagent by 
resonance i n t e r a c t i o n . Thus, equation ( 2 ) becomes: 



l o g k/k = <S~ + <3~ 2 CO G 

This i s s i m i l a r t o the equation proposed by Yukawa 

where ̂ o'is a new constant measuring the s e n s i t i v i t y of 
the r e a c t i o n centre t o mutual conjugation, and <y~'is a 
corresponding measure of the conjugative power of the 
s u b s t i t u e n t . 

Both of these equations have been used su c c e s s f u l l y , 
but they s u f f e r the same d e f i c i e n c y of the Hammett 
equation, namely the excess of e m p i r i c a l parameters. 

and Tsuno: 

lo g k/k "7° o ( 5 ) 
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b) The D e r i v a t i o n of Substituent Constants from 
E l e c t r o n i c Spectra 

A s a t i s f a c t o r y theory of s u b s t i t u e n t e f f e c t s requires 
a q u a n t i t a t i v e scale such as t h a t given by Hammett 
values, defined w i t h reference t o the e l e c t r o n i c 
p r o p e r t i e s of the s u b s t i t u e n t . E l e c t r o n i c spectrocopy 
provides a good basis f o r c o n s t r u c t i n g a q u a n t i t a t i v e 
theory, because changes i n energy brought about by 
s u b s t i t u e n t s can be observed d i r e c t l y . The only 
l i m i t a t i o n i s t h a t d i f f e r e n c e s i n energy between ground 
and e x c i t e d s t a t e s , and not absolute energies, are 
observed. I n a d d i t i o n , only the energy-change of the p i -
electrons i s observed. However, the p i - e l e c t r o n s are 
mainly responsible f o r the c h a r a c t e r i s t i c p r o p e r t i e s of 
aromatic compounds, and these p r o p e r t i e s should be 
p r e d i c t a b l e by c a l c u l a t i n g s u b s t i t u e n t e f f e c t s on the 
p i - e l e c t r o n s . 

I t i s usual t o describe s u b s t i t u e n t e f f e c t s on the 
e l e c t r o n d i s t r i b u t i o n i n a molecule i n terms of the 
i n d u c t i v e and mesomeric e f f e c t s , which were o r i g i n a l l y 

6 

defined (see above) by I n g o l d by reference t o the 
c l a s s i c a l theory of valence. I n quantum mechanics, 
however, more exact mathematical d e f i n i t i o n s are necessary. 

' 5 

The p i - i n d u c t i v e e f f e c t of a s u b s t i t u e n t i s defined 
as the e f f e c t of i t s p o t e n t i a l f i e l d on the p i - e l e c t r o n s of the 



u n s u b s t i t u t e d molecule. 
The mesomeric e f f e c t of a s u b s t i t u e n t i s defined as 

i t s a b i l i t y t o extend the space over which the p i - e l e c t r o n s 
of the molecule are de l o c a i i s e d . 

These e f f e c t s can be t r e a t e d separately i f the mixing 
of states (or o r b i t a l s ) can be adequately described by 
f i r s t order p e r t u r b a t i o n theory, and the energy changes 
by second order p e r t u r b a t i o n theory. 

Considering a s u b s t i t u t e d ethylene: i f and are the 
bonding and anti-bonding p i o r b i t a l s of ethylene, and the 
su b s t i t u e n t X possesses an o r b i t a l v|/f of pi-symmetry, then 
the o r b i t a l s of the s u b s t i t u t e d molecule can be w r i t t e n : 

+ = c« <K + c-, + c*+j ( 6 ) 
Under the in f l u e n c e of the i n d u c t i v e p e r t u r b a t i o n , I , 

mixes w i t h 4*., , and the mesomeric p e r t u r b a t i o n , M, mixes 
^, and vj/, w i t h , the f i r s t - o r d e r approximation t o the 
bonding o r b i t a l being: 

^' = ^ + m£m^ + m£i&iys (7) 

where H"= H + I f M. H i s the unperturbed Hamiltonian. 
To t h i s order, the extent t o which r:ii;.:e.i "jl'ch ^ i s 

independent of the mesomeric p e r t u r b a t i o n elements <4,,IW*Î «> 
and <^\\C\^t>, and the extent t o which 0>s mixes w i t h ^, i s 
independent of the i n d u c t i v e p e r t u r b a t i o n element <iVJH*|*̂ _>-
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The i n f l u e n c e of the s u b s t i t u e n t on the energies of 

tyy andCji,can be c a l c u l a t e d by second order p e r t u r b a t i o n 
theory as: 

* , , , , <*iM|if f> 2 «Kiil<fc t> 2 

E, = E, + <il;ii|cj!> + <0<IM|tk> + f 
E, - E S E, - E_, 

( 3 ) 

2 2 
, , <*.lM|Cfc> <t\lM> 

E , = E , + <&ll\<!f,> 4- + ~ + - L J — 
E, - E S E_, - E L 

( 9 ) 

E = E_ 7 - E, 

«Mrlif{> 2 <ifcixiifc>2 

= [< i , i i |^> - <U{irii|i> h + 

- E ] E - 1 - E ] 

r „ , , <*lMHfc>2 <*,|M|»,> 2 

•f- [<3K.IHHH,> - <M!lMlil: > + • — -i : (10) E , - E E - E, - I s s 1 
I n an a l t e r n a n t hydrocarbon, w i t h i n the zero-overlap 

approximation, the ground and e x c i t e d states have the 
16 

same, uniform, charge d e n s i t y . Now I n t e g r a l s l i k e 
OKirKft > represent the i n t e r a c t i o n of electrons i n a 
s t a t e ifo w i t h I , and f o r a l t e r n a n t hydrocarbons w i l l equal 
<4L,IXliKi>- Hence, t o f i r s t order: 
E*, - E ' = k i i i H ^ - <*,ixiif!>] + [<gt,iMicfci> _ <4>,IMI*>] 



= 0, f o r a l t e r n a n t hydrocarbons. (11) 

That i s , the f i r s t order change i n the t r a n s i t i o n 
energy i s zero. 

I n a non-alternant hydrocarbon, there i s a p i - e l e c t r o n 
d e n s i t y change on e x c i t a t i o n and t h e r e f o r e a corresponding 
f i r s t order i n d u c t i v e s h i f t . I f i t i s a v a l i d assumption 

c 

t h a t the s h i f t s i n the 5000 A azulene band are dominated 
by the i n d u c t i v e s h i f t , an analysis of the s h i f t s w i l l 
give values of the p i - i n d u c t i v e parameter, ei' .(d = < î»lvl ^L>, 

where^fcis the s u b s t i t u t e d C atom, V i s the p o t e n t i a l f i e l d 
of the s u b s t i t u e n t , and d' i s the change i n the Coulomb 
i n t e g r a l of the s u b s t i t u t e d C atom, as defined by Huckel 
t h e o r y ) . To f i r s t order, the s h i f t s are p r o p o r t i o n a l t o ^ ' 
m u l t i p l i e d by the e l e c t r o n d e n s i t y change on e x c i t a t i o n 
at the s u b s t i t u t e d C atom. 

A second e s t i m a t i o n of o/'can be made from the second 
order i n d u c t i v e s h i f t i n a l t e r n a n t hydrocarbons. This i s 
r a t h e r s e n s i t i v e t o the r e l a t i v e p o s i t i o n s of s u b s t i t u e n t s . 
For example, consider Iwu sl a t e s of ethylene, one (a) 
t o t a l l y symmetric and one (b) which i s antisymmetric t o a 
perpendicular r e f l e c t i o n plane. 

I 
© ;© © - © 
© !© © !© 
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For ( j ^ t o mix w i t h <̂ k , the p e r t u r b a t i o n must have a 
component w i t h the same symmetry as the product </i ̂ 4, , 

which i s antisymmetric w i t h respect t o the r e f l e c t i o n 
plane. The p e r t u r b i n g f i e l d a r i s i n g from mono-substitution 
has such a component, but those from c i s - and t r a n s - d i -
s u b s t i t u t e d ethylenes have not, and there w i l l be no 
i n d u c t i v e s h i f t . For gem - d i s u b s t i t u t i o n , the p e r t u r b a t i o n 
i s antisymmetric and must be twice as large as f o r the 
mono-substituted ethylene. Since the second order energy 
changes depend on the square of the p e r t u r b a t i o n , the 
energy s h i f t s f o r ge m - d i s u b s t i t u t i o n w i l l be f o u r times 
the s h i f t s f o r mono-substitution. Hence the second order 

2 

i n d u c t i v e s h i f t = INJ£ , where I depends on the number 
and r e l a t i v e p o s i t i o n s of the s u b s t i t u e n t s . 

Table 1 shows the frequency s h i f t of the 2600 A band 
of benzene f o r s u b s t i t u e n t s t h a t are almost s o l e l y 
i n d u c t i v e (aza N and F), and those which have a mesomeric 
e f f e c t as w e l l (CI and CH^ )• The CI and CH^ spectra show 
t h a t the frequency s h i f t depends on the number of 
su b s t i t u e n t s and not on t h e i r r e l a t i v e p o s i t i o n s , while 
f o r F and (N) the reverse i s t r u e . By separating the 
observed frequency s h i f t s i n t o a p a r t which i s a d d i t i v e 
i n s u b s t i t u e n t s and a p a r t which i s not, i t i s possible 
t o deduce the magnitudes of the i n d u c t i v e and mesomeric 
e f f e c t s . 1 7 
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TABLE 1 

Frequency s h i f t s (cm - 1) i n the 2600A "band of "benzene. 

P o s i t i o n of j 
s u b s t i t u t i o n • (N) 

i 
F Cl CH3 

1 -400 270 '030 0 10 

1 , 2 ; - 1 2 5 0 1850 920 

^ 3 -"; 800 200 1900 1 150 

900 1290 2340 1390 

1 ,2 ,3 2600 1260 

1 ,2 ,4 950 3000 1570 

1 ,3 ,5 -5600 : -44o 2600 1520 

1 , 2 , 3 , 4 
• 
; 

• 
3550 1700 

1 , 2 , 3 , 5 3450 1750 

^ , 2 , 4 , 5 -300 j 1480 
1 

3850 1890 

1 , 2 , 3 , 4 , 5 i 4250 2030 

The frequency s h i f t s i n the v i s i b l e band of azulene 
and the 2850A band of naphthalene a r i s i n g from methyl and 
phenyl s u b s t i t u t i o n are shown i n t a b l e 2 . Here, CH^ 
exerts a f i r s t order i n d u c t i v e s h i f t i n azulene, i n 
naphthalene a second order s h i f t . Azulene i s the most 
e x t e n s i v e l y studied of the non-alternants. I t has been 

19 

shown by P l a t t n e r t h a t the frequency s h i f t of the f i r s t 
azulene band f o l l o w s an a d d i t i v i t y r u l e , and t h e r e f o r e the 
second order i n d u c t i v e s h i f t i s small. The phenyl group 



has a r e l a t i v e l y small e f f e c t on the azulene "band although 
i t can have a large mesomeric e f f e c t . Hence, f o r s u b s t i t u e n t s 
w i t h weak mesomeric e f f e c t s , the s h i f t s i n the azulene 
band can be a t t r i b u t e d almost e n t i r e l y t o the i n d u c t i v e 
.effect, and even f o r s t r o n g l y mesomeric s u b s t i t u e n t s the 
average mesomeric e f f e c t over a l l p o s i t i o n s of s u b s t i t u t i o n 
may be small. 

TABLE 2 

Frequency s h i f t s ( c m 1 ) f o r azulene and naphthalene. 

P o s i t i o n of 
s u b s t i t u t i o n 

Azulene P o s i t i o n of 
s u b s t i t u t i o n 

1 • 2 4 5 6 

0 H 3 +790 -430 -370 +350 -46o 

° 6 H

5 

+765 - 5 0 + 70 +405 +330 

P o s i t i o n of 
s u b s t i t u t i o n 

Naphthalene P o s i t i o n of 
s u b s t i t u t i o n 

1 2 

CH3 4-800 + 100 

6 5 + "i 600 + 1300 

The second order i n d u c t i v e s h i f t of the benzene 2600A 
20 

band has been analysed i n d e t a i l by M u r r e l l and McEwen 
The o v e r a l l s h i f t can be represented by the r e l a t i o n s h i p : 

E = nA + InU-' 2 ( 1 2 ) 
.. 2 

where n i s the number of s u b s t i t u e n t s , In«- i s the 
second order i n d u c t i v e s h i f t as above, and A contains a l l 
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a d d i t i v e c o n t r i b u t i o n s t o the s h i f t , i . e . f i r s t order 
i n d u c t i v e , mesomeric and zero-point v i b r a t i o n energy 

E I 
changes. A graph of ^ versus _ n should give a s t r a i g h t 
l i n e w i t h slope JL . Values of d' estimated i n t h i s way 
are given i n t a b l e 3-

TABLE 3 

Calculated values of 
18 

Substituent 

F 
C I 
Br 
CH, 
CH£.CH3 
C H . ( C H Q ) O 
C(CHo)3 
CP3 
CN 
COOI-I 
CHQ 
MQo 
•H~ 
OMe 
NHP 

(NT 

1-Azulene Benzene 
_ 1 

(cm ') (cm - 1) 
+8780 

+35^0 +5370 
+2960 +5480 
+3290 +4290 
+3630 +4610 
+3300 +3840 

+3000 
-3950 

-3300 -6710 
-4750 -11850 
-5420 - • 7 2 8 0 
-8710 

+13780 
+11870 

+13750 +13880 
-18750 -17500 

Prom the spectra of hcmosubstituted benzenes, one 
can deduce the magnitude but not the sign of ol'. Aza 
n i t r o g e n i s c e r t a i n l y p i - e l e c t r o n a t t r a c t i n g r e l a t i v e t o 
carbon, so t h a t cL' i s negative f o r t h i s s u b s t i t u e n t . 

The values of U.' deduced from the azulene and benzene 
spectra are i n reasonable agreement, except f o r those 
s u b s t i t u e n t s (CHQ, CODH, CN) which have strong -M e f f e c t s . 
These s u b s t i t u e n t s produce a hypsochromic s h i f t at the '• -



-Im­
p o s i t i o n of azulene, and i f the mesomeric e f f e c t i s 
producing a bathochromic s h i f t , which i s the expected 
behaviour, then w i l l be underestimated. 

The i n d u c t i v e e f f e c t of a su b s t i t u e n t on the a-
electrons (lcr>) of an aromatic hydrocarbon i s not u s u a l l y 
the same as t h a t on the p i - e l e c t r o n s ( I * ) , e.g. the 
halogens have I„ p o s i t i v e and I * . negative. I t has been 
shown t h a t the disagreement i n the l i t e r a t u r e on the 

r e l a t i v e mesomeric and i n d u c t i v e strengths of the halogens 
7 

i s due t o non-recognisance of t h i s f a c t . I n the «~-bond, 
f l u o r i n e i s e l e c t r o n - a t t r a c t i n g because of the lower 
p o t e n t i a l w e l l at t h a t nucleus compared w i t h carbon. How­
ever, the f l u o r i n e 2p„ o r b i t a l ' c o n t a i n s two el e c t r o n s , so 
t h a t an al e c t r o n i n an adjacent carbon 2p z o r b i t a l exper­
iences a p i - e l e c t r o n r e p u l s i o n . ( p a r t l y e l e c t r o s t a t i c and 
p a r t l y due t o the P a u l i exclusion p r i n c i p l e ) . This i s 
taken i n t o account by a r e d u c t i o n i n the coulomb i n t e g r a l 
at t h a t C atom. 

I n a l o c a l i s e d - o r b i t a l model, the mesomeric e f f e c t -is 
introduced by a l l o w i n g the ground and l o c a l l y e x c i t e d 
states t o i n t e r a c t w i t h charge-transfer states. The ^round 
s t a t e can be represented by X-R and the l o c a l l y e x c i t e d 
s t a t e by X-R . I f there i s some overlap between the sub-
- s t i t u e n t and hydrocarbon p i - o r b i t a l s , then both these 
states i n t e r a c t w i t h the charge-transfer states X-R and 
X-R"1". For every s u b s t i t u e n t there i s a set of charge-



t r a n s f e r s t a t e s , and i t has been shorn' ' by second 
order p e r t u r b a t i o n theory t h a t each set has an independent 
e f f e c t on the hydrocarbon states. Within t h i s approximation 
the mesomeric e f f e c t s of s u b s t i t u e n t s are a d d i t i v e . From 
t h a t p a r t of the s u b s t i t u e n t s h i f t which i s p r o p o r t i o n a l 
t o the number of s u b s t i t u e n t s introduced, the parameter A 
i s derived i n equation (12). This has been t a b u l a t e d f o r 

21 
a number of s u b s t i t u e n t s by Petruska. 

The order of the mesomeric strengths of the halogens 
i s roughly t h a t expected from t h e i r r e l a t i v e i o n i s a t i o n 
p o t e n t i a l s : F<Cl<Br<I, but i s the reverse of the order 

7 

p r e d i c t e d from ground s t a t e p r o p e r t i e s . From a p r o p e r t y 
of the ground s t a t e which i s c o r r e l a t e d w i t h e l e c t r o n 
d e n s i t y i n the r i n g , i t i s not possible t o separate a +I„. 
and a +M e f f e c t , since both e f f e c t s b u i l d up charge at 
the o- and p - p o s i t i o n s , although the charge at the m-

8 

p o s i t i o n i s decreased s l i g h t l y by the former. The meso-
-meric e f f e c t i s u s u a l l y estimated from ground s t a t e 
p r o p e r t i e s as a combination of I„ + M. 
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Slmple Molecular O r b i t a l Theory 
The molecular o r b i t a l (MO) theory of the e l e c t r o n i c 

s t r u c t u r e of molecules i s the n a t u r a l extension of the 
atomic o r b i t a l theory of atomic s t r u c t u r e t o molecules. 
Each e l e c t r o n i n a molecule i s described by a wave f u n c t i o n 

, which i s c a l l e d a molecular o r b i t a l . 
The energies E, of the MO 's are obtained from the 

Schrodinger equation 
H«C = E l | / ( ^3) 

where H i s the Hamiltonian operator. 
For a s i n g l e p a r t i c l e of mass m ( i n t h i s case an 

e l e c t r o n ) moving i n a p o t e n t i a l f i e l d V, the Hamiltonian 
excluding spin i s : 

u* r \* ^ 
H = - -2— — + V (ill) 

For a system of n u c l e i . . ) and electrons ( i , j . . . ) 
the Hamiltonian i s : 

where 
2. v*. 

7 - _ i + »: + L 

05) 



The f i r s t two terms a r e t h e k i n e t i c energy o p e r a t o r s 

o f t h e n u c l e i and e l e c t r o n s r e s p e c t i v e l y . The t h i r d t e r m 

i s t h e mutual p o t e n t i a l energy o f r e p u l s i o n o f t h e 

e l e c t r o n s , ( means a sum over a l l p a i r s o f e l e c t r o n s ) r* * 

b e i n g t h e d i s t a n c e between e l e c t r o n s i and j . The f o u r t h 

t e r m i s t h e r e p u l s i o n energy o f t h e n u c l e i , ( Z e i s t h e 

n u c l e a r c h a r g e ) , and t h e l a s t t e r m t h e p o t e n t i a l energy o f 

a t t r a c t i o n between t h e e l e c t r o n s and t h e n u c l e i . 

U s i n g t h e Born-Gppenheimer a p p r o x i m a t i o n , t h e t o t a l 

wave f u n c t i o n can be s e p a r a t e d i n t o an e l e c t r o n i c and a 

n u c l e a r p a r t . The e l e c t r o n i c wave f u n c t i o n i s o b t a i n e d f o r 

f i x e d p o s i t i o n s o f t h e n u c l e i by n e g l e c t i n g t h e f i r s t t e r m 

i n t h e H a m i l t o n i a n . Any f u t u r e r e f e r e n c e t o t h e t o t a l wave 

f u n c t i o n , energy or H a m i l t o n i a n w i l l mean t h e e l e c t r o n i c 

terms o n l y . 

Because o f t h e many v a r i a b l e s p r e s e n t , such a H a m i l t ­

o n i a n cannot n o r m a l l y be used and i t i s necessary t o use 

an approximate o p e r a t o r i n t h e Schr o d i n g e r e q u a t i o n . I n 

t h e e m p i r i c a l MO t h e o r y , a sim p l e f o r m f o r t h e H a m i l t o n i a n 

i s used.(e.g. i n Huckel t h e o r y i t i s g i v e n i n n o n - e x p l i c i t 

f o r m . ) 

U s i n g t h e Sc h r o d i n g e r e q u a t i o n , t h e e n e r g i e s o f t h e 

MO s can be c a l c u l a t e d , and t h e ground s t a t e o f t h e mol­

e c u l e c o n s t r u c t e d by a l l o c a t i n g t h e a v a i l a b l e e l e c t r o n s t o 

t h e MO 's of lowest energy, s u b j e c t t o t h e r e s t r i c t i o n 

imposed by t h e P a u l i e x c l u s i o n p r i n c i p l e . The t o t a l wave 



f u n c t i o n ( £p ) i s t a k e n as a p r o d u c t o f t h e m ' s o f a l l t h e 

e l e c t r o n s c o n s i d e r e d . An e x c i t e d s t a t e i s produced by 

r a i s i n g an e l e c t r o n f r o m a f i l l e d o r b i t a l t o a vacant 

o r b i t a l and, i n t h e s i m p l e approach, t h e d i f f e r e n c e 

between t h e two l e v e l s i s t h e e x c i t a t i o n energy. 

There are two d e f i c i e n c i e s of t h i s approach: 

a) The P a u l i e x c l u s i o n p r i n c i p l e i s n o t a d e q u a t e l y t a k e n 

i n t o account, s i n c e no s p i n wave f u n c t i o n s a r e i n c o r p o r ­

a t e d and so e x e r t no i n f l u e n c e on t h e energy l e v e l s . As a 

r e s u l t , an e x c i t e d s t a t e i n which two e l e c t r o n s a r e un­

p a i r e d w i l l have t h e same energy whether i t be a s i n g l e t 

or a t r i p l e t s t a t e . 

b) Every MO i s c o n s t r u c t e d as i f o t h e r e l e c t r o n s were 

absent, n e g l e c t i n g t h e m u t u a l r e p u l s i o n between e l e c t r o n s . 

T h e r e f o r e t o improve t h e method, e l e c t r o n s p i n must be 

t a k e n i n t o account and t h e H a m i l t o n i a n must be made more 

e x p l i c i t by i n c l u d i n g more i n t e r a c t i o n s between t h e 

charged p a r t i c l e s which make up a g i v e n system. 

2. A n t i s y m m e t r i s a t i o n o f M o l e c u l a r O r b i t a l s 

A s p i n f u n c t i o n ci o r f$ can be a s s o c i a t e d w i t h each 

space f u n c t i o n MO t o g i v e M o l e c u l a r Spin G r b i t a l s (MSG). 

For example, we can have ls«^ o r lsy£ as t h e complete wave 

f u n c t i o n o f an e l e c t r o n i n a I s o r b i t a l . For b r e v i t y t h e s e 

may be w r i t t e n I s and I s i f no c o n f u s i o n w i t h a s i m p l e 

o r b i t a l f u n c t i o n can a r i s e . A wave f u n c t i o n f o r a many-



e l e c t r o n system might be w r i t t e n as: 

v|/ a(0 v ^ U " ) ^ ) Tj / K 0O ( !6 ) 

b u t an e q u a l l y good, f u n c t i o n c o u l d be: 

V ^ f c ^ C O i|/k(3) . • - • (17) 

o r any o t h e r o f t h e n i f u n c t i o n s which can be o b t a i n e d by 

p r o m o t i n g t h e n e l e c t r o n s amongst these s p i n o r b i t a l s - The 

most g e n e r a l wave f u n c t i o n w i l l be some c o m b i n a t i o n o f 

these n l f u n c t i o n s . The c o r r e c t c o m b i n a t i o n i s d e t e r m i n e d 

by t h e f a c t t h a t an a c c e p t a b l e wave f u n c t i o n must change 

s i g n on exchanging any two e l e c t r o n s . For two e l e c t r o n s , 

t h e f u n c t i o n : 

s a t i s f i e s t h i s c o n d i t i o n . I n g e n e r a l , a d e t e r m i n a n t o f 

t h e form: _ 
<4/ aCO^0) ifcd) 

( 1 9 ) 

v^W^Cn). . . . . <E(n) 
s a t i s f i e s t h e c o n d i t i o n t h a t i t changes s i g n on exchanging 

any two e l e c t r o n s , s i n c e i n t e r c h a n g i n g two rows o f a d e t ­

erminant changes i t s s i g n . Such a. n o r m a l i s e d d e t e r m i n a n t 

i s c a l l e d a S l a t e r d e t e r m i n a n t and may be a b b r e v i a t e d : 

_1_ 



(20) 

T h i s antisymmetric-exchange p r o p e r t y o f e l e c t r o n i c 

wave f u n c t i o n s i s m e r e l y a more g e n e r a l statement o f t h e 

P a u l ! e x c l u s i o n p r i n c i p l e . I f two e l e c t r o n s have t h e same 

f o u r quantum numbers, t h e n t h e y occupy t h e same s p i n 

o r b i t a l . The d e t e r m i n a n t w i l l t h e n be zero s i n c e two o f 

i t s columns a r e i d e n t i c a l : i n o t h e r words, such a f u n c t i o n 

cannot e x i s t . 

For two e l e c t r o n s (1 and 2) t h e r e a r e f o u r space 

f u n c t i o n s : 

/SCO 

symmetric 

asymmetric 

(21) 

(22) 

The MSQ 's are t h e n : 

S i n g l e t : 

T r i p l e t ; 

2* 

1 
2 

+ t + k | + | « . K | ] 

|>V. K | 

(23) 

(24) 

The wave f u n c t i o n s can be improved by t a k i n g a l i n e a r 

c o m b i n a t i o n o f S l a t e r d e t e r m i n a n t s which have d i f f e r e n t 

e l e c t r o n c o n f i g u r a t i o n s : t h i s i s known as c o n f i g u r a t l o n a l 

i n t e r a c t i o n ( C I ) . 
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3- The L i n e a r Combination o f Atomic Q r b i t a l s ( L C A Q ) 

Approximat i o n . 

When an e l e c t r o n gets c l o s e t o a nucleus i t e x p e r i e n ­

ces a p o t e n t i a l due t o t h a t nucleus which swamps t h e e f f e c t 

o f t h e o t h e r n u c l e i i n t h e molecule. I t i s t h e r e f o r e a r e a s ­

onable assumption t h a t i n t h e r e g i o n s c l o s e t o t h e n u c l e i 

t h e MO ' s l o o k v e r y l i k e atomic o r b i t a l s ( A O ' s ) . T h i s i s 

t h e b a s i s o f t h e LCAO a p p r o x i m a t i o n t o t h e MO J s o f a mol­

e c u l e . Thus: 

<|/ = I c „ (25) 

where a r e AO 's and t h e c o e f f i c i e n t s have t o be d e t e r ­

mined. I f a l a r g e number o f AO ' s i s i n c l u d e d i n t h e expan­

s i o n , i t i s p o s s i b l e t o o b t a i n good MO J s . I n p i - e l e c t r o n 

t h e o r y , however, i t i s u s u a l t o i n c l u d e o n l y one p i - o r b i t a l 

p e r atom. 

^. The Huckel A p p r o x i m a t i o n 
22 

Huckel developed a v e r y simple f o r m o f MO t h e o r y i n 

which a n o n - e x p l i c i t H a m i l t o n i a n i s used, i s assumed t o 

be an e i g e n f u n c t i o n o f a o n e - e l e c t r o n o p e r a t o r H, so t h a t : 

H<|/ = E<j/ (26) 

S u b s t i t u t i n g f o r i\f i n t h i s e q u a t i o n , m u l t i p l y i n g on t h e 

l e f t by <^ and i n t e g r a t i n g over t h e s p a c i a l c o - o r d i n a t e s 

o f t h e e l e c t r o n s , g i v e s : 
7c (H - E S ) = 0 ( 2 ? ) 
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where = <<£|H|«fc> (28) 

Sro = <4>*\4>S> (29) 

I f t h e r e are n AO 's i n t h e expansion t h e r e w i l l he n 

MO ' s and n s e c u l a r e q u a t i o n s o f t h e t y p e ( 2 7 ) , and these 

w i l l have n o n - t r i v i a l s o l u t i o n s o n l y i f t h e s e c u l a r d e t ­

e r m i n a n t i s zero: t h a t i s 

| F > * - E S J = o (30) 

I n t h e LCAQ a p p r o x i m a t i o n , t h e problem i s d e c i d i n g 

on t h e f o r m o f t h e o n e - e l e c t r o n H a m i l t o n i a n . The Huckel 

approach i s t o decide on t h e f o r m o f t h e m a t r i x elements 

and t h e n t o use t h e r e s u l t i n g o r b i t a l s w i t h o u t a t t r i b ­

u t i n g any s p e c i a l s i g n i f i c a n c e t o them. 

I n an a r o m a t i c hydrocarbon, each atom i n t h e c o n j u g ­

a t e d system c o n t r i b u t e s one AO t o t h e MO ' s, and each atom 

i s i n a s i m i l a r environment. The Huckel a p p r o x i m a t i o n s t o 

th e s e c u l a r e q u a t i o n s f o r t h e p i - e l e c t r o n s o f these mol­

ec u l e s a r e : 

1) Z e r o - o v e r l a p i s assumed even between n e i g h b o u r i n g AO 3 s. 

i . e . =0 i f p i ' o . Assuming t h a t t h e i n d i v i d u a l AO J s a r e 

n o r m a l i s e d , S =1. 

2) i s assumed t o be t h e same f o r each atom. I t i s 

g i v e n t h e symbol J- and i s c a l l e d t h e Coulomb i n t e g r a l . 

3) Hp„ i s a c o n s t a n t p i f atom p i s bonded t o c? -̂»tf).y2 

i s c a l l e d t h e resonance i n t e g r a l . 

4) Y y v =0 i f yt, and c a r e n o t bonded t o g e t h e r . 
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V/ith these a p p r o x i m a t i o n s t h e s e c u l a r e q u a t i o n s 

become: 

- c„ ( ot - E ) = 0 ^ i * - t ; - w ( 3 1 ) 

et -E 
or by w r i t i n g x = p , t h e y become: 

£ c 0 4- xc^ = 0 (32) 

The s e c u l a r d e t e r m i n a n t now has x everywhere on t h e 

d i a g o n a l and 1 i n t h e o f f - d i a g o n a l elements o f row 

column </ i f u-y, b u t 0 o t h e r w i s e . S o l u t i o n o f t h e d e t e r ­

minant y i e l d s energy l e v e l s «ijf Xyfi where +x r e f e r s t o 

bon d i n g and -x r e f e r s t o a n t i - b o n d i n g o r b i t a l s . b e i n g a 

n e g a t i v e q u a n t i t y ) . 

The p i - e l e c t r o n d i s t r i b u t i o n i s d e s c r i b e d i n terms o f 
23 

t h e p i - c h a r g e q^, a t each atom: 

c i - = Z ni°>i (33) > t 1 / A : 

and t h e p i - b o n d - o r d e r » f o r a n v p a i r o f atoms and u 

py».> = I n i c / . i c ^ i ( 3 4 ) 

where i s t h e number o f e l e c t r o n s i n t h e i t h . MO. 
24 

Coulson a l s o d e f i n e d t h e t e r m f r e e v a l e n c e , i n 

terms o f t h e bond-orders: 
P

A
 = "max " > (35) 

where i s t h e sum o f t h e bond-orders between atom j* and 



i t s n e i g h b o u r s , N m a x
 = 3* b e i n g a t h e o r e t i c a l maximum v a l u e 

25 
o f N d e r i v e d f r o m t r i m e t h y l m e t h a n e 

I n Huckel t h e o r y , t h e p i - b o n d i n g energy E i s approx­

imated as a sum o f o r b i t a l e n e r g i e s £ , computed as i f t h e 
g 

e l e c t r o n s were independent. Coulson and Long u e t - H i g g i n s 

showed t h a t t h e t o t a l p i - e n e r g y i n t h e ground s t a t e i s : 
E = r > ^ ^ „ v ^ ( 3 6 ) 

The i n t r o d u c t i o n o f a he t e r o a t o m i n t o an u n s a t u r a t e d 

system w i l l r e q u i r e new v a l u e s f o r *Jl a n d ^ . Changes i n «l 

and j8 a r e u s u a l l y expressed i n terms o f and j&m< w i t h 

benzene as t h e r e f e r e n c e substance. 

J.x = c t c + h X / f i c . c (37) 

£ - x = k o - X A o - c ( 3 8 ) 

I t i s d i f f i c u l t t o deduce d e f i n i t e v a l u e s o f h-^ and 

k because Huckel parameters depend on t h e p r o p e r t y 
V/ — J\. 

b e i n g s t u d i e d , though U ̂  must be r e l a t e d t o t h e e l e c t r o ­

n e g a t i v i t y o f atom X, and i t has been suggested t h a t h 
X 

i s line£ii"ly r e l a t e d t o t h e e l e c t r o n e g a t i v i t y d i f f e r e n c e o f 
25 

X and C. J 

An a l t e r n a t i v e method i s t o c o n s i d e r t h e i n t r o d u c t i o n 

o f a h e t e r o a t o m t o be p r o d u c i n g a p e r t u r b a t i o n on t h e MO ' s 

and e n e r g i e s o f t h e i s o e l e c t r o n i c hydrocarbon. 

From e q u a t i o n ( 3 6 ) , 



Hence ±3? = ij§ = Ar» = W ( 4 i ) 

That i s , a change i n Jl^, produces t h e same p e r t u r b a t i o n t o 

t h o p i - e l e c t r o n charge a t atom y as a s i m i l a r change in«4o 

would produce a t atorryA . "H^, which i s c a l l e d t h e m u t u a l 
g 

p o l a r i s a b i l i t y , may a l s o be expressed i n terms o f t h e 

c o e f f i c i e n t s and e n e r g i e s o f t h e MO 's: 

ft* n c .c , c .c , 

V», - t i l \ c ( 4 2> 
J = l k̂ m-f-1 J k 

I n p a r t i c u l a r t h e s e l f - p o l a r i s a b i l i t y o f atom yd i s : 
2 2 m n c c 

T U - 4 £ r (43) 
* V j = l k=m-M L j k 

I t w i l l be shown l a t e r t h a t t h e terms q M j FM , and TT..̂  

can be used as r e a c t i v i t y i n d i c e s i n a s i m p l e s t u d y o f 

The advantage o f Huckel t h e o r y i s i t s s i m p l i c i t y , b u t 

because of t h e n e g l e c t o f e l e c t r o n I n t e r a c t i o n terms i n 

t h e H a m i l t o n i a n i t s success depends on t h e v a r i a t i o n o f 

t h e e m p i r i c a l parameters eL and j9 t o s u i t t h e p a r t i c u l a r 

e x p e r i m e n t a l c o n d i t i o n s be in.--; s t u d i e d . 
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5- S e l f - C o n s i s t e n t F i e l d Equations and t h e Energies o f 

A n t I s y m m e t r i s e d M o l e c u l a r O r b i t a l s 

The energy o f a wave f u n c t i o n may be c a l c u l a t e d f r o m 

t h e e q u a t i o n : 

E = <^HvJ/> (44) 

'.'•/here H i s t h e complete e l e c t r o n i c H a m i l t o n i a n : 

H = [ H c ( i ) • I i _ + V m (45) 
i ± J U 

c , 
H ( i j j t h e core H a m i l t o n i a n , c o n s i s t s o f t h e k i n e t i c 

energy o p e r a t o r and t h e e l e c t r b n - n u c l e a r a t t r a c t i o n terms 

f o r e l e c t r o n i , and where V i s t h e n u c l e a r r e p u l s i o n 

energy. 

S u b s t i t u t i n g e q u a t i o n s ( 2 0 ) and(45) into(44) g i v e s : 

L 1 <i J 
The d e t e r m i n a n t may be w r i t t e n i n t h e form: 

7^(1 + P) V (p.cai^ta \W (u 7 ) 

f o r a c l o s e d - s h e l l system; where P i s an o p e r a t o r which 

permutes a l l t h e e l e c t r o n s 1....n among t h e a v a i l a b l e 

s p i n o r b i t a l s and m u l t i p l i e s by j f 1 (depending on whether 

i t i s an odd o r even p e r m u t a t i o n ) , so as t o p r e s e r v e t h e 

asymmetry o f t h e f u n c t i o n . There are n1. terms i n t h e 

d e t e r m i n a n t on t h e r i g h t o f equation(46), but s i n c e t h e r e 



i s n o t h i n g s p e c i a l about t h i s p a r t i c u l a r a l l o c a t i o n o f 

e l e c t r o n s t o o r b i t a l s , a l l o f these terms must g i v e t h e 

same c o n t r i b u t i o n t o E. M u l t i p l y i n g t h i s one t e r m by n i 

g i v e s : 

E = 

<(1+P) ^ C O ^ U ) tpK(n) \U\ i ^ C O ^ C O i^CrO > (48) 

The I l a m i l t o n i a n c o n t a i n s a sum o f one- and two-

e l e c t r o n o p e r a t o r s , so t h a t u n l e s s t h e r e i s a t l e a s t one 

t e r m f o r which a l l b u t two e l e c t r o n s a r e i n t h e same 

p l a c e on b o t h s i d e s o f t h e o p e r a t o r , t h e m a t r i x element 

w i l l be zero because o f t h e o r t h o g o n a l i t y o f t h e s p i n 
" 2 

o r b l t a l s . (Since f o r e v e r y t e r m i n t h e H a r n i l t o n i a n ^ , we 

can i n t e g r a t e over t h e c o - o r d i n a t e s o f a l l t h e o t h e r e l e c ­

t r o n s , and i f any one e l e c t r o n i s i n a d i f f e r e n t o r b i t a l 

on each s i d e o f t h e m a t r i x element t h i s w i l l g i v e z e r o . ) 

Thus a f t e r i n t e g r a t i o n over t h e c o - o r d i n a t e s n o t i n v o l v e d 

i n t h e o p e r a t o r 

<\>a^ \ l * > ? K Cn) | H | 4'„ CO ^(a) JfK Cn) > 
S 

k 
c 2 7 H r T. f 2 Y J f V (49) 

t— r i ^ r s nn ' 
r=a p a i r s r s 

s i n c e t h e r e a r e two e l e c t r o n s a s s o c i a t e d w i t h each MO. 

t £ r = <^lH C|tj/ r> (50) 

J r s = < ^ ( i ) ^ s ( j ) | i . | ^ r ( i ) ^ s ( j ) > (51) 
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J i s c a l l e d a Coulomb i n t e g r a l . 

Consider now a t e r m where e l e c t r o n s a r e exchanged i n 

0/ ( l ) andHT (2) on t h e l e f t hand s i d e o f (48). T h i s g i v e s 

t h e t e r m 

- < " f c l O i l V a ) ^ < t h > 1111 ^ " K ^ > (52) 

which i s zero because o f t h e o r t h o g o n a l i t y o f t h e s p i n 

f u n c t i o n s . I f e l e c t r o n s a r e exchanged i n 1^ ( 1 ) and ^ ( 3 ) 

t h i s g i v e s t h e term: 

-K = - < * a ( l ) * b ( 3 ) | i J ^ a ( 3 ) * b ( l ) > (53) 

which i s an exchange i n t e g r a l . There i s one such t e r m f o r 

a l l p a i r s o f s p i n o r b i t a l s r s . I f more t h a n two e l e c t r o n s 

a r e exchanged t h e r e w i l l be a t l e a s t t h r e e e l e c t r o n s i n 

d i f f e r e n t s p i n o r b i t a l s on t h e l e f t and r i g h t hand s i d e s 

o f t h e o p e r a t o r and t h e s e terms w i l l be zero. 

The t o t a l energy o f a c l o s e d s h e l l system i s t h u s : 

E = 2 V E L -I- 2 ( J „ - K ) f V (5 Z0 c— r r ~—~ P3 c?< nr. 
r paxi'b 1'a 

where K r s = <^r(l)^( J ) | f 1 J I + s ( 1 >«/M J )> (55) 

The v a r i a t i o n p r i n c i p l e can new be a p p l i e d t o t h e 

wave f u n c t i o n ( " 9 ) t o f i n d t h e c o n d i t i o n s that t h e energy 

(54) be minimized. A p p l y i n g the c o n d i t i o n s i s s u f f i c i e n t 
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t o d e f i n e t h e o r b i t a l s ij/ , which when e v a l u a t e d i n t h i s 
way are c a l l e d s e l f - c o n s i s t e n t f i e l d ( S C P ) o r b i t a l s . The 
o r b i t a l s d e f i n e d w i t h r e s p e c t t o t h e a n t i s y m m e t r i s e d p r o ­
d u c t (19) a r e c a l l e d Hartree-Pock SCP a n t i s y m m e t r i s e d mol­
e c u l a r o r b i t a l s . ( A S M O ) 

Suppose t h a t t h e f u n c t i o n ( 2 0 ) does n o t g i v e t h e low­

e s t energy o f t h e s t a t e . Then t h e r e i s some o t h e r f u n c t i o n 

f = l^' ^ (56) 

which has a low e r energy. Assume t h a t t h e d i f f e r e n c e b e t ­

ween (/̂  and (/̂  i s s m a l l and can be w r i t t e n as: 

where vj/ i s a s p i n o r b i t a l o r t h o g o n a l t o t h e s e t . . . . 

4̂  w i l l s t i l l bo n o r m a l i s e d , p r o v i d i n g c t i s s m a l l , be-
2 

cause r e - n o r m a l i s a t i o n w i l l o n l y i n v o l v e a t e r m i n ĉ . . 

Equation ( 5 6 ) can now be w r i t t e n : 
= l * A «iy + c j ^ ^ . . . . ^ ! ( 5 8 ) 

= i f +• ( s a y ) (59) 

Thus i s formed by a d d i n g t o ̂  a s m a l l amount o f t h e 

s t a t e i}<£ , which a r i s e s f r o m t h e e x c i t a t i o n o f an e l e c t r o n 

f r o m 1̂  t o ̂ f c. 

For ^ t o be t h e b e s t o r b i t a l o f i t s t y p e c t must be 

zero, and t h i s f u r t h e r r e q u i r e s t h a t t h e H a m i l t o n i a n i n t ­

e g r a l between tj ^ and be zero. 

By s u b s t i t u t i o n o f e q u a t i o n ( 5 9 ) i n t o t h e S c h r o d i n g e r 

e q u a t i o n we o b t a i n : 



(H - E W + c t (H - E)v|/^ = 0 (60) 

M u l t i p l y i n g f r o m t h e l e f t by a and i n t e g r a t i n g , g i v e s : 

< V ^ a * l H l + > + c
t < + a ' H ^ a > ~ C t E = 0 ( 6 l ) 

Mow t h e H a m i l t o n i a n i s Hermit i a n , and we are d e a l i n g w i t h 

r e a l f u n c t i o n s , t h e r e f o r e : 

<yl"\v\*> = <(HH|<|£> = P A T (62) 

Thus i f c t = 0, P a t = 0. 

I f e q uation(62) i s expressed i n terms o f s p i n - o r -

b i t a l s , we f i n d by t h e same method used t o d e r i v e (54): 

P a t " H a t + I 2 < t l r a ( i ) ^ B ( J ) | i j d/ ( i ) ^ (J) 
s=a l j 

- < + a ( D l / / s ( j ) | F . | . l f ' s ( i ) ^ ( j ) > (63) 

I f and i j ^ j a r e e i g e n f u n c t i o n s o f P w i t h d i f f e r e n t eigen-

v a l u e s , t h e n : 

<l|/.|F|^.> = 0 (64) 

Thus, f o r equation(63) t o be zero f o r any s p i n - o r ­

b i t a l , n o t j u s t <^a, t h e \̂  must be e i g e n f u n c t i o n s o f P. 

The Hartree-Pock e q u a t i o n s can now be w r i t t e n : 

k 
Z 
;=a 

where E i s t h e o r b i t a l energy, J and K are Coulomb and 

F "° H + r (2J c. - K ), F l f = E ^ (65) 
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exchange o p e r a t o r s d e f i n e d as: 

< Js'at " < > C a ( i ^ s ( j ) l r 1 j l , ' ' t ( 1 ) ^ s ( 3 ) > ( 6 6 ) 

( K s ) a t = « C a ( 1 ^ s ( J » l F j ' C s ( l ) * t ( J » ( 6 7 ) 

The p o t e n t i a l g o v e r n i n g t h e SCF o r b i t a l s t h e r e f o r e 

c o n s i s t s o f t h e c o r e p o t e n t i a l , and t h e Coulomb and ex­

change p o t e n t i a l s f o r each e l e c t r o n . The o p e r a t o r F de­

pends on a l l o c c u p i e d o r b i t a l s l)f ^ t h r o u g h t h e dependence 

of o p e r a t o r s J„ and K o n l ^ . . Thus an i t e r a t i o n method has a s ~ 1 
t o be adopted t o c a l c u l a t e t h e SCF o r b i t a D s , and t h e con­

d i t i o n o f s e l f - c o n s i s t e n c y i s reached when t h e o r b i t a l s 

are c o n s i s t e n t \ ; i t h t h e p o t e n t i a l f r o m which t h e y were 

determined. The ground s t a t e i s t h e n r e p r e s e n t e d by t h e 

best d e t e r m l n a n t a l wave f u n c t i o n and as such cannot be 

improved by c o n f i g u r a t i o n a l i n t e r a c t i o n w i t h any s i n g l y -

e x c i t e d s t a t e . 

From (63) t h e o r b i t a l e n e r g i e s can be expressed as: 

c k 
E = T? = H H- r ( 2 J " K ) (66) r r r r r £ . x r s r s 

s —a 

I f t h e SCF o r b i t a l s a r e t o be r e p r e s e n t e d by t h e 

LCAQ a p p r o x i m a t i o n , (25) must be s u b s t i t u t e d i n t o ( 6 3 ) . 

Thus, 
p«„ = H 1 + F r r V r S [ 2 < ^ ( i ) * , ( J ) l ? . l * ( D < f e . ( j ) > 
r ' s=a p * I 1 r i j 

1 < ^ U ) ^ U ) I r ± i ) +„( J) > 1 (69) 
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The SCF o r b i t a l s f o r a c l o s e d - s h e l l system i n t h i s 

f o r m are t h e n d e t e r m i n e d by s o l v i n g t h e s e c u l a r e q u a t i o n s : 

These ar e kncwn as Roothaan 's e q u a t i o n s . 

S. The Se m i - E m p i r i c a l SCF ASMO M e t h o d 2 8 , 2 9 

D u r i n g 1 953 a s e r i e s o f papers was p u b l i s h e d which 

i n t r o d u c e d a s e m i - e m p i r i c a l element i n t o t h e SCF ASMO 

methods, i n o r d e r t o s i m p l i f y them y e t s t i l l r e t a i n a 

c e r t a i n degree o f r i g o u r . The t?ieory was developed ind e p -

e n d e n t l y by P a r i s e r and P a r r "and P o p l e ^ a n d i s c a l l e d t h e 

P a r i s e r - P a r r - P o p l e SCF MO method. 

I n Huckel t h e o r y , AO '3 a r e t a k e n as o r t h o g o n a l . The 

n a t u r a l e x t e n s i o n o f t h i s a p p r o x i m a t i o n t o t h e t w o - c e n t r e 

i n t e g r a l s i s t o n e g l e c t any i n t e g r a l which c o n t a i n s an 

o v e r l a p d e n s i t y . T h i s i s known as t h e z e r o - d i f f e r e i i l i a . 1 -

o v e r l a p a p p r o x i m a t i o n . J T h i s means t h a t <y*x|G|i>*-> i s neg­

l e c t e d u n l e ssy* =tf, >=*-. 

I n Pople J s t r e a t m e n t , t h e ^ - - e l e c t r o n system i s 

t r e a t e d as a n o n - p o l a r l s a b l e c o r e , and i t s e f f e c t i s i n ­

c l u d e d I n t h e H p ^ t e r m . ( e q u a t i o n 69) Thus, 

I c„ (F' - ES „) = 0 (70) 

t h r o u g h t h e d e t e r m i n a n t : 

1 H 2 (72) 
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v;here V ^ ' r ) r e p r e s e n t s t h e p o t e n t i a l due t o t h e n u c l e a r 

c h a r g e a n d a l l t h e ^ - - e l e c t r o n s a s s o c i a t e d w i t h a t o m 

c a n be w r i t t e n as: 

= < ^ | - + y . 1 + I < ^ | V f l t l ^ M > (73) 

The f i r s t t e r m i s e q u a t e d t o t h e i o n i s a t i o n p o t e n t i a l 1 ^ 

a p p r o p r i a t e t o t h e p a r t i c u l a r v a l e n c e s t a t e o f t h e a t o m i n 

t h e m o l e c u l e . The s e c o n d t e r m was o r i g i n a l l y e s t i m a t e d u s ­

i n g a p o i n t - c h a r g e m o d e l as: 

I V J ^ > = - Z ^ R ^ (74) 

w h e r e i s t h e e f f e c t i v e c h a r g e o f t h e « - - c o r e o f a t o m &L , 

i s t h e d i s t a n c e b e t w e e n a n d oL. S i m i l a r l y t h e n u c l e a r 

r e p u l s i o n e n e r g y was e x p r e s s e d as: 

I R " 1 z z^ . (75) 

F o r h y d r o c a r b o n s , Z „ = 1 , b u t i t t a k e s d i f f e r e n t v a l u e s 
r 

f o r hetei'ucLLoiris. 
3 i 

i n a l a t e r p a p e r t h e y u s e d a more l o g i c a l p r o c e d u r e . 

< <^u 1^1 ^ > was e v a l u a t e d b y a s s u m i n g t h a t t h e e n e r g y o f a 

d e n s i t y i n t h e f i e l d o f a d i s t a n t c o r e o f n e t c h a r g e 

Z ^ , i s e q u a l a n d o p p o s i t e i n s i g n t o t h e e n e r g y o f i n 

t h e f i e l d o f a d i s t a n t c h a r g e Z ^ * ^ 2 . T h u s , 

< ^ I V J ^ > = - Z t < 4 / . « ^ I G I ^ « ^ > (76) 
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w h i c h i s n e g l e c t e d i n t h e z e r o - o v e r l a p a p p r o x i m a t i o n . 

I n t r o d u c i n g t h e t h r e e e x p r e s s i o n s : 

b o n d o r d e r , = Z 2 c

/ u i ° y i (34) 
mm i 

1 
2 

c h a r g e d e n s i t y , q = £" 2c (33) 
/ * i " x 

c r y e ^ f o r n e i g h b o u r i n g a t o m s 
r e s o n a n c e i n t e g r a l , I -L^ = y^ 

' ' • 0 o t h e r w i s e 

e q u a t i o n ( 6 9 ) becomes : 

V - i p/» v ^ ( 7 9 ) 

v/here 

= ^ ( D ^ f j ) ! ? I ^ ( i ) ^ ( j ) > = < / « c ^ * > (SO) 

The t o t a l p i - e n e r g y o f t h e n o r m a l s t a t e o f a m o l e c u l e 

27 
i n c l u d i n g n u c l e a r i n t e r a c t i o n i s : 

= ^ I P ^ V + F / U , ) + VNN (82) 

when t h e MO *s a r e w r i t t e n i n LCAQ f o r m . To be c o n s i s t e n t 

w i t h e q u a t i o n s ( 7 6 ) a n d (77) , t h e c o r e r e p u l s i o n e n e r g y i s 

a p p r o x i m a t e d a s : 

V n n = Z > Z * TX<*r+*fy+»> (33) 



w h e r e t h e r e p u l s i o n "between t h e c o r e s o f a tomsyW, i? i s 

t r e a t e d as t h e r e p u l s i o n be tv / een c h a r g e s Z ^ , Z u o c c u p y i n g 

t h e p - A O >s <fy, 

W i t h t h e s e a p p r o x i m a t i o n s , t h e t o t a l p i - e n e r g y o f a 

g r o u n d , s t a t e c l o s e d - s h e l l c o n f i g u r a t i o n i n t h e P o p l e 

m e t h o d c a n "be w r i t t e n a s : 

+ZZ Hl>„ -Z.) (p„„ - 1 ^ - ^ p j ? ] Kmc ( W 

The p i - b o n d i n g e n e r g y c a n be w r i t t e n : 

E = - [ r E r - n l „ + V ] (85) 
if b r r /* n n x 

Thus t h e p i - b o n d i n g e n e r g y o f a g r o u n d s t a t e c l o s e d -

s h e l l c o n f i g u r a t i o n i n t h e P o p l e m e t h o d i s : 

E * b = - [ 2 J £ > ^ + - ^ ( a . - ^ 

- irrv 2 V ] ( S 6 ) 

7- C a l c u l a t i o n o f M a t r i x E l e m e n t s 

a ) The o n e - c e n t r e i n t e g r a l s , ^ * 

P a r i s e r a n d P a r r c a l c u l a t e d ^y* u s i n g a n a r g u m e n t 

b a s e d on t h e e n e r g y c h a n g e i n t h e p r o c e s s : 

2C •+ CH" H- C" 
p 

t r t r t r ^ t r t r t r t r t r t r T f 

A s s u m i n g t h a t t h e c o r e s o f t h e C a t o m s r e m a i n u n ­

c h a n g e d , a n d t h a t t h e t r a n s f e r i n v o l v e s a p i - e l e c t r o n . 



t h e . . p r o c e s s s h o u l l be e n d o t h e r m i c b y an amoun t E x p e r ­

i m e n t a l l y t h i s e n e r g y i s j i v e n b y t h e v a l a n c e s t a t e i o n i s -

a t i o n p o t e n t i a l T o f n e u t r a l c a r b o n m i n u s i t s e l e c t r o n a f f 

i n i t y 2. T h u s : 

^y. = 7. - 2 (G7) 
of 

The v a l u e e s t i m a t e d e m p i r i c a l l y i n t h i s way i s 10.53 eV , 

c o m p a r e d v / i t h t h e v a l u e 16. 93 eV c a l c u l a t e d u s i n g S l a t e r 
-50 

c r b i t a l s . P a r i s a r a n d P a r r a t t r i b u t e d t h i s d i s c r e p a n c y t o 

t h e i r f a i l u r e t c c o n s i d e r t h e c h a n g e i n e l e c t r o n e n e r g y 

v/hen f o r m i n g C + a n d C f r o m 2C, t h o u g h i t was l a t e r s u ^ S o 

t e d b y Dewar a n d V J o l f n u n ^ ^ t h a t t h e l o w e r e m p i r i c a l v a l u e 

m i j h t be due t o e l e c t r o n c o r r e l a t i o n , t h e e l e c t r o n s i n a 

p i - s y s t e i v . t e n d i n g t o s t a y o n o p p o s i t e s i J e s o f t h e i - c i l a l 

p l a n e . U u i n j j S l a t e r c r b i t a l s , S n y d e r a n d P a r r - 1 ' t e s t e d 

t h i o i d e a b y b r e a k i n g r a j . - u l s i o n s b e t w e e n f u l l p i - o r b i t a l s 

i n t o r e p u l s i o n s b e t w e e n i n d i v i d u a l l o b e s o f p i - o r b i t a l s . 

The t h e o r e t i c a l ^ f o r c a r b o n , 1b.93eV, was f o u n d t o be 

t h e mean o f t h e t h e o r e t i c a l < y « u / ^ u ' ^ l fJtV>' 1 0 -5'3eV, a n d 

t h e t h e o r e t i c a l < y ^ u y u > u | ^ u yt« u>,- 22.89eV, w h e r e t h e s u b ­

s c r i p t s u , 1 d e n o t e u p p e r a n d l o w e r l o b e s , r e s p e c t i v e l y . 

The f a c t t h a t < JJ-^> i s c l o s e t o t h e e m p i r i c a l 

v a l u e s u p p o r t s t h e i d e a o f e l e c t r o n c o r r e l a t i o n . P a r i s e r 

o b t a i n e d t h e b e t t e r e m p i r i c a l v a l u e , X = 10.96eV, f r o m 
f t 

t h e b e n z e n e s p e c t r u m . ^ 5 
^ f o r t w o e l e c t r o n s i s t h e n e t e n e r g y s p e n t i n t h e 
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p r o c e s s : 
$6 

2 A + -* A 2 + +• A 

T h u s : 

9 y = x 2 " I

1

 ( 8 8 ) 

w h e r e I 0 a n d I , a r e t h e s e c o n d a n d f i r s t v a l e n c e s t a t e 

i o n i s a t i o n p o t e n t i a l s o f t h e a t o m i n q u e s t i o n . 

b ) The t w o - c e n t r e I n t e g r a l s , 

37 

A s i m p l e i d e a p r o p o s e d b y M a t a g a a n d N i s h i m o t o may 

be a p p l i e d t o o b t a i n t h e s e i n t e g r a l s . The s e m i - e m p i r i c a l 

r e p r e s e n t a t i o n f o r i s a s sumed as f o l l o w s : 

<IT^"> - (89) 

w h e r e T 0 i s t h e i n t e r a t o m i c d i s t a n c e b e t w e e n a n d . 

P a r a m e t e r a i s d e t e r m i n e d u s i n g t h e v a l e n c e s t a t e i o n i s ­

a t i o n p o t e n t i a l I a n d e l e c t r o n a f f i n i t y E i n t h e same 

38 
v a l e n c e s t a t e . F o r t h e h o m o n u c l e a r c a s e : 

= f ' zr • *r ( 9 0 ) 

- o r t h e h c c c r o n u c l e a r c a s e : 

a = 2 ( 9 0 

c ) The r e s o n a n c e i n t e g r a l , 

The r e s o n a n c e i n t e g r a l i s c o n s i d e r e d t o be c o n s t a n t 

f o r a g i v e n b o n d a n d d e p e n d s on t h e b o n d l e n g t h a n d t h e 

v a l e n c e s t a t e o f t h e t w o a t o m s . F r o m e q u a t i o n ( 7 2 ) , 



2 
v = i v + ; > + vjf«*> ( 7 2 a ) 

•• 2 

f low < 4 » / U | - ~ V * ^ . l * ^ n a s a l r e a d y b e e n e q u a t e d t o t h e 

v a l e n c e s t a t e i o n i s a t l o n p o t e n t i a l I ^ , , f o r r e m o v i n g a p i -

e l e c t r o n f r o m a t o m j+ - <fy |</v> i s a n o v e r l a p i n t e g r a l , S^,„. 
c 

a n d a r e a s o n a b l e a p p r o x i m a t i o n f o r i s : 

t c ^ 

o r H ° „ = k S ^ 1^ + I „ ) (92) 

39 4o 

w h i c h i s t h e M u l l i k e n - V J o l f s b e r g - H e l m h o l t z e q u a t i o n . ' 

I n t h i s e q u a t i o n , k i s a c o n s t a n t w h i c h i s e v a l u a t e d f r o m 

t h e C-C b o n d i n b e n z e n e . The o v e r l a p i n t e g r a l s a r e e v a l -
4l 

u a t e d u s i n g e s t a b l i s h e d m a s t e r f o r m u l a e f o r S l a t e r o r D i t a l s . 
42 

A c c o r d i n g t o Dewar a n d Chung , d i f f e r s f o r c o m ­

p u t a t i o n o f g r o u n d a n d e x c i t e d s t a t e p r o p e r t i e s , a n d t h e 

a p p r o p r i a t e v a l u e m u s t be c h o s e n f o r t h e p r o p e r t y b e i n g 

s t u d i e d . 

d ) The c o r e i n t e g r a l , H ^ , 

11^, f o r c a r b o n h a s a l r e a d y b e e n e q u a t e d t o t h e v a l ­

ence s t a t e i o n i s a t l o n p o t e n t i a l , when t w o e l e c t r o n s a r e 

g i v e n t o t h e p i - s y s t e m b y one a t o m , t h e e n e r g y o f one o f 

t h e s e e l e c t r o n s d e p e n d s u p o n t h e a t t r a c t i o n o f t h e n u c l e u s 

( w h i c h may be e q u a t e d t o t h e f i r s t v a l e n c e s t a t e i o n i s a t i o n 

p o t e n t i a l ) a n d t h e r e p u l s i o n o f t h e o t h e r e l e c t r o n . T h u s : 
H ^ = ^ •'- h = T2 ( f r o m ( 8 8 ) ) ( g 3 ) 
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C. Symme t r y C o n s i d a r a 11ons 

Tha s y m m e t r y ^ r o r e r t i e s o f m c l a c u l a s ,,r-a v a r y ivr,.por-

t u n t I n c o n f i g u r o . t i o n a l i n t e r a c t i o n a n d i n d e t e r m i n i n g 

t h j s " o a c t r : i l s e l e c t i o n r u i o s . 3 a c h MO m u s t t r a n s f o r m as 

o n a i l i a i r r e d u c i b l a r e p r a 3 a n t - 1 i o n s ( I . : 7 . ) P o f t h e 

' 2h" 

. . r o u p t o . r h i ^ h t h e r n o l a c u l e b a l o n j s . 

As a n e x a m p l a , n a p h t h a l a n e "belongs t o t h a , ; r o u p 

H a l f o f t h a s y m m e t r y s p a c i a s o f t h i s g r o u p a r e s y m m e t r i c a l 

t o r e f l e c t i o n i n t h e y z p l a n e a n d t h a o t h e r h a l f a r e a n t i ­

s y m m e t r i c . The o- MO ' s b e l o n g t o t h e f o r m e r a n d t h e p i 

MO 3 s t o . t h e l a t t e r . I n a d i s c u s s i o n o f p i MO 3 s, t h e s e 

o r b i t a l s a r e d i s t i n g u i s h e d f r o m one a n o t h e r b y t h e i r b e ­

h a v i o u r u n d a r t h a t h r e e 2 - f o l d r o t a t i o n s o f t h e g r o u p . 

Hence t h e p i MO ' s c a n be s e p a r a t e d i n t o d i f f e r e n t symm­

e t r y s p e c i e s b y c o n s i d e r i n g t h e s u b - g r o u p w h i c h p o s s e s s e s 

t h a f o l l o w i n g s y m m e t r y e l e m e n t s : 

i ) I - t h e i d e n t i t y o p e r a t o r 

i i ) , l i i ) , i v ) Cg, C^j Cp - a r o t a t i o n b y i S o ' a b o u t t h e 

z, y, ui- A a x i s o f r o t a t i o n , r e s p e c t i v e l y . 

The Dg c h a r a c t e r t a b l e i s : 

D 4 

z y x 
I cx cx cx 



Each MO t r a n s f o r m s as a n I . R . o b t a i n e d b y p e r f o r ­

m i n g t h e o p e r a t i o n s ( i ) - ( l v ) on i t . Thus i n n a p h t h a l e n e 

t h e 10 MO >s c o m p r i s e : 2 A , f 2 D , +- 3 B Q +3B. , . I n t h e f u l l 

D g r o u p t h e s e become : 2 A . +• 2B + 33 . ? f 3B . 
<-h ^ '=> ^ g 3 u 

The s y m m e t r y o f t h e t o t a l wave f u n c t i o n f o r t h e 

g r o u n d o r e x c i t e d s t a t e s i s o b t a i n e d as t h e d i r e c t p r o d u c t 

o f t h e I . R . ' s t o w h i c h t h e i n d i v i d u a l MO J s b e l o n g - The 

p i - e l e c t r o n i c - r o u n d s t a t e o f n a p h t h a l e n e c o n s i s t s o f 5 

d o u b l y - o c c u p i e d MO \ s i M A , u ) , ^ 2

( B 3 U ) J ^ 3 ( B 2 - ) j * * V D - > J 

a n d V p f ^ B ^ ) , a n d h e n c e t h e s y m m e t r y o f t h e g r o u n d s t a t e i s 

A- a n d i t b e l o n g s t o t h e I . R . H A , . 

I n t h e S c h r o d l n g e r e q u a t i o n , t h e H a m i l t o n i a n o p e r a t o r 

i s i n v a r i a n t u n d e r a l l s y m m e t r y o p e r a t i o n s a n d b e l o n g s t o 

t h e t o t a l l y s y m m e t r i c I . R. P. A , . 

C o n s i d e r t h e i n t e g r a l s 

<?: a i t : b > <$: a |Hir b > 
( i ) ( i l ) 

w h e r e j £ . a . (P *ve s i n g l y - e x c i t e d e l e c t r o n c o n f i g u r a . L i o n s . 

These f u n c t i o n s t r a n s f o r m as t h e d i r e c t p r o d u c t o f t h e 

I . R . ' s o f t h e AO ' s i , a a n d j , b r e s p e c t i v e l y . I n t e g r a l ( i ) 

w i l l be z e r o u n l e s s t h e r e i s a c o m p o n e n t w h i c h t r a n s f o r m s 

as I"". A ^ j f o r a l l o t h e r c o m p o n e n t s , t h e p o s i t i v e a n d n e g a t i v e 

r e g i o n s w i l l c a n c e l i n t h e I n t e g r a t i o n o v e r a l l s p a c e . Thus 

^ a a n d ( J "k m u s t t r a n s f o r m as t h e same I . R . , o t h e r w i s e 

t h e i r d i r e c t p r o d u c t c a n n o t g i v e r i s e t o a r e p r e s e n t a t i o n 



c o n t a i n i n g r . A . . S i m i l a r l y , f o r I n t e g r a l ( i i ) t h e d i r e c t 

p r o d u c t o f $ . . , a a n d $ 7 ^ m u s t t r a n s f o r m l i k e P . A . o r as a 

sum o f c o m p o n e n t s c o n t a i n i n g P . A , . Thus a n d m u s t 

b e l o n g t o t h e same I . R . o f t h e g r o u p i f ( i i ) i s t o be n o n ­

z e r o . 

9- The I n t e n s i t i e s o f E l e c t r o n i c T r a n s i t i o n s 

a ) T h e o r e t i c a l t r e a t m e n t 

A m o l e c u l e w h i c h i s i n i t i a l l y i n a s t a t e $ ^ c a n a b ­

s o r b l i g h t o f f r e q u e n c y o , p r o v i d i n g t h e r e i s a s t a t e i £ n 

w h i c h has a n e n e r g y g r e a t e r t h a n b y a n a m o u n t 

4 E = E n - E k = hcc» (9 Z 0 

I f t h i s c o n d i t i o n i s f u l f i l l e d , t h e p r o b a b i l i t y o f a p h o ­

t o n b e i n g a /b so rbed d e p e n d s o n t h e m a g n i t u d e o f t h e t r a n s ­

i t i o n d i p o l e moment b e t w e e n t h e t w o s t a t e s , H k n > w h i c h i s 

d e f i n e d b y t h e i n t e g r a l : 

M k n = e < $ k l ? V i 1 £ n > ( 9 5 ) 

w h e r e r ^ i s t h e p o s i t i o n v e c t o r o f t h e i t h p a r t i c l e 

( e l e c t r o n o r n u c l e u s ) o f c h a r g e Z^e i n t h e m o l e c u l e . I f 

k = n t h e n M k k i s t h e d i p o l e moment i n t h e s t a t e J-^j i t 

i s u s u a l t o c a l l t h e t r a n s i t i o n moment . 

2 ^ 2 2 
M. = ( r i f + (wf ) + (Flf ) (96) 
—kn x —kn v —kn x —kn v -

The p r i n c i p l e s w h i c h w e r e f o r m u l a t e d i n t h e p r e v i o u s 

s e c t i o n c a n now be a p p l i e d t o d e c i d e i f a l l t h r e e c o m p o n ­

e n t s o f t h e t r a n s i t i o n moment a r e z e r o ( a f o r b i d d e n t r a n s -



i t i o n ) , o r i f one o f t h e m ( a p l a n e - p o l a r i s e d t r a n s i t i o n ) , 

o r t w o o f the :n ( x - , y - , o r z - p c l a r i s a d t r a n s i t i o n ) a r e 

z e r o . 

Tc t h e a p p r o x i m a t i o n t h a t t h e s p i n wave f u n c t i o n s 

a r e i n d e p e n d e n t o f t h e c o o r d i n a t e wave f u n c t i o n s , t h e s p i n 
2 

o p e r a t o r s S v , S commute w i t h t h e v e c t o r s x , y_ a n d z, so 

t h e r e c a n o n l j be n o n - z e r o m a t r i x e l e m e n t s b e t w e e n f u n c t i o n 

c o r r e s p o n d i n g t o t h e same e i g e n v a l u e s o f S r 7 a n d 5 . 

T h i s g i v e s t h e s e l e c t i o n r u l e t h a t o n l y t r a n s i t i o n s b e t ­

ween f u n c t i o n s o f t h e same m u l t i p l i c i t y a r e a l l o w e d . 

The c o o r d i n a t e a x e s x , y a n d z- e a c h t r a n s f o r m as 

I . R . ' s o f t h e s y m m e t r y g r o u p o f t h e m o l e c u l e . Thus i f 

t h e t r a n s i t i o n moment i s t o be n o n - z e r o , t h e d i r e c t p r o d -

u c t (pn m u s t b e l o n g , t o t h e same I . R . as x , y o r z . I n 

t h e c a s e o f d e g e n e r a c y t h e s e l e c t i o n r u l e i s : t h e t r a n s ­

i t i o n moment i s o n l y n o n - z e r o when t h e d i r e c t p r o d u c t o f 

i n i t i a l a n d f i n a l s t a t e wave f u n c t i o n s c o n t a i n s a t l e a s t 

once t h e Z.T.. t o w h i c h t h e x , y c r z c o o r d i n a t e b e l o n g s . 

I t f o l l o w s t h a t f o r m o l e c u l e s w i t h a c e n t r e o f symm­

e t r y a l l o w e d t r a n s i t i o n s o n l y o c c u r b e t w e e n .<- a n d u-states 

b ) E x p e r i m e n t a l m e a s u r e m e n t s 

I n o r d e r t o m e a s u r e t h e a b s o r p t i o n s p e c t r u m o f a m o l ­

e c u l e , t h e s a m p l e i s p l a c e d i n a c e l l a t a Icnov.n c o n c e n t r a ­

t i o n a n d t h e r a t i o o f t h e i n t e n s i t i e s o f t h ? t r a n s m i t t e d 

a n d . . i n c ' i d e n t " l i g h t i s d e t e r m i n e d . T h i s i s g i v e n b y : 

| - - o - ' 0 1 (97) 
"-o 



w h e r e E i s t h e e x t i n c t i o n c o e f f i c i e n t i n cm m o l e l i t r e . 

A g r a p h r e l a t i n g £• o r l o g ^ f o r a s p e c i f i e d c o n c e n -
I o 

t r a t i o n a n d c e l l l e n g t h , t o X o r & i s r e f e r r e d t o as t h e 

a b s o r p t i o n s p e c t r u m o f t h e m o l e c u l e . The maximum v a l u e o f 

£ ( £ r n a x ) f o r a b a n d i s a r o u g h m e a s u r e o f i t s i n t e n s i t y . 

H o w e v e r , a more p r e c i s e a n d f u n d a m e n t a l q u a n t i t y t h a n ^ - m a x 

i s t h e o s c i l l a t o r s t r e n g t h . T h i s i s p r o p o r t i o n a l t o t h e i n ­

t e g r a t e d i n t e n s i t y o f t h e a b s o r p t i o n b a n d . T h u s : 

f = 4.319 x T O - 9 f £ dw (98) 

10. E x c i t e d S t a t e s a n d C o n f i g u r a t i o n I n t e r a c t i o n 

I f t h e g r o u n d s t a t e o f e n e r g y E Q i s a d e t e r m i n a n t o f 

o r t h o n o r m a l o r b i t a l s : 

£ = W i i p i ( 2 0 ) 

i n w h i c h t h e l o w e s t m o r b i t a l s a r e o c c u p i e d , t h e n p r o m o t ­

i n g a n e l e c t r o n f r o m a n o c c u p i e d o r b i t a l i j / ^ t o a n u n o c c u ­

p i e d o r b i t a l w i l l g i v e r i s e t o s i n g l e t a n d t r i p l e t 

s t a t e s ' v j ^ j ^ ( J ^ , whose wave f u n c t i o n s a r e g i v e n b y e q u a ­

t i o n s (23) a n d ( 2 4 ) . 

U s i n g t h e m e t h o d d e s c r i b e d f o r t h e d e r i v a t i o n o f 

e q u a t i o n ( 5 4 ) , t h e m a t r i x e l e m e n t s o f t h e t o t a l H a m i l t o n i a n 

H b e t v / e e n t h e (jp^ a n d JpQ c a n be r e d u c e d t o o n e - a n d t w o -
43 

c e n t r e i n t e g r a l s . The r e s u l t s a r e : 

(99) 



< f , IHI q > - f * E O = £ F - 5 F 
- k 1 1 k l n s ° w k l n s ° n s 

+ 2 < l n |C-| s k > - < l n |G| k s > ( 1 0 0 ) 

- < l n | G | k s > ( 1 0 1 ) 

w h e r e F n k = t £ k + £ [ 2 < j n iGl j k > - < j n |G| k j > ( 1 0 2 ) 

J — 1 

F o r SCF o r b i t a l s F n k i s d i a g o n a l , i . e . t h e g r o u n d s t a t e 

does n o t i n t e r a c t w i t h s i n g l y - e x c i t e d s t a t e s . 
< l n | G | s k > = TZcYCYCnocso <103> 

I f t h e r e a r e t w o o r m o r e e x c i t e d s t a t e s w h i c h h e -

l o n g t o t h e same s y m m e t r y s p e c i e s a n d whose c o n f i g u r a t i o n a l 

e x c i t a t i o n e n e r g i e s l i e f a i r l y c l o s e t o g e t h e r , t h e n i n g e n ­

e r a l no s u c h s i n g l e f u n c t i o n i s a c c e p t a b l e . An a c c e p t a b l e 

f u n c t i o n c a n be f o r m e d as a l i n e a r c o m b i n a t i o n o f t h e e x ­

c i t e d s t a t e s . Thus t h e s i n g l e t s t a t e r e s u l t i n g f r o m t h e 

e x c i t a t i o n n f a n e l e c t r o n f r o m a c l o s e d - s h e l l g r o u n d s b a t e 

may be w r i t t e n a s : 

•& = L E c S

r (k-n) ] <p ( 1 0 4 ) 
• ' - I k n 1 k - m 

t h e s u m m a t i o n s k a n d n r a n g i n g o v e r o c c u p i e d a n d u n o c c u ­

p i e d o r b l t a l s r e s p e c t i v e l y . The e n e r g i e s o f t h e f i n a l 

s t a t e s a n d t h e s t a t e - m i x i n g c o e f f i c i e n t s a r e o b t a i n e d b y 

d i a g o n a l i s i n g a C I m a t r i x w i t h e l e m e n t s g i v e n b y ( 1 0 0 ) . 



The i n t e n s i t y o f a b s o r p t i o n o f r a d i a t i o n on e x c i t a ­

t i o n t o one o f t h e a b o v e s t a t e s as m e a s u r e d b y i t s o s c i l l ­

a t o r s t r e n g t h i s g i v e n b y : 
2Q 2 

f k n = 4.703 x 10 ^ C0h) 

w h e r e l ? k n i s t h e a v e r a g e wave n u m b e r o f t h e a b s o r p t i o n 

b a n d i n c m " 1 a n d i s i n e . s . u . The o s c i l l a t o r s t r e n g t h 

i s a d i m e n s i o n l e s s q u a n t i t y w h i c h was d e f i n e d o r i g i n a l l y 

as t h e r a t i o o f t h e q u a n t u m m e c h a n i c a l a n d c l a s s i c a l c o n ­

t r i b u t i o n s o f t h e t r a n s i t i o n k->n. F o r s t r o n g l y a l l o w e d 

t r a n s i t i o n s f . „ i s o f t h e o r d e r o f o n e . 



CHAPTER 3 

M o l e c u l a r O r b i t a l T h e o r y a n d C h e m i c a l R e a c t i v i t y . 
• • -- • • — It . i .„r— • — , . — — •••••••• .Itm. 



Tv/o m a i n m e t h o d s o f a p p r o a c h h a v e b e e n u s e d I n d i s ­

c u s s i n g r e a c t i v i t i e s , w h i c h a r e a s s o c i a t e d w i t h d i f f e r e n t 

p a r t s o f t h e r e a c t i o n p a t h - I n i s o l a t e d m o l e c u l e a p p r o x ­

i m a t i o n s t h e m o d e l o f t h e t r a n s i t i o n s t a t e i s g e n e r a l l y 

one i n w h i c h t h e p i - s y s t e m i s p e r t u r b e d t o a r e l a t i v e l y 

s m a l l d e g r e e b y t h e a t t a c k i n g r e a g e n t , a n d i s a s sumed t o 

h a v e a s t r u c t u r e s i m i l a r t o t h e r e a c t a n t s . I n l o c a l i s a t i o n 

m o d e l s , t h e r e a c t i o n i s a s s u m e d t o p r o c e e d v i a a o - - c o m p i e x , 

o r W h e i a n d i n t e r m e d i a t e , w i t h a s t r u c t u r e r e s e m b l i n g t h e 

t r a n s i t i o n s t a t e . Thus t h e i n t e r m e d i a t e s h o u l d be a b e t t e r 

m o d e l t h a n t h e r e a c t a n t s f o r t h e t r a n s i t i o n s t a t e . 

Prom t r a n s i t i o n s t a t e t h e o r y t h e r a t e c o n s t a n t k , 

f o r r e a c t i o n s i n s o l u t i o n i s g i v e n b y : 

k = K j P e RT ( . ) 
ha 

w h e r e K , t h e t r a n s m i s s i o n c o n s t a n t i s u s u a l l y t a k e n as 

u n i t y . F. i s t h e gas c o n s t a n t , N i s A v o g a d r o ' s n u m b e r , T 

i s t h e a b s o l u t e t e m p e r a t u r e , h i s P l a n c k ' s c o n s t a n t and. 
_ * 

A i 1 ' i s t h e f r e e e n e r g y o f s . c t i v a t i o n . 

R e p l a c i n g A P b y i t s e q u i v a l e n t , A H - T A S , e q u a t i o n ( l ) 

b e c o m e s : k t > * 

k = zf 3 ^ - 3 1 1 (2) 

P * 

•where A l l a n d A S a r e t h e s t a n d a r d h e a t o f a c t i v a t i o n a n d 

e n t r o p y o f a c t i v a t i o n , r e s p e c t i v e l y . 
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Th e r a t e c o n s t a n t c a n a l s o be e x p r e s s e d a s : 

* - A E Q / R T 

tin i y^rg. • • 

w h e r e f ^ , f g . . . a r e t h e p a r t i t i o n f u n c t i o n s o f t h e r e a c -

t a n t s , a n d f i s t h e p a r t i t i o n f u n c t i o n o f t h e t r a n s i t i o n 

s t a t e . A E Q i s t h e a c t i v a t i o n e n e r g y a t 0 K. 

F o r t w o s i m i l a r r e a c t i o n s i t i s p l a u s i b l e t h a t t h e 

r a t i o s o f t h e p a r t i t i o n f u n c t i o n s a r e a l m o s t t h e same. 

T h U S : k ' - * < / R T 

46 .* 
I t c a n be shown t h a t t h i s r e l a t i o n h o l d s when A S = 

* 
A S , b u t t h i s c o n d i t i o n i s n o t n e c e s s a r y , a n d t h e e q u a l i t y 

o f t h e r a t i o s o f t h e p a r t i t i o n f u n c t i o n s a t a g i v e n t e m p ­

e r a t u r e does n o t i m p l y t h a t t h e e n t r o p i e s o f a c t i v a t i o n , 

w h i c h c o n t a i n t h e d e r i v a t i v e o f t h e p a r t i t i o n f u n c t i o n s , 

s h o u l d be t h e same. 
* p * _* A E n c a n be w r i t t e n as + A E _ , w h e r e AK i s t h e o p zJ p 

* 

p o t e n t i a l e n e r g y o f a c t i v a t i o n p e r m o l e , a n d A E Z i s t h e 

d i f f e r e n c e i n z e r o - p o i n t e n e r g y b e t w e e n t h e r e a c t a n t s a n d 

t h e t r a n s i t i o n s t a t e . F o r l a r g e m o l e c u l e s , i t w i l l be 
.* * 

r e a s o n a b l e t o assume t h a t A E ^ . = A S f o r t w o s i m i l a r 
z z 

r e a c t i o n s . W i t h t h e s e a s s u m p t i o n s e q u a t i o n ( 4 ) c a n be 
w r i t t e n : , i $ 

- R T l n - = A A E ( 5 ) 
k P 

f o r a s e r i e s o f r e a c t i o n s c a r r i e d o u t u n d e r s i m i l a r c o n ­

d i t i o n s , p r o v i d e d t h a t n o s p e c i f i c e f f e c t s , e . g . s t e r l c 
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h i n d r a n c e , are I n v o l v e d . 

For r e a c t i o n s i n v o l v i n g changes i n p i - e l e c t r o n sys­

tems, t h e p i - e n e r g y change i s s e p a r a t e d f r o m the<*~-energy 

change, s t e r i c and s o l v e n t e f f e c t s e t c . and i t i s assumed 
*• 

t h a t AE ^ E ^ , t h e d i f f e r e n c e i n p i - b o n d energy between 

r e a c t a n t s and p r o d u c t s . 

With these assumptions i t i s p o s s i b l e t o d i s c u s s t h e 

r e l a t i v e r e a c t i v i t i e s o f d i f f e r e n t p o s i t i o n s i n terms o f 

p i - e l e c t r o n p r o p e r t i e s alone. The two main methods o f 

d i s c u s s i n g t h e v a r i a t i o n o f A E f f w i l l now be reviewed. 

') The I s o l a t e d Molecule Method 

The i s o l a t e d molecule a p p r o x i m a t i o n r e p r e s e n t s a 

more p r e c i s e f o r m u l a t i o n o f t h e w i d e l y used q u a l i t a t i v e 

t h e o r y o f o r g a n i c r e a c t i o n s due t o I n g o l d , Lapworth and 

Robinson. I t assumes t h a t e l e c t r o p h i l i c and n u c l e o p h i l i c 

r e a g e n t s a t t a c k p r e f e r e n t i a l l y a t p o s i t i o n s o f h i g h and 

low charge, r e s p e c t i v e l y . 

As a r e a g e n t approaches an a r o m a t i c compound a 
2 3 

change i n h y b r i d i s a t i o n f r o m sp t o sp occurs a t t h e 

p o s i t i o n o f s u b s t i t u t i o n , due t o i n c i p i e n t «- bonding. T h i 

may be r e p r e s e n t e d by a r e d u c t i o n i n magnitude of t h e 

resonance i n t e g r a l s o f a l l bonds p r o c e e d i n g f r o m t h i s pos 

i t i o n . The p i - e n e r g y change br o u g h t about by t h e changes 

th e resonance i n t e g r a l s A« rj e t c . , may be expanded as 



a T a y l o r s e r i e s , t h e f i r s t t e r m b e i n g : 

= £ 2 p>«r%.r ( f r o m ( ^ G ) , ch.2) (7) 
v ' / 

where t h e summation i s over a l l n e i g h b o u r s , r . 

Assuming t h a t t h e change i n a l l resonance i n t e g r a l s 

i s t h e same, %f± , t h e n t h i s "becomes: 

SE = 2(73 - Fr)ija (8) 
v/here i s t h e f r e e valence i n d e x as d e f i n e d i n e q u a t i o n 

( 3 5 ) j c h a p t e r 2, Hence t h e most r e a c t i v e p o s i t i o n i n i t i a l ­

l y w i l l "be t h a t w i t h t h e h i g h e s t f r e e v alence. 

The f r e e v a l e n c e has r e c e i v e d o n l y moderate accep­

tance as a r e a c t i v i t y i ndex i n r a d i c a l r e a c t i o n s , even 

though i t i s comparable v/ i t h o t h e r i n d i c e s and i s mathem­

a t i c a l l y r e l a t e d t o t h e c o r r e s p o n d i n g l o c a l i s a t i o n energy 
25 4£ 

and t o t h e s e l f - p o l a r i s a b i l i t y . ' 

The a t t a c k i n g s p e c i e s must approach v e r y c l o s e l y t o 

t h e c o n j u g a t e d system f o r t h e f o r m a t i o n o f an i n c i p i e n t &~ 

bond. However, i f t h i s species i s charged, t h e p i e l e c t r o n 

system w i l l be p o l a r i s e d and t h e f r e e v a l e n c e i n d e x w i l l 

n o t be v a l i d . Wheland and P a u l i n g assumed t h a t t h e e f f e c t 

of a charged r e a g e n t c o u l d be r e p r e s e n t e d as a change S<fy* 

i n t h e coulomb I n t e g r a l a t t h e p o s i t i o n o f a t t a c k ^ . Again 

th e p i energy change can be expanded as a power s e r i e s i n 
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= > + 2 V * V * ( ' 0 ) 

where a and Tf a r e d e f i n e d as i n e q u a t i o n s (^0), (^3), 

c h a p t e r 2. Prom t h e d e f i n i t i o n o f s e l f - p o l a r i s a b i l i t y , 

t h e charge a t p o s i t i o n w i l l be: 

The i n d e x a l o n e would adeo.uately d e s c r i b e t h e e f -
r 

f e e t o f a v e r y s m a l l £J^», b u t a rough e s t i m a t e o f fo^. by 
•Ji9 

Brown shows t h a t t h e p o l a r i s i n g e f f e c t o f an i o n even 

two o r t h r e e bond l e n g t h s away f r o m may outweigh t h e 

e f f e c t o f a he t e r o a t o m i n t h e c o n j u g a t e d framework, and 

th e two terms i n e q u a t i o n (10) a r e t h e n o f comparable im­

p o r t a n c e . T i l l s e s t i m a t e shows t h a t i t would be an improve­

ment o f t h e i s o l a t e d m o l e c u l e a p p r o x i m a t i o n t o c o n s i d e r 

changes i n t h e coulomb i n t e g r a l s a t atoms n e i g h b o u r i n g 

t h e p o s i t i o n o f a t t a c k . 

The e f f e c t o f n e g l e c t i n g can be seen by c o n s i d e r ­

i n g q u i n o l i n e . The ground s t a t e charge d i s t r i b u t i o n , t a k ­

i n g SJ... f o r t h e h e t e r o a t o m as 0. i s : 
H / O 1.0] 3 

O.9H4 

1.003 

O.989 O.930 



T h i s i n d i c a t e s 3>;>S as t h e sequence of a c t i v e p o s i -

t i o n s a l t h o u g h e x p e r i m e n t a l i a t a on n i t r a t i o n - and brom-
<V 

i n a t i o n ' i n d i c a t e t h a t e l e c t r o p h i l i c s u b s t i t u t i o n occurs 

e x c l u s i v e l y , and almost e q u a l l y , a t p o s i t i o n s 5 and 8. 

Takin._ as 0. 5y8Q and 1 • 5^ 0 r e s p e c t i v e l y , Greenwood and 

McWeeny' c a l c u l a t e d t h e charges a t p o s i t i o n s ^ = 3, 5,,<r> 

and L due t o p o l a r i s a t i o n "by an a t t a c k i n g i o n as below: 
1. 22( 

Dm 
20 o 

ScL^ = j . o 

5^2 

'These r e s u l t s show t h a t i n t h e p o l a r i s e d molecules 

t h e charge b u i l d s up mere r a p i d l y a t t h e s i t e o f a t t a c k 

when t h i s i s a t p o s i t i o n 5 or 8. S i m i l a r c a l c u l a t i o n s o f 

th e change i n p i energy show t h a t as Sity* I n c r e a s e s p o s i ­

t i o n s 5 and 8 become more a c t i v e . T his i s s t r o n g evidence 

t h a i v/hen cL^ and Ify. are c o n s i d e r e d t o g e t h e r f o r systems 

i n which t h e charge d i s t r i b u t i o n i s uneven i n t h e j r o u n d 

s t a t e , t h e d i s c r e p a n c i e s t h a t occur by c o n s i d e r i n g t h e i n 

d i c e s s e p a r a t e l y l a r g e l y d i s a ppear. Q u a l i t a t i v e l y , 1^*. a t 

p o s i t i o n 4 may be compared w i t h 1^. i n an d-naphthalene po 

i t l o n , which w i l l be g r e a t e r t h a n ff^ i n a ^ - p o s i t i o n . Thu 

f o r a l a r g e SJ^ v a l u e , p o s i t i o n 4 would be p r e d i c t e d as 

r e a c t i v e i f Tjy, were c o n s i d e r e d a l o n e . However, t h e l a r g e 



p o l a r i s a b i l i t y t e r m does not compensate f o r t h e low charge 

= 0.932., a r i s i n g f r o m d e a c t i v a t i o n by r i n g n i t r o g e n . I n 

g e n e r a l , t h e r e i s no more j u s t i f i c a t i o n f o r u s i n g Ifa a l o n e 

t h a n f o r u s i n g q A a l o n e , an e x c e p t i o n b e i n g a l t e r n a n t hy-
r 

5 3 
drocarbons, where a l l q = ". 

/* 

2. r ,h8 L o c a l i s a t i o n Energy A p p r o x i m a t i o n 

The l o c a l i s a t i o n method was o r i g i n a l l y d e s c r i b e d by 

Wheland wioh r e f e r e n c e t o resonance t h e o r y , t h e a c t i v a t e d , 

complex b e i n g c o n s i d e r e d as a resonance h y b r i d o f s t r u c t u r e s 

i n c l u d i n g ( i ) and ( i i ) below: 

I I 

( 1 ) ( l i ) 

I f t h e a c t i v a t e d complex were s i m i l a r t o ( i ) , t h e 

ease of r e a c t i o n and p r e f e r r e d p o s i t i o n s o f s u b s t i t u t i o n 

would be d e t e r m i n e d by t h e r e a c t i v i t y i n d i c e s o f t h e i s o l ­

a t e d molecule a p p r o x i m a t i o n : I n s t r u c t u r e ( i i ) , t h e r e a g ­

ent i s j o i n e d t o t h e s u b s t r a t e by a c o v a l e n t bond and t h e 

s o - c a l l e d r e s i d u a l m o l e c u l e (TiM; i s t h e c o n j u g a t e d system 

o b t a i n e d by e x c l u d i n g t h e p o s i t i o n o f a t t a c k . Wheland con­

s i d e r e d t h e case where t h e a c t i v a t e d complex was d e s c r i b e d 

by ( i i ) and assumed t h a t t h e carbon atom under a t t a c k 

would be t e t r , \ h e d r a l . The d i f f arsnco i n energy of t h e p i -

e l e c t r o n s i n the u n p e r t u r b e d ground s t a t e and o f t h e same 



-54-

number o f e l e c t r o n s i n ( l i ) was d e f i n e d as t h e l o c a l i s a ­
t i o n e n e r 0 y . I n t h i s a p p r o x i m a t i o n , each l o c a l i s e d e l e c t r o n 

i s a s s i g n e d an e n e r g y ^ c o r r e s p o n d i n g t o removal o f i t s 
o 

c o n t r i b u t i o n t o p i - b o n d i n g . For an a l t e r n a n t h y d r o c a r b o n , 

t h e l o c a l i s a t i o n energy w i l l be t h e same f o r r a d i c a l o r 

e l e c t r o p h i l i c a t t a c k . However, w i t h t h e assumption t h a t a l l 

^-bond changes a r e r e g a r d e d as c o n s t a n t i n t h e t r a n s f o r m a ­

t i o n f r o m t h e ground s t a t e t o t h e i n t e r m e d i a t e , t h e l o c a l ­

i s a t i o n energy as e s t i m a t e d by Wheland s h o u l d r e f l e c t t h e 

a c t i v a t i o n energy d i f f e r e n c e s between d i f f e r e n t p o s i t i o n s 

f o r any one t y p e o f r e a c t i o n . 

For example, t h e p i - e l e c t r o n e n e r g i e s o f t h e n e u t r a l 

p i - e l e c t r o n system (E^) ̂  and t h e c o r r e s p o n d i n g energy o f 

t h e p r o t o n a t e d system ( E ^ ) f may be c a l c u l a t e d f r o m Huckel 
An 

t h e o r y . The d i f f e r e n c e o f t h e two e n e r g i e s : 
A E f f = ( E i r ) A n , - - (E„) A (?2) 

r e p r e s e n t s t h e l o c a l i s a t i o n energy, a l t h o u g h t h e e f f e c t 

o f t h e p o s i t i v e charge i s n o t rlR^l.t w i t h by t h i s t h e o r y . 

(Coulson and Dewar^^iave d i s c u s s e d t h e u n c e r t a i n t y i n app­

l y i n g HMO t h e o r y t o i o n s . I t i s p r o b a b l e t h a t t hese d i f f i ­

c u l t i e s a r e m i n i m i s e d i n a comparison o f s t r u c t u r a l l y sim-

i l a r m o l e c u l e s . ) Gold and Tye^ c a l c u l a t e d these e n e r g i e s 

f o r a s e r i e s o f a r o m a t i c hydrocarbons, assuming t h a t t h e 

e f f e c t o f t h e p o s i t i v e charge was o f c o n s t a n t magnitude i n 

t h e p r o t o n - a d d i t i o n complexes. The t r e a t m e n t a l l o w e d p r e d -
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i c t i c n c f t h e p o s i t i o n ^ of - - r o t c n a t i o n anil, o f t h e r e l a t i v e -

b a s i c i t i e s o f s t r u c t u r a l l y s i m i l a r hydrocarbons i n agree-

raent v r i t h experiment. Mackor et a l . ~* demonstrated t h a t t h e 

r e a c t i o n e n t r o p y i s l a r g e l y independent of t h e s t r u c t u r e o f 

t h e a r o m a t i c compound b e i n g p r o t o n a t e d , by d e t e r m i n i n g t h e 

thermodynamic d a t a f o r some methylbenzones and condensed 

a r o m a t i c hydrocarbons. 

Thus: * * 
A P + c o n s t a n t = - l i T l n K (13) 

where K i s t h e reduced b a s i c i t y c o n s t a n t (Gibbs-Helmholtz B 
e q u a t i o n ) . The reduced b a s i c i t y c o n s t a n t i s t h e observed 

b a s i c i t y c o n s t a n t K_, d i v i d e d by t h e number o f carbon atoms 

i n t h e molecule which have t h e h i g h e s t p r o t o n a f f i n i t y , e.g 

6 i n benzene, 4 i n n a p h t h a l e n e e t c . 

Assuming t h a t t h e "--bonding e n e r g i e s a r e unchanged by 

t h e d e l o c a l i s a t i o n , AH* may be a t t r i b u t e d t o t h e change i n 

p i - e n e r g y : 

- FiTln = AE.jp + c o n s t a n t ( l 4 ) 

Thus a simple l i n e a r r e l a t i o n s h i p e x i s t s between t h e l o c ­

a l i s a t i o n energy AE^, and I n K_ . This was c o n f i r m e d by 

Kackor e t a l . " , who o b t a i n e d a l i n e a r r e l a t i o n s h i p : 

I n IC" = 26.4 ~ i r f c o n s t a n t (15) 
/3 

25 v / i t h r e l a t i v e l y s m a l l d e v i a t i o n . S i m i l a r l y , S t r e i t w i e s e r 
has shown t h a t t h e r e i s a l i n e a r c o r r e l a t i o n between t h e 

http://AE.jp
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c a t i o n l o c a l i s a t i o n energy L , and e x p e r i m e n t a l r e a c t l v i t i e 
r 

w i t h average d e v i a t i o n s l i g h t l y l ower t h a n f o r t h e I n d i c e s 

o f t he i s o l a t e d molecule a p p r o x i m a t i o n . 

Dewar ' s approximate method f o r t h e c o n j u g a t i o n energ^r 

between two o d d - a l t e r n a n t h y d r o c a r b o n u n i t s can be a p p l i e d 
58, 5Q 

t o t h e c a l c u l a t i o n o f l o c a l i s a t i o n e n e r g i e s . 

Consider two o d d - a l t e r n a n t r a d i c a l s R, S combining t o 

f o r m R-S. Let H.v H 0 be t h e H a r n i l t o n i a n o p e r a t o r s d e t e r m l n -

i n g t h e MO '3 i n R and S. Then t h e I l a m i l t o n l a n o p e r a t o r f o r R-S, H R S i s : 

HRS = H R + H S + P (16) 

where t h e p e r t u r b a t i o n P r e p r e s e n t s t h e f o r m a t i o n o f bonds 

between R and S i n R-S. The b a s i s o f t h e method i s t h a t 

t h e f u n c t i o n i ) / , g i v e n by: 

(J/ = a(l/ -i- b<J/ (17) 
7 R S 

can g i v e a s a t i s f a c t o r y a p p r o x i m a t i o n f o r c e r t a i n o r b i t a l s 

o f R-S. The en e r g i e s a s s o c i a t e d w i t h t h e o r b i t a l s ( 1 7 ) a r e 

o b t a i n e d f r o m t h e s e c u l a r d e t e r m i n a n t : 

K nr. - e 

n 3R 

no 

II - £ 
SS RS 

3 O S ) 

where: 



Av:-clyin-_ t h i s n otho 1 t r t h e :r.3 3 

o r b i t a l 3 c f energy £ = «L, of t h e 0dd-0.lt3m1.nt r a d i c a l s 7!, 

T, I I - . becomes: 

1 1 ^ = l l s s = (19) 

•Tine 3 •j' v n : ^ 11-3 ths LCAT J a: 

t h o i n t e g r a l c o r r e s p o n d i n g t c t h e 

bend j r . i n i n _ 71 t c C. Thus: 

S o l u t i o n o f 3 ^ u i o i < j n ( 1C) j i v e s : 

6 = JL ± ~ c - / 5 

vdiero t h e p o s i t i v e c o m b i n a t i o n r e p r e s e n t s b o n d i n g ytf b e i n g 

n e g a t i v e . There uro t".:c e l e c t r o n s i l l t h e bond T-S formed 

fror.: one e l e c t r o n i n t h e IIDI'IT o f " and one ^ I J C L I - U X I i n the 

D c f £ Thus t h e c o n j u g a t i o n oner .y i o _.lvon by: 

A Z * = 2E - ( t _ .h Er.) = ?ot --- 2c, ,.0 „/S - (II....J- II._. r, 
— c - - X i . . 1.1.-)' * O^; 

i . ; — 

/* (22 

of «f.., f . 

http://0dd-0.lt3m1.nt


I f t h e r e i s more t h a n one l i n k between r. ana G, t h e 

resonance energy i s ^ i v e n by: 

" 2 ? ? C l R C m S / t ( 2 3 ) 1 m 

;on.' Mow t h e l o c a l i s a t i o n energy i s e q u i v a l e n t t o t h e c< 

j u g a t i o n energy between a s i n g l e atom a t t a c h e d t o two pos­

i t i o n s o f t h e r e s i d u a l m o l e c u l e , which i s an o d d - a l t e r n a n t 

h ydrocarbon. I f t h e p o s i t i o n r t o be l o c a l i s e d i s a t t a c h e d 

t o p o s i t i o n s s and t i n t h e r e s i d u a l molecule, 

.-.'here V, i s Dewar 3 s r e a c t i v i t y number 0 J. a , a • a r e t h e r c a c o 
I Tizr TC! c o e f f i c i e n t s which can be ob to. i n i d by I n s p e c t i o n . 

1" values a r e s m a l l e r i n magnitude t h a n c a t i o n l o c a l -

i s a t i o n e n e r g i e s L r, b u t t h e r e i s an e x c e l l e n t l i n e a r c o r -
25 

r e l a t i o n between t h e two ~, and t h e c o r r e l a t i o n betv/een V, 

and e x p e r i m e n t a l r e a c t i v i t i e s i s s l i g h t l y b e t t e r t h a n t h a t 

g i v e n by L J . 

3- f r o n t i e r O r b i t a l s and Charge T r a n s f e r T h e o r i e s 

I t was suggested by F u k u i e t a l . 0 < - , u t h a t t h e e l e c t r o n 

d e n s i t y i n t h e h i g h e s t o c c u p i e d ground s t a t e MO i s i m p o r t a n t 

i n d e t e r m i n i n g t h e p o s i t i o n o f e l e c t r o p h . i l i c a t t a c k , and 

t h e e l e c t r o n d e n s i t y i n t h e l o w e s t unoccupied ground s t a t e 

MO i s i m p o r t a n t f o r n u c l e o p h i l i c a t t a c k . For r a d i c a l r e a c -

t l - z i i o , t c i l . . ... .".=> a r e t a k e n i n t o account and t h e F r o n t i e r -

E l e c t r o n D e n s i t y i s t h e d e n s i t y o f one e l e c t r o n i n each c r -

http://electroph.il


b i t a l . These two o r b i t a l s he c a l l e d F r o n t i e r Q r b i t a l s , and 

t h e f r o n t i e r e l e c t r o n d e n s i t y f , has been used as a r e a c ­

t i v i t y i n d e x t o p r e d i c t t h e a c t i v e p o s i t i o n s i n a g i v e n 

molecule. A l t h o u g h t h i s i n d e x p r e d i c t s t h e most r e a c t i v e 

s i t e s w i t h r e a s o n a b l e accuracy, i t does not p e r m i t compar­

i s o n between d i f f e r e n t hydrocarbons. 

VJhereas t h e i s o l a t e d molecule and l o c a l i s a t i o n meth­

ods were based on f a i r l y w e l l - d e f i n e d p h y s i c a l models, 

t h e r e i s l i t t l e t h e o r e t i c a l j u s t i f i c a t i o n f o r f r o n t i e r o r -

b l t a i s . F u k u i e t a l . o r i g i n a l l y c o n c e i v e d them as p a r t i c i -
62 

p a t l n g i n a c t i v e t r i p l e t s t a t e s , t h e n as t a k i n g p a r t i n 

t h e f o r m a t i o n o f *~ bonds a t t h e p o s i t i o n o f a t t a c k . L a t e r 

t h e y developed a t h e o r e t i c a l t r e a t m e n t which was i n t e r p r e -
64, 48 

t e d as a j u s t i f i c a t i o n o f t h e f r o n t i e r e l e c t r o n t h e o r y . 

They a s s o c i a t e d the f r o n t i e r e l e c t r o n d e n s i t y w i t h p i - e l e c ­

t r o n changes s i m i l a r t o t hose used i n i s o l a t e d molecule app­

r o x i m a t i o n s , b u t i n c l u d i n g t h e i d e a o f h y p e r c o n j u g a t i o n a t 

t h e p o s i t i o n o f a t t a c k . The s t a b i l i t y o f t h e t r a n s i t i o n 

s t a t e was assumed t o be i n c r e a s e d by e l e c t r o n d e l o c a l i s a t i o n 

between t h e p i o r b i t a l s o f t h e h y d r o c a r b o n and a p s e u d o - p i -

t y p e o r b i t a l ^ a s s o c i a t e d w i t h t h e a t t a c k i n g r e agent X 

and t h e hydrogen atom II a t t h e p o s i t i o n r o f a t t a c k . A 

r o u g h l y s y m m e t r i c a l arrangement o f t h e c e n t r e s H and X 

about t h e p l a n e o f t h e molecule was assumed, and t h e 

pseudo o r b i t a l g i v e n t h e form: 
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where «£ v and ^ are v a l e n c e o r b i t a l s a s s o c i a t e d w i t h atoms 

A and H. The s y r i i r n a t r i c a l c o m b i n a t i o n : 
£ = 1 ( * x -̂ ,0 (26) 

was assumed t o o v e r l a p w i t h t h e t r i g o n a l «- o r b i t a l o f 

t h e carbon atom. Pukui used p e r t u r b a t i o n t h e o r y t o d e r i v e 

an approximate e x p r e s s i o n f o r t h e change i n p i energy o f 

t h e hydrocarbon due t o h y p e r c o n j u r a t i o n : 

f E = £ ( ^ - ^ ) c r j y 2 . _ ^ , r ) ( p 7 ) 

where J." and are t h e coulomb i n t e g r a l s a s s o c i a t e d w i t h 

tyf and X,y8 i s t h e resonance i n t e g r a l between % and ^ 

and i s assumed s m a l l . The i n d e x j i s t a k e n over a i l TIG ' s 

o f t h e molecule under a t t a c k , and L?_. i s t h e occupancy, f 
J 

i s 0, 1 o r 2 f o r e l e c t r o p h i l l c , r a d i c a l or n u c l e o p h i l i c a J 

t a c k , r e s p e c t i v e l y . The e x p r e s s i i n * 

j = l - d Q (20) 
^ ji o4 

d e f i n e d as t h e S u p e r d e l o c a l i s a b i l i t y by P u kul , d i f f e r s 

f r o m t h e c o e f f i c i e n t of/& ' d i n (2'7) by replacement o f oL 

by t h e s t a n d a r d coulomb i n t e g r a l ^ . " I . L . i n d e x i s indep-

endent o f t h e p e r t u r b a t i o n a n d o f t h e i n t r i n s i c p r o p e r 

t i e s o f t h e r e a g e n t . L i k e o t h e r i n d i c e s , i t i s d e f i n e d i n 

terms o f t h e s u b s t r a t e a l o n e . The c o r r e l a t i o n o f S w i t h 

r e a c t i v i t i e s i s about as good as t h e o t h e r I n d i c e s d i s c u s 

The F u k u i group t h e n argued t h a t s i n c e |(£.. - °̂ 0)1 i s 

l e a s t f o r the l e v e l s o f t h e 2 f r o n t i e r o r b i t a l s , which a r 
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n e a r e s t t o t h e zero o f energy <J-Q, t h e summation i s dom­

i n a t e d by these c o r r e s p o n d i n g terms. Thus: 

c 2 

S r = 2 -j£ , where X f = \ € f - oi\ (29) 

and f i n d i c a t e s a f r o n t i e r o r b i t a l . T h i s p r o p o s a l r e l a t e s 

t h e model used t o t h e f r o n t i e r e l e c t r o n d e n s i t y , b u t t h e 

o t h e r terms i n t h e summation are f r e q u e n t l y almost as im­

p o r t a n t , and t h e S r a p p r o x i m a t i o n i s q u e s t i o n a b l e . 

The performance o f S r as a r e a c t i v i t y index i s o f t e n 

s u p e r i o r t o t h a t o f o t h e r s , w i t h t h e p o s s i b l e e x c e p t i o n o f 

l o c a l i s a t i o n e n e r g i e s , b u t t h e r e remains t h e d e f i c i e n c y t h a t 

t h e p h y s i c a l i n t e r p r e t a t i o n o f t h e r o l e o f f r o n t i e r o r b i t ­

a l s i n r e a c t i o n mechanisms i s obscure, and a t t e m p t s t o 

g i v e substance t o F u k u i ' s t r e a t m e n t have f r e q u e n t l y used 

q u e s t i o n a b l e procedures o r models. 

Also c l o s e l y r e l a t e d t o t h e f r o n t i e r e l e c t r o n t h e o r y 

a r e t h e s e v e r a l t h e o r i e s based on c h a r g e - t r a n s f e r models o f 
6 5 6 6 '"S 6 t h e t r a n s i t i o n s t a t e . ' Drown 's model 1 r o r e l e c t r o p h i l i c 

r e a c t i o n s d i f f e r s a p p r e c i a b l y f r o m t h a t of F u k u i e t a l . and 

leads t o t h e d e f i n i t i o n o f a new r e a c t i v i t y i ndex Z r. 

A g e n e r a l wave f u n c t i o n a r y can be w r i t t e n as a l i n ­

e ar c o m b i n a t i o n o f a wave f u n c t i o n , r e p r e s e n t i n g t h e 

u n p e r t u r b e d ground s t ^ t e , and f u n c t i o n s (^j r e p r e s e n t i n g 

t h e c o n f i g u r a t i o n s o b t a i n e d by t r a n s f e r o f an e l e c t r o n 

f r o m the j t h MO t o t h e vacant o r b i t a l o f an a t t a c k i n g e l -



Also, w r i t i n g ':! as - ZpQ , (34) becomes: 

[ Z - 2f~ I ] JT ( Z - Y, ) = 0 (35) 
e j Z - Y, k k 

J 

Browii f o und t h a t i n c l u s i o n o f c o n f i g u r a t i o n s a r i s i n g f r o m 

c h a r g e - t r a n s f e r f r o m any b u t t h e h i g h e s t MO had a n e g l i g ­

i b l e e f f e c t on t h e lowest c h a r g e - t r a n s f e r s t a t e . T h e r e f o r e 

a l l terms except t h e f r o n t i e r o r b i t a l ( j = f ) t e r m i n (35) 

were dropped, and t h e Z_̂  v a l u e o b t a i n e d from: 

.*2 2 

Z r = Y f f 2 - 5 C r f (36) 

.••/ith assignment o f reasonable v a l u e s t o Y~ and g f o r t h e 
f "-'e 

b e s t f i t , Brown demonstrated a good c o r r e l a t i o n w i t h Dewar*s 
58 66 

n i t r a t i o n d a t a ' , t h e e x t e n t o f c o r r e l a t i o n b e i n g b e t t e r 
t h a n f o r Dewar' s IT and Fukui* s S i n d i c e s . 

r r 
The Z v a l u e s f o r v a r i o u s p o s i t i o n s i n a c o n j u g a t e d 

2 
hy d r o c a r b o n a r e determined p r i m a r i l y by Y f and c.rf , t h e 

low e r o r b i t a l s making l i t t l e c o n t r i b u t i o n except when one 

o f them i s n e a r l y degenerate v / i t h t h e f r o n t i e r o r b i t a l , 
2 

t h e r e f o r e t h e f r o n t i e r o r b i t a l d e n s i t y d i s t r i b u t i o n c „ 
r i 

determines t h e p o s i t i o n o f a t t a c k . 

Drown*s method p r o v i d e s a p h y s i c a l b a s i s f o r f r o n t i e r 

e l e c t r o n s , which had been l a c k i n j i n Fukui's t h e o r y . Fron­

t i e r e l e c t r o n d e n s i t i e s make a major c o n t r i b u t i o n t o S , 

b u t t h e p r o p o r t i o n a l c o n t r i b u t i o n f r o m o t h e r occupied o r b -



e c t r o p h i l e . 

" " o ^ o + a l ^ l + a 3 ^ + ( 3 0 ) 

where charge t r a n s f e r f r o m °~ o r b i t a l s i s n e g l e c t e d . 

The a p p r o x i m a t i o n s o f Huckel t h e o r y a r e i n t r o d u c e d 

i n t o t h e s o l u t i o n o f t h e CI m a t r i x t o g i v e : 
2 

: v - ^ riQj J TT (w - A ) = o ( 3 1 ) j(r'o) k(^o) k 

where W= H Q O- E, Â . = H Q O- H J J and H ^ i s t h e m a t r i x e l e ­

ment between (/^ and l ^ . o f a H a m i l t o n i a n o p e r a t o r r e p r e ­

s e n t i n g t h e c h a r g e - t r a n s f e r complex. The CI I n t e g r a l s H Q • 

reduce t o : 

H J k = "5 H o J '^yfy ' f Z ( 3 2 ) 

g * i s a c o n s t a n t c h a r a c t e r i s t i c o f t h e e l e c t r o p h i l e . 

'The d i a g o n a l elements A . = H Q O- H.^ , r e l a t e t o t h e 

f o r m a l t r a n s f e r o f an e l e c t r o n f r o m t h e j t h MO o f t h e mol­

e c u l e under a t t a c k t o t h e vacant o r b i t a l o f t h e e l e c t r o p h i l e . 

T h i s can be r e l a t e d t o t h e i o n i s a t i o n p o t e n t i a l I . o f t h e 

j t h MO and the e l e c t r o n a f f i n i t y E o f t h e e l e c t r o p h i l e . 

Thus: 
A , -v, E - I (33) 

J J 

W r i t i n g E and I j i n terms of al Q an.'. t h i s becomes: 

where k j i s c a l c u l a t e d f r o m t h e Huckel s e c u l a r e q u a t i o n s and 

k a i s c h a r a c t e r i s t i c o f t h e e l e c t r o p h i l e . 



i t a l s t o t h e l a t t e r a r e c o n s i d e r a b l y g r e a t e r t h a n t o Z p 

v a l u e s . 

4. Comparison o f R e a c t i v i t y I n d i c e s 
25 

S t r e i t w i e s e r has shown t h a t t h e s i x r e a c t i v i t y i n d ­

i c e s d i s c u s s e d i n t h i s c h a p t e r c o r r e l a t e w e l l w i t h exper­

i m e n t a l r e a c t i v i t i e s . For a l t e r n a n t hydrocarbons, a l l s i x 

i n d i c e s show f a i r l y good c o r r e l a t i o n , w i t h Dewar*s r e a c t ­

i v i t y numbers g i v i n g t h e b e s t r e s u l t s . However, i t has 

been shown t h a t t h e v a r i o u s indieet> ai'e m a t n e m a t i c a l l y 

r e l a t e d , and t h e r e f o r e t h e y a r e expected t o be i n agreement. 

I n t h e case of a l t e r n a n t hydrocarbons i t i s t h e r e f o r e im­

p o s s i b l e t o say t h a t agreement between p r e d i c t e d and ob­

served r e a c t i o n r a t e s , based on a p a r t i c u l a r i n d e x , p o i n t 

unambiguously towards a p a r t i c u l a r mechanism. 

A l l o f t h e i n d i c e s d i s c u s s e d have been based on Huc-

k e l t h e o r y , or v a r i a n t s o f i t based on p e r t u r b a t i o n t h e o r y . 

T h i s approach has been f a i r l y s u c c e s s f u l i n t h e M R P o f 

hydrocarbons, b u t i t becomes p r o g r e s s i v e l y l e s s r e l i a b l e 

f o r molecules c o n t a i n i n g i n c r e a s i n g numbers o f heteroatoms. 

Any t r e a t m e n t o f r e a c t i v i t y t h a t n e g l e c t s t h e t r a n s i t i o n 

s t a t e i s I n c o r r e c t i n p r i n c i p l e , and t h e success o f t h e 

i s o l a t e d m olecule i n d i c e s i s p r o b a b l y due t o c o i n c i d e n c e s 

between t h e v a r i o u s q u a n t i t i e s i n q u e s t i o n and t h e energy 

d i f f e r e n c e s t h a t d e t e r m i n e t h e r a t e s o f r e a c t i o n . 
An obvious n e x t ste p i s t o t a k e t h e b e s t method, i . e . 



th3 l o c a l i s a t i o n in:? ,y r.ethod, and re-examine i t -.••;ithin 
th-j framev;ork of the Parisar-Parr-Pople SCP KG theory. 

5- Refined Treatments of L o c a l i s a t i o n Snorkles 
In the c a l c u l a t i o n of c a t i o n l o c a l i s a t i o n oner l e s , 

the d i f f e r e n c e i s taken of the p i e l e c t r o n energies of tv.ro 
jeparo. ta p i systems, one of v/hich i s n e u t r a l and the other 
i o n i c . Eigenvalue s o l u t i o n s of secular equations derived 
f o r ions are knov;n t o y i e l d i n c o n s i s t e n t r e s u l t s , but a 
f a i r l y successful technique f o r achieving s e l f - c o n s i s t e n c y 
was introduced by VJheland and Mann. The coulomb i n t e g r a l 
i s replaced by a term 

o t r = d o -h ( 1 - c r )v.yff o ( 3 7 ) 

'.Jhere v/ i s an e m p i r i c a l parameter. 'Hie charge d i s t r i b u t i o n 
i s obtained u s i n ^ t l i e HMD method:; t h i s c a l c u l a t e d d i s t r i ­
b u t i o n i s then used t o c a l c u l a t e nevj oL' s u s i n j ( 3 7 ) J and 
the procedure repeated t o self-consistency. 

6 9 

Ehronson c a l c u l a t e d l o c a l i s a t i o n energies of the 
methylbenzenes v / l t h i n the frarnev/ork of the LCAQ method, 
a l l o v ; i n j f o r h y p e r c o n j u r a t i o n between methyl jroups and 
r i n j carbon atoms, fo l l o \ . " i i v ; the c a l c u l a t i o n s of H u l l e r et 

7 0 

a l . E s s e n t i a l l y t h i s './as an SCF treatment of Huckel 
theory i n c l u d i n g overlap of n e i j h b o u r i n j atoms and v a r y i n g 
JL'z.p's, and 5's t o self-cons istency. According t o equation 
(TO, -RT I n Kg = AE t f I constant 



I f t h i s equation i s r e l a t e d t o a standard e q u i l i b r i u m , i t 

is possible t o v ; r i t e : 

- I n _£ = AG - AG = AAE^ [32} 
K c 

Usirio t h i s p u r e l y hyperconjuijat ive model, agreement 
betv;een c a l c u l a t e d values of and experimental (pK^ -
pKr,) values v/as net very \;ood. I n a l a t e r paper, ' 'Threnson 
discussed the i n f l u e n c e of an i n d u c t i v e e f f e c t and the com­
b i n a t i o n of "both e f f e c t s . This l a t t e r combination gave v a l ­
ues c l o s e l y approaching the r e l i a b l e experimental data of 

5 7 

'.'•lacker et a l . 
The above theory takes account of e l e c t r o n i n t e r a c t i o n 

i n a very crude v;ay by recognising t h a t the coulomb i n t o ;r a l 
" . : i l l be s e n s i t i v e t o the e l e c t r o n density on the atom i n 
question. A much mere s a t i , j f ..otcry treatment './oul i be one 
based on the Pariser-Parr-Pople "CP ID methol. 

7 2 
Stuart and •Cruizinga repeated the l o c a l i s a t i o n energy 

5 6 
c a l c u l a t i o n s of Gold and Tye using IlriD-SCT c a l c u l a t i o n s 

2'7 2-"-

as introduced by F.oothaan an>l ? L . I ~ ". They obtained an 
e x c e l l e n t l i n e a r c o r r e l a t i o n betv;:een A 2 V and pK_ f o r a ser­
ies of condensed p o i y c y c l i c hydrocarbons. 

7 3 

I'ukui et a l . i n 1 3 5 9 , c a l c u l a t e d l o c a l i s a t i o n energies 
of a series of alternd.nt and non-alternant hydroco.rbons, 
u s i n ^ a Pariser-Parr technique. They ma.de tv;o d i f f e r e n t 
assumptions: a) t h a t the i n t e r a c t i o n betv/een the l o c a l i s e d 

http://ma.de


electrons and the r e s i d u a l molecule might be neglected, 
b) t h a t the i n t e r a c t i o n might be t r e a t e d as a p e r t u r b a t i o n . 

Calculations by both methods gave good r e s u l t s f o r a l ­
t e r n a n t s , but there was a divergence f o r non-alternants when 
AStr's c a l c u l a t e d by e i t h e r method were p l o t t e d against v a l ­
ues obtained by the Hiickel method. 

7-'l 
NesDet demonstrated a l i n e a r r e l a t i o n s h i p between l o c ­

a l i s a t i o n energies c a l c u l a t e d by Hiickel theory and those 
c a l c u l a t e d by an SCP Pariser-Farr treatment ( n e g l e c t i n g 
l o c a l i s e d e l e c t r o n s - r e s i d u a l molecule i n t e r a c t i o n ) , but on­
l y three a l t e r n a n t s were studied. 

7 5 

In ' 9 6 2 , F l u r r y and Lykos c a l c u l a t e d l o c a l i s a t i o n en­
ergies w i t h i n the framework of the Pariser-Parr-Pople meth­
od, t r e a t i n g the e f f e c t of methyl groups as p u r e l y induc­
t i v e . They used S l a t e r — t y p e o r b i t a l s and allowed f o r the 
i n d u c t i v e e f f e c t by changing the 2 p p i - o r b i t a l exponent of 
the s u b s t i t u t e d carbon atom, the change being estimated 
from the expression: 

I 0 - I n = \ ( n£E T - nK ( 3 9 ) 

where I i s the i o n i s a t l o n p o t e n t i a l of an e l e c t r o n i n the 
pi-AO, I i s the corresponding value when n i d e n t i c a l groups 
are attached, K i s a constant c o n t a i n i n g various e l e c t r o n -
i n t e r a c t i o n terms, and £ 2 i s the change i n the exponent. 



"or the p i e l e c t r o n snarly they used the expression: v 

"here: oi., = ol? •:- q.. < i i | C | i i > -h Z c , < i i | : | j j > 
4-'.. " J 

Usin_; t h i s model, they obtained e x c e l l e n t agreement 
betaeen Ally's and (pK_, - pK Q ) values as measured by Tlic-
kor at al.'"' 1,, despite the n e j l e c t of core r e p u l s i o n . 

Chalv3t et a].. ' "V I c u l a t e d A_Vr Tor a l l the non-ocuiv 
a l e n t p o s i t i o n s of s i x a l t e r n a n t ..01J e i a l i t non-alternant 
c y c l i c hydrocarbons by three d i f f s r e n t techniques: 
Iluckelj 7 . r i s 2r--?^.rr. .nd ?..riser-Parr i t e r a t e d t o s o i f -
censistancy. ahe correlation betaean the three methods "./as 

..lt=rnanto. A l l three 

each molecule (aaith the axeoption of phenanthrene} } a"ith 
lalac, nucleopiia_ac, an^. r .....ac S U G S G — 

he p r e d i c t e d r e a c t i v i t i e s of less r e a c t i v e 
s i t e ^ ;;jro a t variance. 

Deaa.r and Thompson 1 1 e x p l a i n these d i s a p p o i n t i n j r e s ­
u l t s as baina. due t o neglect of core r e p u l s i o n . Chalvet et 
p l o t t e d i n k a j a i n s t the d i f f e r e n c e i n p i - b i n d i n g energy 
betvfeen the reactants a n l the intermediate arenium ions, 
r a t h e r than the d i f f e r e n c e i n pi-bond eneray. Hie pi-bond 

iner^y E , of a molecule i s j i v e n by: 



- 6 9 -

r f v (4<) ^ b vnn 

where Eff i s the p i - b i n d i n g energy and V i s the core rep­
u l s i o n . V i s d i f f e r e n t even f o r intermediates correspon­
ding t o s u b s t i t u t i o n at d i f f e r e n t p o s i t i o n s i n the same 
hydrocarbon, thus the procedure of Chalvet et a l . does not 
even lead t o a c o r r e c t p r e d i c t i o n of r e l a t i v e isomer prop­
o r t i o n s . 

42, 7 8 

i n '9&5) Dewar et a l . published a series of papers 
i n which SCF MO theory was used t o c a l c u l a t e ground s t a t e 
p r o p e r t i e s of conjugated hydrocarbons. The basic approach 
was the same as t h a t described i n chapter 2, i . e . a semi-
e m p i r i c a l SCF MO treatment w i t h neglect of overlap, f o l l o w 
i n g the ̂ eneral method f o r c l o s e d - s h e l l molecules proposed 

2° 
by Pople. "'The various i n t e g r a l s appearing i n the Pople 
method were evaluated as f o l l o w s : 
a) The one-centre i n t e g r a l was taken as "'O.9S eV, the eval 

34 
u a t i o n being as described i n chapter 2. 
b) The two-centre i n t e g r a l s fyo were evaluated using the un 
i f o r m l y charged sphere model, c~^3 ' "'taking e l e c t r o n c o r r e l a -

. 3 4 
t i o n i n t o account. 
c) The one-electron resonance i n t e g r a l s ŷ -i? v/ere estimated 

oO 
by the method of Dev/ar and Schmeising, from the thermo-
chemical cycle below: 

r'e -C' rt*) 1.4A + c " r'e 
C-C -> C-C •* c=c + c=c + ( DFI - DFI ) 
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i " 
.0 , D are the b_nd a n e r l e ^ cf a s i n g l e b c n i a n i cf <x 

2 
iouble bond r e s p e c t i v e l y , between two sp hybridised. carDon 

i »» 

atoms a t t h e i r e q u i l i b r i u m bond lengths r ^ , r ^ . C, C are 
the compression energies r e q u i r e d t o change the bonds from 
t h e i r e q u i l i b r i u m lengths tc a length of * . 4 A . f(/2) i s the 
pi-bondin\ energy of a C=CJ bond of length ':. '!A and can be 
evaluated as: 

f (/») = ( Dg - C") - ( - C' ) ( ' ; 2 ) 

I t can also be expressed t h e o r e t i c a l l y as: 
f(y?) = -2jS -v 1 [ < 1 1 | 1 1 > - < 1 1 1 2 2 > ] ( "J / 

i n the Pople method.(from equatlGn(?G), chapter 2 ) 

" s i n g Lh: data l i s t e d i n t h e i r paper, r Chun- and Dewar 
c a l c u l a t e d yS as -*. 7 5 s V . I n a d d i t i o n , the?/ determined 
from v e r t i c a l resonance energies and t r a n s i t i o n energies, 
but the value obtained as above gave the best value f o r 
AlC, (benzene), 

j . 

Ujir.g these parameters, they c a l c u l a t e d the C-C bond 
energies f o r eleven benzenoid hydrocarbons and obtained zhe 
value 3.C ' 28eV_f 0 . 2 2 ° * . However, c a l c u l a t e d i'ejci-..;-.^e ener­
gies f o r non-ben^enoid hydrocarbons "..*ere only i n f a i r agree­
ment w i t h experiment. I n t h i s treatment, a l l C-C bonds •.••ere 

o r~71 • 
assumed equal ( " . 3 3 7 A ) . Dewar and C!l eicher' ̂ allowed f o r var­
i a t i o n s i n bond le n g t h by r e c a l c u l a t i n g bond orders , i n each i t e r a t i v e c y c l e , and arranging f o r the bond lengths rMl> 



and the i n t e g r a l s fy*, t o be r e c a l c u l a t e d from these 
values. Thus a set of r-1GJ s v/as obtained which '..'as s e l f -
consistent f o r v a r i a t i o n s i n the and w i t h bond length. 
They assumed a l i n e a r r e l a t i o n between and v & as sugg-

Go 
ested by Dewar and Schmeising. 

i > * ( i n A) = ' . 5 - J 4 - 0 . <cC r / „ 

The bond energies c a l c u l a t e d by t h i s method were a l ­
most i d e n t i c a l t o those c a l c u l a t e d assuming constant bona 
length ( 3 - 3 2 0 + 0 . 2 " % ) , while those c a l c u l a t e d u s i n g e x p e r i ­
mental bond lengths ha J a greater d e v i a t i o n ( 3 - o 0 9 +, 0 . 3^ - ,%) . 

3 o n a lengths c a l c u l a t e d by the s e l f - c o n s i s t e n t j& procedure 
agreed w i t h experimental values, w i t h i n experimental e r r o r . 
The resonance and pi-bending energies were c a l c u l a t e d f o r 
the annulenes up t o [ 3 0jannulene. A l l the ['̂ n ] annulenes were 
c o r r e c t l y p r e d i c t e d t o be non-aromatic, while the [ 4 n + 2 ] 

annulenes -were p r e d i c t e d t o be aromatic up t o and i n c l u d ­
i n g [ 2 2]annulene, i n agreement w i t h the experimental work 
of Jackman et a l . 

'Tie success of t h i s work, and of i t s p r e l i m i n a r y app-
3 2 

l o c a t i o n t o hetoroatomic molecules, prompted Dewar and 
Thompson to examine i t s a p p l i c a b i l i t y i n c a l c u l a t i n g chem­
i c a l r e a c t i v i t i e s . ' 'They "cue.", l o c a l i s a t i o n theory, -aid i n 
oruer t o make \die pro^lm^acaons as v a x i a i^s possiOj-G, s e l ­ected r e a c t i o n s s ^ t i s f yin__, che f o l i c . ; i n _ , c o n d i t i o n s : 
a) Tlie react ant 5 and products were f r e e from hetero^toms. 
b) "eactions were chosen which were thought not t o i n v o l v e 
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any s p e c i a l resonance i n t e r a c t i o n s i n the t r a n s i t i o n s t a t e , 
c) Series of reactions were chosen where adequate r a t e 
data were a v a i l a b l e . 

They c a l c u l a t e d ASff using: 
i ) Iluckel theory. 
1 1 ) Pariser-?arr-?ople(?PP) theory w i t h a l l bond lengths 
equal (1 .4'JA). 

i i i ) The PPP method made s e l f - c o n s i s t e n t f o r changes i n 
bond length. 
i v ) The s p l i t - p - o r b i t a l ( S P Q ) method"" w i t h a l l bond 
lengths equal. 
v) The SPG method w i t h s e l f - c o n s i s t e n t bond lengths. 

The r e s u l t s obtained f o r methods ( i v ) and (v) were 
very s i m i l a r t o the r e s u l t s of ( i i ) and ( i i i ) and w i l l not 
be discussed f u r t h e r . 

I n order t o examine the v a l i d i t y of the methods, they 
p l o t t e d graphs of against the logarithms of p a r t i a l 

i - o a "">( > 

r a t f t f a c t o r s f o r n i t r a t i o n s i n a c e t i u anhydride at u C." 
A l l the SCF MO methods :;ave b e t t e r c o r r e l a t i o n than the 
Huckel method, w i t h ( i i ) and ( i i i ) g i v i n g s l i g h t l y b e t t e r 
c o r r e l a t i o n than ( i v ) and ( v ) . I n the treatments a l l o w i n g 
f o r v a r i a t i o n s i n bond lengths, the lengths of the C-C 
bonds i n the intermediate were f r e q u e n t l y q u i t e d i f f e r e n t 
from those i n the o r i g i n a l molecule. They thought t h a t the 
good c o r r e l a t i o n f o r f i x e d bond lengths might have been due 
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t o the intermediate resembling reactants more c l o s e l y than 
products. Therefore they c a l c u l a t e d AE-t, by a procedure 
where the bond lengths and E ^ were estimated f o r the par­
ent hydrocarbon, and Eff-D c a l c u l a t e d f o r the intermediate 
arenium ion u s i n ^ the same values f o r the various i n t e g r a l s 
as i n the f i n a l I t e r a t i o n f o r the parent hydrocarbon. I n 
t h i s case there was no l i n e a r c o r r e l a t i o n at a l l between 
l o j ; k and AE„. • 

I n the procedures using s e l f - c o n s i s t e n t bond lengths, 
the |»d'S are r e - c a l c u l a t e d f o r adjacent p a i r s but not f o r 
more d i s t a n t p a i r s of atoms. For a n e u t r a l hydrocarbon, the 
e r r o r s are expected t o be small, because the long range i n ­
t e r a c t i o n s appear i n the diagonal elements of the F-matrix 
only i n terms of the form ( Q ^ - I ) ^ . (which vanish i f atorryi* 
i s n e u t r a l ) , and i n the o f f - d i a g o n a l elements i n terms of 
the form p tf. .(which are u s u a l l y small because bond-or-
ders between non-adjacent atoms are not l a r ^ e ) . However, i n 
the intermediate a number of charge d e n s i t i e s could be very 
d i f f e r e n t rrorn u n i t y and the lack of s e l f - c o n s i s t e n c y i n 
non-nearest neighbour 3 s could i n t e r f e r e w i t h estimates 
of E f o r the arenium ion. U n t i l i t i s possible t o deter-tfb 1 

mine the whole geometry of the molecule as a f u n c t i o n of 
i n d i v i d u a l bond lengths, i t i s probably a b e t t e r procedure 
t o use the same bond lengths i n i n i t i a l and t r a n s i t i o n 
s t a tes. Dewar and Thompson found t h a t i t i s b e t t e r t o a l l o w 
f o r some v a r i a t i o n i n bond le n g t h than t o assume a l l bonds 



J .UT.:.. 

Tluro :;yr3 n" experimental l a t a j.vaila'blo t;. -.;lf<t 
I n f a_;ain-it AH* r^r* i"iuc 1 e ^ p h i l i c s u b s t i t u t i o n , but p i obi 
uf ^E* o-*loulated Tor alw.-ctro^hilic o u b s t i t u t i o n against 
values f o r nue.. i o . d i l l i : . ^.bo t i t u t i s i i . :.vo s t r a i g h t l i n o s 
of u n i t j l o p e a i t h very l i t t l e d e v i a t i o n . 

£3fl. values :;or: ..lotted against I n f f o r s u b s t i t u t i o n 
o i . i t - p-' 
O ' T O 

by methyl, t r i c h l o r o m o t h y l , :.ni t r i f i u c r o m e t h y l r a d i c a l s . 
I n t h i s case the treatments using s e l f - c o n s i s t e n t bond 
lengths gave a b e t t e r c o r r e l a t i o n than the treatments using 
f i x e d bond lengths. For r a d i c a l s u b s t i t u t i o n , the intermed­
i a t e i s uncharged and the e r r o r s i n the s e l f - c o n s i s t e n t 
treatment would be correspondingly smaller. 

S i m i l a r l y , they found l i n e a r correspondences between 
Ag f f values <_.nd logarithms of r e l a t i v e rates of dedeutera-
t i o n , ^ r e l a t i v e s o l v o l y s i s rates uf arylmethylchlorides,"° 
and r e l a t i v e rates of exchange between c h l o r i d e and iodide 

3 c 
ions. I n these reactions there was l i t t l e d i f f e r e n c e bet­
ween the treatments usin._ s e l f - c o n s i s t e n t bond lengths and 
the treatments using f i x e d bond lengths. 
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Th e above discussion shows t h a t chemical r e a c t i v i t i e s 
can be t r e a t e d s u c c e s s f u l l y using l o c a l i s a t i o n energies 
c a l c u l a t e d w i t h i n the framework of the PPP SCP MO method. 
I t i s possible t o extend t h i s treatment t o s u b s t i t u t e d 
hydrocarbons using s u b s t i t u e n t constants evaluated from 
e l e c t r o n i c spectra, as described i n chapter 1. I n the next 
s e c t i o n i t w i l l be shown how s u b s t i t u e n t e f f e c t s can be 
incorporated i n t o the PPP method, and how the theory i s 
used t o c a l c u l a t e ground and e x c i t e d s t a t e p r o p e r t i e s of 
s u b s t i t u t e d aromatic hydrocarbons. 

6 . The I n t r o d u c t i o n of Substituent E f f e c t s i n t o PPP SCF MO 
Theory 
a) The «~-Inductive E f f e c t 

As described i n section 7, chapter 2, values of Ĥ , 
and ^ are obtained from the appropriate valence s t a t e 
i o n i s a t i o n p o t e n t i a l s and e l e c t r o n a f f i n i t i e s , using the 
tab l e s of P r l t c h a r d and Skinner or J a f f e and Hinze. I f 
there i s any p o l a r i s a t i o n of <3_ e l e c t r o n s , these values 
must be modified. I o n i s a t i o n p o t e n t i a l s of i s o e l e c t r o n i c 
series of atoms and Ions show a quadratic dependence on 

1 UP 
the e f f e c t i v e nuclear charge, as proposed by Glockler: 

1r = AZ^,2 + B^u +• C ( 4 5 ) 

where i s the e f f e c t i v e nuclear charge of atom^*, and A, 
B and C are constants which can be determined by consider­
ing an i s o e l e c t r o n i c series of ions. This formula i s also 
a p p l i c a b l e t o the c a l c u l a t i o n of e l e c t r o n a f f i n i t i e s . The 



e f f e c t i v e nuclear charge i s a f u n c t i o n of the e l e c t r o n den­
s i t y on atomyn, the dependence f o l l o w i n g d i r e c t l y from Sla-
t e r 5 s r u l e s , ^and so the f r a c t i o n of the bonding e l e c t r o n s 
onytA must be determined. This i s estimated by cons i d e r i n g 
v/hat f r a c t i o n of the e l e c t r o n p a i r i n any one s i n g l e cov-
a l e n t bond between two atoms A and B i s a c t u a l l y on A or B. 
The simplest estimate i s t o assume t h a t the e l e c t r o n p a i r 
d i v i d e s i t s e l f between A and B i n the r a t i o of t h e i r o r b i ­
t a l e l e c t r o n e g a t i v i t i e s . 1 Thus, of the two electrons i n a 
s i n g l e bond 2x^/(x^-f-x.^) electrons w i l l be on atom A, x A 

being the o r b i t a l e l e c t r o n e g a t i v i t y of A. The l a t t e r was 
shown by Mull i k e n t o equal E A ) , where 1 ^ , E^ are 
the appropriate valence s t a t e i o n i s a t i o n p o t e n t i a l and 
e l e c t r o n a f f i n i t y . 

When an atom or group of atoms i s attached t o atony* 
i n the r i n g , the c a l c u l a t i o n s must take i n t o account the 
changes i n x^ w i t h e l e c t r o n density. Using an i t e r a t i v e 
procedure, a value of i s c a l c u l a t e d (modified f o r the 
change i n e l e c t r o n d e n s i t y using S l a t e r * s r u l e s ) and sub­
s t i t u t e d i n t o the appropriate quadratic equations t o c a l ­
c u l a t e new values of 3y, and Ê ,. Using these values a new 
x ^ can be c a l c u l a t e d , and the procedure repeated f o r the 
whole group of atoms u n t i l a s e l f - c o n s i s t e n t charge d i s ­
t r i b u t i o n has been obtained. 
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b) The p i - I n d u c t i v e E f f e c t 
3 5 1 ' 

I t has been suggested by M u r r e l l et a l . " arid 
Craig and Doggett t h a t a s u b s t i t u e n t w i t h two electrons 
i n a p i o r b i t a l causes r e - d i s t r i b u t i o n of charge through­
out a conjugated system by an e x t r a mechanism which they 3 1 S 4 c a l l the p i - i n d u c t i v e , 3 •J' ^or o r b i t a l p e n e t r a t i o n e f f e c t . 
Using a l o c a l i s e d o r b i t a l method which included a p i - i n d u c ­
t i v e e f f e c t , M u r r e l l et a l . had considerable success i n 
c a l c u l a t i n g p i - e l e c t r o n i c t r a n s i t i o n energies. They sugg­
est t h a t a s u b s t i t u e n t X changes the core i n t e g r a l H^.by 
an a m o u n t X ) , the p i - i n d u c t i v e parameter. This p i - i n d u c ­
t i v e e f f e c t may operate e i t h e r by a f i e l d e f f e c t or an ex­
change mechanism, which i s short range and i s a consequence 

3 1 ̂  
of the P a u l i exclusion p r i n c i p l e , 3 '-'the l a t t e r appears t o 
be the most important e f f e c t f o r most s u b s t i t u e n t s . ^ 

The values of o i ^ X ) determined by M u r r e l l et a l . are 
used t o modify I I _ _ . by an amount ô ., (X): ̂  

OO L> 
uu N ' (JC c 1 ' K J 

M u r r e l l et a l . have determined the p i - i n d u c t i v e par­
ameters only f o r the carbon atom i n the bond C-X, since X 
i s not considered t o be p a r t of the conjugated system i n 
the ground s t a t e and does not enter d i r e c t l y i n t o t h e i r 
c a l c u l a t i o n . I n the molecules studied i n t h i s t h e s i s the 
amount of charge t r a n s f e r from atom X i s small (ca. 0 . i 
e l e c t r o n s ) , and i t seems reasonable t o assume t h a t the e f -



f e e t of the p i - i n t e r a c t i o n proposed "by M u r r e l l f o r the 
case of an AO c o n t a i n i n g two electrons w i l l s t i l l apply 
and t h a t as a f i r s t approximation the same p i - i n d u c t i v e 
parameters can be u s e d . I n the c a l c u l a t i o n s the s u b s t i t ­
uent X i s considered t o be p a r t of the conjugated system, 
and the value of i s modified by an amount d (C). I f 
the p i - i n d u c t i v e parameters a r i s e from the mutual r e p u l ­
sion of e l e c t r o n s , then the e f f e c t on HQQ and w i l l be 
e qua 1 . 

The value of o i ^ ( X ) i s the t o t a l change i n HQQ prod­
uced by s u b s t i t u t i n g a hydrogen atom by X and so i t i n ­
cludes the cr and p i i n d u c t i v e e f f e c t s . 

c ^ C ( X ) = o ^ c ( X ) r + cLc(xf (48) 

Thus, having c a l c u l a t e d O ( Q ( X ) by the method described i n 
(&),Jc(X)n can be c a l c u l a t e d as C ( X ) - o J C ( X ) * " ) . By 
e q u a t i n g ^ Q ( X ) w i t h o / ^ ( C ) , the t o t a l i n d u c t i v e parameter 
can be determined f o r X, A], though oig ( X ) ' and^^(C) are 
always of the same magnitude and sign, C^Q(X) a n d U y ( C ) 

are opposite i n sign, 
c) The Methyl Group 

The methyl group may be considered as a pseudoatom 
s i t u a t e d at the p o s i t i o n of the carbon atom, c o n t r i b u t i n g 
2 electrons t o the pi-system through hyperconjugatIon.(ref. 
15J p . 2 1 l ) The f i r s t valence s t a t e i o n i s a t i o n p o t e n t i a l of 
t h i s pseudoatom i s taken as the f i r s t i o n i s a t i o n p o t e n t i a l 
of methane, equal t o 1 3 - 1 2 e V . 1 1 ^ Since the group elec-



t r o n e g a t i v i t y i s in a c c e s s i b l e , parameters p e r t a i n i n g t o 
the carbon atom are used. This seems reasonable since the 
carbon atom has e f f e c t i v e l y been given an a r t i f i c i a l p i -
bonding o r b i t a l . Thus, 

^,(Me) = ^ ( C : t r t r t r i r ) = 1 0 . 9 8 eV 
H (Me) = I^CH^) + ^ ( t r t r t n r ) = 24.10 eV 

7 - The Method of C a l c u l a t i o n 
The c a l c u l a t i o n of the s e l f - c o n s i s t e n t ground s t a t e 

of a molecule f o l l o w s the sec_uence: 
i ) S o l u t i o n of a m a t r i x w i t h guessed elements.(usually 
Huckel) 
i i ) C a l c u l a t i o n of the d e n s i t y matrix. 
i i i ) Assembly of the F matrix. 
i v ) D i a g o n a l i s a t i o n of the F matrix. 

Steps i i ) - > i v ) are repeated u n t i l the c o e f f i c i e n t s do 
not change on i t e r a t i o n . 

The t o t a l pi-energy i s computed from e i t h e r of the 
eauations 8 1 or 84 s (chapter 2 ) 

Having c a l c u l a t e d the pi-bonding energies of the neut 
r a l molecules, the energies of the corresponding Wheland 
intermediates are c a l c u l a t e d . For example, the Wheland i n ­
termediate f o r benzene i s the benzenium c a t i o n . This i s 
t r e a t e d as a 5 carbon atom pi-system w i t h 2 occupied or-
b i t a l s . From the s e l f - c o n s i s t e n t density matrix, charge 
d e n s i t i e s a t each carbon atom are obtained, and the p i -
bonding energy i s computed as f o r the n e u t r a l species. The 
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l o c a l i s a t i o n energy i s then l o c a t i o n ) - E^Jbenzene). 

For c a l c u l a t i o n s on s u b s t i t u t e d c a t i o n s , the induc­

t i v e parameters of the s u b s t i t u e n t s are m u l t i p l i e d by the 

charge d e n s i t y on the s u b s t i t u t e d carbon atom, obtained 

from the s e l f - c o n s i s t e n t d e n s i t y matrix of the appropriate 

u n s u b s t i t u t e d c a t i o n . 

E x c i t e d S t a t e s 

The energies of the e x c i t e d s t a t e s are c a l c u l a t e d 

by d i a g o n a l i s i n g the i n t e r c o n f i g u r a t i o n a l matrix whose 

elements are given by equations 1 0 0 and 1 0 1 . ( c h a p t e r 2 ) 

I n t e n s i t y C a l c u l a t i o n s 

From equation 9 5 , chapter 2 , the t r a n s i t i o n moment 

between s t a t e s (P , {p i s .~;iven by: 
** k * n 

M. = e <|cp, I Z . r . j g |> ( 4 9 ) -Hkn x k i l — l ^ n 

The c a l c u l a t i o n of i s s i m p l i f i e d by ignoring a l l 

those e l e c t r o n s of the c o n f i g u r a t i o n which remain i n 

c l o s e d s h e l l s , only those e l e c t r o n s which are present i n 

s h e l l s broken or formed during the t r a n s i t i o n be in;'; con-

side r e d . 

Suppose the t r a n s i t i o n moment l i e s i n the x d i r e c t i o n 

only, f o r a t r a n s i t i o n from a d o u b l y - f i l l e d o r b i t a l ~ to 

a vacant o r b i t a l e. Then: 

M^e = e< -l- x ( 2 ) | ^ [ 1 ^ . ( ^ ) ^ ( 2 ) 1 

• i - l t e C 0 ^ . ( 2 ) l ] > ( 5 0 ) 



w h i c h r educes , t h r o u g h t h e o r t h o g o n a l i t y o f MSCP s t o : 

£ = J2 e < (4/^. M v | / ^ > ( 5 - ) 

where t h e i n t e g r a t i o n i s ove r t h e space o f one e l e c t r o n . 

When t h e LCAO M0J s a r e s u b s t i t u t e d i n t o (5'' ), t e rms 

such as <<tj»|x|4)u> and << .̂|x|4«»> a r e e n c o u n t e r e d , w h i c h can be 

a p p r o x i m a t e d as : 

^ I x l * ^ = > ^ e average v a l u e o f x f o r . 

<4ylx|+»> = x /» x " . S, j = 0, i n t h e z e r o - o v e r l a p a -oo rox ima t ion . 
2 r 

For t h e s t a t e ^ f o r m e d f r o m a l i n e a r c o m b i n a t i o n o f 

c o n f i g u r a t i on s, 

$ = E c , (P. 
— i i • l 

i s r j i v e n by , 

M* = S c . h ! (52) 
— 1 -L ~ 1 

and M 2 = ( r f ) 2 +• ( M y ) 2 + ( i f ) 2 (53) 

where M x i s t h e v a l u e o f t h e t r a n s i t i o n moment f o r each — l 
c o n f i g u r a t i o n i n t h e x d i r e c t i o n . 

C a l c u l a t i o n o f l o n i s a t i o n P o t e n t i a l s 

The wave f u n c t i o n o f an i o n i s e d s t a t e i s o b t a i n e d by 

o m m i t t i n ^ one o f t h e MO's f r o m t h e ground s t a t e f u n c t i o n , 

«: iven by 1 _ 
J Q = K < H - - . . % I > ( eq. 20, c h a p t e r 2) 

o f ener gy 
K( $ 0 ) = 2 = H.. f f j ^ J . j - K l t J ) ( eq.54, c h . 2 ) 
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Cons ide r t h e s i n g l y e x c i t e d s t a t e o b t a i n e d "by remov­
i n g c i t h e r o f t h e e l e c t r o n s o c c u p y i n g t h e MO i/> (assuming 
t h a t iydoes n o t b e l o n g t o a degenera te s e t ) . The wave 
f u n c t i o n f o r t h i s i o n i s e d s t a t e i s : 

2f <3f. <¥. 
I • - i 

(5*0 

T h i s s t a t e i s a d o u b l e t , t h e two wave f u n c t i o n s h a v i n g t h e 

ene rgy : P 

E r j j ) = E( 2 o ) - H t - Z ( 2 J ± J - K . , ) (55) 
J 

(By t h e same method as f o r t h e d e r i v a t i o n o f eq.5^, c h . 2 . ) 

Hence t h e ene rgy r e q u i r e d f o r r e m o v i n g one o f t h e e l e c t r o n s 

o c c u p y i n g *Y^ i s ^ i v e n by : 

E ( 2 2 l ) " E ( ' 2 Q ) = - \ - £ < 2 J i J - K ± J ) (56) 
J 

= - E_̂  ( f r o m eq. 68, c h . 2 ) 

where i s t h e o r b i t a l ener3y. 

I t f o l l o w s t h a t -E.^ can be equa ted t o t h e l o n i s a t i o n 

p o t e n t i a l p r o v i d e d t h a t t h e i o n i s a t i o n p roces s i s a d e q u a t e l y 

r e p r e s e n t e d by t h e r e m o v a l o f an e l e c t r o n f r o m an o r b i t a l 

w i t h o u t change i n t h e wave f u n c t i o n s o f t h e o t h e r e l e c t r o n s . 

(Koopman J s theo rem) 

The a p p r o p r i a t e v a l u e s o f t he pa rame te r s f o r v a r i o u s 

s u b s t i t u e n t s , w h i c h "were used i n t h e c a l c u l a t i o n s , a r e 

l i s t e d i n t a b l e 1. The v a r i o u s i n t e g r a l s were e v a l u a t e d 

us i n : ; t h e methods d e s c r i b e d i n c h a p t e r 2. The g e o m e t r i e s 
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o f t h e compounds s t u d i e d a re g e n e r a l l y unknown. The a rom­

a t i c r i n g s were assumed t o be r e g u l a r hexagons w i t h C-C 

bond l e n g t h s 1. 39 A. C-X bond l e n g t h s were t a k e n f r o m , 

Tab le s o f I n t e r a t o m i c D i s t a n c e s and C o n f i g u r a t i o n s i n 

M o l e c u l e s and I o n s . ( S p e c . Pub. No. 11, Chem.Soc , London,1958) 

Program f o r S o l u t i o n o f M o l e c u l a r SCF P r o b l e m s 1 ^ 

The p rog ram was w r i t t e n i n A l g o l 60 f o r t h e U n i v e r ­

s i t y o f Newcas t l e E n g l i s h E l e c t r i c TCDF9 compute r . The e i g ­

enva lues and e i g e n v e c t o r s o f t h e Fock m a t r i x e s a r e f o u n d 
1 56 

by t h e W i l k i n s o n - H o u s e h o l d e r method ^ . The d e n s i t y m a t r i x 

i s t h e n c o n s t r u c t e d f r o m t h e e i g e n v e c t o r s e t s , and t o g e t h e r 

v / i t h t h e c o r e m a t r i x and r e p u l s i o n m a t r i x i s used t o f o r m 

a new F m a t r i x . The i t e r a t i o n proceeds u n t i l t h e d e n s i t y 

m a t r i x i s s e l f - c o n s i s t e n t t o 5 d e c i m a l p l a c e s . For t h e ex ­

c i t e d s t a t e s t h e i n t e r c o n f i g u r a t i o n a l m a t r i x e lements a r e 

c a l c u l a t e d f r o m e q u a t i o n s 'OO and 10 •, c h a p t e r 2, and t h e 

C I m a t r i x so c o n s t r u c t e d i s d i a g o n a l l s e d . The p rog ram c o n ­

s i d e r s a p r e s c r i b e d se t o f s i n g l e e l e c t r o n e x c i t a t i o n s and 

a l l C I between them. The o s c i l l a t o r s t r e n g t h s o f t h e s t a t e s 

a r e a u t o m a t i c a l l y c a l c u l a t e d t a k i n g i n t o accoun t C I i n t h e 

e x c i t e d s t a t e . F i n a l l y , i f r e q u i r e d , t h e n^TT* t r a n s i t i o n 

e n e r g i e s a r e c a l c u l a t e d u s i n g a s i m i l a r t e c h n i q u e t o t h a t 

employed f o r t h e p i - e l e c t r o n i c s t a t e s . For a m o l e c u l e c o n ­

t a i n i n g 10 p i e l e c t r o n s , e. ;> n a p h t h a l e n e , t h e t i m e t a k e n 

i s ca . 5 m l n . 



S l e c t r c p h i l i c A r o m a t l c S u b s t i t u t i o n . 



1. The tiechaniaiTi a f r J l e c t r u p h l l i c A r o m a t i c S u b s t i t u t i o n . 

S t u d i e s o f t h e mechanism o f e l e c t r o p h i i i a a r o m a t i c 
s u b s t i t u t i o n hav2 bean d i v i d e I i n t o two main c a t e g o r i e s : 

i ) The s t u d y o f t h e n a t u r e o f t h e a t t a c k i n g g r o u p , or 

e lac L - r a p h i l e . 

i i ) The n a t u r e c f t h e a t t a c k cn t h e a r o m a t i c sys tem an J 

t he r o l e o f *~- and p i complaaes i n t h e f o r m a t i o n and dia--

app3J.ra.nc3 o f t h e t r a n s i t i o n s t a t e . 

The e l e o t r o p h i l i c s u a a t i c u t i nns l i s c u a s e d i n t h i s t h ^ -

- j i a . . r : a l l n i t r . . t i o n D - c t i c n s j ' . n l a d i s c u a j i o n o f t h e 

n a t u r e o f t h e a t t a c k i n g s p e c i e s " . . " i l l be _, ivan i n p a c t i o n 2. 

At p r e s e n t t h e r e . .re two propose J. i.ioahanisms f a r e l e c -

c r o p n i a i c a r o m a t i c . j u o a a i t u t i o n , and a^aacat a ^ l such 

a a a a t i a n a occu r by ana o r o t h e r iaech—niova. The mechanism 

i n v o k e a a r a t a - a J t err air: i n _ f a r r a a t l a i i i f a p i -a i m p l e : : w i t h 

:ub'j a ."j.ent d i f f a r j r . ' j f . . a t a topa t o f a n a t h e a a v e r a l p o s s i b l e 

i a o m e r i a p r o d u c t s . The second mechanism i n v o k e s f o r m a t i o n 

o f a «»--complex as t h e r a t e - l e t e r r n i n l n g s t e p , w h i c h t h e n 

g i v e s o n l y one p o s s i b l e i s o m e r i c p r o d u c t . I n t h e f i r s t case 

t h e r a t e - d e t e r m i n i n g s t e j . i s p r i o r t o t h e a r o d u c t - d e t e r m i n -

i n 0 s t e p , w h i l e i n t h e l a t t e r , t h e d i f f e r e n t i somers a r e 

f o r m e d by competing, r a t e - d e t e r m i n i n g s t e p s . The f i r s t maeh-
o ' 

an i sm was p roposed by CI.ah e t a l . " t o e x p l a i n e l e c t r o p h l i i c 

s u b s t i t u t i o n s showin_ r e l a t i v e l y s m a l l s u b s t r a t e s e l e c t i v i t y , 

( R e a c t i o n s -with s t ron^ . e i j c t r o p h i l e s . e. _;. n i t r a t i o n by n i t r -

http://3J.ra.nc


9 "i 92 33 
onium s a l t s ^ 3 J ' ^ f e r r i c c h l o r i d e o r a l u m i n i u m c h l o r i d e 

G9 
c a t a l y s e d b r o m i n a t i o n s , end c e r t a i n F r i e J e l - C r a f t s a l k y l a -

89 94 95 • 
t i o n s . ' " ' ' " ) An i n t e r e s t i n g f e a t u r e o f t h e s e r e a c t i o n s was 
t h e i m p r o b a b l e v a l u e s f o u n d f o r p a r t i a l r a t e f a c t o r s . ( T h e 

96 

p a r t i a l r a t e f a c t o r f , measures t h e r e a c t i v i t y o f t h e p o s ­

i t i o n concerned, r e l a t i v e t o t h a t o f one p o s i t i o n i n benzene) 

For n i t r a t i o n o f a l k y l b e n z e n e s w i t h n i t r o n i u m t e t r a f l u o r o -
9 ' 

b o r a t e i n t e t r a m e t h y l e n e su lphone , Glah f o u n d v a l u e s f o r 

f m t o be 0 . ' k f o r t o l u e n e . 0. *k f o r e t h y l b e n z c n e and 0 . ' 0 

f o r n - p r o p y l b e n z e n e . "These r e s u l t s were i m p r o b a b l e , as 

t h e r e i s no e x p l a n a t i o n f o r 1 0 - f o l d d e a c t i v a t i o n o f t h e 

m e t a - p o s i t i o n r e l a t i v e t o benzene. P a r t i a l r a t e f a c t o r s 

can o n l y be used i f c o m p e t i t i o n t ake s p l a c e between i n d i v ­

i d u a l p o s i t i o n s i n an a r o m a t i c compound, and n o t between 

p i - e l e c t r o n systems as e n t i t i e s . I n t h e c o m p e t i t i o n between 

m o l e c u l e s i n v o l v i n g t h e i r p i - s y s t e m s as e n t i t i e s , t h e c a l ­

c u l a t i o n o f f - v a l u e s i s m e a n i n g l e s s . 

The p i - c o m p l e x ( i ) c o n t a i n s a bond between t h e e l e c t r o -

p h i l e and t h e p i - e l e c t r o n s o f t h e a r o m a t i c sys tem and may 

be e q u i v a l e n t t o a c h a r g e - t r a n s f e r complex . 

j . 97 
They a r e known t o e x i s t , b o t h w i t h i o n s such as A j ; 

98 0 0 

and w i t h n e u t r a l s p e c i e s such as i o d i n e and HC1. " ^ i n t h e 
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r e a c t i o n s m e n t i o n e d above, ^ Qiah a t a l . f o u n J t h a t t h e ob­

se rve J r e l a t i v e r e a c t i v i t i e s o f a l k y l b e n z e n e s and benzene 

p a r a l l e l e d t h e r e l a t i v e s t a b i l i t i e s o f t h e i r complexes 

• . ; i t h h, J-2J H r P e t c . , w h i c h a r e known p i - c o m p l e x i n j ; a g ­

e n t s . H i e p i - e l u c t r o n d e n s i t y o f t h e a r o m a t i c sys tem w o u l d 

be l i t t l e changed b y t h e i n d u c t i v e and h y p e r - c o n j u ^ a t i v e e f ­

f e c t s o f a l k y l ^ roups , and so t h e low s u b s t r a t e s e l e c t i v i t y 

c o u l d be e x p l a i n e d i n te rms o f a r a t e - d e t e r m i n i n g p i - c o m ­

p l e x f o r m a t i o n . 

I n t h e m a j o r i t y o f e l e c t r o p h i l i c a r o m a t i c s u b s t i t u ­

t i o n s , t h e r e i s h i ^ h s u b s t r a t e s e l e c t i v i t y and t he se r e a c ­

t i o n s a r e a d e q u a t e l y e x p l a i n e d i n t e rms o f r a t e - d e t e r m i -
r, 

n i n ^ f o r m a t i o n o f a « ~ - c o m p l e x ( i i ) , o r ' . /heiand I n t e r m e d i a t e 

( i i ) 

The s u b s t i t u t e d c a r b o n a tom has an a p p r o x i m a t e l y t e t r a h e d -

r a i c o n l ' i ^ u r a t i o n ( c o r r e s p o n d i n g t c sj.^ h y b r i d i s a t i o n ) , 

w i t h t h e o n t e r i n 0 ..roup I and t h e 1 s a v i n g h y d r o g e n on 

o p p o s i t e s ides o f t h e m o l e c u l a r p]...ne. I h a r ; i o incon te , ; t - -

.b le ev idence f o r t h e f o r m . t i e r . s2 <r~~ 

i. :.un., o r J x .n j\\.Jc b e n j o t r i f l u o r i do 

i i j - j . r y ^ i i u c n . u _ . i i a b__,"uii i j r l i l u o r i d e 12' L. « , x . v e 

o u r 3 d c r y s t a l l i n e c , m p l j x o f mole r a t i ! . . 1: ": 1, v/I i ioh decciu-



pcsad j-bovo -50 t o ^ i v e b o r o n t r i f L u o r i d c , HP and m - n i t r c -

b e n z o t r i f l u o r i d e i n a l m o s t q u a n t i t a t i v e y i a l d . They su;_;> 

e s t e d t h e s t r u c t u r e ( i i i ) f o r t h e complex , and s i n c e m-

n i t r o b e n z o t r i f l u o r i d e i s t h e p r o d u c t o f n i t r a t i o n o f benzo-

t r i f l u o r i d e under n o r m a l c o n d i t i o n s , t h i s vr:.s c o n v i n c i n g 

evidence t h a t ( i i i ) i s an i n t e r m e d i a t j i n the n i t r a t i o n . 

CP, 

( i i i ) 

Analogous complexes have been i s o l a t e d us in^ ; o t h e r e l e c -

t r o p h i l l c r e a g e n t s . :o2 The e l e c t r o n i c s p e c t r u m o f an th r ; 

cene d i s s o l v e d i n s u l p h u r i c a c i d i s s i m i l a r t o t h a t o f t h e 

b e n z h y d r y l c a t i o n , i 'h CH , i n d i c a t i n g t h e f o r m a t i o n o f ( i v ) 

+ ( I v ) 

A. number o f a r o m a t i c h y d r o c a r b o n s d i s s o l v e d i n CF^COGII L.nd 

3F^ i n d i c a t e t h e presence o f a me thy lene j r o u p such as 

( i v ) c o n t a i n s . 

More g e n e r a l ev idence t h a t t he se c a t i o n s a r e i n t e r m e ­

d i a t e s i n e l e c t r o p h l l i c s u b s t i t u t i o n -./as p r o v i d e d by Brown 

a t u l . . v/ho showed t h a t ... p l o t o f l o j , k f o r t h e c h l o r i n a -



t i o n o f methylbenr:anes a g a i n s t l o _ ; f o r t h a e q u i l i b r i u m 

between t h e methy lbenzenes and t h a c a t i o n s t h e y f o r m v ; i t h 

HF i s l i n e a r . I n a d d i t i o n , t h e r a t as o f h a l c j e n a t i o n ' /era 

f o u n d t o p a r a l l e l a--complex, r a t h e r t h a n p i - c o m p l e x , s t a b ­

i l i t i e s . These r e s u l t s a re c o n s i s t e n t w i t h t h e t w o - s t e p 

mechanism: 

A r - I I +• Zr A r ^ --^ A r - H f 

I J5 1 - '^ 

as f i r s t e n v i s a g e d Dy Lapworth, P f e i f f a r and . / i z i n s e r , 

una l a t e r by T..lielanJ. ^ Synchronous f o r m a t i o n o f a C-2 bond 

and c l e a v a g e o f a C—II bond has been d i s m i s s e d as a r e s u l t 

o f t h e above work on i n t e r m e d i a t e s and M elander'3 demons t r ­

a t i o n o f t h e absence o f a k i n e t i c i s o t o p e a f f e c t i n n i t r a -
107 

t i o n s o f a r o m a t i c compounds. ' S i m i l a r r e s u l t s were f o u n d f o r 
d i f f e r e n t b e n z e n o i d compounds under n i t r a t i n g c o n d i t i o n s 
v a r y i n g f r o m pu re n i t r i c a c i d t o a s o l u t i o n o f n i t r i c a c i d 

1 0 c , "J9 
i n oleum. I n t h e aoova oO.hame, no i s o t o p e a f f e c t 

'••jould be d e t e r . t ' M i f v , » k . . 

P o s i t i v e i s o t o p e a f f e c t s have bean obse rved f o r s u l p h -

o n a t i c n , d i a z o n i u m c o u p l i n . , , .,nd t h a i o d i n a t i c n o f 
- •• p - -"? 

p h e n o l and _ n i l i n e . A l t h o u g h t h i s c o u l d be- ace cunt a d 

f o r by t h e c o n c e r t e d mechanism, k i n e t i c ev idence p o i n t s t o 

t h e t w o - s t e p mechanism i n w h i c h kp i s comparab le w i t h o r 

< k , . 
1 :4 

A r e c a n t c o m m u n i c a t i o n by I /yhra at a l . has shown e v i . l -
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denoe f o r a r a t e - l i m i t i n g p r o t o n t r a n s f e r I n s e v e r a l 1-sub­
s t i t u t e ! 2 , , ^ - t r i - t - b u t y l b e n z e n e s , .."ion a c o r r e s p o n d i n g 
p o s i t i v e i s o t o p e e f f e c t . T h i s v/as a t t r i b u t e d t o an i n c r e a s e 
o f non-bonded r e p u l s i o n ene rgy as II was r e p l a c e d by a l a r ^ e 
e l e c t r c p h i l e a t a s t e r i c a l l y h i n d e r e d s i t e , t h u s d i f f e r e n t ­
i a l l y i n c r e a s i n g t h e ener . jy o f s tep ( 2 ) w i t h r e s p e c t t o 
o t ep ( - " ) i n t h e above r e a c t i o n scheme. T h i s i s t h e f i r s t 
e v i d e n c e o f a r a t e - l i m i t i n g p r o t o n t r a n s f e r i n a r o m a t i c 
n i t r a t i o n b u t i s s t i l l c o n s i s t e n t w i t h t h e t w o - s t e p mech­
an i sm. 

A l t h o u g h a r a t e - d e t e r m i n i n g f o r m a t i o n o f a a--complex 

i s f a v o u r e d by t h e above e v i d e n c e , i t i s q u i t e p o s s i b l e 

s t e p . I t i s easy t o show t h - t t an a r o m a t i c compound can f o r m 

complexes w i t h e l e c t r o p h i l i c r e a g e n t s , b u t much h a r d e r t o 

o b t a i n k i n e t i c ev idence t h a t such complexes a r e s t ages on 

t h e n o r m a l r e a c t i o n p a t h , hcwever , t h e p resence o f p i - o r 

c h a r j e - - t r a n s f e r compl^xeo does n o t e f f e c t t h e f r e e ene rgy 

o"-C UlTi'C J . J X 

-c o i a Y j x o X 
J' 

ener 

l e g a t i o n C o or d :i na t e 
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Thus t h e e x i s t e n c e o f Ica ' -enor_~j p i--corneleaea Joey 

n a t a f f e c t t h e r a t e .aid need n o t be c o n s i d e r e d i n t h e o r e t i c ; 

t r e a t m e n t s . - l ie a ample, c aarves as a good model f o r t h e 

t r a n s i t i o n s t a t e and v ; i l l be used i n t h e t h e o r e t i c a l t r e a t ­

ments i n t h i s t h e s i s . 

2. The Concept o f t h e N l t r o n i u i i i I o n as bhe A c t i v e "ii i t r a t i n ; 

Agent i n S l e c t r o p h i l l c A r o m a t i c N i t r a t i o n s . 

I t v/as f i r s t sugges ted by "Zuler " i n "$03, and has 
. .. 

c 
s i n c e been s u p p o r t e d by o t h e r a u t h o r s , t h a t t h e a c t i v e 
n i t r a t i n g a.^ent i n e l e ^ t r o h i l i c a r o m a t i c n i t r a t i o n s m i g h t 

.i-
be t h e n i t r a n i u m i o n "alp, unde r c e r t a i n c o n d i t i o n s . The 

f i r s t e x p e r i m e n t a l ev idence t h a t t h e n i t r a t i n g .agent v/as 
1 17 

n o t m e r e l y t h e n i t r i c a c i d m o l e c u l e v/as due t o K a n t z s c h . 

lie c o n c l u d e d as a r e s u l t o f c r y o s c o p l c and c o n d u c t i v i t y 

measurements t h a t t h e n i t r i c a c i d m o l e c u l e v/as p r o t o n a t e d 

t o ( I I ITC,)"'", (II_,N0 ) 2 - 1 ' and ( H O , ) " . I n a m i x t u r e o f n i t r i c 

and s u l p h u r i c a c i d , t h e s t r o n g e r s u l p h u r i c ax i d v.-ould p r o -

t o n a t e t h e n i t r i c a c i d t o f o r m ( H o i i 0 q ) T [ o r (II-.NO-,) 1 _ ] 

and IISQ^ i o n s , lie p roposed t h e f o r m a t i o n o f t h e s e i o n s t c 

e x p l a i n a t h r e e - f o l d i n c r e a s e (shown l a t e r t o be - 1 - f o l d ) 

i n t h e f r e e z i n g - p o i n t d e p r e s s i o n o f s u l p h u r i c _ .c ld by n i t r i c 

a c i d , r e l a t i v e t o an i d e a l s o l u t i o n . 
I-INQ., -i- 2H 3G. II 7.0** -l- 2H3TT 

a 2 '.• 3 3 •'• 

Me a l s o c l a i m e d i s o l a t i o n o f c r y s t a l l i n e p e r c h l o r a t e s , 
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•!- - 2-V P_ 

c: j -J 

I n 1933 i t f i u n d by Chadin ' . I : . t , i n m i x t u r e o f 

n i t r i c j . n d s u l p h u r i c a c i d , two l i n e : : a t 1400 and 1050 cm 

were v i s i b l e i n t h e Raman spec t rum. He a l s o showed t h e p r e -
. «• ^ 

sence o f these l i n e s i n t h e spec t rum jC . o l i d d p Q,-. Sus~ 

and H r i n e r "~ f o u n i t h e *'!00 ^nd 103- cm ' l i n o o l a che 

3pzc'zrum o f d l o S O j . v / e ^ . xn n i t r i c a c i a . 

'.die n i t r o n i u m i o n .."as e s t a b l i s h e d as t h e a c t i v e n i t r a -
__ . . 1^1 

t i n , ; ; a^cnt by i n f o l d , Hughes e t a l . i n lS'!-0. J s i n ^ i m p r o -

v e d e r y o s c o p i e methods , t h e y f o u n d t h a t t h e f r e e z i n g - p o i n t 

d e p r e s s i o n o f s u l p h u r i c a c i d by n i t r i c a c i d was o . c t u a l l y 4— 

f o l d and n o t 3 - f o l d as f o u n d by I l a n t z s c h . T h i s was e x p l a i n e d 

by f u r t h e r d e c o m p o s i t i o n o f the n i t r a c i d i u m i o n : 
HNG„ f 211 30, >̂ iiU " f I I 3 h -!- 2HS0, " 

i 2 2 3 4 

A f u r t h e r s t u d y o f t h e i n t e r a c t i o n o f n i t r i c and p e r c h l o r i c 
•I- + 

a u i d s showed t h e p r o d u c t s t o be [I*G_] [C1G. ] and [ H o 0 ] 
- '22. 

[CIO,.] . 
' 23 ' 2 4 -23 

Cyoscop ic , c o n d u c t i m e t r i c , and Raman s p e c t r o s c o p i c 

measurements I n d i c a t e d th^ . t p u r e n i t r i c a c i d c o n t a i n e d i ; 0 ? ' 

as c r e s u l t o f t h e i o n i s a t i o n : 

2;hIQ 3 - * J G 2 ' •:- : : • ~ -;- n ^ j 

t h o u j l i t h e n i t r o n i u m i o n was o n l y f o u n d i n abou t \% cone en -

"c r u t i o n . 

The s t u d y o f t h e Tiaman and i n f r a - r e d s p e c t r a o f n i t r i c 

/ 123 a c i d / s u l p h u r i c a c i d m i x t u r e s s u p p o r t e d t h e c o m p l e t e c o n -
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v e r c i o n o f IdTG,, i n t o i:G„'HoG,, , whereas t h e e x t e n t o f i o n -

i s _ i t i o n o f pure n i t r i c ^ . c i d was s l i j i t . S o l u t i o n s o f n i t r i 

a c i d i n a c e t i c ::c.l\ o r n i t r o m e t h a n e shewed no t r a c e o f t h e 

n i t r o n i u m i o n . I n s u l p h u r i c a c i d , t h e spec t rum o f n i t r i c 

a c i d d i s a p p e a r e d and was r e p l a c e d by t h e l i n e s a t "^Od and 

ICoo cm as f o u n d "by Ched in . ;dhe i-'l-dO cm ' l i n e ./as obse rve 
-• o 
I 

i n o c l u t i o n s o f n i t r i c a c i d i n p e r c h l o r i c and s e l e r i i c a c i d 
"" 3 

and i n c r y s t a l l i n e n i t r o n i u m p e r c h i o r a t e . alio l a t t e r W _ - . G 
« — i . 

known t o be c o m p l e t e l y i o n i s e d i n t o J : 0 o j and [ C l G Z | j , 

so t h a t t h e l4.'J0 cm ' l i n e was a t t r i b u t e d t o [ ; :G , ] " ' \ aTio 

1050 cm ' l i n e -/as a t t r i b u t e d t o t h e " 'dCG^" i o n i n n i t r i c 

/ s u l p h u r i c a c i d m i x t u r e s , an J. t o t h e ' . " G 0 j i o n i n V.^l^/ 

n i t r i c a c i d m i x t u r e s , s i n c e t h e s e anion.-:, abso rb i n t h a t 

r e g i o n . Because t h e !dTC0] i o n j a v e j u s t one Hainan l i n e , 
+• :2C 

i t v/as a s s i g n e d t h e l i n e a r s t r u c t u r e : 

3• K i n e t i c J v i d e n c e t o E s t a b l i s h t h e "L ' l t ron lum I o n as t h e 

a e a c L i v e n . n o i t y i n A r o m a t i c i . i u r a t i o n . 

..no ipec 

. i - i an. aqueous su^pnurxc 

aca^ liw . o a.i_re_^.y oeen p r o s e n o j ^ aoovo. _ h a J c±"ns x .̂ 'cne 

r e a c t i v e e n t i t y ^s c l o s e d t o t h e n i t r a c i d i u m i o n was 

-huwn by the work o f '.."ostheimor and Kh^a'ascii, ' d u n t o n an 
12C \2Z 

u a i e v a . and i>ennet t a t a A . 
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o t , • -̂ a < * 

—'v •..'.._> _ SOT... 'CilL'.a ^us iii^-n.—L.-UI.. ±__,w ^ J. i i x j iv -UiWij 

. nuiv.'b or ..T a r o m a t i c ccaipcundc, a c a u r r e . 

_ty (ac d e f i n e d by aammatt J o _ . c i ^ l t y f u n c t i o n II „ ) , 

!; :' d o f i n i t a a u l p h u r i a a c i I a one o n t r . . t i c n . The 

m.a;imuia r a t a aaa . Iwayc .".round ?'J.0 s u l p h u r i c 0.0id. a one en-

. . . _ L > ... i. ^ >„' ^ . . ^ __^a.i U ̂ .0 wi^-KJi i - . 

* J 1 o ^ 1 i i i J ±' . v _1_ .— OOlxO J i. * . ' i .. 

;ne _ i . . , i a y ; . " n : 

, ~ r . . l i d d e d ':-hj i e n i s " 

c o n c e n t r a t i o n r an^e , w h i l e t h e i o n i s a t i o n o f a i r t h r a q u i n o n a 

..'as u n r e l a t e d , '."hare a r e two p o s s i b l e schemes f o r t h e i c n -

i s a t l o n o f n i t r i c a c i d i n s u l p h u r i c a c i d : 

n;yo_ f 21: so. ao ' +• 11 a1" •:- 2iiso (2} 3 2 4 2 3 11 

As t h e i o n i s a t i o n o f a n t h r a q u i n o n e was known t o f o l l o w 

s c h e m e ( l ) and t r i n i t r o t r i t a . n o ! was known t o f o l l o w (2) , ' 

t h e se f a c t s './ere i n t e r p r e t e d as an i n d i c a t i o n t h a t NCp f 

i s t h e e f f e c t i v e n i t r a t i n g a^ent i n s u l p h u r i c a c i d s o l u t i o n 

For n i t r a t i o n s i n p a r t l y aqueous s u l p h u r i c a c i d , sec­

ond o r d e r k i n e t i c s were obse rved f o r f a i r l y u n r e a c t i v a a r o ­

ma t i c compounds. -23 

Rate = k 2 [ A r i l ] [ I i : i 0 3 ] 

A s u f f i c i e n t l y r e a c t i v e aroma. t ic compound s h o u l d r e a c t 

w i t h RGp as soon as i t f o r m s . I n p a r t l y aqueous s u l p h u r i c / 

n i t r i c a c i d m i x t u r e s , f o r m a t i o n o f I IQ P ' w i l l be r e v e r s i b l e 

http://rita.no
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and t h e r a t e - d e t e r m i n i n g s t e p c o u l d ';hen be t h e f o r m a t i o n 

c f . : i c i i t h e r e a c t i o n r a t e independent o f t h e n a t u r e 
120 

o r c o n c e n t r a t i o n o f t h e s u b s t r a t e , - u n t o n e t a l . ^obse rved 

z e r o t h - o r d e r k i n e t i c s w i t h r e s p e c t t o r e a c t i v e s u b s t r a t e s 

i n accordance w i t h v ^ » v ^ i n t h e proposed r e a c t i o n scheme 
V ' + 

T I I I O -h 11' ^ V*Qr -!- I I P G 
v 2

 d 

MG2 f Ar : : * ArNG + n 
* v 2 

"3 

? o r o x y j e n exchange v i a - G 2 " R , t h e r a t e o f exchan 0 e i s t h e 

i ' - L e o f f o r m a t i o n , o r d e s t r u c t i o n , o f I i u 0

T . The r a t e o f 
d. 

n i t r a t i o n v i a I'Qg"1" cannot exceed t h e r a t e o f f o r m a t i o n o f 

IsGg and i t "was f o u n d , f o r z e r o t h - o r d e r k i n e t i c s r e l a t i v e 
1 n 

t o t h e a r o m a t i c compound, t h a t t h e r a t e o f °G exchange 

between Hl ' IQ^ and H,p0 p a r a l l e l e d , b u t s l i g h t l y exceeded, t h e 

z e r o t h - o r d e r n i t r a t i o n r a t e . There was no ev idence t h a t n i t 

r a t i o n o r exchange o c c u r r e d by d i r e c t a t t a c k o f [ I ^ ' H O - ^ ] 

t h o u g h t h i s c o u l d be a neces sa ry p r e c u r s o r o f NQg"1". 

( i i ) N i t r a t i o n s i n C o n c e n t r a t e d S u l p h u r i c A c i d . 
J . 

N i t r i c a c i d i s known t o be c o m p l e t e l y i o n i s e d t o NO^ 1 

'23 
under these c o n d i t i o n s , and f o r u n r e a c t i v e a r o m a t i c com-

123 127 

pounds s e c o n d - o r d e r k i n e t i c s a r e observed."~ ' Under t h e s e 

c o n d i t i o n s t h e s low r a t e - d e t e r m i n i n g s t e p i s a t t a c k o f ^2 

on t h e a r o m a t i c compound. As a l r e a d y d i s c u s s e d , t h e n i t r a ­

t i o n r a t e was f o u n d t o I n c r e a s e up t o 9^% s u l p h u r i c a c i d 

c o n c e n t r a t i o n , due t o t h e i n c r e a s e i n i o n i s a t i o n o f UNO 



t o \'Qr. , b u t ^.bove ^'0% cone a n t r a t i o n t h a r a t s d e c r e a s e d . 

ahe r a t e s h o u l d f o l l o w t h e e q u a t i o n : 
.1 

A r i l 2 "H [ A r i l ] k NO n a t O 

- -123 r l i i / j c l i a t a l . s u a j j e s t a a r e a s o n s wny s h o u l d be 
f * 

m i n i m u m i n a n h y d r o u s s u l p h u r i c a c i d , a n d t h a y a a v e a v i d ­

l y a q u e o u s s u l p h u r i c a c i d t h a n i n t h e a n h y d r o u s a c i d . Thus 

t h a y . /e ra a b l e t o a c c o u n t q u a l i t a t i v e l y f o r t h e o b s e r v e d 

r a t a v a r i a t i o n . 

( i l l ) N i t r a t i o n s i n Or, ; a n l c S o l v e n t s -

o f n i t r a t i o n s u s i n ^ e x c e s s o f n i t r i c a c i d i n n i t r o m e t h a n e 

o r a c e t i c a c i d w e r e z e r o t h o r d e r w i t h r e s p e c t t o t h e a r o ­

m a t i c c o m p o u n d , i f i t was f a i r l y r e a c t i v e . F o r u n r e a c t i v o 

c o m p o u n d s , f i r s t - o r d e r k i n e t i c s v/ere o b s e r v e d . F o r r e a c ­

t i v e a r o m a t i c s t h e r a t e i s t h e r e f o r e i n d e p e n d e n t o f t h e i r 

n a t u r e o r c o n c e n t r a t i o n . The r e a c t i o n r a t e was f o u n d t o be 

c o n s t a n t u n t i l m o n o - n i t r a t i o n was c o m p l e t e . Tha r a t e - d e t ­

e r m i n i n g s t e p was t h e r e f o r e l i m i t e d t o t h a n i t r i c a c i d , v ; i t h 

p o s s i b l e s o l v e n t a s s i s t a n c e , - h e y s t u d i e d t h e e f f e c t o f a d d ­

e d p o t a s s i u m n i t r a t e a n d t r a c e s c f s u l p h u r i c a c i d . Due t o 

t h e s t i l t e f f e c t , a n i n c r e a s e i n r e a c t i o n r a t e i s u s u a l w i t h 

a d d e d s - : . l t s , b u t a r a t a r l a t a on was o b s e r v e d w i t h ^ r a t e 

ance t h a t , f o r n i t r e - c o m p o u n d s , f 
A r i l 

i s g r e a t e r i n s l i g h t -

B e n f o r d a n d i n j o I d / 3 1 

s h o w e d i n 1 9 3 a t h a t t h e k i n e t i c s 

i n v e r s e l y - ; J r o p o r t i : n a i Iz ( a + b [ " 2 _ , b a i n 0 t h e 



•J on c e n t r a t i o n o r a d d e d n i t r a t e i o n ' 3 , a n d ... e n d b c o n s t a n t s 

'"."he " i n i s r o n c : ' was t h a t t h e a d d e d n i t r a t e i o n v/as r e p r e s s -

i n ^ a n e c e s s a r y p r e - e c u i i i b r i u m i n w h i c h t h e n i t r a t e i o n 

i s f o r m e d . T h i s s t e p c o u l d n o t be t h e d i r e c t f o r m a t i o n o f 

t h e n i t r a t i n j e n t i t y , s i n c e z e r o t h - o r i e r k i n e t i c s w e r e 

iYF.int '" i n e J e v a n when t h s r a t e was r e t a r d e d . T h e r e f o r e t h e y 

d e c i d e d t h a t t h e n i t r a t e i o n was r e p r e s s i n g t h e f o r m a t i o n 

c f some p r e c u r s o r o f t h e r e a c t i v e s p e c i e s . 'They d e s c r i b e d 

t h e r e a c t i o n as a t a ' o - s t e p a u t op r o t e l y s i s : 

2H:TQ — * • n-i ; ; • ]" + HG 
_J ^ _> J 

s l o v : 

[ H 2 I : ° 3 ] " * : I2° 

As e x p e c t e d , t h e r e a c t i o n was s t r o n g l y c a t a l y s e d b y t r a c e s 

o f s u l p h u r i c a c i d , due t o p r e f e r e n t i a l p r o t o n a t i o n b y t h e 

s t r o n g e r a c i d , a n d r e m o v a l o f !. '•_ . 
3 

H K G 3 •!- H 2 S Q 4 * [ H

2 N Q 3 ] + -1- KSO^~ 

IIQo" f I I . SG. -> HiCG •:- ITP.n. ~ 

-J d 4 . j Ar 

U n d e r t h e e x p e r i m e n t a l c o n d i t i o n s t h e a u t o p r c t o l y s l s was 

t o o s m a l l t o be d e t e c t e d s p e c t r o s c o p i c a l l y . 

'The a d d i t i o n o f s m a l l q u a n t i t i e s o f w a t e r h a d l i t t l e 

e f f e c t on t h e z e r o t h - o r d e r r a t e b e c a u s e t h e p r e - e q u i i i b -

r i u m s t e p w o u l d n o t be a f f e c t e d . V / i t h t h e a d d i t i o n o f m o r e 

w a t e r , a c o m p e t i t i o n w o u l d ensue b e t w e e n w a t e r a n d t h e a r c 

m a t i c compound f o r t h e n i t r o n i u m i o n , a n d f i r s t - o r d e r k i n -



i t i c a ".. roulJ. be t - b s s r v o . ! . _ n ~ o l d an L Huvhoo o b s e r v e d t h i s 

•~J- *~ n i t r c m e t h a n e . ~ J ' 

' 2 3 

c h a n g e m J.ZSZ'^Q. a S I o u t n o t m 

( i v ) n i t r a t i o n s I n f u r e ' T i t v i a A c i d 

The k i n e t i c o b s e r v a t i o n s '.vara e x a c t l y as f o r n i t r a ­

t i o n s i n c r a n i o s o l v i n t s . '.'.ho a d d i t i o n o f n i t r a t e i o n s 

:.n:". o f s u l p h u r i c ~ c i d "both ' e f f e c t s J t h 3 r a t a a p ^ r a c l a b l ; 

S i n e 3 n o i t h a r a f t h a s a s o l u t e s v : o u l d a p p r e c i a b l y r . : c d i f y 

t h e c o n c e n t r a t i o n o f r . . c l e c u l a r n i t r i c . . c i i , t h i u '..'as d i : 

~ne i . e L - c t i o n 

Tin n i t r a t i o n , a n i t r o - j r o u p i s a d d e d t o t h e a r o m a t i c 

r i n g as a n i t r o n i u m i o n a n d a h y d r o g e n a t o m i s e l i m i n a t e d 

as a p r o t o n . The k i n e t i c e v i d _ _ i c e f o r t h e r o l e o f t h e n i t 

r o n i u m i o n ^ i v e s no i n d i c a t i o n as t o ' . / ne the r t h e r e a c t i o n 

i n v o l v e s a d d i t i o n o f IIOp ' f o l i o v ? e d b y e l i m i n a t i o n o f I I , 

o r i s c o n c e r t e d p r o c e s s v r i t h s y n c h r o n o u s f o r m a t i o n o f a 

C-M ftn.l or.^akc.^e c f a C - I I b e n d . 

The c o n c a r t e d m e c h a n i s m was r e j e c t e d aa a r e s u l t o f 

t h e w o r k o f M « l a n d e r , ,J~>:iho f o u n d no k i n e t i c i s o t o p e 

e f f e c t i n t h e n i t r a t i o n o f t r i t l a t e d a r o m a t i c c o m p o u n d s . 

T h i s -;as i m m e d i a t e p r o o f t h a t t h e C - t l b o n d f r o m w h i c h z. 

p r o t o n i s u l t i m a t e l y d i s p l a c e d i s n o t weakened d u r i n ^ , t h e 

r a t a - d e t e r m i n l n _ j s t e p . S i m i l a r r e s u l t s T.;ere f o u n d l a t e r 

1 o r o e u t e r a t e a c o m p o u n d s . 
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I n t r o d u c t i o n ' 

Z e f o r e ' 2 2 7 t h e r e ...as no i n f c n u - u i w n on r e l a t i v e r e . . c 

t i v i t i c s o f a r o m a t i c h y . I r o c a r b o n s tL".r-..rds n i t r a t i o n . I n 

'2'l'r, I l o l l e m u n n J ' h a d m e a s u r e d t h e ^ e r c e n t a ^ e s ox i s o m e r J 

T o n n e . I i n t h e n i t r a t i o n o f t o l u e n e _nJ. r e p o r t e d ^ p p r o : c i m -

... . - V ' - - - i . * / . ... - ... . . - . . . . . . , 

w ^ - O O .1. . < j. J. O ~ , • /O 1 ; * - * - . - . " 1 | ,*'© | j - O l^. »J - / U J - u L i U J . O i 1 • 1 1 o 

- <j -...C*-. o±l J . ' ^ v j. V o i ' 3 ^ J JLViO xJo ..ej-1^; >Uu —'— _iiV3 -. j - i i . 

b y i i i j C i J l .-.nd Cna..", "''.."Iio I n t r o .iuo e l t h e m e t h o d o r c o m p e t -

i t i v ~ r e a c t i o n s . The c o m p e t i t i v e m e t h o d o f e o r . y p a r i n ^ r e . - o -

'Cj-Oii i " „ C d o a u - j n o t r e q u i r e _ n ^ j o u r u c J K I I O " . . : J . e ^ _ , e o f t n e 

r e a c t i o n k i n e t i c s , p r o v i d e d t h ~ . t b o t h h y d r o c a r b o n s a i o suu 

s t i t u t e d b y t h e sc r .3 a j e n t , a n d t h a t t h e r a t e s o f s u b s t i ­

t u t i o n a r e o f t h e same o r d e r w i t h r e b o o t t o t h e h y d r o c a r ­

b o n c o n c e n t r a t i o n s . T h e y d e f i n e d t h e C o e f f i c i e n t o f A c t i v ­

a t i o n I 7 , as t h e n u m b e r o f m o l e c u l e s s u b s t i t u t e d d u r i n j a 

s m a l l e l e m e n t o f t i m e a t t h e j / i v e n n u c l e a r c a r b o n a t o m , 

d i v i d e d b y t h e n u m b e r o f m o l e c u l e s t h a t w o u l d h a v e b e e n 

s u b s t i t u t e d a t t h e same c a r b o n u t o m h a d t h e o r i e n t i n g 

O r o u p b e e n a b s e n t . ( T h l a wats l a t e r " " ' g i v e n t h e name, j j a r -

t i a l r a t e f a c t o r , a n d t h e s y m b o l f . ) By n i t r a t i o n o f a n 

e i : U i m o l a r m i x t u r e o f t o l u e n e a n d b e n z e n e :1th A_.c o t i c 

a c i d , : . n d m e a s u r i n g t h e d e n s i t y o f t h e m i x t u r e o f n i t r o ­

b e n z e n e ._nd n i t r u t o l u e n e s o b t a i n e d , t h e y f o u n d f o r t h e 

r e l a t i v e r e a c t i v i t y , ' " " c iueno / AZanz^r^ = 15-7. T h e y r: I -

e u i a t e l a c t i v i t y C o e f f i c i e n t s f o r t o l u e n e as i \ = 27-
o 

= 3~<> - a n d P . = £ . • b y u s i n 0 I l c i l o m a n n ' o d a t a f o r l o o -



mor d i e - t r l b u t l e n s . 

I n 1 2 J * * " " ^ i . i . i o i ' j c a r e f u l s t u d y ' . l i j made o f t h e c o n -

pet I t i v e n i t r a t i o n o f benzene a n d t o l u e n e u n l e r v a r i o u s 

c o n d i t i o n s . U s i n ^ n i t r i c . , c i d . / n l t r o n e t h a n e t h e y m e a s u r e d 

" ' " T o l u e n e/Benzene = f Q=37, -p
ir=2.C a n d f r=^7 - t 

' . . ' ' t h t h e a d v e n t o f j a s - l i q u i d c f c r a r n a t c j i * : . p h y i t became 

p o s s i b l e t c make much mora - . c c u ^ u o i i . i easu-^ jm^nts o f i s o m e r 

d i s t r i b u t i o n s . I n "9^0, " I n o w l o s e t a l . " ^ s t u i i e t h e n i t ­

r a t i o n o f a l l c y l b e n z e n e s us i n . . ; e q u i r n o l a r . u a n t i t i e s o f f u n -

i n ^ n i t r i c a c i l (1-1.52) . . c e t i c a n h y i r i d e ( e f f e c t i v e l y 

a c e t y l n i t r a t e ) a t 0. By u s i n j I n f o l d * s v a l u e o f 27 f o r 
k ,Y "25 
' " T o l u e n e / " B e n z e n e , *" t h e y r e - c a l c u l a t e d t h e p a r t i a l r a t e 

f a c t o r s as f =l'9-7J f =2.3 a n d f =C0. J . These r e s u l t s . /ere o rn p 

e x t e n d e d b y O l a h e t a l . -"-./ho, i n a s y s t e m a t i c s t u d y o f 

a r o m a t i c n i t r a t i o n s , s t u d i e d c o m p e t i t i v e n i t r a t i o n s b e t w e e n 

a l k y l b e n i e n e s a n d b e n z e n e f o r a v a r i e t y o f s o l v e n t s a n d 

r e a c t a n t s . A t 25, u s i n 0 n i t r i c / a c e t i c a c i d m e d i a , t h e y o b ­

t a i n e d ^ T o l u e n e / ^ B e n z e n e = 22. Z a n d t h e i s o m e r d i s t r i b u t i o n s 

f,5. cj% o r t h o - , 2, ?% m s t a - a n d '!0. 3% p a r a - n i t r o t o l u e n e . T l c d r ^ 

i n v e s t i g a t i o n s of t h e n i t r a t i o n o f t h e x y l e n e s i n d i c a t e d 

t h a t o v e r a l l r a t e s w i t h r e s p e c t t o b e n z e n e w e r e i n e x c e s s 

o f 1000 f o r b o t h mats . - a n d p a r a - x y l e n e s , r e s u l t s at v a r i ­

a n c e w i t h t h o s e f o r t o l u e n e and A l c o r n a n d W e l l s ' s r e s u l t s 

f o r t h e m o n o m e t h y l n a p h t h a l e n e s . " " T h e n i t r a t i o n o f t h e x y ­

l e n e s i n a c e t i c / n i t r i c a c i d m e d i a has t h e r e f o r e b e e n r e ­

i n v e s t i g a t e d , o v e r a . / i d e t e m p e r a t u r e rana:e , to m e a s u r e 
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i s o m e r d i s t r i b u t i o n s , a n d p a r t i a l r a t a f a c t o r s r e l a t i v e 

t o b e n z e n e . I t was a l s o o f i n t e r e s t t o i n v e s t i g a t e t h e i n ­

t r o d u c t i o n o f a s e c o n d m e t h y l j r o u p i n t o t h e n a p h t h a l e n e 

n u c l e u s - I s o m e r d i s t r i b u t i o n s a n d p a r t i a l r a t e f a c t o r s 

h a v e t h e r e f o r e b e e n m e a s u r e d f o r 2 , 6 - d i m e t h y l n a p h t h a l e n e . 

' . C a l c u l a t i o n o f R e l a t i v e R a t e C o n s t a n t s . 

The c o m p e t i t i v e m e t h o d o f c o m p a r i n g r e a c t i o n r a t e s 

does n o t r e q u i r e a n a c c u r a t e k n o w l e d g e o f t h e r e a c t i o n k i n ­

e t i c s , p r o v i d e d t h a t e a c h c o m p e t i n g s u b s t r a t e i s a l w a y s 

p r e s e n t i n e x c e s s o v e r t h e a m o u n t o f r e a g e n t p r e s e n t , t h a t -

a l l s u b s t r a t e s r e a c t b y t h e same m e c h a n i s m , a n d t h a t t h e 

r e a c t i o n s a r e k i n e t i c a l l y f i r s t - o r d e r i n s u b s t r a t e . The 

r e l a t i v e r a t e c o n s t a n t s c a n t h e n be d e t e r m i n e d o.s f o l l o w s : 

F o r t h e r e a c t i o n o f t h e n i t r a t i n g a ^ e n t X, w i t h h y d r o ­

c a r b o n s HC. a n d I I C 2 a t t i m e t , 

[ H C ] , = - k . [ X A H C . ] . 

( D 

w h e r e [ j r e p r e s e n t s m o l a r c o n c e n t r a t i o n s . Mere n i s t h e 

o r d e r o f r e a c t i o n w i t h r e s p e c t t o X, k , a n d k g a r e t h e 

r a t e c o n s t a n t s f o r HC, a n d HC r e s p e c t i v e l y . 
i d. 

d[HC ] k . [ H C L 
i o _ i i i/ ^2) 

ci[HC ] , k [HC ] 2 J t 2' 2 t 

I n t e g r a t i n g f r o m t=0 t o t - T , t h e t i m e when t h e r e a c t i o n i s 

s t o p p e d , / . 3 M A Y \<)fc» t 
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i c i o 0 i o ' n c . j - : o o B ; i i c . ] , 
= ^ * ( 0 y 

k 2 l o ^ i o r ~ d C ? j c - 1 o J M : IlCg 1 

I f t h e n i t r e - d e r i v a t i v e s a r e t h e o n l y p r o d u c t s f o r m e d , 

k , l o - B [ H C ] - l o o B ( [ I I C , ] - [ l i j ) 
• O i O L _ ( L \ 

k 2 l o S l 0 [ H C 2 ] o - l o - 1 0 ( [ H C 2 ] o - [ i . 2 ] ) 

' - T i T : T i 
'2 

d e r i v a t i v e s o f I I C . a n d I-IC"2 r e s p e c t i v e l y . P r o v i d e d t h a t t h e 

amoun t o f r e a c t i o n i s s m a l l , t h i s a s s u m p t i o n v . ' i l l s t i l l be 

v a l i d i f o t h e r p r o d u c t s a r e f o r m e d , p r o v i d e d t h a t t h e r a t e 

o f f o r m a t i o n o f n i t r o p r o d u c t s i s n o t i n t e r f e r e d w i t h . 

2 x p a n d i n ^ l o g a r i t h m s a n d i v n o r i n : - ; p o w e r s o f ^ J , 

( w r i t i n ^ [ I I C . ] c - ^ : I C

2 ^ 0 = w h e r e c >> [ " . ] o r [ " 2 ] ) 

, ^ ~ i , ~ 

— id J J . ' L. 1 V J N

 t i . ^ j ^ L - : „ J 

S i m i l a r l y f o r t w o p o s i t i o n s i a n d j i n t h e same m o l e c u l e , 

i f [-1..] a n d J a r a v e r y s m a l l . 
J 

2 . C a l c u l a t i o n o f P a r t i a l H a t e F a c t o r s . 

I n o - x y l e n e , t h e p a r t i a l r a t e f a c t o r f o r t h e 3 - - p o s i -

t i o n f , i s d e t e r m i n e d as f o l l o w s : 

r
3 = V x y i e n e , 3 - l s o m e r ) - | ( 7 ; 

" "oensene ~ 
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w h e r e t h e f i r s t t e r m i s t h e o v e r a l l r a t e o f n i t r a t i o n o f 
c - x y l e n e r e l a t i v e t o b e n z e n e a n d ^ i s a s t a t i s t i c a l f a c t o r 
f o r t h e 2 p o s i t i o n s o f s u b s t i t u t i o n c o m p a r e d v r i t h 6 i n b e n ­
z e n e . The o t h e r p a r t i a l r a t e f a c t o r s a r e d e t e r m i n e d a n a l ­
o g o u s l y . 

P a r t i a l r a t e f a c t o r s w e r e d e t e r m i n e d a t 25° a n d i n o r ­

d e r t o o b t a i n t h e b e s t v a l u e s f o r t h e r e l a t i v e r a t e c o n ­

s t a n t s , g r a p h s w e r e p l o t t e d o f t h e l o g a r i t h m s o f t h e r e l ­

a t i v e r a t e c o n s t a n t s v e r s u s ~ , t h e r e l a t i v e r a t e c o n s t a n t 

a t 2 5 ° b e i n , 3 e x t r a p o l a t e d f r o m t h e s e g r a p h s . I n a d d i t i o n , 

g r a p h s w e r e p l o t t e d o f I n k 1 / k ^ v e r s u s \ / T , w h e r e i a n d j 

a r e d i f f e r e n t p o s i t i o n s i n t h e same s u b s t r a t e . F r o m t h e s e 

A r r h e n i u s p l o t s , a c t i v a t i o n e n e r g y d i f f e r e n c e s w e r e e s t i m ­

a t e d : 

I n k ^ k = - 1/RT( A E * - A E * ) ( 8 ) 

w h e r e 4 E * a n d AE* a r e t h e a c t i v a t i o n e n e r g i e s f o r s u b s t i -

t u t i o n a t p o s i t i o n s i a n d j r e s p e c t i v e l y . 

F o r a l i q u i d o r s o l i d p h a s e r e a c t i o n , 

Z * E * = ( 4 H * ) 1 -r RT (9) 

A C * = Alf - T4S* ( 1 0 ) 

A G * = - R T l n k i ( 11 ) 

T h u s : A A G * = - R T l n k ^ / k j ( 1 2 ) 

a n d , A A S * = ':/l(AAE* -AAg) ( 1 3 ) 

Hence d i f f e r e n c e s i n e n t r o p i e s o f a c t i v a t i o n f o r t w o p o s ­

i t i o n s I n one m o l e c u l e c a n b e o b t a i n e d f r o m t h e A r r h e n i u s 



3 • R e s u l t s 

I s o m e r d i s t r i b u t i o n s h a v e b e e n s t u d i e d i n t h e t e m p e r ­

a t u r e r a n j ; e 25-"0'J°C T o r t h e x y l e n e s a n d 2, o - d i m e t h y l n a p h -

t h a l e n e . C o m p e t i t i v e n i t r a t i o n s a t 2^ C b e t w e e n b e n z e n e a n d 

t h e x y l e n e s h ^ v e b e e n c a r r i e d o u t i n o r d e r t o d e t e r m i n e 

p a r t i a l r a t e r ^ o ^ . f o r 2, C - d i m e t h y i n a p h t h a l e n e , c o m p e t ­

i t i v e n i t r a t i o n s w o r e c a r r i e d o u t w i t h r e s p e c t t o 2 - m e t h y l 

n a p h t h a l e n e . K i t r a t i o n o f t h e l a t t e r on i t s own a n d i n c o m ­

p e t i t i o n w i t h n a p h t h a l e n e 0 a v e r e s u l t s i d e n t i c a l , w i t h i n 

e x p e r i m e n t a l e r r o r , t o t h o s e r e p o r t e d b y A l c o r n a n d ' . J e l l s . 

C o m p e t i t i v e n i t r a t i o n s 'were a l s o c a r r i e d o u t on n a p h t h a l e n e 

w i t h r e s p e c t t o b e n z e n e t o a l l o w p a r t i a l r a t e f a c t o r s w i t h 

r e s p e c t t o b e n z e n e t o be c a l c u l a t e d f o r t h e m o n o - m e t h y l -

a n d 2 , 6 - d i m e t h y l n a p h t h a l e n e s . 

( 1 ) o r t h o - x y l e n e 

T a b l e ( 1 ) shows t h e v a r i a t i o n w i t h t e m p e r a t u r e o f t h e 

i s o m e r d i s t r i b u t i o n a n d r e l a t i v e n i t r a t i o n r a t e f o r o r t h o -

x y l e n e . A t 25°C t h e 3 - n i t r e i s o m e r p r e d o m i n a t e s , b u t as t h e 

t e m p e r a t u r e i s i n c r e a s e d t h e p r o p o r t i o n o f t h e 4 - n i t r o i s ­

omer i n c r e a s e s , u n t i l a t c a . 6o"C t h e t w o a r e p r o d u c e d i n 

r o u g h l y e q u a l a m o u n t s . A t h i g h e r t e m p e r a t u r e s t h e 4 - n i t r o 

i s o m e r becomes t h e m a j o r p r o d u c t . A p l o t o f t h e l o g a r i t h m 

o f t h e i s o m e r r a t i o v e r s u s " / T ogives a r e a s o n a b l e s t r a i g h t 

l i n e ( F i g u r e ( i i ) ) , f r o m t h e s l o p e o f w h i c h a n a c t i v a t i o n 

e n e r g y d i f f e r e n c e A E ^ - AE-^ = 5-09+0.34 K c a l s / m o l e c a n be 
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e v a l u a t e d . The l a r g e e r r o r s i n v o l v e d make a d e t a i l e d i n t e r 

p r e t a t i o n o f t h e e n t r o p y d i f f e r e n c e u n j u s t i f i e d , b u t q u a l ­

i t a t i v e l y i t c a n be s e e n t h a t f o r 3 - s u b s t i t u t i o n a d j a c e n t 

t o a m e t h y l g r o u p , r e l a t i v e t o t h e u n h i n d e r e d 4 - p o s i t i o n , 

t h e r e i s a s i g n i f i c a n t e n t r o p y d i f f e r e n c e . ( A Si,- A S * = 15-

j_':.2 e n t r o p y u n i t s ) 

The p l o t o f t h e l o g a r i t h m o f t h e o v e r a l l r a t e r a t i o 

a g a i n s t 1,/T g i v e s a r e a s o n a b l e s t r a i g h t l i n e ( F i g u r e ( i ) ) , 

f r o m w h i c h t h e r e l a t i v e r a t e a t 25*C co.n be b e t t e r e v a l u ­

a t e d as 28.2^3.8. F r o m f i g u r e ( i i ) t h e i s o m e r r a t i o i s e s t ­

i m a t e d a s : [ 3 - n l t r o - o - x y l e n e ] 
•— = 2.64+p. 13 

[ 4 - n i t r o - o - x y l e n e j 
a t 25°C, g i v i n g : 

% 3 - n i t r o - o - x y l e n e = 72 .5±3-6 

% 4 - n i t r o - o - x y l e n e = 27 .5+1.4 

Thus p a r t i a l r a t e f a c t o r s f o r t h e 3 a n d 4 p o s i t i o n s 

i n o - x y l e n e may b e c a l c u l a t e d as 6l.4_f8.8 a n d 23. 3+_3- 3 

r e s p e c t i v e l y . 

( 1 1 ) p a r a - x y l e n e 

T a b l e (2) shows t h e v a r i a t i o n w i t h t e m p , o f t h e r e l ­

a t i v e n i t r a t i o n r a t e o f p - x y l e n e r e l a t i v e t o b e n z e n e . A 

p l o t o f t h e l o g a r i t h m o f t h e r e l a t i v e r a t e v e r s u s 1,/T 

g i v e s a f a i r l y 30od s t r a i g h t l i n e ( F i g u r e ( i i i ) ) , f r o m 

w h i c h t h e r e l a t i v e r a t e a t 2 5 * C i s e x t r a p o l a t e d as 36.Sjh 

4.9- Thus t h e p a r t i a l r a t e f a c t o r a t 25*C f o r p - x y l e n e i s 

54. 9+7-3. 



1 0 7 

\ 
\ 

\ \ 
\ 
\ 

\ 
\ \ \ 

\ 
\ 

i 

\ 
\ 

\ 
\ \ 
\ 

\ 

\ 



CM 
0 
rH 
£> 
cd 

E H 

-P •rH 
:s 
0 •P 
cd 
PC 
0 
> 

•H 
-P 
cd 
rH 
0) 
K 

o 

o 
•H 
•p 
cd 

•H 

<u 
d 
co 
N 
c 
0 
W 
T J c 
cd 

<y 
C. 
cu 

rH 

I 

Q_ 

<M 
O c 
o 

•H 
•P 

cd 

-p 
<u 
> 

•H 
P 
•H 
+3 0) n 
E 
o 

o 

U 

-P 
cd 

0 

En,, 

i n VO ro O , - m i n 
CO OA CO O CVJ vo m CM 

o o O OA co i>- VO 

m ro no CVJ CM CM CM 
* 1 E H 

CD 
c 0 
0 C 

0 N 
X C 

| CD 
ft CQ 

c 

I 
P h I 

0 
£ 
CD 
rH 
>a 

X 
I 
ft I 
O 

u 
-P 
<H 
25 

0 
0 

M 

0 
o 

-P 
•H 
2: 

o 
•H 
p 
o 
cd 

0 c 
0 
N 
0 

CQ 

01 

0 
s 

•H 
E H 

rj 
E H 

-109-

«- m CO CO 

o o 
CM 

o 
CM 
O 

3 
o 

3 £>. £>. + | + | + | 
ro i n ^ 
i n ro I ' 

oo 
ro CM CM CM CM « -

co m OA CM 

VO 
CM 

CM O «- VD 

3̂- >- CO 

O . CM, CM 
+ 1 + | + 
m CM VD 
m 
OA OA 

CM 
OA OA 

CM m 
0\ CO 

-3" 
o 

m vo CM 
ro 

o 
2 . 2 . 9, 

CM 

o 
I' 
CO 

CM 

d . o. o, o, o, o, o, ± + £' t 1 t' + J; -3- •— m m m co 

CO 

co •- o 
+ + 1 + 1 + ! 
CO O CO CM 

OA 

c--

m r o 
•-- CM 

L h ' 
CO 

! 1 6 ' • i 

o CO 
r — 

• 

CO 
CO 

m CO co o 
CM 

i n 
CM 
h -

-3" 
CM 

—j* 
CO 

VD CO CM 

O O o m i n O o 
r o r o CM OA CO i — 
r — CM r o —-J vo CO 
CO co CO m CO m r o 



( i i i ) m e t a - x y l a n e 

T a b l e (3) shows t h e v a r i a t i o n w i t h t e m p , o f t h e i s o ­

mer d i s t r i b u t i o n a n d r e l a t i v e n i t r a t i o n r a t e f o r m - x y l e n e . 

T n l y t w o i s o m e r s w e r e d e t e c t e d i n t h e t e m p , r a n g e 25- ,-00°C 

F r o m a p l o t o f t h e l o g a r i t h m o f t h e i s o m e r r a t i o a g a i n s t 

1A\. ( F i g u r e ( i v ) ) , a n a c t i v a t i o n e n e r g y d i f f e r e n c e A S * - A E 

= 1. "5+0. "£ .Kc a I s , / m o l e c a n be e v a l u a t e d . T h e r e a r e l a r g e 

e r r o r s a s s o c i a t e d w i t h t h e c a l c u l a t i o n o f t h e e n t r o p y d i f ­

f e r e n c e s (0.27+p.o4 e . u . ) . b u t i t c a n be s e e n t h a t t h e 

d i f f e r e n c e i s s m a l l , ahe i s o m e r r a t i o a t 25 C i s e v a l u a t e d 

a s : r ' - ! — n l t r o - m - x y l e n e ] 
=7-93+0.33 

[ 2 - n i t r o - m - x y l e n e ] 

f r o m w h i c h t h e i s o m e r p r o p o r t i o n s a r e : 

° / 4 - n i t r o - m - x y l e n e = 3 8 . 8+3. 7 

^ 2 - n i t r o - m - x y l e n e = 1 1 . 2W. 5 

A c o r r e s p o n d i n g p l o t o f t h e l o g a r i t h m o f t h e r e l a t i v e 

r a t e a g a i n s t l / T g i v e s a s t r a i g h t l i n e ( F i g u r e ( v ) ) 3 f r o m 

w h i c h t h e r e l a t i v e r a t e a t 25 C i s e v a l u a t e d as 399+r'o. 

Tine p a r t i a l r a t e f a c t o r s o f t h e •'-!• a n d 2 p o s i t i o n s i n m - x y -

l c n e may be c a l c u l a t e d as 1063+.135 a n d 268+34 r e s p e c t i v e l y 

( i v ) N a p h t h a l e n e 

T a b l e ( 4 ) shows t h e v a r i a t i o n w i t h t e m p , o f t h e i s o ­

mer d i s t r i b u t i o n a n d t h e r e l a t i v e n i t r a t i o n r a t e f o r n a p h ­

t h a l e n e . The p r e d o m i n a n c e o f t h e ' - n i t r o i s o m e r i s l a r g e l y 
+ •* 

due t o t h e l o w e r a c t i v a t i o n e n e r g y A E . - A S 2 = - ( 1 . 49KJ .28) 

K c a l s / m o l e . The d i f f e r e n c e i n t h e e n t r o p y o f a c t i v a t i o n , 
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£S,- AS 2 = O.C'+O. ' 5 e.u., but the s u b s t a n t i a l e r r o r does 
not j u s t i f y any rigorous conclusions. These values are ob­
t a i n e d from the p l o t of the logarithms of the isomer r a t i o 
versus 1,/T, ( F i g u r e ( v i ) ) , from which the isomer r a t i o a t 
25 C i s obtained as: 

[ "• -nltro-naphthalene ] 
= = 18.6+0.5 

[ 2-nitro-naphthalene 1 
j i v i n g the isomer percentages: 

%' -n i t r o - naphtha 1 ene = 9^ • 9j;3 • " 

, ^ 2-nltro-naphthalene = 5- ">±0.2 

The r e s u l t s are i n good agreement v/ith those p r e v i o u s l y 
reported by Alcorn and '.-.'ells(at 25 C) and Str e i t v / i e s e r 
and Fahey(50, 100 C)'3-3'. From the p l o t of the l o g a r i t h m 
of the r e l a t i v e n i t r a t i o n r a t e versus 1,/T, ( F i g u r e ( v i i ) ) , 
the r e l a t i v e r a t e a t 25"c i s obtained as 1^9+,15* and from 
the above isomer d i s t r i b u t i o n , p a r t i a l r a t e f a c t o r s of 
2"2+22 and 1" .4+".2 may be c a l c u l a t e d f o r the 1 and 2 pos­
i t i o n s r e s p e c t i v e l y , 
(v) 2 ,b-dimethylnaphthalene 

In the n i t r a t i o n of 2, ̂ -dimethylnaphthalenej a l l of 
the 3 possible isomers -./ere obtained, and Table (5) shows 
the v a r i a t i o n of the isomer d i s t r i b u t i o n w i t h temp. From 
p l o t s of the logarithms of the isomer r a t i o s versus 1/T, 
(Figures ( v i l i ) and ( i x ) ) , a c t i v a t i o n energy d i f f e r e n c e s 

* * * * 
dE^-AE, = O.83+O.O0 Kcals/mole and AE^- AE^ = 2.92+0.4C 
Kcals/mole can be evaluated. Tho corresponding entropy 
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* d i f f e r e n c e s are AE.- AS -I - 0. ':7+C. 02 e.u. :.nJAS 

3 . 2 j 0 . 5 3 . u . j t h a u j h :,~?.in the o r r c r - j -,ra r a t h e r iar_;e. 
The competitive n i t r a t i o n batvreen 2, 6-diraathylnaph-

thalane i n J. 2 -m 3thyInaphtha 1 an a a t 23 C ^ava a r a l a t i v o 
r a t a r a t i o of 9-9^,0. 3- "ha competitive n i t r a t i o n bet v: a an 
2-mathylnaphthalana an J. naphthalene reproduced, v j i t h i n 
a.;,.jriLivjn^L.1 e r r o r , tha r e s u l t s of Alcorn and './ells. Using 
t h e i r r e s u l t s , and the isomer d i s t r i b u t i o n s i n Tabla 5j 

tha p a r t i a l r a t a f a c t o r s f o r 2, 6-dimethylnaphthalene, r e l ­
a t i v e t c naphthalene, vera evaluated as ^-36+1^2, 146+7% 

and 100. 'V^'S.S f o r the 1, 3 and 4 p o s i t i o n s r e s p e c t i v e l y . 
•'. Discussion 

A q u a n t i t a t i v e discussion of the above r e s u l t s - . - f i l l 
be \;iv3n i n a l a t e r chapter, but i t i s of I n t e r e s t t o com­
pare them q u a l i t a t i v e l y vrith other experimental data. 

Figure 1 shov/s a p l o t of the r e l a t i v e r e a c t i v i t i e s 
i n n i t r a t i o n a t 25 C, as logarithms, against the logarithms 
of the r e l a t i v e e q u i l i b r i u m constants f o r p r o t o n a t i o n i n 
HP. The n i t r a t i o n data f u r toluene and the monomathyinaph-
thalenes are taken from references( 137) and (133) , v.'hila 
the e q u i l i b r i u m constants are from reforonce(5 7 )• The res­
u l t s are f a i r l y good, the graph b e i n j a s t r a i g h t l i n e 
through the o r i g i n . A r e a c t i v i t y constant tr- and r e a c t i o n 
constant/ 3 may be defined by: 

o 

lo g k.„/k v benzene f 
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where the standard e l e c t r o p h i l i c s u b s t i t u t i o n /° i s u n i t y , 
f o r the p r o t o n a t i o n r e a c t i o n . Prom Figure 1, f> f o r n i t r ­
a t i o n i n n i t r i c / a c e t i c a c i d media a t 25'C i s evaluated as 
0 . 4 8 . From published data f o r the methylbenzenes f o r pro-
todedeuteration i n CFgCQDH-HgSO^-CCl^ media l i t 0and c h l o r i n -

141 * 

a t i o n i n a c e t i c a c i d , f> can be c a l c u l a t e d as 0.83 and 
1 . 3 3 r e s p e c t i v e l y . This i n d i c a t e s the much lower s e l e c t i v i t y 
of the e l e c t r o p h i l e i n n i t r a t i o n i n a c e t i c / n i t r i c a c i d media 
compared w i t h the other r e a c t i o n s . 

The p a r t i a l r a t e f a c t o r s f o r the xylenes, naphthalene 
and 2 , 6-dimethylnaphthalene are shown i n Figure 2 w i t h pre-

137 
v i o u s l y published data f o r toluene and the monomethyl-

138 
naphthalenes. Comparable studies have been r e p o r t e d f o r 

57 14o 
p r o t o n a t i o n e q u i l i b r i a i n HF, '' i n v o l v i n g p a r t i c u l a r 

141, 142 
s i t e s i n a molecule, and p r o t o d e t r i t i a t i o n i n t r i -

o 
f l u o r o a c e t l c a c i d media at 70. Figure 3 shows a p l o t of 
lo g k ( p a r t i a l r a t e f a c t o r f o r n i t r a t i o n ) versus l o g r e l a ­
t i v e K ( f i n u i l i b r i u m p r o t o n a t i o n ) . The graph i s a good 
s t r a i g h t l i n e and suggests t h a t there should be a reason­
able c o r r e l a t i o n between the l o g k's and l o c a l i s a t i o n en­
ergies. The corresponding p l o t of p a r t i a l r a t e f a c t o r s f o r 
n i t r a t i o n and p r o t o d e t r i t i a t i o n i s shown i n Figure 4. Here 
there i s a considerable spread, w i t h the 2 - p o s i t i o n i n m-
xylene and the 4 - p o s i t i o n i n o-xylene showing the greatest 
d e v i a t i o n from a l i n e a r c o r r e l a t i o n . For the former there 
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i s a s t e r i c e f f e c t , and the anomalous behaviour of the l a t ­
t e r i n n i t r a t i o n , i s also shorn t o a lesser extent i n pro-
t o d e t r i t i a t i o n . 

At present there are no p a r t i a l r a t e f a c t o r data t o 
compare w i t h the r e s u l t s f o r the n i t r a t i o n of 2 , 6-dimethyl-
naphthalene, but i t i s of I n t e r e s t t o compare the r a t e en­
hancement produced i n one r i n g by methyl s u b s t i t u t i o n i n 
the other. Thus, f o r 2-methylnaphthalene, the r a t e enhance­
ment at the 5 and 8 p o s i t i o n s w i t h respect t o naphthalene 
i s 7-7 and 16.5 r e s p e c t i v e l y . For 2 , 6-dimethylnaphthalene 
w i t h respect t o 2-methylnaphthalene, the corresponding f i g ­
ures are 5-89 and 11.25 r e s p e c t i v e l y . The r a t e enhancement 
at the 3 p o s i t i o n i s 23 .8 , but there are no f i g u r e s a v a i l ­
able f o r the corresponding 7 p o s i t i o n i n 2-methylnaphthalene. 
Key f o r Figures 1, 3 and 4. 

1 Toluene a Toluene - 2-pbsition 
2 o-xylene b Toluene - 4-position 
3 in-xyiene c o-xylene - 3-position 
4 p-xylene d o-xylene - 4-position 
5 Naphthalene e m-xylene - 2-position 
6 i-Me-naphthalene f m-xylene - 4-position 
7 2-Me-naphthalene g p - x y l e n e - 2 - p o s i t i o n 
h Naphthalene-1-position i naphthalene - 2-position 
j 1-Me-naphthalene -4-position k 1-Me-naphthalene -5-position 
1 2-Me-naphthalene-1-position m 2-Me-naphthalene -3-position 
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5- Experimental 
Materials 
N i t r i c Acid 

N i t r i c a c i d (10 ml.,d=1 .5 l ) was mixed w i t h sulphuric 
a c i d (10 ml, d = 1 . 8 4 ) and d i s t i l l e d (room temperature, O.OO1 

mm) i n t o a l i q u i d a i r cooled f l a s k c o n t a i n i n g s u l p h u r i c ac­
i d (5 ml, d= 1 . 8 4 ) . N i t r i c a c i d was d i s t i l l e d from t h i s rec­
e i v e r (room temperature, 0.001 mm) i n t o a l i q u i d a i r cooled 
f l a s k c o n t a i n i n g g l a c i a l a c e t i c a c i d ( l m l), u n t i l 0.63 g 
had "been t r a n s f e r r e d . The c o l o u r l e s s s o l u t i o n of n i t r i c a c i d 
i n a c e t i c a c i d thus obtained was allowed t o melt and imm­
e d i a t e l y added t o the s o l u t i o n t o be n i t r a t e d . 
Acetic a c i d and Benzene 

B r i t i s h Drug Houses ANALAR ace t i c a c i d and benzene 
were used without f u r t h e r p u r i f i c a t i o n . 

o-Xylene, m-xylene and p-xylene were d r i e d before use 
w i t h phosphorus pentoxide, and d i s t i l l e d . (They were shown 
t o be pure by gas chromatography.) 

o 
Naphthalene, m.p. b , 0 . 5 - 8 1 ' 0 , 2-methylnaphthalene, m.p. 
a P 

31-5, and 2, 6-dimethylnaphthalene, m.p. 110- 1 1 , (pure, gas 
chromatography) were used without f u r t h e r p u r i f i c a t i o n . 
A n a l y t i c a l N i t r a t i o n s 

The n i t r a t i o n s were conducted i n a thermostat con­
t r o l l e d by a Jumo contact thermometer w i t h temperature con-

o 

t r o l K ) . 0 i . The r e a c t i o n mixtures were s t i r r e d ca. 1200 rpm 
and the amounts of substrate (o-, m-, p-xylene or naphthalene 
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alone or w i t h benzene j 2 , 6-dimethylnaphthalene alone or 
w i t h 2-methylnaphthalene) were each 0 .01 mole. The sub­
s t r a t e s were dissolved i n ac e t i c a c i d (25 ml) and allowed 
t o e q u i l i b r a t e a t the r e q u i r e d temperature before t r e a t i n g 
w i t h a s o l u t i o n of n i t r i c a c i d ( 0 . 6 3 g, 0 .01 mole) i n acet­
ic a c i d ( l ml), prepared as above. The r e a c t i o n mixture was 
l e f t u n t i l c o l o u r a t i o n (yellow, orange or red, depending on 
substrate) showed t h a t some n i t r a t i o n had occurred. I n 
competitive n i t r a t i o n s less than 5% r e a c t i o n was allowed 
t o take place, so t h a t p a r t i a l r a t e f a c t o r c a l c u l a t i o n s 
would be v a l i d . 

Preparation of Samples f o r Analysis 
The r e a c t i o n mixtures were quenched by pouring i n t o 

ice-water (200 ml) w i t h s t i r r i n g . The suspensions were 
n e u t r a l i s e d w i t h sodium carbonate before e x t r a c t i o n w i t h 
ether (4x100 ml). The ether e x t r a c t s were washed w i t h water 
(2x100 ml) and these washings were e x t r a c t e d w i t h ether 
(50 m l ) . The combined ether e x t r a c t s were d r i e d (MgSO^), 
f i l t e r e d , and the magnesium sulphate residue washed w i t h 
ether ( 3 0 m l ) . The t o t a l ether s o l u t i o n s were d i s t i l l e d , 
and the cooled r e s i d u a l o i l dissolved i n a small amount 
of chloroform. 

This procedure was checked w i t h standard s o l u t i o n s of 
r e a c t i o n products. Within the l i m i t s of experimental e r r o r 
of the gas chromatographic analyses, the compositions be­
f o r e and a f t e r e x t r a c t i o n were the same. 
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Preparatlve Reactions 
Preparative n i t r a t i o n s were c a r r i e d out on each hy­

drocarbon using the same experimental procedure as above. 
A l a r g e r amount of substrate was used, w i t h the tempera­
t u r e maintained at 100 f o r 4hr. 
Gas Chromatography 

A l l analyses were made w i t h a s i n g l e column Pye 104 
gas chromatograph f i t t e d w i t h a flame i o n i s a t i o n detector. 
This was coupled t o a Honeywe11-Brown recorder (-1 t o +10 
mV) f i t t e d w i t h a Kent Chromalog i n t e g r a t o r . 

The columns employed f o r the analyses were: 
a) 5% n e o - p e n t y l g l y c o l adipate on C e l i t e (90-100 mesh), 
5 f e e t by l / i 6 i n . i . d. 
b) methyl s i l i c o n e rubber gum on C e l i t e (90-100 mesh), 
10 f e e t by l / i 6 i n . i . d . 

Nitrogen was used as c a r r i e r gas at a f l o w - r a t e of 
60 ml/min. 

The detector was c a l i b r a t e d f o r a l l the products of 
the r e a ctions studied except 3-nitro-2,6-dimethylnaphtha-
lene, and the minor isomers of n i t r a t e d 2-methylnaphtha­
lene. For a l l the n i t r o isomers t e s t e d , the weight resp-
onces were i d e n t i c a l , f o r each p a r t i c u l a r hydrocarbon, t o 
w i t h i n and l i n e a r over the range 0. 1 - l O ^ u i sample i n ­
j e c t e d . Results f o r the compounds not t e s t e d are t h e r e f o r e 
quoted w i t h confidence. Peak areas, measured w i t h the i n ­
t e g r a t o r or from the recorder t r a c e w i t h a planimeter, 
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were m u l t i p l i e d by the appropriate c o r r e c t i o n f a c t o r f o r 
molecular weight d i f f e r e n c e s and the d i f f e r e n c e i n r e s ­
ponse f o r n i t r o isomers of d i f f e r e n t hydrocarbons. Isomer 
d i s t r i b u t i o n s were recorded as product r a t i o s and the stan­
dard deviations estimated from a minimum of three analyses. 
These f i g u r e s were then converted i n t o Napierian logarithms 
f o r the Arrhenlus p l o t s , as i n tables 1-5-
I d e n t i f i c a t i o n of Products from A n a l y t i c a l Reactions 

p-Xylene was mono-nitrated by the method of Kobe and 
143 o Levin. The n i t r o - p - x y l e n e formed was d i s t i l l e d at 150 

(45 mm) using a 12 i n . Vigreux column w i t h a high r e f l u x 
r a t i o . The glc r e t e n t i o n time and i n f r a red spectrum of 
t h i s sample were i d e n t i c a l t o those of the product from 
the preparative n i t r a t i o n of p-xylene, c a r r i e d out under 
the conditions of the a n a l y t i c a l runs. The i n f r a red spec-
trum showed an intense absorption at 1351 cm , character­
i s t i c of the symmetrical s t r e t c h i n g absorption frequency 

144 
of the n i t r o group i n n i t r o - p - x y l e n e . 
T\T -? 4" ~rt r\ _ r~s v i r l A i r t o n 
«• ' -JU <Lf J . w ~* v-» - i . v-*l i\* o 

Prom the p r e p a r a t i v e n i t r a t i o n of o-xylene, two prod­
ucts were separated on a Pye 105 p r e p a r a t i v e scale gas 
chromatography using a 30 f t . x 1 / 8 i n . i . d . column packed 
w i t h 25% Apiezon L on C e l i t e (60-72 mesh) at 200? Of these, 
3-nitro-o-xylene was i d e n t i f i e d by i t s i n f r a red spectrum 
and glc r e t e n t i o n time, which were i d e n t i c a l t o those of 
an authentic sample. Careful r e c r y s t a l l i s a t i o n of the sec-
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ond product from absolute ethanol gave yellow needles,m.p. 
26-28°. ( 4 - n i t r o - o - x y l e n e , m.p. 27. 6-28.7° l 4 5 ) (Found: C, 63-7; 
H,6.2. Calc. f o r CgHgNO^ 0,63-55 H, 6.0%) 
N11 ro-m-xy1ene s 

Two products from the p r e p a r a t i v e n i t r a t i o n of m-xy-
lene were separated on the Pye 105 gas chromatograph. 
These were i d e n t i f i e d as 2 - n i t r o and 4-nitro-m-xylenes by 
comparison of t h e i r i n f r a red spectra and glc r e t e n t i o n 
times w i t h those of a u t h e n t i c samples. 
Nltronaphthalenes 

Two products from the p r e p a r a t i v e n i t r a t i o n of naph­
thalene were separated on the Pye 105 gas chromatograph 
(25# Methyl s i l i c o n e rubber gum on Cellte(6o-72 mesh), 30 
f t . x l / 8 i n . l . d . ) at 250°. Of these, 1-nitronaphthalene was 
c h a r a c t e r i s e d by comparison of i t s i n f r a red spectrum, glc 
r e t e n t i o n time, and m.p.(57-58°), w i t h those of an authen­
t i c sample. The second product, a f t e r r e o y s t a l l i s a t i o n 
from ethanol, gave yellow needles, m.p. 77-78? ( l i t : 1 ^ 2 -
nitronaphthalene, m.p. 77-5-78. 2') (Pound: C, 69.25 H, 4.0; 
Calc. f o r C1C)H7N0 : C,69-35 H, 4. 1%). 
Nitro-2-methylnaphthalenes 

2-Methynaphthalene (7- ̂  g) was n i t r a t e d by the method 
147 

of Fierz-David and Mannhart . The 1-nitro-2-methylnaph-
th^lene obtained (6,2 3) c r y s t a l l i s e d from ethanol as or-

O 0 

ange needles, m.p. 8 0 - 8 2 . ( l i t : 80-81 ) The product from 
the p r e p a r a t i v e n i t r a t i o n of 2-methylnaphthalene, c a r r i e d 



out under the c o n d i t i o n s of the a n a l y t i c a l runs, was e l u -
t e d down an 18x3/4 i n . i . d . column packed w i t h alumina 
(Camag, Brockmann a c t i v i t y l ) , u sing carbon t e t r a c h l o r i d e 
as eluent. One f r a c t i o n was obtained pure w i t h the same 
v;lc r e t e n t i o n time and i n f r a red spectrum as the authentic 
sample of 1-nitro - 2-methylnaphthalene, prepared as above. 
The peak areas f o r the other Isomers agreed, w i t h i n exper­
imental e r r o r , w i t h the isomer p r o p o r t i o n s published by 

1 tO 

Alcorn and Wells. (although these peaks were not charac­
t e r i s e d ) I n the competitive n i t r a t i o n between 2-methyl 
and 2 , 6-dimethyl-naphthalenes, the glc peak f o r 1 - n i t r o - 2 -

methylnaphthalene was i d e n t i f i e d , and the p r o p o r t i o n s of 
the other isomers were i n t e r p o l a t e d from the data of A l ­
corn and Wells. 
Nitro - 2 , 6-dlmethylnaphthalenes 

The product from the p r e p a r a t i v e scale n i t r a t i o n of 
2 , 6-dimethylnaphthalene was e l u t e d down an 18x3/4 i n . c o l ­
umn packed w i t h alumina (Camag, Brockmann a c t i v i t y 1), us­
ing petroleum ether (b.p. 40-bOc). Two f r a c t i o n s were ob­
ta i n e d , which were p u r i f i e d f u r t h e r by t h i n - l a y e r chroma­
tography using K i e s e l g e l as s t a t i o n a r y phase and c y c l o -
hexane as eluent. A f t e r c r y s t a l l i s a t i o n from ethanol, the 
two f r a c t i o n s had m.p.'s 6 6 . 0 - 6 6 . 5°and 7 8 - 7 9 * ( l i t : 1 - n i t r o -
2 , 6-dimethylnaphthalene,6 8 ° ' 4 - n i t r o - 2 , 6 - d i m e t h y l n a p h ­
thalene, 84-85"'^) Glc a n a l y s i s of the f r a c t i o n w i t h m.p. 
6 6 - 6 6 . 5 showed ca. \/0 of a second Isomer, which had been 



detected i n the a n a l y t i c a l runs. I t seemed reasonable t c 
assign t h i s as 3 - n i t r o - 2 , 6 - d i m e t h y l n a p h t h a l e n e , although 
a l l attempts t o separate i t f a i l e d . The i d e n t i t i e s of the 
other two isomers were e s t a b l i s h e d unambiguously by means 
of t h e i r n.m.r. spectra. 
2 , 6-Dimethyl-1 -nitre-naphthalene 

Spectrum (a) shows the low f i e l d aromatic r e g i o n of 
the n.m.r. spectrum of 2, 6 - d i m e t h y l - 1 - n i t r o n a p h t h a l e n e ( i n 
carbon t e t r a c h l o r i d e ) , w i t h a sweep, width of 250Hz at 100 

MHz. The methyl -roups (not shown) form a doublet at t 7 - 7 2 

173 

and 7 - 6 8 p p m ., i n agreement w i t h Wells who observed a 
doublet w i t h spacing O.O^ppm. Protons 3 and 4 form an AB 
quartat (peaks 1 , 2 , 9 and 1 1 ) . Using the INDOR double reson-

172 174 

ance technique, the f o l l o w i n g assignment was made. ' 
Peaks Proton Peaks Proton 1 

2 

3 
4 

} 
7 

7 > 

8 1 

10 

9 

1 1 

2 , 6-Dime thy1-4-n11 ronaphtha1ene 
Spectrum(b) shows the low f i e l d aromatic region of 

2 ,6-dimethyl-4-nltronaphthalene( i n carbon t e t r a c h l o r i d e ) , 
w i t h a sweep width of 2 5 0 H z . The methyl groups( not shown) 
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form a s i n - l e t at T 7 - 5 0 . From the data of Vfells 1 ^ 3 f or the 
e f f e c t of a n i t r e -roup cn the chemica.1 s h i f t of a methyl 
group, i t i s found t h a t the p r e d i c t e d s p l i t t i n g of the 
methyl peaks I n 2, 6-dimethyl - 4-nitronaphthalene i s 0 . 0 2 p p m , 

v.'hilo i n tho 3 - n i t r o isomer the p r e d i c t e d s p l i t t i n g i s 0 . 2 

ppm. Thus the methyl peaks i n the 4 - n i t r e isomer -,/oulJ. bo 
observed as a s i n g l e t . Using the INDOR double resonance 
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technique, the f o l l o w i n g assignment v/as made. 
Peaks Proton Peaks Proton 

1 1 7 > 1(or 3 ) 

j 
4 J 

o 
3 ( o r 1) 

P 

The IHDOR experiments show t h a t spectrum(a) contains 
an AB and an ABC system. The AB cou p l i n g constant i s 8.lc/s, 

173 
c h a r a c t e r i s t i c of a 1 — 2 couplin^* cor-stont. 1 Thus the assign 
ment of spectrum(a) as 1-nitro - 2 , 6-dimethylnaphthalene i s 
unambiguous. ( f A - T p = 0 . 4 3 ppm) The I1JDGR experiments show-
t h a t spectrum(b) also contains an AB and an ABC system. 
The AB coupling constant i s 1.6c,/s, c h a r a c t e r i s t i c of a 
1-3 coupling constant, so t h a t the assignment of spectrum 
(b) as 4 - n i t r o - 2 , 6-dimethylnaphthalene i s unambiguous. 
( T A - T B = 0 . 2 2 ppm) 



CHAPTER 

MO Calculations of Ground, and Excited State Properties 
of Methyl-Substituted Benzenes and. Naphthalenes. 
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Models f o r a T h e o r e t i c a l Treatment of Substituent E f f e c t s 
Any theory of s u b s t i t u e n t e f f e c t s should encompass 

a t h e o r e t i c a l i n t e r p r e t a t i o n of as many experi m e n t a l l y ob­
servable q u a n t i t i e s as possible. Thus i t might be possible 
t o explain: 
a) Freouency s h i f t s and changes in i n t e n s i t y of elec­
t r o n i c t r a n s i t i o n s of aromatic compounds on s u b s t i t u t i o n . 
b) Changes i n o r b i t a l energies as evidenced by l o n i s a -
t i o n p o t e n t i a l s . 
c ) Changes i n charge d i s t r i b u t i o n as evidenced by chan-

13 1 

gas i n C and H chemical s h i f t s . 
d) Relative r e a c t i v i t i e s of s u b s t i t u t e d aromatic comp­
ounds and p o s i t i o n a l s e l e c t i v i t y w i t h i n the aromatic r i n g . 

The t h e o r e t i c a l considerations w i l l i n i t i a l l y be main­
l y concerned w i t h the e f f e c t of methyl s u b s t i t u e n t s . Craig 

u 

and Doggett^ have shown t h a t i n t e n s i t y changes i n the e l ­
e c t r o n i c spectrum of benzene, on m e t h y l - s u b s t i t u t i o n , can 
be accounted f o r by assuming t h a t the methyl group has an 

3 
i n d u c t i v e p e r t u r b a t i o n only. However, M u r r e l l et a l . have 

, 21 shown, from Petruska s an a l y s i s of experimental r e s u l t s , 
w i t h i n the framework of the l o c a l i s e d o r b i t a l model, t h a t 
a methyl group exerts a mesomeric and an i n d u c t i v e e f f e c t . 

The i n f l u e n c e of a methyl group on r e a c t i v i t i e s has 
69 7 1 , 7 5 

been t r e a t e d by i n d u c t i v e and mesomeric models. ' 
Clark and Ems ley" 1 made c a l c u l a t i o n s on s u b s t i t u t e d 



benzenes, w i t h i n the framework of the PPP SCF MO method, 

t r e a t i n g the e f f e c t of the s u b s t i t u e n t a s : 

i ) p u r e l y mesomeric 

i i ) mesomeric -I- «r-inductive 

i i i ) mesomeric + <r- and p i - i n d u c t i v e 

The energies and i n t e n s i t i e s of the lowest s i n g l e t -

s i n g l e t t r a n s i t i o n s c a l c u l a t e d by methods i ) and i i i ) showe 

s i m i l a r agreement with experimental r e s u l t s , but only the 

combined inductive-mesomeric m o d e l ( i i i ) gave good agree-
1 1 ̂  

ment with H and JC chemical s h i f t s . The d i s t r i b u t i o n of 

the p i - e l e c t r o n s i n a s u b s t i t u t e d benzene i s u s u a l l y more 

s e n s i t i v e to the method of c a l c u l a t i o n than the r e l a t i v e 

energies of e x c i t e d s t a t e s . These r e s u l t s shewed t h a t good 

agreement with observed q u a n t i t i e s could not be obtained 

i f the i n d u c t i v e e f f e c t was neglected. 

In t h i s t h e s i s , m e t h y l - s u b s t i t u t e d benzenes have been 

i n v e s t i g a t e d using a ) a pure mesomeric, and b) an indue-

tive-mesomeric model. I n a d d i t i o n , toluene has been s t u ­

died using a pure i n d u c t i v e model. 

Using a ) , the frequency s h i f t s and i n t e n s i t y changes 

of the 26oo, 2050 and 1850A bands of benzene, on methyl-

s u b s t i t u t i o n , showed agreement with experimental data on 

a par with the r e s u l t s obtained using b ) . However, the 

c a l c u l a t e d changes i n l o n i s a t i o n p o t e n t i a l , on methyl-

s u b s t i t u t i o n , using the mesomeric model, were c o n s i d e r a b l y 

lower than the experimental data. Much b e t t e r agreement 



was obtained using the inductive-mesomeric model. 

Using the pure i n d u c t i v e model f o r toluene, a l l the 

above p r o p e r t i e s were c o n s i d e r a b l y underestimated. 

A l l of these r e s u l t s demonstrate t h a t the best model, 

f o r both ground and e x c i t e d s t a t e s , i s one combining indue 

t i v e and mesomeric e f f e c t s . 

R e s u l t s 

1) Frequency S h i f t s and I n t e n s i t y Changes of E l e c t r o n i c 

T r a n s i t i o n s of Aromatic Compounds on Methyl S u b s t i t u t i o n . 

Table 1 gives the c a l c u l a t e d and observed frequency 

s h i f t s of the benzene s i n g l e t - s i n g l e t t r a n s i t i o n s , on meth 

y l s u b s t i t u t i o n . Two models were used f o r the c a l c u l a t i o n s 

a) pure mesomeric 

b) in due t i v e -m e s orr.e r i c. 

I n a d d i t i o n , a pure i n d u c t i v e model(c) was used f o r t o l ­

uene. The experimental data were taken from ref.21. 

I t can be seen that a pure i n d u c t i v e model i s inade­

quate, while the mesomeric and inductive-mesomeric models 

'jive s i m i l a r agreement. 

In t a b l e 2, c a l c u l a t e d and observed o s c i l l a t o r s t r e n ­

g t h s ^ ) are l i s t e d . O s c i l l a t o r strengths tend to be overes 

imated by MO theory, p o s s i b l y due to the zero-overlap app­

roximation. In order to ;ive a c l e a r e r p i c t u r e of the e f f ­

e c t of substituent-Sj the change i n f on m e t h y l - s u b s t i t u ­

t i o n i s given, and the r a t i o A f,/&f 



Table 1 

Freouency S h i f t s of the 260QA, 2Q.50A and 1850A Banc's of 

Benzene on Mo thy 1' S u b s t i t u t i o n . 

P o s i t i o n ! 
of [ 

Methyl j 
Groups | 

! Frequ ency S h i •P-i- r . 1 r> ™ ~ - 1 \ P o s i t i o n ! 
of [ 

Methyl j 
Groups | 

Mddel 26oo A 2o5o£ 1 1850A 
P o s i t i o n ! 

of [ 
Methyl j 
Groups | 

Mddel 
C a l c . •bs. Cal c . Obs. C a l c . ' CTbs. 

i j 
i i 

c 

a 

'16 

653 

• 8 

1339 

8 

1331 

b 782 610 1 500 i4oo 1436 i4oo 

1,2 a 1194 2452 2629 

b 1379 920 2363 1900 2750 2100 

1,3 a 1129 2105 2710 

b 11 94 1150 2218 2500 r\ 0 -r -> 2700 

1,4 a 1395 2 503 1831 

0 190 4 1390 2549 2900 1920 2500 

1,3 ,5 a 1492 2637 3283 

b 1347 1520 2597 3300 3452 
! 
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Table 2 

Changes i n O s c i l l a t o r Strengths of the 2600. 2o50 and' 1650A 

Bands on Methyl S u b s t i t u t i o n . 

P o s i t i o n j 
of | 

i 
i F X " F B e n z e n e ( c a l c * ) (obs. )j£f x/Af T 

1 

oluene 
Methyl ! 
Groups 

, ] 

Model 
2 600 A; 

- 4 
x i o 

J 
20 50A '. 

i 

1850A 
a i 

2600A i 

.x1 0 ~ ^ i 
1 

1 

c a l c . obs. 

| c 29 0 - 0 . 0 0 1 
i 
i 
i 
1 

1 

i a 66 : 0 . 0 5 9 - 0 . 0 0 6 1 j 1 

b 186 1 0 .070 - 0 . 0 1 7 10 
! 

1 1 1 

1,2 a 87 i 0 .052 +0 .029 
i 
i 
1 1.31 1. 1 

b 248 1 0 . 0 6 5 ' - 0 . 0 0 5 11 1.33 

a 62 ' 0 . o34 H). 053 0 . 93 1 . 2 
b 179 0 .031 +0.033 12 0 . 9 6 1 

; 

1,4 a 233 0 . 1 5 6 - 0 . 0 2 5 3 .52 3 - 4 

b 611 0. 164 - 0 . 0 3 1 34 3.28 

1 ,3 ,5 a 0 0 +0 .026 0 0 

b 0 0 -:-o. 016 

• 

. 

i 0 
! 

0 
' i 

1 

/ 



I n f i g u r e s ( i ) - > ( i i i ) observed frequency s h i f t s are p l o t ­

ted a g a i n s t c a l c u l a t e d frequency s h i f t s f o r the benzene 

26oo., 2050 and 1850A bands, on m e t h y l - s u b s t i t u t i o n , u s i n ^ 

an inductive-mesomeric model.(The numbering system i s as 

i n Table 8 ) . In each case there i s a good l i n e a r c o r r e l a t i o n . 

F i g u r e ( i v ) shcv/s observed Afy/Afm -, values p l o t t e d ag-

a i n s t the c a l c u l a t e d values, using the mesomeric and the 

inductive-mesomeric models. A s i m i l a r l i n e a r correspon­

dence i s obtained i n each case. 

Table 3 shov-is the c a l c u l a t e d wavelengths and o s c i l l ­

a t o r strengths of the f i r s t three s i n g l e t - s i n g l e t t r a n s ­

i t i o n s of the benzenium c a t i o n , on m e t h y l - s u b s t i t u t i o n , 

u s i n g an inductive-mesomeric model. 

Prom the e l e c t r o n i c s p e c t r a of benzene, toluene and 
1 

mesitylene i n HP/BP^ s o l u t i o n s , the wavelengths of the 

f i r s t band f o r the benzenium, t o l u e n e - 4 and mesitylene 

c a t i o n s are obtained as 4200, 4o70 and 3850A , r e s p e c t i v e ­

l y . Thus the observed wavelength s h i f t s of the toluene-^! 

and mesitylene c a t i o n s r e l a t i v e to the benzenium c a t i o n 

are r e s p e c t i v e l y - 1 3 0 and - 3 5 0 A , i n c o n t r a s t to the c a l c ­

u l a t e d values of - 1 7 5 and +247A, r e s p e c t i v e l y . The s h i f t 

of the toluene c a t i o n i s s u c c e s s f u l l y p r e d i c t e d while the 

c a l c u l a t e d s h i f t f o r the mesitylene c a t i o n i s a t v a r i a n c e 
with the observed value. From the r e s u l t s of D a l l i n g a et 

1 69 
a l . the wavelengths of the f i r s t two absorption bands of 
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r • - 1 

P o s i t i o n 
O l 

Methyl 
Croups 

Si n g l e t • - S i n g l e t T r a n s i t i o n s 

3534 2313 1746 
(0-3034) (0.1138) ( I . 0 8 0 ) 

j 1 3756 2336 1971 
(0.3812) (0.1527) (0.4258) 

p 
i — 

3995 2756 2205 
i (0.2553) (0.1237) (0.0505) 

3 3359 2657 1879 
(0.2464) (0.3875) (0.3982) 

1,2 4121 2638 2193 
(0.3723) (0.0503) (0.0760) 

1,3 3581 2633 196o 
(o.344o) ( 0 .3645 ) . (0-5829) 

1,4 4137 2734 2167 
(0.3099) (0.2220) (0.1039) 

1,5 4oo4 2355 1657 
( 0 .424i) (0.1837) (0.6641) 

2,3 38o9 2824 2231 
(0.2190) (0.2889) (0.060.5) 

2 ,4 4212 3208 234o 
(0.2662) (o-0855) (n. nP,&7\ 

1,3,5 3781 2655 2030 
(0-3648) (0.4267) (0.6901) 

Table 3 

The spectra c a l c u l a t e d f o r a number of - r n e t h y l - s u b s t i -
t u t e d benzenium ions^ wavelengths i n A; o s c i l l a t o r strengths 
between brackets. 



mesitylene I n HP/BP-, are 3550 and 2560A. These absolute 
values show reasonable agreement w i t h the c a l c u l a t e d v a l ­
ues, but usin;j t h e i r quoted values f o r the benzenium c a t -
ion of 3700 and 2600A f o r the f i r s t two bands, a hypso-
chromic s h i f t i s a;;ain observed as opposed t o the c a l c u l ­
ated bathochromic s h i f t . 

There i s a considerable d i f f e r e n c e between the wave-
168 

lengths obtained from Reid's paper and those obtained 
1 6°. 

from t h a t of Da 11 in3a et a l . -'There i s no other data av­
a i l a b l e at present, so t h a t i t i s not p o s s i b l e t o reach 
any r e a l conclusions as t o the v a l i d i t y of these c a l c u l a t e d 
spectra. 
2. Changes i n Charge D i s t r i b u t i o n s as Evidenced b?/ Changes 

i n 1 3C and 1 t H Chemical S h i f t s . 
13 1 

There i s a close correspondence between C and H 
resonances observed at the para p o s i t i o n of monosubstitu-
t e d benzenes, where the primary c o n t r i b u t i o n t o the r e l a ­
t i v e s h i f t s a r i s e s from the i n d u c t i v e and mesomeric e f f ­
ects of the s u b s t i t u e n t . I n the para p o s i t i o n t h e r e f o r e , 
where magnetic a n l s o t r o p y e f f e c t s are at a minimum, a c o r r ­
e l a t i o n i s expected between the p i - e l e c t r o n d e n s i t y and 

171 
chemical s h i f t s . Such a c o r r e l a t i o n cannot be expected 
i n p c l y s u b s t l t u t e d benzenes, because a l l p o s i t i o n s w i l l be 
a f f e c t e d by magnetic ani s o t r o p y and other i n t e r f e r i n g e f f ­
ects which do not depend on the p i - e l e c t r o n d i s t r i b u t i o n . 

5 However, the r e s u l t s of Clark and Emsley^ show t h a t i n 
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mono substitute; 1, benzenes, -cod agreement can be obtained 
13 1 

between C and H chemical s h i f t s at the para p o s i t i o n s 
( r e l a t i v e t o the s h i f t i n benzene) and the corresponding 
e l e c t r o n d e n s i t y change, c a l c u l a t e d u s i n ^ an i n d u c t i v e -
mesomeric model. 

The char.ve d e n s i t y d i s t r i b u t i o n s f o r me t h y l - s u b s t i ­
t u t e d benzenes and naphthalenes, and t h e i r c a t i o n s , are 
j i v e n i n Tables 5, 6 and 7-

3- Chan;;es i n I o n i s a t i o n P o t e n t i a l of Aromatic Compounds 
on M e t h y l - S u b s t i t u t i o n . 

Table 4 shows the c a l c u l a t e d and observed i o n i s a t i o n 
p o t e n t i a l s of a series of aromatic compounds, w i t h the 
change i n i o n i s a t i o n p o t e n t i a l c a l c u l a t e d r e l a t i v e t o ben­
zene. The observed i o n i s a t i o n p o t e n t i a l s are taken from 
ref.1 7 0 . 

I t can be seen t h a t a pure i n d u c t i v e or mesomeric mod 
e l considerably over-estimates the i o n i s a t i o n p o t e n t i a l , 
while the inductive-mesomeric model brings the c a l c u l a t e d 
values much nearer t o the experimental data. A^ain, the 
t h e o r e t i c a l models j j i v e overestimated values, so t h a t a 
b e t t e r comparison can be made u s i n ^ changes i n i o n i s a t i o n 
p o t e n t i a l r e l a t i v e t o benzene. The c o r r e l a t i o n between the 
cry and experiment i s very rood, considering the approx­
imations involved, althou;ih the i o n i s a t i o n p o t e n t i a l of 
mesitylene i s considerably overestimated. 
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Table 4 

Changes i n i o n i z a t i o n P o t e n t i a l of Aromatic Cor.voounds on 
Methyl S u b s t i t u t ion 

1 
Compound • Model 

l o n i s a t i o n P o t e n t i a l s 1y~ ''"Benzene Model 
calc. (eV) obs.(eV) ca l c . obs. 

Benzene . 9- 783 9-245 0 0 

Toluene c 9. 648 0. 135 

a 9. 554 0.229 

b 9. 4o4 8.82 0.379 0. 425 

o-Xylene a 9. 414 0.369 
! 

b 9. 167 8. 555 0. 616 0.690 ; 

m-Xylene a 9. 430 0.353 j 

b 9.209 8. 56 0.574 /« / • 0 ,— 0. OGZ, 

p-Xylene a 9.345 0.438 
b 9.063 8. 445 0.720 0.800 

mesitylene a 9.320 0.463 
b 9. 141 8.27 0. 642 0.975 

naphthalene b 8.914 8. 12 O.869 1. 125 

1-Methyl-
naphthalene b 8.700 7.96 1.083 1.285 

2-Methyl-
naph tha1ene b 8.775 7.95 1.008 1.295 

2, 6d imethy l 
naphthalene 

i 
b 8. 619 1. 164 

I 
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Table 5 

Ground State p i - E l e c t r o n Density D i s t r i b u t i o n s . 
(Inductive-Mesomeric Model) 



C n C C. Me Me Me o 9 10 

1.9688 

1 .9712 1 .9712 

1.9689 1•9689 

1.9704 1.9704 

1.9690 1.9690 1•9690 

1.0000 i . 0 0 0 0 1.0000 

1.0021 1.0284 0.9948 1.9672 

1.0057 0-9934 1.0132 1 .9686 

0.9994 1.0065 1.0065 1.9692 1.9692 
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Table 7 

The Ground-State p i - E l e c t r o n Density D i s t r i b u t i o n s of 
Methyl-Substituted Naphthalene Cations. 

(Induetive-Mesomeric T-1ode3 ) 
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cv 
o 

C 7 o c 
0. 

c 
10 

0. 9536 o. 8 4 8 4 0. 9624 0. 921 4 1. 0338 

o. 8236 0. 9505 0. 8920 1. 0065 0. 8627 

o. 8U39 o. 9550 o. 9 7 0 3 1. 0519 0. 8806 i . 9026 

0. 9499 o. 8312 0. 9777 0. 8830 1. 0060 1•9589 

u . 
r> r i • i - i 0040 o. 9557 o. 9088 . 1. 0623 0. 9304 1-9151 

0. 7 3 4 6 0. 988o o. 7066 1. 0 5 7 3 0. 9 3 1 4 1 • 9 4 3 7 

o. 8 6 3 4 0. 9838 0. 9067 i . 0028 1.9571 

0. 8688 - 0. 6753 1. 0220 0. 8812 1.94o5 

o. 9836 0. 7257 0. 9736 i . 0285 i •9593 

0. 9554 0.8691 0.9670 0. 9457 1 . o427 1.9108 

0. 9533 0. 8360 0.9865 0. 8594 1 . 0038 1.9297 

0. 8523 0. 9546 0.8955 i . 0307 0- 9226 1. 9587 

0. 7226 0. 9839 0. 6893 1. 0279 0. 9358 1•9578 

0. 8603 0.9879 0. 8651 1. 0129 1.9361 

0. 8539 0. 6667 1 0014 0. 8719 1•956o 

0. 9857 o, 7423 M 
^> . m )\n 

y • ~ r i 
1 
1 . 

t\ l i n o 
\J-!CCL 

1 r\ 11 /»«-7 

1 . y-nj 1 

o 0.9618 1.0371 0.-91H 0.964-

0.8870 0.8704 0.9827 0.8670 0-9990 

O.7876 0 - 9 9 4 8 0.8919 1 . 0 3 9 3 0-9157 

9118 1.9587 

9306 1.9568 

9595 1.9^15 



l-. A Comparison between Calculated Changes i n L o c a l i s a t i o n 
Energies and R e l a t i v e R e a c t i v i t i e s of S u b s t i t u t e d 
Aromat1c Hydroc arbons. 

The above r e s u l t s show t h a t f o r ;;round or e x c i t e d 
s t a t e p r o p e r t i e s , the best agreement between observed and 
c a l c u l a t e d r e s u l t s i s obtained using an inductive-mesomeric 
model. Tills was t h e r e f o r e used t o c a l c u l a t e c a t i o n l o c a l ­
i s a t i o n energies. I n chapter 3j ec. 5, I t was shown t h a t 
tho l o g a r i t h m of the r e l a t i v e r e a c t i o n r a t e i s p r o p o r t i o n a l 
t o the d i f f e r e n c e of the pi-energy changes between the 
reactants and the t r a n s i t i o n states. With the assumption 
t h a t the t r a n s i t i o n s t a t e can be represented as a VJheland 
int e r m e d i a t e j t h i s d i f f e r e n c e i n pi-energy changes i s prop­
o r t i o n a l t o the d i f f e r e n c e of the c a t i o n l o c a l i s a t i o n ener­
gies. I n Table 8, tho c a t i o n l o c a l i s a t i o n energies( &E^), 

and the d i f f e r e n c e of the c a t i o n l o c a l i s a t i o n energies of 
X o 

various hydrocarbons and of benzene( A E ^ - &Er^), are 
given. 

Using the p a r t i a l r a t e f a c t o r s f o r these hydrocarbons, 
measured as described i n chapter 5> graphs were drawn of 
the logarithms of the p a r t i a l r a t e f a c t o r s versus k^E^. 

(Figures I*?; the hydrocarbons and cations are l a b e l l e d 
as i n Table 8. ) 

Figure 1 shows the p l o t f o r m e t h y l - s u b s t i t u t e d ben­
zenes. There i s a very reasonable c o r r e l a t i o n , w i t h the 
m-xylene - 2-position showing the greatest d e v i a t i o n . This 
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Table 6 

L o c a l i s a t i o n Energies of the Cations of Methyl-
S u b s t i t u t e d Benzene and 1 Naphthalene Compounds.. 

(Tnluctive-Mescmeric Model) 



-1 So-

j 
Compound ! 

i 

i 
pi-Don din;; : 
ener; v(eV) ' 

j Cationj 
pi-Eondin"" 
energy' eV)"' 

1 
1 
» 

i 
; 

2-Methyl j 
naphthalene(7) j 

i 

j 
I 

- 1 5 6 . 8 2 3 !; i ( o ) | - 1 3 5 - 7 7 7 21 . 047 - 1 . 465 
t 
i | i 3 ( P) j 

! 

- 1 3 5 . 1 5 0 21 . 673 - 0 . 839 
1 
1 1 | 

I 
Ho) -135- 141 21 . 682 - 0 . 830 

1 I j • 5 ( r ) -135- 190 2 , • O J 3 - 0 . 879 
i 
i 6 ( B ) - 1 3 5 . 167 21 . 656 856 

7 - 1 3 4 . 8 6 4 21 . 960 - 0 . 552 

8 ( t ) - 1 3 5 . 4 4 5 21 • 378 - i . 134 

2, 6 -Dimethyl 
naphthalene(9 ) - 1 9 2 . 8 8 7 Ku) - 1 7 1 • 9 6 9 20 . 9 1 8 - l . 594 

3 ( v ) -171•351 21 . 536 - 0 . 976 

- 1 7 1 • 5 8 8 21 . 2 9 9 - l . 2 1 3 



i s expected t o show 1 a v i a t i o n because of s t e r i c hindrance. 
I f the methylbenzenes and methylnaphthalenes are p l o t t e d 
on one -rarjh v/ith p a r t i a l r a t e f a c t o r s and £AE _ values 
r e l a t i v e t o benzene, there i s no l i n e a r c o r r e l a t i o n f o r 
the r e s u l t s as a whole. I t appears more reasonable t o con­
s i d e r the r e a c t i v i t i e s of s u b s t i t u t e d naphthalenes r e l a ­
t i v e t o naphthalene. Figures 2 and 3 shov/ the .jraphs f o r 
s u b s t i t u t i o n a t oL and p o s i t i o n s r e s p e c t i v e l y . In each 
case there i s a considerable spread of r e s u l t s , but there 
i s some l i n e a r c o r r e l a t i o n . Figurer, 4-*7 shov; the p l o t s f o r 
p o s i t i o n s adjacent and non-adjacent t o methyl groups on 
separate graphs- I n each case the deviations from l i n e a r i t y 
are considerable, but the e r r o r s i n the p a r t i a l r a t e f a c ­
t o r s are of a s i m i l a r order. 'Thus i t i s reasonable t o con­
clude from these r e s u l t s t h a t SCF MO theory can be success­
f u l l y a p p l i e d t o the c a l c u l a t i o n of r e a c t i v i t i e s of sub-
st i t u t e d hydrocarbons. 
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Hie Prepara t ion of 6 -Gubs t i tu ted 2-r tethy lna7: lhthal3nes• 



Di s cus s i o n o f Exper intent a 1 Work 

The f o l l o w i n g r e a c t i o n scheme was used t o - p r e p a r e a 

s e r i e s o f 6 - s u b s t i t u t e d 2-rnethylnaphthalenes: 

Me 

100, H SO 
J, O J. room AcCl 

t e r n T ) A i d IvlG COCH 

Ivie Ke 

H v i a IN a 
300 KG 

OK h u e n o r e 
Hosacti on a e 



2-Methylnaphthalene was c o n v e r t e d , i n more t h a n 90% 

y i e l d . , t o 2-methylnaphthalene - 6-sodium s u l p h o n a t e "by t h e 
1 57 

method of Dziewonski e t a l . , though y i e l d s were improved 

by r e d u c i n g t h e r e a c t i o n t i m e from 6 t o 3 n r . At 95-100. 

t h e 6-isorner i s formed almost q u a n t i t a t i v e l y , but a t 40° 
0 

t h e 8 - s u l p h o n i c a c i d and a t 160 t h e 7 - s u l p h o n i c a c i d a r e 
158 

t h e major p r o d u c t s . 

2-Methylnaphthalene - 6-sodiurn s u l p h o n a t e was c o n v e r t e d 

i n h i g h y i e l d t o 2-hydroxy - 6-methylnaphthalene, by f u s i o n 
• 1 57 

w i t h KOH a t 280-300. T h i s was c o n v e r t e d i n near q u a n t i ­

t a t i v e y i e l d s t o 2-methoxy and 2-acetoxy 6 - m e t h y l n a p h t h a l -
157 

enes, by s h a k i n g a l k a l i n e s o l u t i o n s w i t h d i m e t h y l s u l p h a t e 

and a c e t i c a n h y d r i d e , r e s p e c t i v e l y . 

The Bucherer r e a c t i o n was used t o c o n v e r t 2-hydroxy-

6-methylnaphthalene i n 8o!£ y i e l d t o 2-amlno - 6-methylnaph-

t h a l e n e . The method used was e s s e n t i a l l y t h a t o f Dziewonski 

e t a l . j b u t a C a r i u s tube was used i n p r e f e r e n c e t o an 

a u t o c l a v e . 
r i 59 

I n 19o7, Seeboth proposed t h a t t h e Bucherer r e a c ­
t i o n proceeds v i a t h e i n t e r m e d i a t e f o r m a t i o n o f t e t r a l o n e 
and t e t r a l o n i m i n e s u l p h o n i c a c i d s a c c o r d i n g t o t h e f o l l o w ­
i n g s i m p l i f i e d scheme: 

•H 
MH NaHSO 

H~0 

Me M 
SCNa 
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NH NK 
NaHSO 

NaHSQ 
Me Me 

SCUNa 

A s i m i l a r mechanism w i l l a p p l y , u s i n g ammonium s u l p h i t e 

and aqueous ammonia. 

2-Amino - 6-methylnaphthalene was c o n v e r t e d t o 2-acet-

amido - 6-methylnaphthalene "by s h a k i n g w i t h a m i x t u r e o f 
157 

g l a c i a l a c e t i c a c i d and a c e t i c a n h y d r i d e . 

When a diazonium s a l t s o l u t i o n i s r u n i n t o a s o l u t i o n 

of a cuprous h a l i d e d i s s o l v e d i n t h e c o r r e s p o n d i n g halogen 

a c i d , t h e diazonium group i s r e p l a c e d by a ha l o g e n atom. 

T h i s , t h e Sandmeyer r e a c t i o n , was used t o p r e p a r e 2 - c h l o r o 

and ?-bromo 6-methylnaphthalenes. The mechanism o f t h e 
160 

Sandmeyer r e a c t i o n has been i n v e s t i g a t e d by Hodgson e t a l . 
*-6l 

and by Cowdrey and Davies, who suggested a slow c o o r d i n ­

a t i o n between ArNg^ and CuCl^ t o form t h e complex ArNg. 

C u C l 2 f r o m which an a r y l r a d i c a l i s generated: 

Ar-N N. ..Cl-Cu-Cl » Ar" + N 0 f CuCl 

slow <- 2 

f o l l o w e d by displacement o f a c h l o r i n e atom f r o m CuCl^: 

Ar* +• Cl-Cu-Cl » A r - C l + CuCl 

f a s t 

2 - I o d o - 6 - m e t h y l n a p h t h a l e n e was p r e p a r e d by a n u c l e o -

p h i l i c d i s placement o f by I ~ . 
2 - F l u o r o - 6 - m e t h y l n a p h t h a l e n e was o b t a i n e d i n h i g h 
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1 62 y i e l d by a Balz-Schlemann r e a c t i o n i n v o l v i n g decomposi­

t i o n o f t h e diazonium t e t r a f l u o r o b o r a t e by g e n t l e h e a t i n g 
i n an i n e r t atmosphere. There i s l i t t l e e x p e r i m e n t a l e v i ­
dence t o shed l i g h t on t h e mechanism o f t h e d e c o m p o s i t i o n , 
though Hodgson e t a l . suggested an i n t r a m o l e c u l a r d i s ­
placement r e a c t i o n . 

The p r e p a r a t i o n o f 2 - m e t h y l - G - n i t r o n a p h t h a l e n e was 

r a t h e r u n s u c c e s s f u l . The decompositions o f t h e diazonium 

c o b a l t i n i t r i t e and t e t r a f l u o r o b o r a t e were a t t e m p t e d a c c o r ­

d i n g t o t h e methods o f Hodgson and MarsdenJ ̂ a n d Starkey,"1 ^ 

r e s p e c t i v e l y , b u t t h e h i g h e s t y i e l d o b t a i n e d was ca. 5%. 

Diazonium n i t r i t e s decompose i n n i t r o u s a c i d s o l u t i o n 

t o f o r m nitro-compounds, t h e mechanism a p p e a r i n g t o be a t ­

t a c k o f t h e carbon atom, t o which t h e diazonium group i s 

a t t a c h e d , by a n i o n o i d n i t r o g e n of t h e n i t r o u s a c i d molecule. 

The mechanism o f t h e d e c o m p o s i t i o n of diazonium c o b a l t i -

n i t r i t e s and t e t r a f l u o r o b o r a t e s would be expected t o be 

s i m i l a r , ""with n u c l e o p h i l i c a t t a c k by t h e n i t r i t e i o n . 

2 - M e t h y l n a p h t h a l e n e - 6 - s u l p h o n y l c h l o r i d e was p r e p a r e d 
165 

by t h e method o f M a r r i a n and Evans, by h e a t i n g 2-methyl-

naphthalene- 6 -sodium s u l p h o n a t e w i t h phosphorus o x y c h l o r -

i d e a t 100? 

2ArS0 20Na + P0C1 3 •* 2ArS0 2Cl + NaP0 3 + NaCl 
2-Methylnaphthalene was a c y l a t e d by t h e method o f Kon 

166 
and W e l l e r t o g i v e 1 - a c e t y l - 7 - m e t h y l n a p h t h a l e n e and 2 -



a c e t y l - 6 - m e t h y l n a p h t h a l e n c i n about equal amounts.The I s ­

omers were s e p a r a t e d v i a t h e i r semi-carbazones, t h e der­

i v a t i v e o f 2 - a c e t y l - 6 - m e t h y l n a p h t h a l e n e b e i n g much l e s s 

s o l u b l e i n aqueous e t h a n o l t h a n t h a t o f 1 - a c e t y l - 7 - m e t h y l -

naphthalene. 

E x p e r i m e n t a l 

2 - M e t h y l n a p h t h a l e n e - 6 - S u l p h o n i c Ac i d 

S u l p h u r i c a c i d (^5 ml, S.G.1.84) was added dropwise t o 

m o l t e n 2-methylnaphthalene, ( 6 o g) s t i r r i n g a t 100* The mix-

t u r e was s t i r r e d a t 100 f o r 3 h r . and t h e n poured i n t o c o l d 

water (200 m l ) . Potassium c a r b o n a t e (20 g) was added, and 

t h e s o l u t i o n s a t u r a t e d a t i t s b o i l i n g p o i n t w i t h sodium 

c h l o r i d e . On c o o l i n g t h e s o l u t i o n , t h e 6 - s u l p h o n i c a c i d 

c r y s t a l l i s e d as i t s sodium s a l t , l e a v i n g t h e unwanted i s ­

omers i n s o l u t i o n . One c r y s t a l l i s a t i o n o f t h e crude sod­

ium s a l t (89 g, 86$) f r o m sodium c h l o r i d e s o l u t i o n ("\0% 

V J / V ) gave 2-methylnaphthalene - 6-sodium s u l p h o n a t e as w h i t e 

f l a k e s , m.p.> 360^ 

2-Hydroxy-6-Methylnaphthalene 

2-Methylnaphthalene - 6-sodium s u l p h o n a t e , (82 g) p r e p -

a r e d as above and d r i e d a t 130, was mixed t o a p a s t e w i t h 

water (16 g) and added i n p o r t i o n s t o m o l t e n p o t a s s i u m hy-
o 

droxide, ( 2 0 0 g) s t i r r i n g a t 280. The t e m p e r a t u r e o f t h e 

m e l t was r a i s e d t o 280-300 f o r 15 min. A f t e r c o o l i n g , t h e 

r e a c t i o n m i x t u r e was d i s s o l v e d i n water (4oO m l ) and t h e 



crude 2-hydroxy - 6-methylnaphthalene p r e c i p i t a t e d w i t h con­

c e n t r a t e d h y d r o c h l o r i c a c i d . A f t e r f i l t r a t i o n , t h e r e s i d u e 

was s t e a m - d i s t i l l e d , f i l t e r e d , washed w i t h water, and d r i e d 

t o g i v e f a i r l y p u r e 2-hydroxy - 6-methylnaphthalene. ( 4 2 g, 

80%) R e c r y s t a l i i s a t i o n f r o m p e t r o l e u m e t h e r (b.p. 80-100) 

gave c o l o u r l e s s p r i s m s , m.p. 1 2 8 - 1 2 9 - ( l i t . 128-129) 

2-Methoxy - 6-Methylnaphthalene 

2-Hydroxy - 6-methylnaphthalene (4 .3 g) was d i s s o l v e d 

i n a minimum o f sodium h y d r o x i d e s o l u t i o n (10% w/v) and 

d i l u t e d w i t h w a t er (10 m l ) . D i m e t h y l s u l p h a t e (3-5 m l ) 

was r u n i n t o t h e s o l u t i o n , and t h e f l a s k shaken f o r 10 

min. The w h i t e p r e c i p i t a t e was f i l t e r e d , washed w i t h w a t er 

and d r i e d . A f u r t h e r amount o f d i m e t h y l s u l p h a t e (2 m l ) 

was added t o t h e f i l t r a t e , w hich was a g a i n shaken f o r 10 

min. The p r e c i p i t a t e was f i l t e r e d , washed and d r i e d , and 

combined w i t h t h e f i r s t b a t c h . S u b l i m a t i o n (o.Ol mm, 2^) 

a f f o r d e d a w h i t e s o l i d , m.p. 71 -73° (4 .6 g. 98%). C r y s t a l ­

l i s a t i o n f r o m p e t r o l e u m e t h e r (b.p. 60-80) gave 2-methoxy-

o-methylnaphthalene as c o l o u r l e s s f l a k e s , m.p. 7 7 - 7 8 - ( l i t . 

78-79°) 

2-Amlno - 6-Methylnaphthalene 

Sulphur d i o x i d e was passed t h r o u g h ammonia s o l u t i o n 

(10 ml, d.O-88o), c o o l e d i n i c e , u n t i l t h e g a i n i n w e i g h t 

was 2 .5 g- The ammonium s u l p h i t e s o l u t i o n was s e a l e d i n a 

100 ml C a r i u s tube w i t h 2-hydroxy - 6-methylnaphthalene (10 g 



a que ous ammon i a s o l u t i on (10 m l , d.0.880), and wate r ( 3 0 m l ) . 

A f t e r s h a k i n g a t 1 5o" f o r 12 h r . , t h e tube was opened and 

t h e c o n t e n t s e x t r a c t e d w i t h e t h e r . The l i g h t - b r o w n s o l i d 

o b t a i n e d a f t e r removal o f t h e e t h e r was e x t r a c t e d w i t h d i l ­

u t e h y d r o c h l o r i c a c i d ( 2 N , 500 ml) f o r 24 h r . i n a S o x h l e t 

a p p a r a t u s . The amine was l i b e r a t e d by p o u r i n g t h e h o t s o l ­

u t i o n , a f t e r f i l t r a t i o n , i n t o excess c o l d sodium h y d r o x i d e 

s o l u t i o n ( 5 0 % w/v). A f t e r c o o l i n g , t h e s o l u t i o n was f i l t e r e d 

and t h e p a l e p i n k s o l i d d r i e d under vacuum. S u b l i m a t i o n 

(70 r, 0.001 mm) a f f o r d e d a w h i t e s o l i d , m.p. 127-129? (7-8 g, 

7&Z) C r y s t a l l i s a t i o n f r o m aqueous e t h a n o l gave 2-amino - 6 -
o 157 

m e t h y l n a p h t h a l e n e as w h i t e needles, m.p. 1 2 9 - 1 3 0 . ( l i t . 

129-130 J). 

6-Methylnaphthalene-2-Dlazonium T e t r a f l u o r o b o r a t e 

A t h i n p a s t e o f 2-amino - 6-methylnaphthalene ( 7 - 8 g, 

0 -05 mole) i n a m i x t u r e o f c o n c e n t r a t e d h y d r o c h l o r i c a c i d 

(8 m l ) and w a t e r ( 2 0 m l ) was c o o l e d t o 5 and d i a z o t i s e d 

w i t h a s o l u t i o n o f sodium n i t r i t e ( 3 - 5 g, 0 -05 mole) i n wa-

t e r ( 5 m l ) . A f t e r a h a l f hour a t 0 - 5 , a s o l u t i o n o f sodium 

t e t r a f l u o r o b o r a t e ( 7 - 6 g, 0.07 mole) i n water ( 2 o ml) was 

g r a d u a l l y s t i r r e d i n t o t h e diazonium m i x t u r e . T h i s was 

s t i r r e d a t 0 -5 f o r a f u r t h e r 2 h r . , b e f o r e f i l t e r i n g o f f 

t h e y e l l o w p r e c i p i t a t e and washing w i t h w a t e r ( 1 0 m l ) , meth­

a n o l 10 m l ) and e t h e r . ( 3 p o r t i o n s of 2o m l ) The diazonium 

t e t r a f l u o r o b o r a t e ( 1 0 . 6 g, 82%) was d r i e d i n vacuum over 

c o n c e n t r a t e d s u l p h u r i c a c i d f o r 24 h r . 



2 - F l u o r o - 6 - M e t h y l n a p h t h a l e n e 

The d r y 6 - m e t h y l n a p h t h a l e n e - 2 - t e t r a f l u o r o b o r a t e ( 1 0 . 6 

".) was decomposed under n i t r o g e n , by c a r e f u l a p p l i c a t i o n 

of a s m a l l luminous f l a m e t o t h e o u t s i d e o f t h e f l a s k . Af­

t e r d e c o m p o s i t i o n , t h e 2 - f l u o r o - 6 - m e t h y l n a p h t h a l e n e ( 6 z, 

95%) v/as sublimed ( o . 001 mm, 25) d i r e c t f r o m t h e f l a s k . 

C r y s t a l l i s a t i o n f r o m p e t r o l e u m e t h e r ( b . p . 60-80°) £ave 
162 c 

w h i t e f l a k e s , m.p. 7 7 - ( l i t . 77) 

2 - C h l o r o - 6 - M e t h y l n a p h t h a l e n e 

A s l u r r y o f 2-amlno - 6-methylnaphthalene ( 3 - 9 Cl> 25 

mmole) i n a s o l u t i o n o f c o n c e n t r a t e d h y d r o c h l o r i c a c i d 

(5 m l ) and water(1 0 m l ) was d i a z o t l s e d a t 0 w i t h a s o l u ­

t i o n o f sodium n i t r i t e ( 1 . 3 3, 25 mmole) i n water ( 3 m l ) . 

Copper s u l p h a t e ( l 6 2) and sodium c h l o r i d e ( 6 g) were 

d i s s o l v e d i n b o i l i n g water ( 5 0 m l ) , and a s o l u t i o n o f sod­

ium b i s u l p h i t e ( 5 5 ) i n water ( 2 o m l ) added w i t h s h a k i n g , 

d u r i n - " 5 min. The s o l u t i o n v/as c o o l e d t o room t e m p e r a t u r e 

and f i l t e r e d a t t h e pump. A f t e r washing w i t h a few ml. o f 

d i s t i l l e d water, t h e w h i t e cuprous c h l o r i d e was d i s s o l v e d 

i n c o n c e n t r a t e d h y d r o c h l o r i c acid ( 2 o m l ) . 

The diazonium m i x t u r e was poured s l o w l y , w i t h c o n s t ­

a n t s haking, i n t o t h e cuprous c h l o r i d e s o l u t i o n , m a i n t a i n -
f 

i n s t h e t e m p e r a t u r e a t 60. A f t e r 1 h r . , t h e m i x t u r e v/as 

h e a t e d f o r 10 min. a t 100 t o ensure complete d e c o m p o s i t i o n 

o f t h e deep-brown complex. The s o l u t i o n was c o o l e d , f i l ­

t e r e d , and t h e d r i e d r e s i d u e e x t r a c t e d w i t h e t h e r . Evap-
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o r a t i o n o f t h e e t h e r a f f o r d e d Impure 2 - c h l o r o - 6 - m e t h y l -
n a p h t h a l e n e ( 2 . 0 g, 46%) which was p u r i f i e d "by column c h r o ­
matography u s i n g a c t i v a t e d alumina as s t a t i o n a r y phase and 
benzene as e l u e n t . Two r e c r y s t a l l i s a t i o n s f r o m p e t r o l e u m 
e t h e r ( b . p . 60-80) gave w h i t e f l a k e s , m.p. 122-123-(Found: 
C, 74.6;H, 5-0? C n H Cl r e q u i r e s C, 74.8;H, 5-1%). 

2-Bromo-6-Methylnaphtha1ene 

Copper s u l p h a t e ( 1 9-2 g ) , copper t u r n i n g s ( 6 g ) , sodium 

bromide ( 4 6 . 2 g ) , c o n c e n t r a t e d s u l p h u r i c a c i d ( 6 m l , S.G. 

1.84) and water ( 3 0 0 m l ) were r e f l u x e d f o r 4 h r . A l i t t l e 

sodium b i s u l p h i t e was added t o ensure complete r e d u c t i o n . 

Hydrobromic a c i d ( 7 0 g, 48,/£) was added t o a s l u r r y o f 

2-amino - 6-methylnaphthalene ( 6 . 3 g, 4o mmole) i n w a t e r ( l 0 0 

m l ) . The m i x t u r e was c o o l e d t o 5 and w e l l - s t i r r e d w h i l e a 

s o l u t i o n o f sodium n i t r i t e ( 4 . 5 g, 76 mmole) i n w a t e r ( 7 - 5 

m l ) was added over a p e r i o d o f 3-4 h r . The r e s u l t i n g d i a z -

onium m i x t u r e v/as poured d u r i n g 10 min. i n t o t h e cuprous 
0 

bromide s o l u t i o n ( p r e p a r e d as above) a t 70-So. A f t e r l e a v ­

i n g o v e r n i g h t a t room t e m p e r a t u r e , t h e m i x t u r e was steam-

d i s t i l l e d t o g i v e 2-bromo - 6-methylnaphthalene( 3 - 0 g, 35/0-

C r y s t a l l i s a t i o n f r o m p e t r o l e u m e t h e r ( b . p . 60-80) gave 
162 ° 

w h i t e f l a k e s , m.p. l 4 2 . ( l i t . 142) 

2 - I o d o - 6 - M e t h y l n a p h t h a l e n e 
2-Amino - 6-methylnaphthalene( 1 . 9 g) was d i a z o t i s e d as 

d e s c r i b e d above(Prep, o f 2 - c h l o r o - 6 - m e t h y l n a p h t h a l e n e ) . 



Potassium iodide (2.2 [•]) i n water (2.2 ~) was added to the 
w e l l - s t i r r e d dlazonium mixture, over 30 min. The solution 
was allowed to warm up to room temp, and l e f t s t i r r i n g f o r 
3 - ^ hr. After t h i s time, the solution was heated f o r 10 
mln. at 100, cooled, extracted with ether ( 3 times), and 
dried(M^SQ;i). Evaporation of the ether afforded impure 2-
iodo -6-methylnaphthalene,(1.5 ;;, ^6/>) which was p u r i f i e d 
by Glut in;; with n-hexane down a 30x2 cm. alumina column. 
(Camag 1oO-24o mesh, alkaline, Brockmann a c t i v i t y 1). Cry­
s t a l l i s a t i o n from n-hexane gave white flakes, m.p. l43~1^-l 

165 o ( l i t . 146-147) 
2-Acetamido-6-Methylnaphthalene 

A mixture of g l a c i a l acetic a c i d ( l . 5 ml) and acetic 
anhydride(1 .5 ml) was added to 2-amino-6-methylnaphthalene 
( 2 . 5 g) and the mixture shaken f o r 10 min. After pouring 
into cold water( loo ml), 2-acetamido-b-methylnaphthalene 
( 3 - 1 92%) was f i l t e r e d o f f and dried under vacuum ('J. 001 

mm). C r y s t a l l i s a t i o n from petroleum ether(b.p. 75-95°) and 
a^ain from "benzene gave pale pink needles, m.p. 1 5 4 - 1 5 5 -

( l i t . 1 5 7 1 5 5 - 1 5 ^ ) 

2-Acetoxy-6-Methylnaphthalene 

Acetic anhydride (7 ml) was added to a mixture of 2 -

hydroxy -6-methylnaphthalene (9-1 g), sodium hydroxide s o l -
u t i o n ( l 0 0 ml, l0/£ w/v) and crushed i c e ( l 0 0 g). The mixture 
was shaken f o r 15 mln., f i l t e r e d , and the residue washed 
with cold sodium hydroxide solution ( 5 0 ml, 10,^ w/v) and 
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v/ater. The dried r e s i d u e ( l 0 . 6 g, QS%) v/as shown by ..;lc 
(10?6 NGA/90-100 mesh c e l i t e , 1 5 0 ° ) to be about 90% pure 
2-acetoxy-6-methylnaphthalene. Recrystallisation(twice) 
from n-hexane save white flakes, m.p. 1o8-109°(Found: C, 
77-7|H, 5 - 6 j C,H (i requires C^S.OlH, 6.0%). 

13 12 2 

Attempted Preparation of 2-Methyl -6-Nltronaphthalene 
a) From the Diazonium Tetrafluoroborate 

6-Methylnaphthalene-2-diazonium t e t r a f luoroborate 
( 1 . 9 z) was added as a t h i n aqueous paste, i n small por­
tions, to a w e l l - s t i r r e d suspension of copper bronze (1 g) 
in a solution of sodium n i t r i t e ( 4 g) i n water (8 ml) at 
room temp. The reaction mixture was l e f t s t i r r i n g at room 
temp, u n t i l evolution of nitrogen ceased, extracted with 
ether, dried(MgSQ^), and the ether removed. P u r i f i c a t i o n by 
column chromatography yielded but 30 mg. (2.5/0) of 2-methyl 
-6-nitronaphthalene. C r y s t a l l i s a t i o n from petroleum ether 
(b.p. 7 5 - 9 5 ' ) gave yellow needles, m.p. 118 -120?(lit. 1° 7 

1 1 0 1 on\ 
1 1 ̂ / — 1 1—--^j j . 

b) From the Diazonium C o b a l t i n i t r i t e 
A t h i n paste of 2-amino-6-methylnaphthalene(1.57 £ , 

10 mmoleO 1 solution of cone hydrochloric acid ( 2 ml) 
and water (6 ml) was cooled to 5 and diazotised with a s o l ­
u t i o n of sodium n i t r i t e ( 0 . 7 z> 10 mmole) i n water (1 ml). 
The diazonium mixture was neutralised with calcium carbon­
ate and f i l t e r e d . Finely powdered sodium c o b a l t i n i t r i t e 



( 1 . 5 .;) was s t i r r e d i n t o the f i l t r a t e , and the c r y s t a l l i n e 
diazonium c o b a l t i n i t r i t e f i l t e r e d o f f . After drying under 
vacuum, 2 . 2 g, (97.%) of the diazonium sal t wore obtained. 

The diazonium s a l t ( l g) vias added i n portions, at 
room temp., to a w e l l - s t i r r e d solution of sodium n i t r i t e 
( l g) water(6 ml) i n which cuprous oxide (o.4 g) was 
suspended. The mixture was s t i r r e d at room temp, f o r 2 

days before being extracted with chloroform. Evaporation 
of the l a t t e r yielded 50 mg.(5-4%) of 2=methyl - 6-nitro-
naphthalene. The m.p. a f t e r r e c r y s t a l l i s a t i o n from pet­
roleum ether(b.p. 75-95°) was 118-120V 

2-Methylnaphthalene-6-Sulphonyl Chloride 
2-Methylnaphthalene-6-sodium sulphonate(30 g) was 

heated f o r 80 min. at 100 with phosphorus oxychloride(60 g 
The reaction mixture was poured on to ice and s t i r r e d f o r 
45 min. The s o l i d was f i l t e r e d o f f , washed with water, and 
ground with g l a c i a l acetic a c i d ( l 2 ml). After f i l t r a t i o n , 
i t was washed with methanol and dried under vacuum(-0.01 mm 
to give 2-methylnaphthalene-6-sulphonyl chloride ( 2 6 g, 88/w) 
C r y s t a l l i s a t i o n from n-hexane save white needles, m.p. 9 2 -

O 165 ° v 

9 3 . ( l i t . 9 0 - 9 2 ) 

2-Acetyl-6-Methylnaphthalene 
2-Methylnaphthalene(46 g) was added to a cold solu­

t i o n of dry aluminium chloride ( 8 8 g) i n dry nitrobenzene 
( 2 0 0 ml). The mixture was cooled i n ice and s t i r r e d while 
acetyl chloride ( 2 3 g) was c a r e f u l l y added. After s t i r r i n g 
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at room temp, f o r 24 hr., Ice and d i l u t e hydrochloric ac­
i d were added, the mixture extracted with ether, washed 
with a l k a l i , and d r i e d ^ S O ^ ) . After removal of the ether 
the nitrobenzene was d i s t i l l e d o f f under reduced pressure. 
( 6 3 " a t 1mm) The products from the reaction came over "bet­
ween 14O-145° Gas l i q u i d chromatography(5% NGA, 200°) 

showed two major fractions i n about equal amounts, and at 
least two minor fractions. The whole d i s t i l l a t e was trea­
ted with a solution of semi-carbazide hydrochloride ( 2 5 ;•;) 

and sodium acetate(22 -;) i n water ( l 5 0 ml). The suspension 
was warmed, and enough ethanoi added to render a homogen­
eous solution. After heating f o r 5 - 1 0 min., the mixture 
was cooled and f i l t e r e d . The residue (31 z) w a s extracted 
twice with hot alcohol ( 2 5 0 ml) to ^ive the semi-carbazone 

0 166 0 

of 2-acetyl-6-methylnaphthalene, m.p. 2 2 5 - 2 2 7 . ( l i t . 2 3 7 ) 

Without f u r t h e r p u r i f i c a t i o n , the semi-carbazone was r e f l -
uxed f o r 2 hr. with d i l u t e hydrochloric acid(3 0 0 m l ,2N), and 
the liberated ketone extracted with chloroform. Evapora­
t i o n of the chloroform gave 2-acetyl-6-methylnaphthalene 
( 1 6 3 , 3 0 $ ) . Recrystallisation from petroleum ether(b.p. 
4o-6o) gave white needles, m.p. 6 5 - 6 6 . ( l i t . 6 6 . 5 ) ^ 



CHAPTER 8 

The N i t r a t i o n of 6-Substituted 2-Methylnaphthalenes. 
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1. Introduction 
In contrast to the amount of work published describ­

ing the n i t r a t i o n of substituted benzenes, there have been 
few quantitative investigations of the n i t r a t i o n of sub­
s t i t u t e d naphthalenes. The most important work published 
i n t h i s f i e l d has been the determination of the p a r t i a l 
rate factors f o r the n i t r a t i o n of methyl and methoxy naph-

138 
thalenes by Alcorn and Wells. There have been several 
reports of a qu a l i t a t i v e nature over the l a s t f o r t y years, 
and the results f o r 2 - and 2,6- substituted naphthalenes 
are summarised i n Table 1 . 

Substituent 
N i t r a t i n g 

a^ent Temp fc) 
Positions of 
subst i t u t i o n Reference 

2-phenyl HNÔ /AcGH 2 5 1 175 

2-acetamido d i t t o 0 1 » 8 > 6 176 , 177 

2-methyl d i t t o 1 » 8 > 4 5 > 6 » 3 138 

2-methoxy d i t t o 2 5 1 » 8 6 138 

2 - n i t r o 
^ 3 2 4 - 5 8>5 178 

2-bromo HNÔ  2 5 - 3 5 8 » 1 179 

2 , 6 - d i n i t r o HN03/H2SQ4 20 8 181 

2 , 6 -
dimethoxy HNQ /AcOH 2 5 1 180 

2-acetamido 
- 6-n i t ro ™°3 0 1 182 

Table 1 The n i t r a t i o n of 2 - and 2 , 6 - s u b s t i t u t e d naphthalenes 



An attempt has been made to p r c v i i e a quantitative 
extension of the?.-? re s u l t s , by studying competitive n i t r ­
ations of a series of 6-substituted 2-methylnaphthalenes 
and measuring p a r t i a l rate factors r e l a t i v e to naphtha­
lene. The experimental procedure used v.ras i d e n t i c a l t o 
that described i n chapter 5 , the following compounds being-
studied: 2-methoxy, 2 - f l u o r o and 2-acetamido-6-methylnaph-
thalene. 
2 . Results 

Competitive n i t r a t i o n s between naphthalene and 2-fluoro 
and 2-acetamido-6-methylnaphthalene have been carried cut at 
2 5 C in order t o measure p a r t i a l rate factors. For 2-meth-
oxy-6-methylnaphthaiene, competitive n i t r a t i o n s were carr­
ied out v/ith 2 , 6-dimethylnaphthalene. From the results of 
the competitive n i t r a t i o n of the l a t t e r ( c h . 5 ) j p a r t i a l 
rate factors r e l a t i v e to naphthalene have been calcuj.atod 
f o r the former. 

Table 2 shews the p a r t i a l rate factors and isomer 
di s t r i b u t i o n s that were obtained. Of these res u l t s , those 
f o r 2-methoxy -5-nltro and 2 - f l u c r o - 1 - n i t r o 6-methylnaph-
thalene are uncertain, as these isomers were not isolated 
and hence were not i d e n t i f i e d . The other Isomers were char­
acterised by n.m.r. spectroscopy at 100 Mc/s as fellows: 
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a) 2-Methoxy-S-MGthylnaphthalene 
The tv;o isomers isolated from the n i t r a t i o n of 2 -

methoxy-6-methylnaphthalene v/ere characterised by compar­
ison of t h e i r 1 0 0 M C / S n.m.r. spectra vfith those of 1 - and 
4 - n i t r o - 2 , 6-dimothylnaphthaiene, 2 , 6-dimethylnaphthalene 
and 2-methoxy-6-methylnaphthalene. Figures ( i ) - ( v i ) show 
the chemical s h i f t s obtained from these spectra( i n c/s 
from TMS at 1 0 0 M C / S ) . 

2 X X 

3 717 

46 769 3o3 n NO 
9 5 , J,_=2c/s 3 9 2 , J ^ , , = 9 . 3 c / s = 2 5 8 . r 2 4 6 , T 34 13 Me Me OMe •M 

( i i ) i ) 
Y 51-8 7 4 4 . 0 7 6 4 . 1 7 1 8 . 8 

7 1 5 - 6 Me 7 2 3 - 9 •Me 

Mo 7 1 5 Me 
7 4 4 . 0 7 5 1 . 8 7 5 3 . 2 7 6 4 . 7 

T „ = 2 3 0 c / 2 3 3 , 370 T T Me Me •Me ( i v ) ( i i i ) 

NO 
r 763 

At Me 
99- 8 

is 

NO 

t M = 2 2 8 , 2 3 2 (v) T
M = 2 5 0 ( v l ) 



In spectrum(1) i t i s possible to pick out an AB quar­
t e t (peaks 1 ,2 ,7 and 8 ) , with coupling constant 9-3 c/s, 
characteristic of a 1-2 coupling constant. Hence the iso­
mer is of type ( i ) . I t i s possible t o estimate the chem­
i c a l s h i f t of proton 5(peak 6) as 2 . 5%>pm, compared with 
2.47ppm i n 2-methoxy-6-methylnaphthalene, so that the n i t -
ro ;:roup has caused an u p - f i e l d s h i f t of 0 .07ppm, compared 
with Q. l5ppm i n 2 ,6 -dimethyl-1-nitronaphthalene, i f ( i ) is 
assigned as 2-methoxy-6-methyl-1-nitronaphthalene. I f the 
alt e r n a t i v e assignment of 2-methoxy-6-methyl-5-nitronaph-
thalene is given, then proton 5 has moved 0.27ppm down-
f i e l d r e l a t i v e to proton 1 i n 2-rnethoxj>--6-methylnaphthalene. 
Thus i t i s l i k e l y that isomer(l) i s 2-methoxy-6-methyl-1 -
nitronaphthalene, although t h i s assignment i s not unambig­
uous . 

Prom spectrum(2) i t i s possible to pick out an AB 
quartet with coupling constant ca. 2c/s, characteristic of 
a 1-3 coupling constant. Thus the isomer is of type ( i i ) . 
By comparison with the spectrum of 2 , 6-dimethyl - 4-nitro-
naphthalene,(spectrum(b), ch - 5 ) , the l o w - f i e l d peak can 
be assigned to proton 5, with a s h i f t of 1. 97ppm. Nov/ i n 
2 j6-dimethyl -4-nitronaphthalene, proton 5 moves 0-77ppm 

down-field r e l a t i v e to 2,5-dimethylnaphthalene. Assuming 
that X is Me and Y is OMa in f i g ( i i ) , proton 5 moves 0 .84 

ppm down-field, whereas the alt e r n a t i v e assignment would 
give a down-field s h i f t of only 0 .5ppm. Thus i t seems reas-



V 



CM 

4 
CO 



onable to assign isomer(2) as 2-methoxy-6-methyl-8-nitro-
naphthalene. 

Prom the n i t r a t i o n s of 2-methyl and 2-methoxynaphtha-
lene i n acetic a c i d / n i t r i c acid, the following p a r t i a l 

138 

rate factors were obtained. 
1-nitro 6 - n l t r o 8-nitro 4 - n i t r o 5-nitro 

2-methyl 74+25 53+18 16.5+5-6 8.9+3-0 7-7+2-6 

2-methoxy 10000+^000 31650+3800 166o+370 

Prom these results i t would appear certain that 2 -

methoxy-6-methylnaphthalene is n i t r a t e d i n the order 1>8 

>5, i n agreement with the above assignments and the fa c t 
that only 3 isomers were detected, 
b) 2-Fluoro-6-Methylnaphthalene 

The major isomer from the n i t r a t i o n of 2 - f l u o r o - 6 -

methylnaphthalene can be assigned unambiguously as the 5-

n i t r o derivative from i t s n.m.r. spectrum(3)- I t i s poss­
i b l e to pick out an AB quartet (peaks 2 , 4 , 1 0 and 12) with 
coupling constant ca. 8c/s, characteristic of a 3 -4 coup­
l i n g constant. The absence of f u r t h e r s p l i t t i n g i n t h i s 
quartet shows that the AE system is not i n the same r i n g 
as the f l u o r i n e atom. 

The second isomer can be assigned unambiguously as 
2-fluoro -6-methyl -8-nitronaphthalene. Prom the n.m.r. spec­
t r u m ^ ) , peaks 11 and 13 form a p a r t l y resolved AB system. 
Prom the s p l i t t i n g of peak 13, the coupling constant'can 
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"be estimated as ca. 1.2c/s, characteristic of a 1-3 coup­
l i n g constant. The absence of further s p l i t t i n g precludes 
the presence of the f l u o r i n e atom i n the same r i n ^ as the 
AB system. Using the INDOR double resonance technique, the 

172 following assignment was made. 
Peak 

1 
2 
3 

O 
6 
7 8 
14 
15 
16 
17 

Proton Peak Proton 

7 

o 

10 
1 1 
12 

8 

13 

1 1 (part) 
-1 and 33 rrobably 

13-*3 

Cation l o c a l i s a t i o n energies have been calculated 
f o r the above compounds, and these are given, w i t h 

values(relative to the appropriate naphthalene cation), 
i n T'able 3- The pi-electron density d i s t r i b u t i o n s viere 
also obtained from the calculations and these are given, 
f o r the cations and neutral molecules, i n Tables 4 and 5-

Prom Table 3 i t can be seen that the posit i o n a l r e a c t i v i ­
t i e s of 2-methoxy-6-methylnaphthalene are q u a l i t a t i v e l y i n 
agreement, while 2-fluoro and 2-acetamido-6-methylnaphtha-
lene are at variance. How the 1-position of 2 - f l u o r o - 6 -

methyinaphthalene is predicted t o be the most reactive, 
but t h i s calculation cannot take the strong f i e l d e f f e c t 
of the C-F bond into account. Thus i t is not surprising 
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Tabie 3 Pi-Bonding Energies of 2 , 6 - D i s u b s t l t u t e d 

Naphthalenes and t h e i r Cations. 

Compound 
pi-bonding 
energy(eV) Cation 

pi-bonding 
energy(eVJ A E » b A P X A F n a p h ' irb ~ TTb 

2-methoxy- -199 - 4 9 0 K-0 -179-869 19- 621 - 2 . 1 3 9 
6-methyl-

- 178 .725 20.765 naphthalene 3 -178 .725 20.765 -1 .330 

4 -178 .262 21 .228 - 0 . 5 3 2 

5 ( S ) -178 .806 20.684 - 1 . 0 7 6 

7 -178 . 193 21.297 - 0 . 7 9 8 

8(/S) -178 . 919 20. 571 - 1 . 1 8 9 

2-Fluoro- -207-110 1 -187 .253 19-867 - 1 . 8 9 3 
6-Methyl-

-186 . 165 20 .945 Naphthalene 0 -186 . 165 20 .945 -1 .150 

4 -185 .836 21.274 -0.486 

5 -186 .308 20.702 - 1 . 0 5 8 

7 -185.76O 21.350 - 0 . 7 4 5 

8 -186 .396 20-714 - 1 . 0 4 6 

2-Acetamido- -226. 620 1 -204 .852 21.768 +0.008 
6-Methyl-

-u.062 M i i — 1- t~ 1 , 1 
11 a. J_J i i L> no. j. c i it; 0 

^ .. 1. •- O i — 22.033 -u.062 

4 -205. 123 21J. 497 - 0 . 2 6 3 

5 -205 . 524 21.096 -0 .664 

7 -204 .897 21.723 - 0 . 3 7 2 

8 -204 .830 21 .790 f0 . 0 3 0 
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Taftle 4 

The p l - E l e c t r o n Density D i s t r i b u t i o n s of 2, 6 - D l s u b s t i t u t e d 
Naphthalene Cations. 
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C 8 
C 

9 °10 Me x l X 2 X 3 

0.9643 0.9726 1.0413 1.9588 1. 9322 

0. 9881 0.8633 0.9981 1•9570 1.9399 

0.8943 1.0363 0.9171 1 .94 l6 1.9581 

0.7086 1.0328 0.9730 1.9119 1.9566 

0.7177 0. 9962 0. 8729 1•9307 1•9558 

0.9100 1.0459 1•9598 1. 9472 

0. 9666 0.9887 1.0453 1•9592 1.8865 

0.9953 0.8634 0.9965 1•9574 1•8995 

O.8982 1.0334 0 .9188 1.9422 1.9352 

0.7096 1.0284 0.9859 1-9125 1•9329 

0.7238 0.9930 0 .8796 1.9312 1 - 9306 

0. 9056 1.0519 1.96o3 1.9133 

0 .9579 0.9359 1.0273 l . 9582 1.8235 0 .6955 1 .3727 

0.9652 0.8752 0.9988 1.956o 1.84ol 0.6935 1 .3886 

0.8793 1 .o4o5 0. 9145 1.9403 1.8675 0.6887 1 . 4olo 

0.7004 1.o422 0. 9422 1. 9106 1.8627 0 .6895 1 • 4o53 

0. 6961 1.0056 0.8567 1.9294 1.8620 0.6921 1 . 3928 

0.9206 1.0285 1.9588 1.8497 0.6894 1 . 4o38 
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Table 5 

Ground State p i - E l e c t r o n Density D i s t r i b u t i o n s of 
6-Substjtuteri 2-Methylnaphthalenes. 
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n c 
10 

M2 A1 X 3 

o.9994 1 .0065 1.0065 1 .9692 1 . 9692 

0.9925 1 .0176 1.0007 l .9697 1 • 9630 

o.9867 1.0289 0.9952 1 . 9702 1 . 9443 

0.9971 1.0111 1.0042 l . 9694 l • 9615 

o.9856 1.0338 0. 993o 1 • 9705 1 •8977 

0. 9867 1.0289 0.9952 1 . 9702 1 . 9443 

1.0080 0.9879 1 -0139 1 . 9681 1 . 8580 0.7025 1.4119 

1.0103 0.9731 1.0223 1 • 9670 0 • 6773 1•3797 

1.0007 1.0052 1.0073 1 . 9692 1 . 9682 

1•0033 1•0015 1.0092 1 . 9691 1 . 9621 

ac e tarn i do: X 0 = C. = 0 

a c e t y l : X = 0. 



t h a t the theo r e t i c o . l p r e d i c t i o n i d i n c o r r e c t . The discrep­
ancy between the h i v h r e a c t i v i t y c a l c u l a t e d f o r 2 - f l u o r o -
^-nethjrlnaphthalene and the lev; substrate s e l e c t i v i t y 
found experimentally i s due t o the use of mixed aci d a.s 
n i t r a t i n g a~ent f o r t h i s compound. This n i t r a t i n ~ a jent 
i s known t o show lev; substrate s e l e c t i v i t y , because of i t s 
h i ~ h r e a c t i v i t y . 1 3 7 

The f a i l u r e t o p r e d i c t the most r e a c t i v e p o s i t i o n of 
2-acetamido -6-methylnaphthalene requires some s p e c i a l comm­
ent. I n a c e t i c a c i d media there i s a p o s s i b i l i t y of an equ­
i l i b r i u m beinj; e s t a b l i s h e d , j i v i n g a small c o n c e n t r a t i o n of 
the amino compound which then undergoes n i t r a t i o n . This i s 
supported by the f a c t t h a t n i t r a t i o n of 2-acetoxy -6-methyl 
naphthalene under these c o n d i t i o n s ;j;ives 2-hydroxy-6-methyl 
naphthalene, which i s then n i t r a t e d . Another p o s s i b i l i t y i s 
t h a t the e l e c t r o p h i l e forms an H - n l t r o compound, which then 
rearranges under a c i d c o n d i t i o n s t o ;:ive the 1 - n i t r o d e r i v ­
a t i v e . 

For 2-methox3'--6-methylna,phthalene and 2, 6 -dimethyl-
naphthalene there should be a l i n e a r c o r r e l a t i o n between 
the logarithms of the p a r t i a l r a t e f a c t o r s of p o s i t i o n s 
non-adjacent t o s u b s t i t u e n t s , an.l the corresponding loca­
l i s a t i o n ener/jy d i f f e r e n c e s , r e l a t i v e t o naphthalene, and 
f i ; j u r e ( l ) shows t h a t t h i s i s the case. Apart from the 1-

p o s i t i o n of 2-methoxy-S-methylnaphthalene, which i s adjac­
ent t o the methoxy ~roup, the d e v i a t i o n from l i n e a r i t y i s 
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vary s n a i l -
So f a r i n t h i s t h e s i s , r e a c t i v i t i e s have "been d i s ­

cussed i n terns of l o c a l i s a t i o n energies. Tt Is of i n t e r ­
est t o see whether the -positional s e l e c t i v i t i e s can be 
p r e d i c t e d from the ground s t a t e p i - e l e c t r o n d i s t r i b u t i o n s , 
/•iven i n Table 5-

a) 2 ,6-Dlmethylnaphthalenc 
The most r e a c t i v e s i t e i s p r e d i c t e d t o be the 1-pos­

i t i o n , and since the e l e c t r o n density i s >1 t h i s should 
be more rea.ctive than naphthalene, as found experimento.lly. 
However the p a r t i a l r a t e f a c t o r s expected f o r the 3 and '4 
p o s i t i o n s are i n complete c o n t r a d i c t i o n w i t h the e x p e r i ­
mental r e s u l t s , since both s i t e s are more r e a c t i v e than 
naphthalene and the order of r e a c t i v i t y i s 4 » 3 -

b) 2-Fluoro - 6-Methylnaphthalene 
The p r e d i c t e d order of r e a c t i v i t y i s 1>3>5>7- As w i t h 

the l o c a l i s a t i o n o n e r f i e s , the 1 - p o s i t i o n i s p r e d i c t e d t o be 
the most r e a c t i v e , however as has been indicated., the f i e l d 
e f f e c t i s l i k e l y t o be p a r t i c u l a r l y adverse at t h i s s i t e . 
The order 3>5>7 emphasises the d e f i c i e n c y of the i s o l a t e d 
molecule approach., since lar'je r e a c t i v i t i e s are assigned 
t o ^ p o s i t i o n s , and the loca.liso.tion energies are i n much 
b e t t e r agreement w i t h the experimenta.1 r e s u l t s . 
c) 2-Methoxy -6-Methylnaphthalene 

The p r e d i c t e d order of r e a c t i v i t y i s 1>3>5>7 as w i t h 
the f l u o r i n e compound. This i s t o be compared w i t h the ex-

http://loca.liso.tion
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.-•erimantal order of 1>8>5 which agrees vary w e l l w i t h tho 
l o c a l i s a t i o n s n a r l y c a l c u l a t i o n s , 
d) 2-Ac et ami do-6-MothyInaphtha1ene 

As w i t h the l o c a l i s a t i o n energy c a l c u l a t i o n s , the 5-
•oositlon i s p r e d i c t e d t o be the most reactive., so t h a t 
n e i t h e r method c o r r e c t l y p r e d i c t s tho most r e a c t i v e pos­
i t i o n of t h i s molecule. 
3. Experimental 
a) 2-Methoxy-6-r-1ethylnaphthalene 

2-Methoxy-6-methylnaphthalene (o.86~, 5mmole) and 2,6-
dlmethylnaphthalene (o. 78io 5mmole) were dissolved i n :;lac-
l a l a c e t i c acid(20ml) and allowed t o e q u i l i b r a t e a t 25? 
before t r e a t i n g w i t h a s o l u t i o n of n i t r i c acid (o.32~, 5 
mmole) i n ac e t i c a c i d ( l m l ) , prepared as described i n ch. 5-
The s o l u t i o n was s t i r r e d ca. 1200rpm f o r 5hr. before- ouen-
chin'j and e x t r a c t i n ~ as described i n ch. 5- The ex t r a c t e d 
product v.'as shown by ;ylc analysis t o contain 3 n i t r o i s o ­
mers ^ f 2-methoxy-6-methylnaphthalene i n approximate prop­
o r t i o n s 20:2:1. 

2-Methcxy-6-methylnaphthalene( 5JJ) was n i t r a t e d a t 100° 
f o r 5hr. w i t h n i t r i c / a c e t i c a c i d , i n order t o ob t a i n a sep­
arable amount of the n i t r o d e r i v a t i v e s , u s i n s the same 
procedure as f o r the a n a l y t i c a l runs. The r e a c t i o n prod­
uct was ei u t e d down a 12x1 i n . alumina column (Co.mai;, Brock-
mann a c t i v i t y 1), usin.; carbon t e t r a c h l o r i d e as eluent. 
Two f r a c t i o n s were collected:; one of these v/as shown by 



-,1c analysis t o c o n t a i n ca. 90% of the major isomer ( l ) , 
while the second f r a c t i o n contained ca. Qo/o of isomer (2) 
and 1O"& of each of isomers (1) and ( 3 ) . F r a c t i o n ( l ) was 
e l u t e d on a t h i c k - l a y e r p l a t e ( K i e s e l g e l ) using a 1:10 v/v 
mixture of chloroform and carbon t e t r a c h l o r i d e as eluent. 
!3ne f r a c t i o n was obtained which sublimed at 70 (0.001mm) 
t o j i v e a yellow s o l i d , m.p. 106-10?! (Found: 0,66.24; H, 
4.86; c a l c f o r C l pH nNQ : C,66.3; H,5-1^). The 100 Mc/s 
n.m.r. spectrum obtained using a Varian HA-100 spectrometer 
(spectrum(1), sweep width 250 c/s) was i n agreement w i t h 
the isomer being 2-methoxy-6-methyl-1-nitronaphthalene. 
S l u t i o n of f r a c t i o n (2) enabled a separation of isomers (2) 
and (3) from ( 1 ) , but none of the many eluents used would 
completely separate (2) and ( 3 ) . Glc an a l y s i s showed the 
r a t i o of the isomers i n the f i n a l f r a c t i o n obtained t o be 
6:1. Spectrum(2) i s the lOOMc/s n.m.r. spectrum of t h i s 
mixture (sweep width 250 c/s), from which isomer(2) was 
deduced t o be 2-methoxy-6-methyl-C-nitronaphthalene. As 
already discussed, i t appeared reasonable t o assign isomer 
(3) as the 5 - n i t r o d e r i v a t i v e , 
b) 2-Acetamido-6-Methvlna.phthalene 

A competitive n i t r a t i o n was c a r r i e d out between 2-
acetamido-6-methylnaphthalene and naphthalene at 25 i n 
ace t i c acid, using the p r e v i o u s l y described procedure. Clc 
analysis of the product showed only one n i t r o isomer of 
2-acetamido-6-methylnaphthalene. The product obtained from 



a preparative scale n i t r a t i o n [Q.5s,)i us i n 3 the c o n d i t ­
ions of the a n a l y t i c a l runs, was hydrolysed by r e f l u x i n ^ 
f o r 2hr. i n 50% v/v aqueous sulphuric acid(lOml) and e t h -
anol(lOml). Excess of ammonium hydroxide was added, and 
the p r e c i p i t a t e d amine f i l t e r e d , washed, and d r i e d i n vac­
uum. (5o\ 0.001mm) C r y s t a l l i s a t i o n from benzene 2'ave 2-amino 
6-methyl-1-nitronaphthalene, m.p.165-167°(lit. 1° 7166-167"). 
c) 2-Fluoro-6-Methylnaphthalene 

2-Fluoro-6-methylnaphthalene zave a complex mixture 
of isomers on n i t r a t i o n w i t h n i t r i c / a c e t i c a c i d a t 25- I t 
was not possible t o separate the mixture and a competitive 
run under these c o n d i t i o n s could not have been s u c c e s s f u l l y 
analysed. The f o l l o w i n g procedure ^ave a much simpler reac­
t i o n product, which could be separated and analysed. 

2-Fluoro-6-methylnaphthalene(o.83, 5mmole) and naph­
thalene (0. 64;-, 5mmole) were dissolved i n a c e t i c acid(20ml) 
~nd ?J lowed t-"; e q u i l i b r a t e at 25- The s o l u t i o n was t r e a t e d , 
while s t i r r i n ; ; ca. 1200 rpm, w i t h a 30/- w/w s o l u t i o n of 
n i t r i c acid(o.33, 5mmole) and sulphuric acid(o.5^, 5mmole) 
i n a c e t i c acid. A f t e r 12hr., the r e a c t i o n mixture was ex­
t r a c t e d as described i n ch. 5- C-lc analysis showed the pres­
ence of 3 isomers of 2-fluorc-6-methylnaphthalene i n appr­
oximate proportions 6:3:1. A pre p a r a t i v e scale n i t r a t i o n -
was c a r r i e d out using 30% mixed a c i d i n a c e t i c a c i d , n i t r ­
a t i n g at 6o°fcr 12hr. Thick-layer chromatography of the ex­
t r a c t e d product, u s i n ^ 1:2 v/v cyclohexane:carbon t e t r a -



c h l o r i ^ s as aluent, ?.vs nnly two f r a c t i o n s which ccul.l 
not bo f u r t h e r r.eparatsd. F r a c t l o n ( l ) sublimed a t 110° (15mm) 
as pale yellow needles, m.p. 62-63. (Found: C, 64.7j H, 4. 16; 
calc. f o r C^HpMOgF: C, 64.4- H, 3-9^) The - l c r e t e n t i o n 
time corresponded t o the major isomer of tho competitive 
n i t r a t i o n , and the 100Mc/e n.m.r. spectrum(3) showed unam­
biguously t h a t the isomer was 2 - f l u o r o - 6 - m e t h y l - 5 - n l t r o -
naphthaleno. F r a c t i o n (2) sublimed at 1lb°(l2mm) as lonj;, 
yellow needles, m.p. 1 1 8. 5-11 9- 5° (Found: C,64.Q; H, 4.2?). 
The -;lc r e t e n t i o n time corresponded t o the second l a r g e s t 
peak of the competitive n i t r a t i o n , and the lOOMc/s n.m.r. 
f?pectrum(4) showed unambiguously t h a t the isomer was 2-
fluoro-6-methyl-0-nitronaphthalene. The t h i r d isomer would 
probably be the 1 - n i t r o d e r i v a t i v e , but i t was impossible 
t o obtain a sample f o r c o n f i r m a t i o n . 

A l l of the competitive n i t r a t i o n s describe;' above 
wars a n a l y s e d by j a p - l i ^ u i r ? chromato^raphy i t escribe 1 
i n ch. 5, the j l c traces b e i n ~ c a l i b r a t e d u s i n ~ standard 
s o l u t i o n s of the appropriate n i t r o compounds. Three runs 
were c a r r i e d out f c r each mixture, the e r r o r s bein.j estim­
ated from the mean of a minimum of two chromatographic 
analyses of each run. 



CHAPTER 9 

Nuclear Magnetic Resonance. A Discussion of the 
C o r r e l a t i o n between Chemical S h i f t s and Calculated n l 
E l ectron Densities. 



1 . I n t r o due t Ion 
I n p r i n c i p l e , chemical s h i f t s provide d i r e c t measures 

of l o c a l e l e c t r o n i c and magnetic environments of i n d i v i ­
dual atoms i n molecules. The s h i e l d i n g of a nucleus i s 
very s e n s i t i v e t o changes i n the e l e c t r o n i c environment 
of the molecule as a whole and, i n many cases, can not be 
r e l a t e d t o the e l e c t r o n d e n s i t y about t h a t molecule alone. 
I f the comparison of the s h i e l d i n g parameters i s confined 
t o a series of c l o s e l y r e l a t e d compounds i n which the con­
t r i b u t i o n s t o the s h i e l d i n g from f a c t o r s other than the 
v a r i a t i o n i n e l e c t r o n d e n s i t y may be reasonably constant, 
t h i s d i f f i c u l t y may be overcome. 
2. N.M.R. Spectra of S u b s t i t u t e d Benzenes. 

There are strong; -rounds f o r b e l i e v i n g t h a t chemical 
s h i f t s , r e l a t i v e t o benzene, of both H and C n u c l e i 
para t o the s u b s t i t u e n t are d i r e c t l y p r o p o r t i o n a l t o the 
change i n p i e l e c t r o n d e n s i t y a t the para carbon atom, 
ohus: 

fH = k 1 H * P C C 

'13C
 = k 1 3 c * P C C ( 2 ) 

where the two constants can be found e m p i r i c a l l y by com-
1 13 

p a r i n g the s h i f t s of H and C n u c l e i i n cyclopentadienyl 
anion, benzene, t r o p y l i u m c a t i o n , and cyclo-octatetraene 
dianion. ' mhe value of k H depends on the model chosen 
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f c r the r i n ~ currents i n the".- no lunulas. but almost or-
t a i n l y l i as b3-;\;een <n.O^ and 1o.6 p. p.m./electron. 
The vr.lu.3 I'll-.' has b e 3 n estimate.: as 1 60 .-n. r../el DC-
t r o n . Using k ^ = 8 .0C ppm/electron and -* :i3 = 1^0 ppm./ 
el e c t r o n , chemical s h i f t s have been c a l c u l a t e d r e l a t i v e 
t c benzene us in.; the f o l l o w i n g models: 

a) mcocmoric only 
b) mesomeric + i n d u c t i v e 
c) mesomeric + «- and TT-inductive 
d) i r - i n d u c t i v e only. 

The r e s u l t s are shovrn i n t a b l e 1. 

Compound •Method 
Chemical s h i f t s i n p.p.m. 

r e l a t i v e t o benzene Reference 
1 
II 

Calc. bbs. Calc. bbs. 

C 6 H
5

P 
a 
b 
c 

0 .09 
- 0 . 0 8 
J. 31 0. 22 

1. 74 
—1 42 
~h\ To 4-. 4 

5 
1 

5, 171 

C 6 H 5 C 1 a 
c 

0. 1 0 
0.23 0. 22 

1. 9S 
•>'-, 64 2. 'J 

c. 

5, T°6 

c 
0 .08 
0. 53 0.62 

1. So 
10.56 9- 5 

5 
5., 171 

c 
'">. 1^ 
0. 46 0.48 2. 30 

9, 17 6. 1 
5 

187, 188 

u 5 j d 0.08 
0.1 1 
0. 20 0. 18 

1. 62 
1-79 
3.45 3-05 

This v/ork 
This work 

186 

Table 1 Calculated an:! observed H and JC chemical s h i f t s . 
( P o s i t i v e s h i f t s i n d i c a t e greater screening than i n benzene) 
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I t can be seen t h a t the c a l c u l a t i o n s (a) which :1c not 
include <r or T T - i n d u c t i v e e f f e c t s , underestimate chemical 
s h i f t s . S i m i l a r l y w i t h the model i n c l u d i n g the n"-inductive 
e f f e c t hut no mesomeric e f f e c t . I n c l u d i n g only a indue-

1 13 

t i v e e f f e c t f o r fJuorobon jiene ("b) -;1VOP TT and C chemi­
c a l s h i f t s opposite i n si'^n t c these observed. However the 
c o r r e c t ma ;nitude and si'^n i s ~iven f o r a l l compounds when 
method ( c ) i s used. Thus the best model f o r c a l c u l a t i n g 
charge d e n s i t i e s i s one i n c l u d i n g mesomeric and «~ and T T -

i n d u c t i v e e f f e c t s . 
3- Proton W.M.R. Spectra of 6-Substituted 2-Methyl-

Mar)h t ha Ier,3s. 
I n i t i a l l y i t '/as hoped tha t i n a system such as 2 , 6 -

d i s u b s t i t u t e d naphthalenes, where one of the s u b s t i t u e n t s 
was r e t a i n e d as methyl while the other was v a r i e d , the 
major change i n c o n t r i b u t i o n t o the proton s h i e l d i n g con-

1 

stants woul':. a r i s e f r o n chan -es 
i n p i fflfir.f.Tnn d e n s i t y a t the ad-

*4 jacent carbon atoms, ("which are 
d i r e c t l y c a l c u l a b l e ) , and t h a t the e f f e c t s such as the 
dia.ma^netic an 1 sot ropy of the X ;;,roup would be minimised. 
Also, since the n.m.r. spectra of these compounds should 
consist of two overlapping ABC systems, i t was hoped t h a t 
the analysis of the "'TT spectra f o r a series of compounds 
would not prove too d i f f i c u l t . I n f a c t t h i s was not the 
cose, and f o r most of the compounds 22oMc./s spectra were 
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r e c u i r c d t c obtain an i n i t i a l ^.ot of s p e c t r a l parameters. 
Spectra ( l ) - ( 5 ) chov/ the l o w - f i e l d aromatic regions of 
the 1'X)Mc/s n.m.r. spectra, of some of these compounds. 
(Run on an HA-100 spectrometer w i t h a e-.-reop v:idth cf 100'; 

p./s. ) 

The parr-net ere obtained from the 22oMc/s spectrr. v/crs 
use 1, t o generate a t r i a l U)OMc/s spectrum by computer. II'I 
DDF! experiments sho-./ed unanbi jucusly the r e l a t i v e si'ns c f 
the coupling constants involved and the l i n e s associated 

1 7 ? 

v j i t h each ABC system. The experimental jeaks v:ere then 
assigned t o the c a l c u l a t e d energy l e v e l d i f f e r e n c e s ^.i_d 
an i t e r a t i v e computer programmed process v/as used t o ~ i v e 

1 

the f i n a l set cf chemical s h i f t s and coupling constants. 
The compounds studied v/ere 6 - s u b s t l t u t e d 2-methyl-

naphthalene compounds v;here the s u b s t i t u e n t was methyl, 
f l u o r i n e , c h l o r i n e , bromine, i o d i n e , M0?, OH, OWe, COÎ e 
and ITMCGI-la. I d e a l l y one v:euld l i l : e the s p e c t r a l parameters 
f o r the molecules i n a solvent i n v-;hieh strong solvent i n ­
t e r a c t i o n s "•fere absent. This requirement i s u s u a l l y met 
by s t u d y i n j d i l u t e s o l u t i o n s of the compounds i n carbon 
t e t r a c h l o r i d e . U n f c r t u n a t e l y , the hydro:-:?/, methoxy, f l u o r o 
and acetamido compounds viere i n s u f f i c i e n t l y soluble i n 
t h i s solvent, so t h a t the spectra v;ere recorded v.'lth acet­
one as solvent. 
Results 

Table 2 shov/s the chemical s h i f t s ( i n c/s dovmfielo 



v?00 
-

700 
(.1 : 

< 

3 
• • i f ! 

• • 

H 3 
' -

.: 

• 

-

-

"•J 

I ] 

-• • 

-
: 

• 

33 

F rrrrn rj 
• 

=13 
•Li 

• 

; C3 : n 
-

: 

• i i m I r • 

; 
i 

-

:• r L 
• 

Mi 
• 

4 0 0 's 3 0 0 
i 

1 1 • : 1 

• • • • • ! 



• . .. 
' • -

-

7 - -trrp ; 

• • 

- 3 
: I-.:.:. : — - • 

• 

m 
: 

'Lb 
• • -

- . 
• 

• • 

H • 
n 3 , . , 

• 

: 

: • 

S I • 

• • a • 
- i 

; 
• • 

ff : : : -- E 
•: 

: ... 

-

• - - • •1 -rr 

E : 1 • -

: 
T. 

-i : . ... -I :. : 

-
• -

... 
: 

-
• 

• 3 • 
r! 

12 • : 

:: 
! ; 

- . • 
1 

• • 

i i 1 

• • 
i : r • 

; 

Ill1 ; 
• 

L i . 
-

• • I 
: 

• 

%0» >rt»"y> 

-

• • 

• 
• 4 0 0 3 0 0 

• 1 1 1 ! 1 ' 1 1 1 1 • 

J • • ! 



400 ' ' • 
• 

I • • 

i -
\ 

• 

1 

• 

•I 

-

• 

- ' 



v • ' • : 5 -: K a l i i 

: 

— 

• 

. - - ; 

J 



• 

400 .. 

-

J 

• -
• 

-

• 

• 

• 

• 

.. Smi"f< . i - ' j ' i i l ' J r - . i f *i "n i V'rnPn' • J . Im 



-21 4 -

t s 

c o 

LA 

II 

O 

-P 
O 

h> 

II 

P 
a; E 

E r-, 

CVJ 

I s 

vo - o 
C 3 o"« o \ 

l> -
I 

I 
01 

r o 
i 

m 
ir­ i s v.-' a: o 

«- Cvj 0,! 

0.1 vo r>-i t - vo 

o c c o:'i c o Cj 

LO. m 
CA m CA i s 

O J vo i n m o^. 

c." co ci c5 co 

v? t -
• • o 

CJ 0 : — 

CO 

m vo ^ i - c- O J 

CO CA c o c o c o 

o c. m vo ( s 

C J *— «— O J «— 

(0 

o 
P rj 
CO 

E o 
*5—• 

CO 
\ 
CJ 
iO 

-p 
•H 
^! 10 

. C j 

o 
•H E a> 
Xi o 

r o vo vo 

m 
I s 

01 
m 
i s 

vo vo 

i n 
t s 

CO 

oo 
no 
t s 

vo 
t s 

t s 

r o 

i s 

—i 
i s 

LO> 
i s 

VO 

i n 

i s 

OO 
OJ 
S-

IS 
VO IS 

V'J 
i n 
t s 

v o 

O J 
t s 

t s 
c o 
t s 

0 ! 

vo 
i n 
I S 

m 
i s 

n 

VO 

O J 
i n 
I s 

oo vo 

OJ 
t S 

O J 
O J IS 

o v: vo 

L O 

c o 

i n 
vo 
r • 

C~ 
r— 
L~\ 

c o 
on 
i s 

o 

c o 

CO 

CO 

O J 

VC 
t s 

O J 

VO V ? OO O 
^i- .=}• JTJ- ^ VO O-. 
I S C— O - C— C— 

t s G\ m i s 

o 
i s -
t s 

c o 

LPi 

i s 

Oi 

CO 

VO 
t s 

O J 

I S o Is 
c o 

CO 
r— 
i S 

CO * -

Ol 

i s 

co 
CO 
CO 
I S 

VO 
I S 

r o 
O J 
t s 

OJ 

O J 
CA 
t s 

i n 
C) 

C"i 

O J 

o!1 
VO 
f"' 

CO 

.—\ 

CO 

i n 
I s 

i n 
CO 
i s 

O J 

VO 

l s 

vo 
s 
L~-

O J 

t s 

G\ 
vo 
r o 
i s 

c 
Lf^ 

r o o 
i r \ c o 
I S I S 

m 
vo 

oo 
I S 

OO O J 

vo 00 
CO 

VO 

r o 
t s 
l s 

oo 
t--

i n vo 
i s ts-

o o 
I-I 

O J 
o 

O J o 

CD 
o 
-p 

O 

m 

s a 
n to 

(U 
O O 



- 2 1 5 -

frcm TMS) and couplin;; constants o b t a i n s i from the analy­
s i s of the looMc/s spectra. 
Discussion 

I t i s somewhat unfortunate t h a t some of the compounds 
'•'ere studied i n acetone s o l u t i o n , since t h i s makes d i r e c t 
comparison of the chemical s h i f t s of these compounds w i t h 
the s h i f t s of the compounds studied i n carbon t e t r a c h l o r ­
ide s o l u t i o n s r a t h e r d i f f i c u l t . 

Considering f i r s t the r e s u l t s f o r the compounds i n 
carbon t e t r a c h l o r i d e s o l u t i o n s , these are jviven i n Table 3-

Table 3 

Cham 3 c a l S h i f t s El ectron D e n s i t i £25 c; 

I I 
3 

H 4 . 
C 

1 
C 

3 
c 

4 

lie 7 4 4 . 0 715 -6 7 5 1 . 8 1 .0552 1 • 0 3 4 4 0. 9994 

C I 7 4 6 . 6 72o. 6 7 5 6 . 0 1 • 05^7 1 . 0343 1 . 0013 

Br 749. 1 721 .3 756. 2 1 .0554 1 .0348 0. 9989 

I 7 4 6 . 6 722 .6 752. 6 1 . 0559 1 . 0352 0. 9 9 7 7 

_n 757 0 736. 9 792. 4 1 • 0539 1 .0335 1 . 0038 

For X= NO j the s e l f - c o n s i s t e n t f i e l d c a l c u l a t i o n 
f a i l e d t o converge a f t e r 2o i t e r a t i o n s , so t h a t no r e s u l t s 
could be obtained. For X = SO CI, no i n d u c t i v e parameters 
were a v a i l a b l e , so t h a t a c a l c u l a t i o n could net be attemp­
ted. 

The changes i n e l e c t r o n d e n s i t y a t each p o s i t i o n , on 
replacement of Me by halogen, are very small, and t h i s i s 



i n -joe:1 :?. ;r2anient w i t h the s n a i l ran;~c spannerl b t the chem­
i c a l s h i f t s . I f the f l u o r i n e compound, i s included (although 
the magnitude of the solvent e f f e c t i s u n c e r t a i n ) , the 
s h i f t s a t the 1 and 3 p o s i t i o n s are q u a l i t a t i v e l y i n the 
d i r e c t i o n expect,rod. from the r e l a t i v e l y lar-':e change i n e l ­
ectron donsitier. a t these p o s i t i o n s , on replacement of Tie 
by F. At the L'- p o s i t i o n , the r e l a t i v e l y l a r ^ c dovmfield 
s h i f t on replacement of Me by F i s at variance v/ith the 
increti.se i n e l e c t r o n d e n s i t y a t t h i s p o s i t i o n , but t h i s 
could be due t o the f i e l d e f f e c t of the C-F bond, v/hich i s 
r e l a t i v e l y close t o the 4 p o s i t i o n . 

The r e s u l t s f o r the compounds studied i n acetone s o l ­
u t i o n s are ~iven i n Table 4. 

Table 4 

V 
Chemical S h i f t s e l e c t r o n Densities V 
H H FT 
"1 ""3 ""4 

C C C, 
1 3 4 

• I I 
•Me 
CQMe 
F 

NHCOMe 

7 5 8 . 8 728.0 7 ^2 .2 

75.3-2 7 2 3 . 9 764 .1 

7 8 0 . 0 751-1 8 0 3 . 8 

757-8 7 3 6 . 9 7 9 2 . 4 

7 6 1 . 4 7 3 4 . 4 7 7 3 - 6 

1.0527 1-0331 1.0086 

1.0527 1-0331 1.0086 

1.0571 1-0321 0 .9828 

1-0539 1-0335 1-0038 

1.0587 1-0337 0 .9854 

The- use of acetone as solvent, i n which s p e c i f i c assoc­
i a t i o n s mi"ht lead t o s u b s t a n t i a l solvent s h i f t s , makes i t 
d i f f i c u l t t o i n t e r p r e t these r e s u l t s i n any simple fashion. 

http://increti.se
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For the compounds cent a i n i n ; carbonyl -roups, the s h i f t s 
are q u a l i t a t i v e l y i n agreement w i t h the change i n p i elec­
t r o n density a t a l l three p o s i t i o n s - However t h e t disagree 
-;lth the r e s u l t s f o r the 1-rydroxy, methoxy and f l u o r o subst­
i t u t e d compounds. At p o s i t i o n s 1 and 3, the chemical s h i f t s 
are very s i m i l a r f o r these three compounds and t h i s i n a~ree 
mcnt v:ith the p i e l e c t r o n d e n s i t i e s . At p o s i t i o n 4 the 
f l u o r o compound has a i o w n f i e l d s h i f t r e l a t i v e t o the ether 
two compounds and t h i s i s c o n s i s t e n t w i t h the decrease i n 
e l e c t r o n density at carbon 4 , on replacement of OH or GT'e 
by F. 

In a l l these compounds, the changes i n p i e l e c t r o n 
d e n s i t y are i n the t h i r d and f o u r t h places of decimals. 
I t would be o p t i m i s t i c t o expect the c a l c u l a t i o n s t o show 
t h i s decree of agreement v.'ith experiment, so t h a t the c o r r ­
espondences between experimental and theory t h a t have been 
found are r e a l l y q u i t e . ;ood. Thus one can conclude t h a t 
the inductivB-mesomeric model t h a t has been used throughout 
t h i s t h e s i s j i v e c I'cod agreement w i t h a l l the experimented, 
ground ana ex c i t e d s t a t e p r o p e r t i e s studied. 
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