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The  r e a c t i v i t y  i ndexes  of the n e u t r a l ,  c a t i on i c ,  an ion ic ,  and  d i p o l a r  f o r m s  of 4 - h y d r o x y -  
i soqu ino l ine ,  c a l c u l a t e d  by the m o l e c u l a r  o r b i t a l  m e t h o d  us ing  d y n a m i c  and s t a t i c  a p p r o x i -  
m a t i o n s ,  w e r e  c o m p a r e d  wi th  the e x p e r i m e n t a l  da t a  on 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  r e a c t i o n s  
in v a r i o u s  m e d i a .  Good a g r e e m e n t  be tween  the e x p e r i m e n t a l l y  found o r i e n t a t i o n s  (3 > 
1 > 8, 7, 6, 5) and the  l o c a l i z a t i o n  e n e r g i e s  and b o u n d a r y  d e n s i t i e s  w a s  ob ta ined .  The  
r e a c t i v i t y  i ndexes  of the  n e u t r a l  f o r m  of 4 - h y d r o x y i s o q u i n o l i n e  w e r e  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  me thod .  

A c h a r a c t e r i s t i c  f e a t u r e  of 4 - h y d r o x y i s o q u i n o l i n e  (I) i s  i t s  a b i l i t y  to  e x i s t  in n e u t r a l  (A), c a t i o n i c  (B), 
an ion ic  (C), and d i p o l a r  (D) f o r m s  [1], depend ing  on the  pH of the  m e d i u m .  
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Despite the rather large volume of experimental material [2, 3], there have as yet been no theoretical 

investigations of the electronic structures and reactivities of these forms of I. The goal of this study was 
a calculation, by means of the Hi]ekel method, of the energy and structure indexes and correlation of them 
with the properties and reactivities of the four forms of 4-hydroxyisoquinoline. The neutral form was also 
calculated by the Pariser-Parr-Pople (PPP) method. 

The Hiickel program was kindly placed at our disposal by D. A. Bochvar and A. Tutkevich, while the 
PPP program was furnished by G. I. Kagan [4]. The coulombic integrals are presented in Table i. The 
resonance integrals were taken from Pullman [5]. 

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  

Corn- Coulombic integral Corn- . Coulombic integral 
Element pound c~ = c%+hz$0 pound a~= as+h~0 

Carbon 
Nimogen 
Oxygen 

Carbon 
Ni=ogen 
Oxygen 

A 

B 

hc4=0,25; he3, cl=-0,11$ 
hN =0,340 
ha = 1,43 

hc4=0,25; hr ct=-0,26 
hs =0,766 
ha =',1,43, 

hr 
hcs. c, = --0,1.19 

hN =0,340; ha =0,60 

hc4=0,1~6 
r c1=-0,26; hN =0,766 

/'to =0,60 
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TABLE 2. Energy Cha rac t e r i s t i c s  of 4-Hydroxyisoquinoline in Beta 
Units 

Compound 
form 

DEg 

4,08 
3,81 
4,09 
3,80 

DE 

n 

0,34 
0,32 
0,34 
0,32 

EHOMO 

0,4454 
0,4091 
0,2092 
0,1584 

ELFMO 

0,6646 
0,6439 
0,7121 
0,6898 

~E I 
(EHoMO_ I ~ . . . .  nm 
(E, l [.FMS~ 

l,lOlO [ ~'2 
1,05,30 34,8 
0,9213 360 
0,84~9 390 

T A B L E  3. 
of F o r m s  A,  B, C, a n d  D of 4 - H y d r o x y i s o q u i n o l i n e  
L 

Form 

Bond Orders  (Pij), Bond Lengths (rij) , and Charges (Qi) 

Bond Po 

0,7068 ,(0,7r * 
0,5536 (0,5~) 
0,0008 (0,57}1r 
0,6766 (0,69q6') 
0,5187 (0,601d) 
O,52O4 (0,5~26) 
0,5643 . ( o , ~ )  
0,7~05 (0,7~4~) 
0,6046 (0,56~4) 
0,7~39 (0,76~E) 
0,5542 (0,5279) 
0,3519 (0,3~t@0) 

0,6701 
0,5524 
0,5746 
0,6824 
0,5212 
0,51@3 
0,5635 
0,7207 
0,6040 
0,7934 
0,5540 
0,3'947 
0,6921 
0,5537 
0,6266 
0,62~8 
0 , ~ 1  
0,5~lgJ 
0,5789 
0,7120 
0,6078 
0,7219 
0,583~ 
0,5100 
0,6588 
0,5592 
0,5924 
0,6~4~ 
0,494:2 
0,51~0 
0,5749 
0,7,149 
0,6042 
0,72~ 1 
0,5507 
0A7:67 

rij Atom 

1,322 
t,415 
1,340 
1,404: 
1,421 
1,421 
1,4~4 
1,387~ 
1,407 
1,385 
1,415 
1,357 
1,329 
1,416 
1,34~ 
1,393 
1,421 
1,421 
1,424 
1,3~7 
1,407 
1,3B0 
1,415 
1,370 
1,325 1 
1,415 2 
1,3~? 3 
1,404 4 
1,427 5 
1 ,~21 6 
1,411 7 
1,3@8 8 
1,411 9 
1,3~r �9 10 
1,418 . l 1 
1,325 
1,331 1 
1,414 9 
1,34D 
1,402 4 
1,426 
1,422 fi 
1,~12" 7 
1,388 
1,407 c 
1,386 l(] 
1,419 I 1 
1,331' 

A L 

C 

8--I0 
4--11 
1--2 
1--'10 
2--3 

9--10 

6----7 
7---8 
8--10 
4--11 

*Data  c a l c u l a t e d  by 

q~ 

0,0760 
-o~168a ( -o ,m~)  

o,o3~1 
-o,o616 
-o,oo16 
-0,0004 
-o,oo66 

0,0055 
-0,,1003 
--O,OI~ 

0,1363 (0,1215) 

0,21e5 
- 0,3607 

0,10~4 
-0,1018 
--0,0109 

0,0122 
-0,6146 

0,0221 
O,QM~ 

-0,040~ 
0,I~}24 

0,0005 
--0,1~I 
--0,0308 
--0,0917 

0,0045 
-0,0196 
-O,(XB5 
--0,0111 
-0,0201 
-0,'0,17~ 

0,,,~8,3~1 

0,1411 
--0,3681 

0,07~2 
--0,04,hl 
--0,00~6 
-0,0087 
--0,01{I0 

0,00~2 
--0,0,163 
- 0,0406 
0,2583 

the  P P P  m e t h o d  is  p r e s e n t e d  in p a r e n t h e s e s .  

In the  c a l c u l a t i o n  by the  P P P  m e t h o d ,  the  i n t e r a t o m i c  d i s t a n c e s  in  the  r i n g s  w e r e  a s s u m e d  to  be equa l  
to  1.395 A ,  the  C - O  bond  w a s  t a k e n  a s  1.36 A,  and  a l l  of  the  a n g l e s  w e r e  c o n s i d e r e d  to be 120 ~ 

T h e  c a l c u l a t i o n  i n d i c a t e s  tha t  the  7r e l e c t r o n s  a n d  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  e x o c y c l i c  oxy -  
gen  a r e  in  b o n d i n g  o r b i t a l s .  A l l  f o u r  f o r m s  of I a r e  c o n s e q u e n t l y  s t a b l e .  

T h e  d e l o c a l i z a t i o n  e n e r g y  p e r  7r e l e c t r o n  [(DElr) /n  , w h e r e  n = 1 2  fo r  f o r m s  A,  B, C, and  D] i s  c l o s e  
to t ha t  in  b e n z e n e  (0.333 fi) ( T a b l e  2). T h e  c a l c u l a t e d  bond  o r d e r s  in the  r i n g s  ( T a b l e  3) r a n g e  f r o m  0.48 
to  0 .75 .  T h i s  i s  e v i d e n c e  for  the  h igh  l e v e l  of  a r o m a t i c  c h a r a c t e r  of the  f o u r  f o r m s  of 4 - h y d r o x y i s o q u i n o -  
l ine.  
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T A B L E  4. Reac t iv i ty  Indexes  of 4 -Hydroxy i soqu ino l ine  

Form iP~ L~ L~ L~ Oi tE fir Fi 
tion 

0,4717 A 1 

3 

5 

6 

7 

8 

B l 
3 
5 
6 
7 
8 

C 1 
3 
5 
6 
7 
8 

D 1 
3 
5 
6 
7 
8 

(11,C~)* I 
2,0672 

(1120) 
2,0662 

(i:1,65) 
2,2~2 

(12,oo) 
2,44oo 

(12,o~) 
2,4404 

(1,1,67) 
2 ,'27~2 

1,9588 
1,D168 
2,2546 
2,4750 
2,4252 
2,29~6 

1,7664 
1,74~24 
2,3064 ' 
2,2~20 ! 
2,449~ , 
2,1516 

[11,ffZ) 
2 ,r 
,j2,12) 
1,7~oo 
(11,69) 
2,2~140 
(11,91) 
2,4,162 
(12,06) 
2,3~86 
( 1~1,56) 
2,2602 

1,5958 
1,5344 
2,2556 
2 ,2736  

- 2 ,3884  
2,1~22 

1,84~48 
1,3~6 
2,1L~08 
2,4:244 
2,~904 
2,2694 

1,756~ 
1,05(3~3 
2,26O0 
2,0468 
2,38441 
1,9678 

1,2440 
0,9274 
2,14,04 
2,0860 
2,3512 
1,7676 

(3,56) 
2,0309 
(3,62) 
1,9~30 
(3,49) 
2,26~1 
(3,61) 
2,425,1 
(3,83) 
2,4190 
(3,47) 
2,2612 

(+0,O853) 
+0,076 

(+o,oo2s) 
+0,03~1 

(--0,0099) 
--0,0016 

(+0,0034) 
-0,0004 

(-o,oom) 
-0,(~56 

(+ o,oo~) 
+O,O056 

1,~18 +0,91~ 
,1,4682 +0,1~7~ 
2,2057 --0~I~ 
2 , ~  +0,01~ 
2,3676 --0,~I~ 
2 , ~  +0,022l 

1,~8 
1,39811 

2,2~32 
2,1~4 
2,41~ 
2,097 

1,4190 
1,2~09 
2,20101 
2,17'48 
2,3t~8 
1,9649 

+0,0006 
--0,0308 
+0,0045 
-0,0196 
- 0,0036 
-0,01,11 

+0,14r 
+0,07~ 
-0,0026 
-0,0087 
--0,0119 
+0,00541 

(o,34~8,) 
o,18o7 

(o,&16o) 
o,1662 

(02624) 
0,0013 

(0,0049) 
0,0484 

(o,:o~7) 
0,04,16 

(0,1964) 
0,0936 

0,1474 
0,1608 
0,0001 
0,034I 
0,0,504 
0.0705 

0,200B 
0,1898 
0,021,~ 
0 ,q472 

0,0104 
0,0569 

0,1660 
9,2083 
0,024,1 
0,0306 
0,01613 
0,0478 

0,3059 
0,1867 
0,019) 
0,0176 
0,3762) 
0,1~08 
0,2168) 
O,00~ 
0,096) 
0,0612 
0,4066) 
0,2044 

0,2259 
0,0012 
0,1639 
0,i246 
0,0273 
0,2'109 

0,00t99 
0,1409 
0,203~ 
0,087~1 
0,0679 
0,2~176 

0,1799 
0,0031 
0,1687 
0,1190 
0,0298 
0,2165 

0 , ~  

0,44~ 

0,4~0 

0,4036 

O,~O 

0,5095 
0,4760 
0,44~ 
0 , ~  
0,4~6 
0,403~ 

0,4862 
0 , ~  
0,~ll 
0,~1~ 
0,4~3 
0,46~ 

0,5140 
0 , ~  
0 , ~  
0,4129 
0,4~7 
0,45~ 

*The loca l i za t ion  e n e r g i e s  (in e l e c t r o n  vol ts)  ca l cu l a t ed  by the 
P P P  method a r e  g iven in p a r e n t h e s e s .  

T A B L E  5. P r e d i c t e d  (on the bas i s  of l oca l i za t ion  ene rg i e s )  and 
E x p e r i m e n t a l  O r d e r s  of Or i en t a t i on  of E lec t roph i l i c  Subs t i tuen t s  
in 4 -Hydroxy i soqu ino l ine  

Molecule Hiickel MO method Exptl. data 

A 
B 
C 
D 

3>1>8>5>6>7 
3>1>5>8>~>6 

3i>~1>8>~>6>7 

3(NO2+, Br+), benzene ring 

3(Br+,I + , A~N2 +) 

(SO,H) 

The ca l cu l a t ed  d i f f e r ences  (A E = EHOMO-  ELFMO) c o r r e l a t e  l i n e a r l y  wi th  the a b s o r p t i o n  m a x i m a  
of the l ong -wave  bands  of the c o r r e s p o n d i n g  f o r m s  of I (Table  2). 

It fol lows f r o m  the cha rges  on oxygen and the C - O  bond o r d e r s  ob ta ined  that  oxygen i n t e r a c t s  s t rong ly  
wi th  the r i ng .  Acco rd ing  to the ca l cu l a t i ons ,  i on iza t ion  of the hydroxyl  g roup  l eads  to a sha r p  i n c r e a s e  in 
the charge  and bond o r d e r  (Table  3), which  is in a g r e e m e n t  wi th  ex i s t i ng  concepts  [6]. The data obta ined  
by the Hiickel method  a r e  in good a g r e e m e n t  wi th  the r e s u l t s  of the m o r e  a c c u r a t e  P P P  method (Table  3). 
This  makes  it  poss ib l e  to c o n s i d e r  the data obta ined  by the Htickel method  to be suf f ic ien t ly  r e l i a b l e .  

The i n t e r a t o m i c  d i s t ance s  f r o m  the bond o r d e r s  ca l cu la t ed  f r o m  the f o r m u l a  in [7] a r e  in a g r e e m e n t  
wi th  e x p e r i m e n t a l  data for  8 -hyd roxy i soqu ino l ine  [8] (Table  3), and the i n t e r a t o m i c  d i s t ance  for the C - O -  
bond is  ~ 0.035 A l e s s  than for  the C - O H  bond. 

The r e a c t i o n s  tha t  have been the sub jec t  of the g r e a t e s t  study a r e  e l e c t r o p h i l i c  subs t i t u t i ons  o c c u r r i n g  
at  pH 4-9 ,  i .e . ,  in ac id ic ,  n e u t r a l ,  and  weakly a lka l ine  me d i a  [2, 3]. 

A c o m p a r i s o n  of the l o c a l i z a t i o n  e n e r g i e s  (L E) for  the v a r i o u s  r e a c t i o n  c e n t e r s  of f o r m s  B, C, and 
D in  e l e c t r o p h i t i c  subs t i t u t i on  r e a c t i o n s  ind ica tes  tha t  the m o s t  r e a c t i v e  pos i t ions  a r e  found at  C~, C1, and  
C8. The L E va lues  ca l cu l a t ed  by the Hiickel method for  f o r m  A in these  r e a c t i o n s  a r e  a r r a n g e d  in the o r d e r  
C 1 -< C 3 < C 8 < C~ < C G < C7, whi le  the v a l u e s  ca lcu la ted  by the P P P  method a r e  a r r a n g e d  in the o r d e r  C 3 < C 1 < 
C 5 - C 8 < C?, C G (Table  4). 
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The calculated orders  of entry of the substituents during electrophilic substitution are in good ag ree -  
ment with the experimental  data (Table 5). In fact,  the nitration in sulfuric acid [2] and bromination i nace -  
tic acid [9] of 4-hydroxyisoquinoline,  which exists in form B, proceed in the order  3 > 1. On the other hand, 
the bromination and iodination in alkaline solution of I, which exists in form C, proceed readily at room 
tempera ture  in the order  of substitution 3 > 1 > 8, 7, 6, 5 [9]. Finally, aminomethylation and azo coupling 
of 4-hydroxyisoquinoline,  which proceed in weakly alkaline media, are charac ter ized  by the order  of sub- 
stitution 3 > 1 > 8, 7, 6, 5 [10]. 

An examination of the boundary densities (fE) demonstrates  that the order  of entry of electrophfiic 
substituents for forms B and D (C 3 > C 1 > C 8) coincides with the order  of LE and the experimental  data (Tables 
4 and 5). Complete agreement  of the boundary densities calculated by the PPP  method with the L E values 
and the experimental  data on electrophil ic substitution (3 > 1 > 8) was obtained for the neutral form. In this 
case ,  the boundary densities and L E values calculated by the Hiickel method give a different order  (1 > 3 > 8) 
than the PPP  method. According to t h e f E  values, the most  react ive position for form C is C 1 ra ther  than 
Ca, although the f E  values do not differ markedly in this case.  

An examination of the f N  and Q values demonstrates  that the order  of nucleophilic substitution does 
not agree with the order  of substitution according to LN. In all four forms of 4-hydroxyisoquinoline, the 
free valence indexes (Fi) indicate that the C 1 position is more  react ive,  although, according to the LE data 
for radical  react ions ,  the p r imary  site of attack should be C 3. The differences between F 1 and F3, however, 
are  small .  
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