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ABSTRACT 

By means of t h e  force  f i e l d  and mean amplitudes of vibrat ion 

of furan, thiophene, selenophene and te l lurophene molecules, w e  

have concluded t h a t  t h e  ground-state aromatici ty  order  i n  the  se- 

r i e s  i s  th iophene>te l lurophene> selenophene> furan. 

t y  of these  molecules to the  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  follows 

t h e  order  furan > se lenophene%te l lurophene> thiophene. 

The r e a c t i v i  

INTRODUCTION 

One of t h e  most simple c r i t e r i a  f o r  t h e  de tec t ion  of a che- 

mical bond is t h e  observation of a v ibra t iona l  frequency. Chemical 

bonds with a la rge  force  constant  value, charac te r ized  by a r e l a t l  

vely high v ibra t iona l  frequency and a small amplitude of v ibra t ion ,  
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760 CAWPOS-VALLETTE AND CLAVIJO 

can be regarded a s  r igid,chemical  bonds. I f  t h e  chemical bonds are 

assoc ia ted  with t h e  lowest force  constant  values ,  corresponding t o  

t h e  l a r g e s t  mean amplitudes, they w i l l  have the  g r e a t e s t  r e a c t i v i t y .  

The pure covalent  bonds a r e  highly d i r e c t i o n a l ,  o r  r i g i d ,  i n  compa- 

r i son  t o  polar or ion ic  bonds which become more f l e x i b l e  with i n  - 

1 

creasing ion ic i ty .  

In t h i s  le t ter  w e  discuss ,  f o r  t h e  f i r s t  time, t h e  characte-  

ristics of t h e  chemical bonds i n  furan,  thiophene, selenophene and 

te l lurophene i n  terms of t h e i r  fundamental f requencies ,  force  cons- 

t a n t s  and mean amplitudes of v ibra t ion .  

FORCE CONSTANTS AND MEAN AMPLITUDES OF VIBRATION 

The fundamental f requencies  of furan,thiophene, selenophene 

and te l lurophene and t h e i r  t o t a l l y  deuteroder iva t ives  were se lec ted  

from v i b r a t i o n a l  spec t ra  previously reported . In order  to c a r r y  

out  a normal coordinate  a n a l y s i s  we have used t h e  i t e r a t i v e  consis-  

tency method . The r e l i a b i l i t y  of t h e  force  constant  r e s u l t s  given 

by t h i s  method has been t e s t e d  i n  s e r i e s  of simple polyatomic mole- 

cu les  . The diagonal values  of t h e  Fo matrix f o r  furan, which a r e  

necessary t o  i n i t i a t e  the  i t e r a t i v e  ca lcu la t ions ,  were obtained 

2 from t h e  equation Fo. = Aii/Gii where h i  = (wi/1303.16) , 

t h e  ith experimental frequency and G t h e  Wilson matrix. 

met r ica l  parameters f o r  t h e  four  molecules here considered were 

taken from t h e  l i t e r a t u r e a t 9 .  

a f t e r  15 i t e r a t i v e  s teps” ,  was t r a n s f e r r e d  t o  thiophene” and t o  

selenophene and tellurophene12 t o  s ta r t  t h e  ca lcu la t ion  of t h e i r  

force  f i e l d .  The modif icat ions of Fo f o r  these  molecules appear 

2-5 

6 

7 

w i  i s  

The geo- 

11 

The f i n a l  F matrix f o r  furan,obtained 
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HETERATOMIC COMPOUNDS 761 

pr inc ipa l ly  i n  t h e  coordinate which involves t h e  S, Se and T e  atoms. 

The f i n a l  F matrices  were obtained a f t e r  15 i t e r a t i v e  s teps .  Force 

constants  of the  s t re tch ing  modes and t h e  ca lcu la ted  frequencies 

a r e  shown i n  Table 1 .  The t h e o r e t i c a l  assignment was c a r r i e d  out  

by using t h e  normal vibra t ion  modes form matrix (L) and the  Poten- 

t i a l  Energy Dis t r ibu t ion  (P.E.D.). 

The proposed assignment f o r  furan and thiophene w a s  discussed 

previously”’ ” . The force f i e l d s  f o r  selenophene and te l lurophe - 
.el2 explain q u i t e  w e l l  t h e i r  spec t ra  and t h e  assignment i s  i n  good 

concordance with reported data  . 5 

The force  f i e l d s  developed were used t o  c a l c u l a t e  t h e  mean a! 

p l i t u d e s  of v ibra t ion  f o r  d i f f e r e n t  types of bonded and nonbonded 

interatomic d is tances  of  t h e  molecules here  considered. These va- 

l u e s  were obtained according t o  wel l -es tabl ished methods . The 

r e s u l t s  f o r  t h e  p r i n c i p a l  i n t e r a c t i o n s  a r e  displayed i n  Table 2 

along t h e  interatomic dis tances .  

The ca lcu la ted  mean amplitudes of v ibra t ion  agree well with 

13,14 

14-16 
avai lab le  experimental and o ther  t h e o r e t i c a l  d a t a  . The pre  - 
sent  computation confirms t h e  c h a r a c t e r i s t i c  values f o r  t h e  C-C 

and C-H mean amplitudes as Cyvin e t  a1.17 pointed out .  

The complete t h e o r e t i c a l  assignment of the  ca lcu la ted  f r e -  

quencies and t h e  mean amplitudes a t  298OK f o r  furan,  thiophene, 

selenophene and te l lurophene and t h e i r  t o t a l l y  and p a r t i a l l y  

deuteroderivat ives  are ava i lab le  upon request  t o  our Laboratory. 

VIBRATING CHEMICAL BOND AND CHEMICAL REACTIVITY 

The d r a s t i c  drop i n  frequency of t h e  symmetric and antisymme- 

t r ic  C-X s t re tch ing ,  Table 1 ,  can be understood on t h e  basis of t h e  
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762 CAMPOS-VALLETTE AND CLAVIJO 

TABLE 1 .  

0-1  -1 
FbrceConstants f (mdyn.A ) and Ca lcu la t ed  Frequencies  ( c m  1. 

f (c-x)a 

f (c=c) 

f (C-C) 

f (C-H) 

f (C-H) 

v (C-X) 

v (C=C) 

v (C-C) 

V (C-H) 

v (C-H) 

6 

6 

FUrdIl Thiophene Selenophene Tel lurophene 

6.53 

8.30 

5.95 

5.36 

5.29 

1 043b 

1557 

1388 

31 73 

3146 

5.46 

7.62 

5.97 

5.23 

5.24 

999' 079 838 

1493 1516 1406 

1365 

3162 3127 3135 

3130 3094 3083 

4.71 

7.98 

6.07 

5.13 

5.13 

820 759 

1515 1423 

1343 

3110 3059 

3063 3105 

3.47 

7.83 

5.68 

5.06 

5.07 

797 688 

1514 1434 

1318 

3087 3030 

3044 3083 

a X = O,S,Se,Te 

Symmetry t y p e  

S y m e t r y  t y p e  B~ 

b 

geometric and mass e f f e c t s  which i n f l u e n c e  t h e s e  modes i n  t h e  same 

sense.  

l e t a l  deformation modes i s  l o w  and p r a c t i c a l l y  t h e  same i n  t h e  

series. There fo re ,  t h e  t r e n d  o b t a i n e d  i n  t h e  f o r c e  c o n s t a n t s ,  f ,  

and mean ampli tudes,[  , i s  t h e  expected one. From t h e  f and 1 v$ 

l u e s  i n  Table  1 and 2 w e  cou ld  i n f e r  t h a t  t h e  C-0 bond w i l l  be  

h igh ly  d i r e c t i o n a l  and more r i g i d  than  t h e  C-Te bond. The v a l u e s  

f = 6.53 mdyn.A and e = 0.0432 A f o r  t h e  C-0 bond i n  f u r a n  w i l l  

The v i b r a t i o n a l  coupl ing of t h e  C-X s t r e t c h i n g  w i t h  t h e  ske 

0-1 0 
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HETERATOMIC COMPOUNDS 763 

TABLE 2. 
0 

Mean Amplitudes of Vibration L ( A )  a t  298'K and Some Interatomic 

Distances re (A) 

Furan Thiophene Selenophene Tellurophene 

e (C-X)" 0.0432 0.0457 0.0462 0.0478 

e (c=C) 0.0489 0.0451 0.0442 0.0426 

e (C-C) 0.0479 0.0470 0.0465 0.0462 

L (C-H) 0.0761 0.0765 0.0765 0.0765 

e (C-H) 0.0761 0.0765 0.0765 0,0765 

r e  (C-X) 1.362 1.714 1.863 2.055 

re (c=C) 1.361 1.370 1.370 1.375 

r e  (C-C) 1.431 1.423 1.423 1.423 

re (C-H) 1.075 1.078 1.078 1.078 

re (C-H) 1.077 1.081 1.081 1.081 

a X = O,S,Se,Te. 

be cons is ten t  with a bond of character  intermediate between C-C 

and C=C only i f  t h e  C-c bonds are t rea ted  a s  pseudodiatomic : a 

s ingle  C-C bond with f 2 4.5 mdyn.A 

C=C bond with f c l o s e  to 1 1  mdyn.;-' and .!2 0.013 i. 
adquired covalency degree of t h e  C-X bond w i l l  decrease i n  t h e  se- 

r i e s  when passing from 0 to Te. 

0 - 1  and .! 2 0.050 and a double 

Thus, t h e  

The force contant  of t h e  symetric s t re tch ing  of t h e  double 

bonds increases  i n  t h e  order  thiophene, te l lurophene,  selenophene 

and furan (Table 1). The increase i n  frequency of t h e  correspon- 

ding m d e  may be caused by t h e  change i n  t h e  s a m e  order ,  towards a 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
0
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



764 CAMPOS-VALLETTE AND CLAVIJO 

s i t u a t i o n  o f  lower a r o m a t i c i t y ,  f o l l o w i n g  a g r e a t e r  l o c a l i z a t i o n  of 

t h e  d o u b l e  bonds .  Thus ,  t h i o p h e n  w i l l  be more aromatic t h a n  f u r a n  

a n d  b o t h  less aromtic  t h a n  benzene  i n  which  f (C-C) 2 7 mdyn.A 

T h i s  r e s u l t  a g r e e s  w e l l  w i t h  e x p e r i m e n t a l  r e p o r t e d  d a t a  . 

0 -  1 . 
18 

The v i b r a t i o n a l  c h a r a c t e r i s t i c s  of t h e  C-C bonds  i n  t h e  series 

are  less s e n s i t i v e  t o  t h e  h e t e r o a t o m  s u b s t i t u t i o n  as  i n  shown i n  

T a b l e  1 a n d  2 .  The s t r e t c h i n g  C-C, h i g h l y  c o u p l e d  to  t h e  r i n g  modes, 

undergo  s l i g h t l y  l o w e r i n g  i n  f r e q u e n c y .  

I t  i s  w e l l  known t h a t  f u r a n ,  t h i o p h e n e ,  s e l e n o p h e n e  and t e l l u -  

r o p h e n e  t e n d  to  r e a c t  by s u b s t i t u t i o n  r a t h e r  t h a n  a d d i t i o n .  I f  t h e  

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

loose v i b r a t i o n  ( l o w  f o r c e  c o n s t a n t  v a l u e )  w e  c o u l d  p r e d i c t ,  d i r e c t l y  

f rom t h e  mean a m p l i t u d e s  of v i b r a t i o n ,  t h e  o r d e r  of r e a c t i v i t y  o f  

t h e s e  m o l e c u l e s .  U n f o r t u n a t l y  t h e r e  is  no a p p r e c i a b l e  d i f f e r e n c e s  

between t h e  c a l c u l a t e d  f o r c e  c o n s t a n t s  and  mean a m p l i t u d e s  of v i b r a -  

t i o n  f o r  t h e  C-H bonds i n  t h e  ser ies .  T a b l e s  1 and  2 .  T h e r e f o r e ,  no 

i n f o r m a t i o n  a b o u t  t h e  s e q u e n c e  o f  r e l a t i v e  r e a c t i v i t i e s  t o w a r d s  electro- 

p h i l i c  s u b s t i t u t i o n  c a n  be r e a c h e d .  However, t h e  P .E.D.  shows a v i b r a -  

t i o n a l  c o u p l i n g  between t h e  C-H s t r e t c h i n g  i n  a a n d  6 p o s i t i o n s  ( ~ ( C - 1 1 ) ~  

and v(C-H) 1 f o r  e a c h  m o l e c u l e :  w h i l e  i n  f u r a n  v(C-H), and V ( C - H ) ~  

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

impossible t o  d i s t i n g u i s h  them. The i n c r e a s e  i n  v i b r a t i o n a l  c o u p l i n g  

d e g r e e  between v (C-H) 

phene  - t e l l u r o p h e n e  < t h i o p h e n e .  T h i s  r e s u l t  c o i n c i d e s  w i t h  t h e  ob- 

s e r v e d  o r d e r  o f  g r o u n d - s t a t e  a r o m a t i c i t i e s ,  which is, a t  t h e  same 

t i m e ,  t h e  r e v e r s e  o f  t h e  o b s e r v e d  r e a c t i v i t y  o r d e r  i n  t h e  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  1 9 ' 2 0 .  Thus ,  w e  e x p e c t  t h e  C-H bonds  i n  f u r a n  t o  be select-  

i v e  to  t h e  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 ,  a s  is  f o u n d  t o  b e  t h e  case . 

8 

1 

and v (C-H)? f o l l o w s  t h e  o r d e r :  f u r a n  < s e l e n o -  

2 1  
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I n  t e l l u r o p h e n e  t h e  C-H bonds i n  a and R pos i t ions  w i l l  be e q u a l l y  

reac t ive  to  t h e  electrophilic s u b s t i t u t i o n  . 2 2  
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A t h i r d  c o n t r i b u t i o n  t o  t h e  t r a n s i t i o n  s t a t e ,  w h i c h  arises 

from the  d o rb i t a l s  of t e l l u r i u m ,  w i l l  probably make, b o t h  

t h e  e lec t rophi l ic  s u b s t i t u t i o n  i n  C and C a t o m s  energeti- 

c a l l y  s i m i l a r .  
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