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M e c h a n i s m  of  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 n  F i v e - M e m b e r e d  R i n g s  

In m o s t  c a se s  the m e c h a n i s m  of e lec t rophi l ic  subst i tut ion in f i v e - m e m b e r e d  he t e rocyc le s  to a f i r s t  
approx imat ion  does  not d i f fer  subs tant ia l ly  f r o m  the genera l ly  accepted  m e c h a n i s m  of subst i tut ion in homo-  
cycl ic  a r o m a t i c  compounds [1], which a s s u m e s  a change in the hybridizat ion of  the ca rbon  a tom under  a t tack  
f rom sp 2 to sp 3 and the format ion  of pa r t i c l e s  (Wheland complexes  or  a complexes)  that  a r e  i n t e rmed ia t e s ,  
i . e . ,  they co r r e spond  to the m i n i m u m  on the energy  curve  of the react ion.  In mos t  c a s e s ,  the format ion  of 
a (r complex is the step that  d e t e r m i n e s  the reac t ion  rate;  in o ther  c a s e s ,  the s t ruc tu re  of the subs t r a t e ,  
the na ture  of the e lect rophi l ic  agent ,  the exper imenta l  condit ions,  and the ra te  of  convers ion  of the i n t e r -  
media te  compound affect  the reac t ion  kinet ics .  In these  c a s e s ,  as was f i r s t  demons t r a t ed  by Melander [ 2], 
one should expect  the appea rance  of a pos i t ive  p r i m a r y  isotope effect  and an alkal i  ca ta lys i s  effect.  

A 7r complex  (the a rom a t i c  r ing is a donor) may  fo rm before  (and probably  af ter)  the fo rmat ion  of the 
(r complex ,  although it  has  not been p roved  that  the fo rmat ion  of the lr complex  is a n e c e s s a r y  s tep of the 
react ion.  An as sumpt ion  was recent ly  e x p r e s s e d  [ 3] that  if  the e lect rophi l ic  agent  is v e r y  s t rong,  the f o r m a -  
tion of a r complex  m a y  be the s tep that  d e t e r m i n e s  the r a t e  of the overa l l  reac t ion .  This  hypothesis  is 
in te res t ing  and can be used in ca se s  in which the a roma t i c  compound is  a s t rong  nucleophite ,  such as  p y r -  
ro l e ,  for example .  

A number  of  f ac to r s  that  compl ica te  the o c c u r r e n c e  of e lec t rophi l ic  subst i tut ion a r i s e  in the case  of 
h e t e r o a r o m a t i c  subs t r a t e s .  

1. When the re  is a "bas ic"  c en t e r  (for example ,  the t e r t i a r y  ni t rogen a tom in imidazole)  p re sen t  and 
subst i tut ion p roceeds  in s t rongly  acid med ia ,  the s u b s t r a t e  is protonated and substi tut ion m a y  occur  in the 
conjugate acid ,  a s ,  for  example ,  in the ni t ra t ion of  imidazole  and pyrazo le  [4]. Even in weaker  acids (acetic 
acid,  for example) ,  the fo rmat ion  of hydrogen bonds with the ni t rogen a tom may  change the or ienta t ion  and 
reac t ion  ra te .  

TABLE 1. Reactions of  F ive -Membered  
Hete roeyc les  with Acetyl  T r i f luo roace ta t e*  

Trifluoroacetyl Acetyl 
Compound derivative, % derivative, % 

Thiophene 
Furan 
2-Methylthiophene 
2-Methylfuran 
PY~r. ole 
2-Methylpyrrole 

0,0 
0,9 
1,4 

15,9 
46,9 
91,9 

* Reaction in dichloroethane at  75 ~ 

100 
99,1 
98,6 
84,1 
53.1 
8,1 

18]. 

2. When a secondary  n i t rogen a tom is  p r e sen t  
(as in p y r r o l e  or  imidazole) ,  the reac t ion  m a y  p roceed  
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T A B L E  2. R e l a t i v e  R e a e t i v i t i e s  o f  H v e - M e m b e r e d  Rings  in  
E l e c t r o p h i l i c  Substitution 

Compound Acetylation* Bromtnation** 

Thiophene 
Selenophene 
Telluropaene 
Faran 
Pyrrole 

I 
2,28 
7,55 

11,9 

1Ta~i~u~176 f Formylation$ 
l r r t  

1 1 
7,33 3,67 

46,4 36 
140 103 

5,3x 10 7 

1 
47,5 

t?; 
5,9X I0 8 

* A c e t y l a t i o n  wi th  a c e t i c  a n h y d r i d e  in the  p r e s e n c e  of  s t ann ic  
c h l o r i d e  [20, 21]. 

R e a c t i o n  wi th  t r i f l u o r o a c e t i c  a n h y d r i d e  in  d i c h l o r o e t h a n e  [16, 22]. 
$ R e a c t i o n  wi th  p h o s g e n e  and d i m e t h y l f o r m a m i d e  in  c h l o r o f o r m  [ 21]. 
* * R e l a t i v e  r a t e s  of  b r o m i n a t i o n  ~n the  5 pos i t ion)  of  t he  2 - c a r b o -  
m e t h o x y  d e r i v a t i v e s  in  a c e t i c  a c i d  [11 ,23 ,  24]. 

T A B L E  3. F a c t o r s  o f  the  P a r t i a l  Ra te s  of  E l e c t r o p h l l i c  S u b s t i t u -  
t ion  R e a c t i o n s  in the  Th iophene  Ring [25] 

No. .  Reactions 13 t 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

13 

14 
15 

16 

17 

Electrophilic substitution 
Bromination with Br~ 
Chlorination 
Acetylation 
Protodedeuteration 
Protodetritiation 
Bromination with Br + 
Nitration 
Protodebotation 
Iododeboration 
Protodesilylation 
Mercurati~n 
Protodemercuration 

Reaction of carbonium ions 
in the side chain 

Solvolysis of 1-arylethyl p- 
mtroDenzoates 

Solvol:gsis of 1-a~lethylacetates 
Isomenzation of cis-l-aryl-2- 

phenylethenes 
l~arrangement of arylphenyl- 

carbinols 
Pyrolysis of 1-arylethyl acetates 

p* {Z I 

-- 12,1 5,1X I0 ~ 
-- I0,0 3,9)< I0 r 
--9,1 2,7X 10 s 
- -  8,7X IO s 

-8,2 53• l0 s 
-6,2 1,9X l0 s 
- -  ( 7 , 1 x i 0  ~) 

8,5X10 ~ 
- 4,8 9,7 • 10 3 
-- 4,6 5,0 X 103 
-- 4,0 1,85 X I 0 s 
--2,4 I,TXIO 3 

-6,0 6,3X 10' 

--5,7 5,4XI0 4 
-3 ,3  3,5X 10 ~ 

- 2,9 50,2 

-0,66 3,3 

1,05 X 107 
3,9 X IO s 

1,35X 104 
8,3X lO s 
5,8 X 103 
1,6X 103 

(1,15X10 ~) 
7,1X 103 
7,0X 102 

1,15X 10 ~ 

lXl03 

4,8 X 102 

1,8 

* T h e s e  a r e  the  p c o n s t a n t s  fo r  b e n z e n e  d e r i v a t i v e s :  L. M. Slock 
and H. C. Brown ,  Adv. Phys .  Org .  C h e m . ,  1 ,  35 (1963), 

t h r o u g h  the  an ion  f o r m e d  du r ing  d i s s o c i a t i o n  to  g ive  p r o d u c t s  o f  s u b s t i t u t i o n  e i t h e r  a t  t he  n i t r o g e n  a t o m  o r  
a t  the  c a r b o n  a t o m .  Fo r  e x a m p l e ,  bo th  1 - a c e t y l -  and  2 - a c e t y l p y r r o l e  a r e  f o r m e d  in the  r e a c t i o n  of  p y r r o l e  
wi th  a c e t i c  a n h y d r i d e  a t  130~ [5]. I t  shou ld  be  a s s u m e d  tha t  s u b s t i t u t i o n  a t  C (~) p r o c e e d s  in the  n e u t r a l  
m o l e c u l e ,  w h i l e  s u b s t i t u t i o n  a t t h e  n i t r o g e n  a t o m  o c c u r s  in  the  an ion  tha t  i s  f o r m e d  d u r i n g  d i s s o c i a t i o n .  
Th i s  i s  c o n f i r m e d  by  the  fac t  t ha t  t he  C / N  r a t i o  of  the  i s o m e r s  d e c r e a s e s  when s o d i u m  a c e t a t e  (which i n -  
c r e a s e s  ion iza t ion)  i s  a d d e d  and i n c r e a s e s  when a c e t i c  a c i d  i s  added .  

A n o t h e r  e x a m p l e  of  s u b s t i t u t i o n  t h r o u g h  the  con juga te  b a s e  i s  the  azo  coup l ing  of  i m i d a z o l e  [6], in 
which  the  2 i s o m e r  i s  u s u a l l y  f o r m e d .  H o w e v e r ,  i f  t he  r e a c t i o n  i s  c a r r i e d  out  in  a c i d  m e d i a ,  the  4 i s o m e r  
i s  f o r m e d .  

3. In s o m e  c a s e s  t he  h e t e r o a r o m a t i c  r i n g  can  f o r m  a d i f f e r e n t  s o r t  of  c o m p l e x  (p d o n o r s ,  wi th  c h a r g e  
t r a n s f e r ,  e tc . )  wi th  the  e l e c t r o p h i l i c  agen t  o r  c a t a l y s t s .  F o r  e x a m p l e ,  an  o r a n g e  c o m p l e x  of the  b r o m o n i u m  
ion  w a s  i s o l a t e d  in  t he  b r o m i n a t i o n  o f  i m i d a z o l e  in  c h l o r o f o r m  [7]. A n o t h e r  e x a m p l e  of  t h i s  s o r t  of  c o m p l i -  
c a t i o n  o f  t he  p r o c e s s  i s  the  m e r c u r a t i o n  o f  t h iophene  [8]. The  r e s e a r c h  t ha t  i s  c u r r e n t l y  be ing  conduc ted  in  
o u r  l a b o r a t o r y  shows  tha t  t he  m e r c u r a t i o n  of  t h iophene  p r o c e e d s  v i a  a m e c h a n i s m  tha t  d i f f e r s  f r o m  the  
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T A B L E  4. F a c t o r s  of t he  P a r t i a l  R a t e s  of E l e c t r o p h i l i c  Sub-  
s t i t u t i on  R e a c t i o n s  in  t he  ~ r a n  Ring [28, 29] 

Reactions 0* ~l 13t 

Electrophilic substitution 
Bromination 
Chlorination 
Acetylation 
Protddesilylation 
Protodemercuration 

Reactions of carbonium ions in 
the side chain 

Solvolysis of 1-arylethyl p-nitro- 
benzoates 

Solvolysis of 1-arylethyl acetates 
Rearrangement of arylphenyl- 

carbinols 
Pyrolysis of 1-arylethyl acetates 

--12,1 
- -  10,0 
--9,1 
--4,3 
--2,4 

-6,0 

-5,7 
-2,9 

-0,66 

6,1XlO" 
1,9XIO ~ 
3,2X 10 7 
1,7xlO 4 
4,0X 10 3 

1,0 X I0 ~ 

2,1X105 
90 

3,8 

2 X~04 
1,17X 10 ~ 
1,5XI0 e 

2,9X l0 s 

6,7X lO s 

1,9 

T A B L E  5. R e l a t i v e  R e a c t i v i t i e s  o f  Se lenophene  and Th iophene  
and F a c t o r s  o f  the  P a r t i a l  Ra tes  of  Subs t i tu t ion  in the  Se l enophene  
Ring [ 2 4 ]  

Reactions p* 

Bromination with Br z 
Chlorination 
Acetglafion 
Protddedeuteration 
Bromination with Br + 
Triftuoroacetylation 
Protod emercuration 

--12,1 
- -  I 0 , 0  

--9;I 
(=8.5) 
-6,2 

-2,44 

Ratio of the rates of 
substitution ofseleno- 
phene and thiophene 

47,5 
6,5 
1,9 

11 
4,5 
6,6 
2,2 

2,4X 1011 
2,5X I0 ~ 
5,1XI0 6 
9,6XI0 7 
8,5X I0 5 

3,7X lO ~ 

* T h e s e  a r e  t he  p c o n s t a n t s  f o r  b e n z e n e  d e r i v a t i v e s :  L. M. Stock 
and B. C. Brown ,  Adv. Phys .  O r g .  C h e m . ,  1, 35 (1963), 

mechanism of the mercuration of benzene and includes prior coordination of mercury at the sulfur atom. 

In some cases the substrate reacts with the catalyst. The reaction does not proceed when pyrrole is 
t r e a t e d  wi th  a c e t i c  a n h y d r i d e  wi th  a c a t a l y t i c  a m o u n t  o f  s t a n n i c  c h l o r i d e  a t  r o o m  t e m p e r a t u r e  [5]. U n d e r  
t h e s e  s a m e  c o n d i t i o n s ,  f u r a n  and t h i o p h e n e  (which a r e  l e s s  r e a c t i v e  d u r i n g  e l e c t r o p h i l i c  subs t i t u t i on )  r e a d i l y  
g ive  the  a c e t y l  d e r i v a t i v e s .  It fo l lows  f r o m  th i s  t ha t  s t a nn i c  c h l o r i d e  f o r m s  a s t a b l e  c o m p l e x  wi th  p y r r o l e  
and d o e s  not  c a t a l y z e  the  f o r m a t i o n  of  e l e c t r o p h i l i c  p a r t i c l e s  f r o m  the  a n h y d r i d e .  Th i s  a s s u m p t i o n  i s  c o n -  
f i r m e d  by  the  fac t  tha t  f u r a n  and  th iophene  a l s o  l o s e  t h e i r  c a p a c i t y  fo r  a c e t y l a t i o n  in  the  p r e s e n c e  of  p y r r o l e  

[5] .  

4. Since  the  doub le  bonds  in a h e t e r o a r o m a t i c  s y s t e m  a r e  f ixed  to a c o n s i d e r a b l e  d e g r e e ,  s u b s t i t u t i o n  
m a y  be  a c c o m p a n i e d  b y  the  a d d i t i o n  o f  an e l e e t r o p h i l i c  agen t .  Fo r  e x a m p l e ,  2 - a c e t o x y - 5 - n i t r o - 2 , 5 - d i h y d r o -  
f u r a n  i s  f o r m e d  in t he  n i t r a t i o n  o f  f u r a n  in a c e t i c  a n h y d r i d e .  

5. The  e x i s t e n c e  o f  p r o t o t r o p i c  e q u i l i b r i a  s u p e r i m p o s e d  o t h e r  c o m p l e x i t i e s .  One shou ld  have  in m i n d  
two t y p e s  o f  t a u t o m e r i s m :  in  the  h e t e r o r i n g  i t s e l f  ~ n d o l e - i n d o l e n i n e  and p y r r o l e - p y r r o l e n i n e )  and t a u t o m e r -  
i s m  p e c u l i a r  to  h y d r o x y  and  a m i n o  d e r i v a t i v e s .  Subs t i t u t ion  m a y  o c c u r ,  a t  l e a s t  t h e o r e t i c a l l y ,  in  the  p r o -  
t o t r o p i c  n o n a r o m a t i e  f o r m .  

Th i s  r e a s o n i n g  r e g a r d i n g  the  p e c u l i a r i t i e s  and d i f f e r e n c e s  d o e s  not  e xc lude  the  f ac t  tha t  s u b s t i t u t i o n  
in f i v e - m e m b e r e d  h e t e r o r i n g s  in m o s t  c a s e s  p r o c e e d s  s i m i l a r l y  to the  r e a c t i o n s  in  the  b e n z e n e  s e r i e s .  
T h i s  i s  p a r t i c u l a r l y  the  c a s e  fo r  t h i o p h e n e ,  which  i s  c l o s e s t  in  c h e m i c a l  b e h a v i o r  to  b e n z e n e .  F o r  e x a m p l e ,  
b r o m i n a t i o n  of  t h iophene  in a c e t i c  a c i d  p r o c e e d s  in a n a l o g y  wi th  b r o m i n a t i o n  o f  b e n z e n e  c o m p o u n d s  [10, 11],  
i . e . ,  a c o m p l e x  p a t t e r n  i s  o b s e r v e d ,  and  the  r e a c t i o n  o r d e r  in b r o m i n e  l i e s  b e t w e e n  one  and two.  M o r e o v e r ,  
the  b r o m i n a t i o n  o f  t h iophene ,  l i k e  t ha t  of  b e n z e n e  d e r i v a t i v e s ,  in the  p r e s e n c e  of  l i t h i u m  b r o m i d e  i s  a s e c o n d -  
o r d e r  r e a c t i o n  wi th  r e s p e c t  to b r o m i n e  ( f i r s t - o r d e r  wi th  r e s p e c t  to  each  r e a g e n t ) .  The  s a m e  e f fec t  o f  t he  
p e r c e n t a g e  of  w a t e r  in the  s o l v e n t ,  the  ionic  s t r e n g t h  o f  the  so lu t i on ,  the  b r o m i d e  ion  c o n c e n t r a t i o n ,  and  the  

539 



TABLE 6. Constants  for  He t e ro -  
a toms  as  Substituents 

~etel'O- ~ + aB + 
atOiTl 

0 
s 
Se 
Te 
NH 

- 0,93 
- 0,79 
- 0,88 
-0.91 
- 1.53 

-0.44 
-0,52 

effect  of  subst i tuents  in the a r o m a t i c  s y s t e m  a r e  obse rved  in the 
b romina t ion  of  thiophene and benzene de r iva t ives .  This  conf i rms  
the s imi l a r i t y  between the m e c h a n i s m s  of the reac t ions  in both 
cases .  The kinetic isotope effect  and the Arrhenius  p a r a m e t e r  have 
the s a m e  values  in the b romina t ion  of thiophene and benzene d e r i v a -  
t ives  [13]. The chlor inat ion of thiophene [10] p roceeds  via the s a m e  
m e c h a n i s m  as  in the chlor inat ion of benzene.  Hydrogen exchange 
in thiophene,  furan,  and benzene p roceeds  via the s a m e  ,mechanism 
[14]. The inc reased  reac t iv i ty  of  these  s y s t e m s  as  compa red  with 
e lec t rophi l ic  agents  makes  it  poss ib le  to conduct a quanti tat ive in -  
ves t igat ion of the in terac t ion  with e lec t rophi les  of  med ium s t reng th ,  
with which benzene does not r eac t .  The kinet ics  of formyla t ion  of 

thiophene de r iva t ives  via the V i l sme ie r  reac t ion  have been invest igated [15]. The formyla t ion  of thiophene 
and methyl thiophenes in dichloroethane p roceeds  via a t h i r d - o r d e r  s cheme  ( f i r s t -o rde r  in subs t r a t e ,  phos -  
phorus  oxychlor ide  and d ime thy l fo rmamide ) .  More reac t ive  subs t r a t e s  (such as 2,methoxythiophene) a r e  
fo rmyla ted  via a s e c o n d - o r d e r  s chem e ,  and the r a t e  of subst i tut ion of them is independent of the subs t ra t e  
concentrat ion.  The m e c h a n i s m  includes equi l ibr ium (a), which leads to the fo rmat ion  of an electrophi l ic  
agent ,  and subsequent  a t tack  of it on the subs t ra t e  (b) to give an in te rmedia te ,  which is then conver ted  to 
the final aldehyde by the act ion of water :  

Dimethy l fo rmamide  + POC13 ~ complex (a) 

complex  + thiophene ~ in te rmedia te  (b) 
+ 

in t e rmed ia te  + 3 H 2 0  ~C4I-I3SCI-IO + (CH3)2NH2C-1 + H3PO 4 + 2HC1 

Step {b) is the de te rmin ing  step in the formyla t ion  of thiophene and methylthiophenes;  in the case  of 2-  
methoxythiophene,  s tep (b) p roceeds  v e r y  rapidly  and step (a) (formation of the complex) becomes  the k ine t -  
ica l ly  de termining  step.  If phosgene is used in place of phosphorus oxychlor ide ,  equi l ibr ium (a), because  
of the evolution Of carbon dioxide,  is shifted comple te ly  to the r ight ,  and c rys ta l l ine  complex  [(CH3)2NCHC1] +- 
C1- is formed.  This complex was isola ted,  and its r eac t ion  with he t e roa roma t i c  compounds is c l ea r ly  a 
s e c o n d - o r d e r  reac t ion  - f i r s t - o r d e r  in subs t r a t e  and  f i r s t - o r d e r  in complex.  

Tr i f luoroace ty la t ion  with t r i f iuoroace t ic  anhydride in an iner t  solvent  [16] is another  reac t ion  with 
e lec t rophi les  of med ium s t rength  that  was studied in our  l abora to ry .  Tr i f luoroace ty ta t ion  is in te res t ing  
for  s eve ra l  r ea sons .  F i r s t ,  all  of  the inves t igated he te rocyc l ic  compounds (including pyr ro le )  a r e  conver ted  
to monot r i f luoroace ty l  de r iva t ives  without the apprec iab le  fo rmat ion  of side products .  Second, this is an 
acylat ion reac t ion  that  does  not r equ i re  F r i e d e l - C r a f t s  ca ta lys t s , and  the compl ica t ions  that  a r i s e  during 
the reac t ion  of  some he te rocyc les  with such ca ta lys t s  [5] a r e  excluded. Finally,  this  se lec t ive  reac t ion  is 
exceptionally convenient for  a c o m p a r i s o n  of the s t ruc tu re  and reac t iv i ty .  Another in teres t ing  acylat ing 
agent  that  does not r equ i r e  a ca ta lys t  is the mixed anhydride of acet ic  and t r i f luoroace t ic  ac ids ,  which is 
f requent ly  cal led acetyl  t r i f luoroace ta te .  Aeetyl t r i f luo roace ta te  is descr ibed  as  an acetyla t ing agent  in the 
l i t e ra tu re .  For example ,  anisole  and phenetole r eac t  with it to give exclusively  methoxy (or e thoxy)aceto-  
phenone [17]. However ,  we have shown that f i v e - m e m b e r e d  he te rocyc les  r eac t  with acety l  t r i f luoroace ta te  
to give mix tu re s  of  acetyla ted  and t r i f luoroace ty la ted  products ,  the composi t ion of which depends on the r e -  
ac t iv i ty  of the subs t r a t e  and the exper imenta l  conditions [18, 19]. The ra t io  of the products  of the reac t ions  
in 1 ,2-dichloroethane at 75 ~ is p resen ted  in Table  1. It is seen  f r o m  the data in Table 1 that  the amount  of 
t r i f luoroace ty l  der iva t ive  i nc rea se s  as  the reac t iv i ty  of the subs t r a t e  i n c r e a s e s .  Thiophene and 2 - m e t h y l -  
py r ro l e  a r e  the boundary ca s e s :  the f i r s t  gives exclus ively  2-acetyl th iophene,  while the second gives m o r e  
than 90% of the 5 - t r i f luoroace ty l  der iva t ive .  Raising the t e m p e r a t u r e  and polar i ty  of the solvent  and the ad -  
dition of Lewis acids p romote  the ace ty la t ion ,  while the addition of l i thium t r i f luoroace ta te  leads  to an in-  
c r e a s e  in the yield of the t r i f luoroace ty l  der iva t ive .  On the bas i s  of  the data p resen ted ,  a compar i son  of the 
reac t iv i t i e s  and se lec t iv i t ies  with r e s p e c t  to other  e lectrophi l ic  agents ,  i t  can be a s sumed  [ 19] that  t r i -  
f luoroacetyla t ion p roceeds  under the influence of the undissocia ted  anhydride,  while ace ty la t ion  p roceeds  
under the influence of the ace ty l ium ion (CH3CO + , as  the f r ee  cation o r  as an ion pair) .  

R e l a t i v e  R e a c t i v i t i e s  o f  F i v e - M e m b e r e d  H e t e r o c y c l e s  

At the outse t  of our inves t iga t ions ,  the l i t e r a t u r e  contained no quanti tat ive compara t i ve  data on the 
reac t iv i t i es  of  the pr inc ipa l  f i v e - m e m b e r e d  he t e rocyc le s .  In textbooks on organic  c h e m i s t r y  the re  was not 
even ag reemen t  on the qual i ta t ive reac t iv i t i e s .  

540 



6 

2 

Y 11 5 2 

0 

9 I~ 13 

- 2  . - 4  - 6  - 8  - 1 0  - 1 2  D 

Fig. 1. Extended se lec t iv i ty  ra t io  
for  e lec t rophi l ic  subst i tut ion reac t ions  
in the ~ posi t ion of the thiophene r ing  
(the reac t ions  p resen ted  in Table  3 
a r e  des ignated by the number s  bes ide  
the points).  

The pr inc ipa l  f i v e - m e m b e r e d  he t e rocyc l e s  a r e  p resen t ly  
a r r a n g e d  in the o r d e r  of the i r  r eac t iv i t i e s  on the bas i s  of 
kinetic data or  thorough c o m p a r a t i v e  exper iments .  The ra t io  
of the reac t iv i t i e s  of furan,  thiophene, se lenophene,  t e l l u ro -  

�9 phene,  and py r ro l e  in four e lec t rophi l ic  subst i tut ion r e a c -  
tions (acetylation, t r i f luoroace ty la t ion ,  V i l s m e i e r  fo rmyla t ion ,  
and brominat ion)  is p re sen ted  in Table  2. The high reac t iv i ty  
of p y r r o l e  cannot be  a sc r ibed  to the fo rmat ion  of the C4tt4N- 
anion, s ince N-me thy lpy r ro l e  (for which the fo rmat ion  of such 
an ion is imposs ible)  is even m o r e  r eac t i ve  than py r ro l e .  

Since the ra t io  of the r a t e s  of  b romina t ion  of thiophene 
and benzene  is  known [10], i t  b ecomes  poss ib le  to ca lcula te  
the par t ia l  r a t e s  of  b romina t ion  (with r e s p e c t  to one posit ion 
in benzene) of  the ~ posit ion of the pr incipal  he t e rocyc l e s :  
thiophene 5 �9 10 s, selenophene 2.4- 101~, furan 6 �9 10 tl, and 
p y r r o l e  3" 1018. These da ta ,  although they a r e  approx ima te ,  
a r e  a unique compar i son  of the r eae t iv i t i e s  of  f i v e - m e m b e r e d  
he t e rocyc le s  and benzene.  

Alpha:Beta Ratio. It is well  known that  e lec t rophi l ic  a t tack  is d i rec ted  to the ~ posit ion m o r e  read i ly  
than to the fl posi t ion in all  f i v e - m e m b e r e d  he te rocyc les ;  this  can be explained by a compar i son  of the 
energ ies  of the t rans i t ion  s ta tes  for ~ and fl substi tution.  The i s o m e r  d is t r ibut ion and the reac t iv i ty  ra t io  
of the ~ and fl posi t ions  depend m a r k e d l y  on the e lec t rophi l ic  agent  and the exper imenta l  conditions (for 
example ,  the t empera tu re ) ;  bas ica l ly ,  the lower  the s t rength  of the e lec t rophi l ic  agent ,  the higher  the ~:fl 
ra t io  [25]. This ra t io  a lso  depends to a cons iderab le  extent on the he te roa tom.  Although there  have been 
no compara t i ve  invest igat ions under  ident ical  condit ions,  the avai lable  data neve r the l e s s  bas ica l ly  conf i rm 
the following o r d e r  with r e s p e c t  to or ienta t ion in the e posi t ion:  furan >thiophene-~ selenophene ~>pyrrole.  
This d i f fe rence  in the ~:fi ra t io  obse rved  for  the four  he te rocyc les  m a y  be due to many  r ea sons .  The e s -  
pec ia l ly  smal l  ~:fl ra t io  for  p y r r o l e  (as well  as  the low sens i t iv i ty  of  the r ing to subst i tuents)  is poss ib ly  
explained by the fact  that the Wheland complex is  not a s a t i s f ac to ry  model for the t rans i t ion  state.  

P a r t i a l  R a t e s  a n d  E x p a n d e d  S e l e c t i v i t y  R a t i o  

The i s o m e r  r a t i o  and the re la t ive  r a t e s  of substi tut ion make  it poss ib le  to ca lcula te  the par t ia l  r a t e s  
(the par t ia l  r a t e  is the r a t e  of  subst i tut ion of one posi t ion in the he t e roa roma t i c  r ing with r e s p e c t  to one pos i -  
tion in benzene).  The pa r t i a l  r a t e s  obtained for  e lec t rophi l ic  substi tut ion a r e  p re sen ted  in Tables  3 (thio- 
phene),  4 (furan), and 5 (selenophene). Data per ta in ing  to reac t ions  in the s ide  chain,  when a r e s o n a n c e -  
s tabi l ized ca rbon ium ion is fo rmed ,  a r e  included in the tables .  In a ce r ta in  r e spec t ,  these  reac t ions  reca l l  
e lec t rophi l ie  subst i tut ion and a r e  frequently used for  the de te rmina t ion  of the r eac t iv i t i e s  of  a r o m a t i c  c o m -  
pounds. The par t ia l  r a t e s  v a r y  over  wide l imi t s  for  the s a m e  ring. Electrophi l ic  agents  of low act iv i ty  such 
as mo lecu l a r  b romine  a r e  m o r e  se lec t ive ,  i . e . ,  e i ther  di f ferent  r ings  o r  the ~ and fl pos i t ions  in the s a m e  
r ing a r e  m o r e  readi ly  "dis t inguished."  Quanti ta t ively,  a l i nea r  dependence of log ~/fl on log ~f is observed .  
This co r r e l a t i on  is fo rma l ly  analogous to the se lec t iv i ty  ra t io  proposed  by Brown and Nelson [26] for  the r e -  
act ions of  monosubst i tu ted  benzenes .  

The data in Tables  3-5 can be used to demons t r a t e  the l inear  ra t ios  of the f r ee  energ ies  of e l e c t r o -  
philic r eac t ions  in f i v e - m e m b e r e d  he t e rocyc le s .  The extended method of se lec t iv i t i es  [27] can be used for  
the success fu l  solution of the p rob lem.  According to this  method (which is the i nve r se  t ] ammet t  method),  
the subs t r a t e  r e m a i n s  the s a m e ,  but the log k / k  0 values  a r e  co r r e l a t ed  with p for  d i f ferent  reac t ions .  A 
sa t i s f ac to ry  l inea r  co r r e l a t i on  between log ~f o r  log flf (for subst i tut ion in thiophene [25], furan [28, 29], 
and se lenophene)and the p values  obtained f r o m  the data of analogous reac t ions  of benzene de r iva t ives  is 
obtained. An example  of  the appl icat ion of the extended se lec t iv i ty  method to reac t ions  of  the ~ posit ion of 
thiophene is p resen ted  in Fig. 1. Nitrat ion and protodebora t ion  a r e  not p resen ted ,  s ince in the ca se  of  th io-  
phene these  reac t ions  p roceed  under  conditions that  d i f fe r  f r o m  those that  we re  used  to ca lcula te  p .  Two 
chief  deviat ions - m e r c u r a t i o n  and p r o t o d e m e r c u r a t i o n  - which dif fer  substant ia l ly  f rom what the ra t io  p r e -  
d ic t s ,  can be obs e rved  in Fig. 1. This is not su rp r i s ing ,  s ince ,  as  noted above,  m e r c u r a t i o n  of thiophene 
p roceeds  via a m e c h a n i s m  that  d i f fers  f r o m  the m e c h a n i s m  of the m e r c u r a t i o n  of benzene ,  p robab ly  through 
p r i o r  coordinat ion of m e r c u r y  on the sulfur  a tom.  The data f r o m  the r e s t  of the reac t ions  follow the l inear  
express ion  ve ry  well.  This  l i nea r  dependence points out the s imi l a r i t y  between the m e c h a n i s m s  of e l e c t r o -  
philic subst i tut ion of h e t e r o a r o m a t i c  and benzene de r iva t ives .  
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T A B L E  7. E l e c t r o p h i l i c  Subs t i tu t ion  and Re l a t e d  R e a c t i o n s  in  F h r a n ,  
Th iophene ,  B e n z o f u r a n ,  and Benzo th iophene .  R e l a t i v e  P a r t i a l  Ra te s  

[ 301 

Reactions 

Bromination, Br~ AcOH, 25~ 1 -- 
Chlorination, CI~ AcOH, 25~ 
Bromination, FIOBr, HC104, 50% ---- 

dioxane, 25 ~ 
Benzoylation, Br~O, SnCl4, 112,43 

die hloroethane, 75 ~ | 
Acetylation. Ac20, SnCI~ dichloro- 1 2,40 

ethane. 25 ~ 
Acetylation. acety) trifluoroaeetate 1 0,71 

dichloroethane, ~5 ~ 
Protodeuteration [31]~ CFsCOOH, 1 -- 

AcOH, 25 ~ " 
Protodesllylation, HC104, CHsOH, 1,02~" 

5O o 
Solvolysis of 1-arylethyl p-nitro- 0,84 

benzoates* 
Solvolysis of 1-arylethyl acetates** 1,41 

- - "  2,07 " 89 
I - -  12, 90 26 
t - -  [0,16 12,1 

12,97i6,66 12, 

il,78 2,00 13 

i1,86 3,57 13 

] - -  5 ,25  10 

l - -  ,35 0,~ 

i2,06 1,27 3,! 

0,87 0,69 2,1 

i 
490 
100 
120 

~5;0 65,6 

12,9 500 

14,8 71,4 

3,00C 

42,8 

2,06 62,1 

1,04 113 

~(58,800)* 
(5,000)* 

609 

2,380 

704 

J 

153 

293 

448 

* Data  f o r  2 - c a r b o m e t h o x y  de r iva : : ive .  
I" R. T a y l o r ,  J .  Chem.  Soc . ,  B, 1364 (1970) .  
SO. S. Noyce ,  p r i v a t e  c o m m u n i c a t i o n .  
* * E .  A. Hi l l ,  M. L. G r o s s ,  M. S t a s i e w i c z ,  and M. Manion,  J. Am.  Chem.  
.Soc., 91,  7381 (1969). 

T A B L E  8. Effect  of  "Anne la t i on"  on the  R e a c t i v i t i e s  of  the  c~ and 
/3 P o s i t i o n s  o f  YUran and Th iophene  

a-Benzo- 8-Benzo-,a-Bermo- ~-Beq~o" 
furan ' furan ~hiophene miopnene 

�9 Reactions a-furan ~=fur--~-: l a t h e  ~-thio~hene 

Bromination, Br2, AcOH, 25 ~ 
�9 . 5 o Chlormatzon, Cls, AcOH, 2 

Bromination,.HOBr, HC10# aqueous 
dioxane, 25 ~ 

Acev]lation~ Ac~O, SnCt~ dichloro- 
etharie, ~5 ~ 

Acetylation, acetyl t~ifluoroacetate, 
diehlome~hane, 75 ~ 

Ber~oylation, Br20, SnCl~ dichlom- 
ethahe, 75 

Protodedeuteration, CFsCO~H, AcOH. 
.25 a 

Protodesilylation. HCIO4, CHsOH, 
50 ~ 

Solvolysis ~of l-arylethyl acetates, 25 ~ 
Solvol~sis of 1-arylethy1-p-nitroben - 

zO~ies, 75 ~ 

1,3X 10 -2 

2,1xIO -2 

4,1X 10 -2 

2,3X10 -3 
7,0xlO -3 

w 

>3,6 

>2,6 

1,22 

0,62 
2,53 

4,2 X 10 -s 
2,9 X 10-2 
1,3xlO -3 

3,0X 10 -2 

5,0 X 10 -2 

I,Ox 10 -1 

2,0 X 10 -s 

8,2 • 10-S 

6,1X I0 -s 
2,0Xt0 -2 

189 
126 
12,1 

9,1 

13,3 

12,8 

10,0 

0,36 

2,1 
3,4 

F r o m  the  s l o p e s  of  t h e s e  l i n e s ,  one  can  c a l c u l a t e  the  s u b s t i t u e n t  c o n s t a n t s  (~+) r e l a t i v e  to  t he  s t r u c -  
t u r a l  changes  c a u s e d  by  s u b s t i t u t i o n  o f  the  CH = CH g r o u p  in the  b e n z e n e  r i n g  by  the  h e t e r o a t o m .  The ~+  
c o n s t a n t s  o f  the  h e t e r o a t o m s  a r e  p r e s e n t e d  in  T a b l e  6. 

R e a c t i v i t i e s  o f  M o n o b e n z o  D e r i v a t i v e s  

The  d i f f e r e n t  o r i e n t a t i o n  in  s u b s t i t u t i o n  in b e n z o f u r a n  and b e n z o t h i o p h e n e  i s  s u r p r i s i n g .  B e n z o f u r a n ,  
l i k e  f u r a n ,  i s  s u b s t i t u t e d  m a i n l y  in the  ~ p o s i t i o n ,  whi l e  b e n z o t h i o p h e n e  i s  s u b s t i t u t e d  p r i m a r i l y  in the  fl 
p o s i t i o n .  The  q u a l i t a t i v e  l i t e r a t u r e  d a t a  a r e  c o n f i r m e d  by  the  t h o r o u g h  qua n t i t a t i ve  d e t e r m i n a t i o n  of  t he  
i s o m e r  r a t i o  u n d e r  s t r i c t l y  c o n t r o l l e d  cond i t i ons  [30]. The  ~:fl r a t i o  d e p e n d s  m a r k e d l y  on  the  n a t u r e  o f  t he  
e l e c t r o p h f l i c  a g e n t  and  the  e x p e r i m e n t a l  cond i t i ons  [30]. The  r e l a t i v e  r a t e s  of  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  
wi th  r e s p e c t  to  t he  s t a r t i n g  h e t e r o c y c l e s  a r e  d e t e r m i n e d  b y  u s i n g  c o m p e t i t i v e  r e a c t i o n s  and a c c u r a t e  k i n e t i c  
m e a s u r e m e n t s .  

The  r e l a t i v e  r a t e s  and  the  i s o m e r  r a t i o s  m a d e  i t  p o s s i b l e  to c a l c u l a t e  t he  p a r t i a l  r a t e s  of  d i f f e r e n t  
nonequ iva l en t  p o s i t i o n s  o f  t h e s e  s y s t e m s  (Table  7). By t ak ing  into  a c c oun t  the  d e v i a t i o n  and even  the  l i n e s  
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T A B L E  9. Re la t ive  Rates of a - S u b s t i t u t i o n  of Th iophenes  [ 12, 29 -  

32]* 
T 

Chlorina- Detritia-I . .. Trifluoro- M ercura- Substit- i Bromina- Dedeu- Acetv- acety- 
. uent tion _don tion teration latioh lation tion 

2-OCH3 -- -- -- 1.5X 106 -- 1,8X 106 -- 
2-SCHa --  -- 1,5X 103 5, 2X103 -- 
2-CHa 6,3X10 ~ -- 2,1X102 2,3X102 3~,2 3,8• --  
2-C2H6 -- - -  - -  5 , 2  X 1 0  3 - -  

2-tert-C,Hg 2,3 X-102 5~,9 - -  5 , 4 X  1 0  2 - -  

2-C6Hs -- -- 15,5 -- . I,IXIO 2 -- 
3-CHa -- -- 121 12,95 - -  

H 1 i 7 T 1 
2-Cl / 5'2X 10-I 0,42 1,7X 10 -l 0,14 5,8)<10 -1 
2-Br 13,8• -1 0,33 1,3X 10 -~ -- 4,6• 2,6 X10 -t 
2-I [! (9,4X 10 -I ) 0,53 1,9X 10 -~ . . . .  
3-SCHs -- -- -- 0,1 -- --  2,8~-]0_3 
2 - C O C H a  . . . .  
2-CO2H 3,3-X10 -5 1,1XI0 -~ . . . .  3,4~-~0_a 
2-CO2C2H5 1,1 X I0 -6 1,3X 10 -4 . . . .  

2-NO2 -- 1,IX10 ~6 . . . . .  

*Subs t i tu t ion  in  the 5 pos i t ion  of the th iophene r ing .  

T A B L E  10. Cons tan t s  for  Subs t i tu t ion  React ions  
in  the Benzene  and Thiophene  Rings [12, 32, 34-36] 

Reactions Thiophene Benzene 

Br oi:aination 
Chlorina tion 
Protodeuteration 
Protodetritiation 
Acetylation 
Trifluoroa cetylati on 
Mercuration 

- 1 0 , 0  

--7,8 
-7,6 
--7,2 
--5,6 
--7,4 
-5,3 

--12,1 
- -  I0,0 

--8,2 
-9,1 

--4,0 

of n o n c o n f o r m i t y ,  one can  p r e s e n t  the fol lowing o r d e r  of r e l a t i v e  r e a c t i v i t i e s :  f l - f u r a n  ~ f l - th iophene  < f l -  
b e n z o f u r a n  -~ a - b e n z o t h i o p h e n e  < f l -benzo th iophene  -~ a - b e n z o f u r a n  << a - t h i o p h e n e  << a - f u r a n .  

D a m o n  the ef fec t  of "anne la t ion"  on the r e a c t i v i t i e s  of the a and fl pos i t ions  of the f u r a n  and th iophene  
r i n g s  a r e  p r e s e n t e d  in  Tab le  8. The data  a r e  somewha t  unexpec ted .  Despi te  the fact  tha t  the o r i e n t a t i o n  of 
s u b s t i t u t i o n  in  both t -wo-r ing s y s t e m s  i s  d i f f e r e n t ,  the effect  of  a condensed  b e n z e n e  r i n g  is  i den t i ca l .  The 
r e a c t i v i t i e s  of the a pos i t ions  in  a l l  c a s e s  a r e  r e d u c e d ,  whi le  the  r e a c t i v i t i e s  of the fl pos i t i ons  (except for  
two cases )  a r e  i n c r e a s e d .  Hence i t  can  be conc luded  that  the d i f f e r en t  o r i e n t a t i o n  o b s e r v e d  in  the t w o - r i n g  
s y s t e m s  is  not a c o n s e q u e n c e  of c o n d e n s a t i o n  with the b e n z e n e  r i n g  but  r a t h e r  is  a c o n s e q u e n c e  of the d i f -  
f e ren t  a :  fl r a t i o  in  the two o n e - r i n g  s y s t e m s  [30]. 

The l i t e r a t u r e  does  not con t a in  quan t i t a t i ve  data  on e l ec t roph i l i c  s u b s t i t u t i o n  in indole .  However ,  it  
is  known that  the a:fl r a t io  in  p y r r o l e  is  c o n s i d e r a b l y  lower  than  in fu ran  and th iophene .  Consequen t ly ,  if 
the effect  of  " anne la t i on"  r e m a i n s  the s a m e  as  in  f u r a n  and th iophene ,  i t  can  be expected tha t  the  fl pos i t ion  
in  indole  wi l l  be  c o n s i d e r a b l y  m o r e  r e a c t i v e ,  and  th i s  is  a c t u a l l y  obse r ve d .  

E f f e c t  o f  S u b s t i t u e n t s  o n  O r i e n t a t i o n  

The  2 and  5 pos i t ions  of the h e t e r o c y c l e s  a r e  i n  con juga t ion  l i ke  the p a r a  pos i t i ons  in  b e n z e n e ,  and 
r e s o n a n c e  i n t e r a c t i o n  of the r e a c t i o n  c e n t e r  in  the  5 pos i t i on  with the  s u b s t i t u e n t  in  the  2 pos i t ion  is  t h e r e -  
fore  pos s ib l e .  The 2 and 4 pos i t i ons  a r e  pos i t i ons  of the m e t a  type ,  be tween  which r e s o n a n c e  i n t e r a c t i o n  is  
i m p o s s i b l e .  If t he r e  a r e  o r t h o - p a r a  o r i e n t i n g  g roups  in  the 2 pos i t ion ,  s u b s t i t u t i o n  p roceeds  in  the 5 p o s i -  
t ion ,  which is  the a pos i t i on  with r e s p e c t  to the h e t e r o a t o m  and the p a r a  pos i t i on  with r e s p e c t  to the s u b -  
s t i tuen t .  If a m e t a - o r i e n t i n g  s u b s t i t u e n t  i s  in  the 3 pos i t i on ,  s u b s t i t u t i o n  a lways  o c c u r s  in the 5 pos i t ion ,  
i . e , ,  in  the a p o s i t i o n  with r e s p e c t  to the  h e t e r o a t o m  and the m e t a  pos i t ion  with r e s p e c t  to the subs t i t uen t .  

If t h e r e  i d a  m - o r i e n t i n g  s u b s t i t u e n t  in  the  2 pos i t i on ,  c o m p e t i t i o n  a r i s e s  be tween  the o r i e n t i n g  e f -  
fects  of the  h e t e r o a t o m  and the s u b s t i t u e n L  In f u r a n  (and, in  p a r t i c u l a r ,  in  th iophene) ,  for  which the a : f l  
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ra t io  is ve r y  la rge ,  the a -or ien t ing  effect  of the he te roa tom preva i l s ,  and substi tution proceeds  mainly in 
the 5 position. In py r ro l e ,  in which the ~:fl ra t io  is low, a mix ture  of i somers  with, as a rule ,  predominance 
of the 4 i somer  is formed.  

L i n e a r  C o r r e l a t i o n s  o f  F r e e  E n e r g i e s  

The re la t ive  ra t es  of substitution in the thiophene se r i e s  a r e  cu r ren t ly  known for  severa l  reac t ions :  
brominat ion with molecu la r  bromine  [12], chlorination with molecu la r  chlorine [32], acetylat ion in the p r e s -  
ence of stannic chlor ide [32], protodetr i t ia t ion [34], ace toxymercura t ion  [36], protodedeutera t ion [35], and 
t r i f luoroacetyla t ion  [32, 33]. There  a re  enough of these  react ions  to t r a ce  the applicabili ty of the p~+ r a -  
t ios {fable 9). 

A compar i son  of the p values for  the thiophene and benzene se r i e s  is made in Table 10. In all cases ,  
p in the thiophene se r i e s  has a somewhat lower value (in absolute magnitude) than in the benzene se r i es .  
The only exception to this is mercura t ion ,  which, as was pointed out above, probably proceeds  via a different  
mechanism.  A possible explanation for  this is the fact that thiophene is more  reac t ive  then benzene, the 
t rans i t ion state comes a f te r  the Wheland s t ruc tu re ,  and in this case  re la t ive ly  less  posit ive charge  is con-  
centra ted on the ring. We la te r  compared the sensi t ivi ty of the furan,  thiophene, and pyr ro le  r ings to the 
effect  of a substi tuent during t r i f luoroacetyla t ion.  The re la t ive  ra tes  (with r e spec t  to the unsubstituted 
heterocycle)  of 18 substituted furans,  thiophenes,  and py r ro le s  were  determined by the method of compet i -  
t ive reac t ions .  

It is seen f rom these data that the sensi t ivi ty to the substi tuent effect  falls in the o rd e r  furan > th io-  
phene > pyr ro le .  It is in teres t ing that the o rd e r  of  "subs t ra te"  se lect ivi ty  during t r i f luoroacetyla t ion co -  
incides with the o r d e r  of  "posit ion" se lect iv i ty ,  s ince,  as shown above,  the ~:fl ra t io  falls in the same o r d e r ,  
i . e . ,  furan > thlophene > pyr ro le .  

This fact  conf i rms the hypothesis  that the t ransi t ion state  during substitution in furan most  c losely  
approaches a Wheland complex,  while the t ransi t ion state  for  py r ro le  is far  removed  f rom the ~ complex and 
has more  pronounced ~ cha rac te r .  P re l imina ry  data on other  electrophil ic  substitution react ions  conf i rm 
the validity of this conclusion. 

We note that the same tendency (i.e., the sensi t ivi ty of furan to substi tuents is the g rea tes t  among the 
f ive -membered  he terocycles)  was observed during molecular  ionization in the gas phase [37, 38], in a r e -  
action that ,  in a ce r ta in  r e spec t ,  can be considered to be s imi la r  to electrophil ic  substitution react ions  [39]. 
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