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The reactivity indexes of the neutral, dipolar, cationic, and anionic forms of 3-hydroxy- 
quinoline were calculated by the simple Me LCAO method using dynamic and statistical 
approximations. The predicted (on the basis of the localization energies) charge dis- 
tributions, boundary densities, free valence indexes, and orientations of electrophilic 
substituents for the cationic and anionic forms of 3-hydroxyquinoline are in good agree- 
ment with the experimental data. The orientations of nucleophilic and radical sub- 

stituents for the four forms of 3-hydroxyqulnoline are predicted. The reactivity 

indexes of the neutral form of 3-hydroxyqulnoline were calculated by means of the 

Pariser- Parr- Pople method. 

In ou r  p l an  for  i n v e s t i g a t i n g  the r e l a t i o n s h i p  be tween  the e l e c t r o n i c  s t r u c t u r e  and c h e m i c a l  b e h a v i o r  
in s u b s t i t u t i o n  r e a c t i o n s  in a n u m b e r  of hyd roxy  d e r i v a t i v e s  of h e t e r o c y c l i e  c ompounds ,  we t u r n e d  to a quan-  
t u m - m e c h a n i c a l  c a l c u l a t i o n  of the s t r u c t u r e  of 3 - h y d r o x y q u i n o l i n e .  The  goa l  of the  p r e s e n t  s tudy was  to 
ob ta in  the  r e a c t i v i t y  i n d e x e s  us ing  a p p r o x i m a t i o n s  of i s o l a t e d  and r e a c t i n g  f o r m s  of the  m o l e c u l e s  and c o r -  
relation of them with the experimental data. 

5 9 4 |1 s ~  OH 
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The c a l c u l a t i o n  of the  p o s s i b l e  f o r m s  (A, B, C, and  D) of 3 - h y d r o x y q u i n o l i n e  [1, 2] was  p e r f o r m e d  
wi th  the  s i m p l e  Hiickel  M e  LCAO m e t h o d  wi th  a Bt~SM-4 c o m p u t e r .  The  c o u l o m b i c  i n t e g r a l s  (Tab le  1) w e r e  
found by v a r i a t i o n ,  and  the  r e s o n a n c e  i n t e g r a l s  w e r e  t a k e n  f r o m  P u l l m a n .  The  H~iekel M e  p r o g r a m  w a s  
k ind ly  p l a c e d  a t  ou r  d i s p o s a l  by D. A.  Bochv a r  and A.  Tu tkev ich .  The  n e u t r a l  m o l e c u l e  was  c a l c u l a t e d  by 
the  P a r i s e r - P a r r - P o p l e  ( P P P )  me thod  wi th  the  p r o g r a m  of D. I .  Kagan  [3]. 

T A B L E  1. C a l c u l a t e d  P a r a m e t e r s  

Coulombic integral, Form Coulombic integral, 
Element Form a~ = as+h2~ o a2 = no+ h2~0 

Carbon 

Nitrogen 
Oxygen 

Carbon 
Nitrogen 
Oxygen 

A hc~, Gs, Cio=O 
h~ =0,2 
he =2,0 

hc 2, % c,o=O 
h S  =0,34 
he = 2,0 

C hC2, Ca, Co=0 
hN =0,2 
he =~1,2 

D h% c, %=0 
hN = 0,3~I 
he = 1,2 
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TABLE 4. 

Form Atom 
NO. 

Reactivity Indexes of 3-Hydroxyquinoline 

Lj~ LN �9 La  

(+0,0899) * 
+ 0,0L:~59 

(-0,03~) 
�9 --0,00@4 
(-0,0W7,) 

- -  0,00115 
(--0,~3~) 

--0,001"2 
( -- 0,0~I,7') 

+0,0001 
(+0,00922) 

-0,00r 

A 2,56,10 2,4600 

2,2612 2,2080 

2,3640 2,36~2 

2,760B 2,7506 

2,473"2 2,47t92 

8 2,3004 ] 2,3004 

B 2 2,5,7162 2,3040 
4 2,3064 2,2140 
5 2,3064 [ 2,2~14 
6 2,@8~ 2,4@~'2 
7 2,4886 2,4656 
8 2,301~ 2,301~ 

C 2 2,4~30 2,3tilt2 
4 2,144 2,1~I,6 
5 2,9830 2,~C~8 
6 2,4~00 2,4800 
7 2,4692 2,4400 
8 2,3008 2,3008 

D 2 2,5088 2,2032 
4 2,20~8 2,17E~6 
5 2,2~2 2,2744 
6 2,4@0"2 2,480~ 
7 2,46718 2,4470 
8 2,3630 2,3030 

*The RI va lues  ca l cu l a t ed  by the 
p a r e n t h e s e s .  

2,5000 

2,2596 

,2,3536 

"2,7506 

2,~727 

2,30(0 

2A401 
2,2602 
'2/2004 
2,48o~ 
2,417~1 
2,31}1~ 

2,43~1 
2,1~90 

,2759 
2,4B00 
~,4406 
2,300B 

2,4~310 
2,.19~6 
~,27~3 
"2,4~02 
2,4524 
2,3000 

+ 0,056~2 
+ 0,0097 
+0,00}17 
--0,0021 
+0,0946 
- 0,0077 

+0,0~a 
-0,0~W~8 
- 0 , 0 0 3 ~  

-0,0012 
-0,0017 
-0,0630 

+0,4~7 
--0,011~8 
--0,0(I~ 
--0,(~)21 
--0,0002 
--0,0070 

f ,, f ,V 

(o,oa6~) i,a~r I 
0,0233 3,'1969 

(0,3424,) 0,31s 
0,1906 0,1@~9 

(o,a~5) D,2~57',) 
O,1911 3,.I~511 

(0,0,1~7) 3;1~t,7,1 ) 
0,0540 0,06fi6 

(o,~77) o, lo~) 
0,0809 0,064@ 

( 0,24~7 ) 0,3~04 ) 
0,1777 0.1059 

0,011~14 o, 1203 
0,,1793 0,199.2 
O,flgBo 0,1666 
O,O(H6 0,0691 
0,0~07 O,O~W 
0,1(880 0,I'515 

0,0064 0,1007 
0,20&2 0,1~810 
0~1!7~7 0,164~ 
0,9400 0,06~5 
0,0808 0,0637 
0,1r 0,16~ 

0,0000~ 0,1335 
0,20,70 O, 1@57 
0,16"212 0,1643 
0,(~289 0,0~I7 
0,00(}9 0,06311 

i 0,12~2 0,1534 

P P P m e t h o d  a r e  presen~d 

F t 

(0,4672) 
0,4.17 

(0,4Sin,) 
0,46~1 

(0,4464) 
0,46~5 

(o,4~) 
o ,4or 
(o,40oi) 
0,405 

(o,44~o) 
0,4522 

0,42p16 
0,4661 
0,4036 
0,40&2 
0,4053 
0,4'516 

0 ,r 
0,4037 
0,4640 
0,4043 
0,4055 
0,4620 

0,4301 
0,47~63 
0,4645 
0,404"2 
0,4051 
0,4512 

in 

TABLE 5. P r e d i c t e d  (on the bas i s  of l oca l i za t ion  e ne r g i e s )  and 
E x p e r i m e n t a l  Or i en t a t i ons  of E lec t roph i l i c  Subs t i tuen ts  in 3-  
Hydroxyquinol ine  

Molecule Hiickel MO method Exptl. data 

4>8>5>7>2>6 
4~0=8>7,~>2 
4>5>8>7>6,>2 
4>5'>8>7>5>2 

4 (.NQ+, Br +1 
4 (Br +, CI+, I*, ArN2+, RaN) 

The ca l cu la t ion  of the ene rgy  l eve l s  of the A, B, C, and D f o r m s  d e m o n s t r a t e s  that  the 7r e l e c t r o n s  
of the r i n g s  and the u n s h a r e d  p a i r  of e l e c t r o n s  of the exocycl ic  oxygen a tom a re  loca ted  in bonding o rb i t a l s ,  
which  is r e s p o n s i b l e  for  the f o r m a t i o n  of a s t ab le ,  c losed  m o l e c u l a r  she l l .  

To e s t i m a t e  the t h e r m o d y n a m i c  s tab i l i ty  of the A, B, C, and D f o r m s ,  we ca lcu la t ed  the e n e r g i e s  of 
the 7r-e lect ron de loca l i za t ion  e n e r g i e s  (DE~r) and the e n e r g i e s  of de loca l i za t ion  pe r  v e l e c t r o n  (DF_~./n). It 
is a p p a r e n t  f r o m  Tab le  2, tha t  these  va lues  a r e  c lose  to those  in benzene  (0.333 fl). 

The ex i s t ence  of f o r m s  A and D of 3 -hydroxyqu ino l ine  in e q u i l i b r i u m  should be a s s o c i a t e d  with the 
p rox imi ty  of the e n e r g i e s  of these  f o r m s ,  p a r t i c u l a r l y  DETr. The ca l cu l a t ed  DETr and D Ev / n  va lues  r ange  
f r o m  3.80 to 3.87 and 0.3166 to 0.3225, r e s p e c t i v e l y .  The de loca l i za t ion  e n e r g i e s  of the f o r m s  that  conta in  
an exocyc l ic  an ion ic  oxygen a r e  somewhat  h igher  than the DETr va lues  of the h y d r o x y l - c o n t a i n i n g  f o r m s .  
The data ob ta ined  on DETr a r e  ev idence  in favor  of d ipo la r  and an ionic  f o r m s  of 3 -hydroxyqu ino l ine .  How- 
e v e r ,  if one t akes  into account  the ene rgy  of the ~ bonds of the OH groups  (101.36 • 0.3 k c a l / m o l e )  and of 
the NH groups  (83• 3 k c a l / m o l e )  [4], one should expect  that  the n e u t r a l  f o r m  (A) is to be p r e f e r r e d  over  
the d ipo la r  or  an ion ic  f o r m  in an i n e r t  med i um.  In fact ,  i nves t i ga t i ons  of the UV s p e c t r a  a t t e s t  to the ab -  
sence  of the d ipo la r  f o r m  for  3 -hyd roxyqu ino l ine .  The o r de r  (PC-O) and length  of the C - O  bond and the 
7r-e lect ron cha rge  (Qi) on the oxygen a tom (Table  3) a r e  ev idence  for  i n t e r a c t i o n  of the exocyc l ic  oxygen 
a tom wi th  the py r id ine  r i n g  in 3 -hyd roxyqu ino l ine .  In th is  case ,  the conjuga t ion  of the an ion ic  oxygen a tom 
is c o n s i d e r a b l y  h igher  than that  of the hydroxyl  oxygen: 1) the PC-O bond o r d e r  is 20-40% higher  than the 
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PC-OH bond order;  2) the bond lengths found f rom the calculated Pxy values in the neutral  form are  1.388 
compared with 1.372-1.380 A in the anionic form; 3) the I t-electron charge on the anionic oxygen atom is 
a lmost  twice that (QTr) on the phenolic oxygen atom. 

The interaction of the exocyclic oxygen atom with the a romat ic  ring is in agreement  with the x - r a y  
diffraction data, according to which the interatomic C -  O distance [5] in the model compound - 8-hydroxy-  
qu ino l ine -  is reduced by 0.15 A as compared with C - O  in saturated compounds. The calculated bond orders  
and lengths of the quinoline ring are  high (Table 3), which may be associa ted with the high degree of a r o -  
matic charac te r  of the ring. However, in contras t  to 3-hydroxypyridine,  a considerably g rea te r  difference 
in the bond o rders  in the rings is observed in the studied compounds. Thus, the orders  of the 1 - 2 ,  3 - 4 ,  
5 - 6 ,  and 7 - 8  bonds are  considerably higher than the o rders  of the remaining bonds in the ring. This con- 
f i rms  the hypothesis of fixation of the double bonds of the quinoline ring, which is responsible for its chem- 
ical behavior [6]. A s imi lar  fixation of the double bonds was previously observed [7] for  p-naphthol. 

The interatomic distances for the four forms of 3-hydroxyquinoline (Table 3), calculated f rom for -  
mula [8] using the bond orders that we obtained, are in good agreement with the known experimental data 
on the interatomic distances of the C'-'C and C'-"N bonds in 8-hydroxyquinoline [5]. 

The distribution of the ~r-electron density in the 3-hydroxyquinoline ring is not uniform (Table 3). 
This is due to the high electronegativity of the cyclic nitrogen atom (3.0) as compared with the electro- 
negativity of the carbon atom (N 2.5). In this case, the negative 7r-electron charge is concentrated on the 
nitrogen atom. Protonation of the nitrogen atom leads to a pronounced increase in the negative 7r-electron 
charge on nitrogen and to a corresponding decrease in the charge on the carbon atom. 

The differences between the higher occupied molecular orbital (HOMO) and the lower free molecular 
orbital (LFMO) correlate satisfactorily with the wavelength of the absorption maximum in the electronic 
spectrum of the corresponding form (Table 2). 

The 7r-electron characteristics [reactivity indexes (RI)] of the ground state of the molecule were used 
to examine the reactivities of the molecules in the static state (Tr complex intermediate state), while the 
localization energies were calculated for examination of the reactivities in the dynamic approximation (with 
a ff complex as the intermediate state). The latter usually better describes aromatic substitution than do 
the RI of molecules in the static state [9]. 

The experimental data demonstrate that the most reactive position of the pyridine ring in nitration 
and bromination in acidic media is the 4 position. The calculated localization energies (LE) are in good 
agreement with the above-indicated experimental data. Thus the localization energies in the 4, 8, and 5 
positions are practically identical, while the localization energy for the 2 position is very high. There are 
probably additional conditions associated with the specificity of the electrophilic agents that are responsible 
for reaction primarily at the 4 position. 

3-Hydroxyquinoline is in the anionic form (C) in reactions that occur in alkaline media [i0, Ii] (azo 
coupling, aminomethylation, iodination, and bromination). The calculation of L E for the anionic form of 
3-hydroxyquinoline indicates maximum reactivity at the 4 position and minimum reactivity at the 2 position 
of the pyridine ring. The latter is in agreement with the available experimental data, according to which 
4-substituted reaction products are formed during aminomethylation and iodination of 3-hydroxyquinoline. 
In contrast to the cationic form, the condensed benzene ring is comparatively less reactive than the 4 po- 
sition of the pyridine ring according to the calculated L E in the anionic form (Tables 4 and 5). 

There are no data available for nucleophilic and radical substitution reactions. The predicted order 
of substitution for these reactions according to the calculated L N and L R values is presented in Tables 4 
and 5. 

It is of interest to examine the orientation of aromatic substitution proceeding from the reactivity 
indexes of the static 3-hydroxyquinoline model. For the neutral and dipolar forms, the predicted orders 
of orientation of electrophilic, nucleophilic, and radical substitutions with respect to the charge distribution 
(Q), boundary electron densities (fE,fN), and the free valence indexes (F i) are in complete agreementwith 
the orders of orientations obtained on the basis of the localization energies (Tables 4 and 5). It should be 
noted that the RI of form A in the static approximation (Table 4), which were obtained by the PPP method, 
are in good agreement with the RI obtained by the Hiickel MO method. 
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An examinat ion of the RI (Q, f E ,  f N ,  Fi) of the anionic f o r m  (C) gives the s a m e  order  of a roma t i c  
substi tution as the calculated values  of the local izat ion energ ies  (LE, LN, LR). Thus the RI (LE, Q, r E ,  
F i) p red ic t  an o rde r  of or ientat ion of e lec t rophi l ic  subst i tuents  that is in ag reemen t  with the exper imenta l  

data. 

The calculated Q a n d f E  values  for  the cationic fo rm predic t  that the condensed benzene r ing is the 
mos t  r eac t ive  cen te r .  
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