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Substi tuents in disubst i tuted thiophenes have an additive effect  on the chemica l  shifts of the 
r ing hydrogen a toms .  The e lec t ronic  effects  of organosi l icon subst i tuents  a r e  t r ansmi t t ed  
v ia  inductive and conjugation ( d v - p v  interaction) mechan i sms .  The effect  of d v - p ~  i n t e r -  
action in the S i - r i n g  bond is absent  for  Si(OC2Hs) and SiF~ subst i tuents .  

In our preceding papers  [1-3] we have demons t ra t ed  that thiophene de r iva t ives  a r e  ex t r eme ly  con-  
venient  subjects  for  the study of the e lect ronic  effects  of subst i tuents .  Thus,  for  example ,  the chemica l  
shifts  of the hydrogen in the 3 posit ion of the thiophene r ing  (T3) in the PMR spec t r a  of 2-subst i tu ted  thio-  
phenes a r e  l inear ly  re la ted  to the Ham m et t  ~p  constants  of the subst i tuents  in the 2 posit ion [~3 = - 1 . 4 4 a p  + 
3.27 (r = 0.95)]. The exis tence of a l inear  re la t ionship  between the exper imenta l  chemica l  shif t  and such 
an impor tan t  ch a r ac t e r i s t i c  of a subst i tuent  as its (rp constant  opens up the poss ibi l i ty  for  a study, f rom 
the PMR spec t ra ,  of the e lec t ronic  effects  of var ious  (including organosi l icon) subs t i tuents .  

In the p resen t  paper  we have  invest igated the r egu la r i t i e s  in the PMR spec t r a  of di-  and t r i s u b s t i -  
tuted tbiophenes .  This invest igat ion seemed  of in te res t  in two r e s p e c t s .  F i r s t ,  we do not know of any data 
that p rove  or d i sprove  the additivity of the effect  of subst i tuents  in polysubst i tuted thiophenes.  Second, the 
r e s e a r c h  s eem ed  of p r o m i s e  f rom the point of view of a study of organosi l icon subst i tuents ,  the p rope r t i e s  
of which have st i l l  not been adequately studied.  

The invest igated compounds and chemica l  shifts  in thei r  PMR s p e c t r a  a r e  p resen ted  in Table  1. The 
compounds presen ted  in Table  1 fo rm s e v e r a l  s e r i e s :  2 -X-5-ch loro th iophenes  (I-XI), 2 -X-5 -me thy l th io -  
phenes (XII-XVII), 2 -X-5-b romoth iophenes  (XVIII, XIX), 2-X-5-cyanothiophenes  (XX, XXI), 2 ,5-dis i lyl  
de r iva t ives  of thiophene (XXII-XXXI), 2 -X-3-methyl th iophenes  (XXXII-XXXVIII), and t r i subs t i tu ted  thio-  
phenes (XXXVIII-XLII). In each of the s e r i e s ,  the compounds a r e  a r r anged  in the o rde r  of i nc r ea se  of 
e l ec t ron -accep to r  p rope r t i e s  of the subst i tuents  bonded to the s i l icon a tom.  It  follows f r o m  Table  1 that 
the s ignals  of the r ing hydrogen a toms and the s ignals  of the methyl  groups a r e  shifted r egu la r ly  to weaker  
field (the T3, ~'4, ~'5, and TCH 3 chemica l  ,shifts decrease)  within the l imits  of each of the s e r i e s  as the 
s e r i e s  number  of the compound i n c r e a s e s ,  i .e. ,  as the e l ec t ron -accep to r  p rope r t i e s  of the Si(Ri)3 f r agments  
i n c r e a s e .  Thus the c h a r a c t e r  of the change in the chemica l  shifts  in the PMR spec t r a  of di-  and t r i s u b s t i -  
tuted thiophenes bas i ca l ly  r epea t s  the sequence of the change in the chemica l  shifts  in the spec t r a  of mono-  
subst i tuted thiophenes.  In all c a ses ,  the chemica l  shifts  of the r ing hydrogen a toms a re  p r i m a r i l y  d e t e r -  
mined by the e lect ronic  effects  of the subst i tuents .  Moreover ,  at f i r s t  glance it appears  that the con t r ibu-  
tions to the chemica l  shifts  caused  by the anisot ropy of the magnet ic  suscept ib i l i ty  and the i n t r amolecu la r  
e lec t r ica l  field a re  negligibly smal l .  The la t ter  is in ag reemen t  with the point of view adopted in the l i t e r a -  
tu re  [4]. 

* See [I] for communication III. 

Institute of Chemistry, Academy of Sciences of the USSR, Gor'kii. Translated from Khimiya Getero- 
tsiklicheskikh Soedinenli, No. II, pp. 1483-1488, November, 1972, Original article submitted November 29, 
1971. 

�9 1974 Consultants Burea~, a division of Plenum Publishing Corporation, 227 ~est 17th Street, New York, N. Y. 10011. 
No part of this publication may be reproduced, stored in a retrieval system~ or transmitted~ in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, wit/zout written permission of the publisher. ,.1 
copy of this article is available from the publisher for $15.00. 

1338 



TABLE I. 

Thiophenes 

Compound 

I 
It 

lII 

IV 
V 

VI 
VII 

VIii 

IX 
X 

XI 
XII 

XIH 

X1V 
XV 

XVI 

XVII 
XVIII 

XIX 
XX 

XXl 
XXll 

XXIII 
XXIV 
XXV 

XXVI 

XXVII 
XXVIII 

XXIX 
XXX 

XXXI 
XXXlI 

XXXIII 
XXXIV 
XXXV 

XXXVI 
XXXVII 

XXXVIII 
XXXlX 

XL 
XLI 

XLII 

C h e m i c a l  S h i f t s  ( r )  i n  t h e  P M R  S p e c t r a  of  S u b s t i t u t e d  

8ubstituents in posil~om 

2 3 5 

Chemical  shifts of the ring 

hydrogen arums, r.  ppm 

'____L_ 2 i lc'lc.lexp c lc./ 

"~CHa, 

ppm 

CHa 
Cl 
Si(CHa)a 

SiHa 
Si (CHa)2CI 

SiH2CI 
Si (OC2Hs)a 
Si(CHa)Ct2 

SiHC[~ 
SiCla 
SiFa 
Sills 
Si(CHs)2CI 

SiH~CI 
Si(OC2Hs)a 
Si(CH3)CI2 

SiCla 
Si(CHa)CI2 

SiCla 
Si(OC2Hs)a 
SiCla 
8i(CHa)a 

SiHa 
SiH2Br 
SiHaCI 
Si (Ctta) 2Cl 

SiH~Br 
SiH~CI 
Si(OC:Hs)a 
Si(CHs)CI2 

SiCla 
CI 
Si(CHa)~Cl 
Si(OC2Hs)a 
Si(C2Hs)CI~ 
Si(CHa)Cla 
SiC la 
CI 
C1 
SiCla 
CI 
SiCla 

[ c~ 
CI 
CI 

CI 
CI 

L 

m 

CHa 
CHa 
CHa 
CHa 
CHa 
CHa 
CHa 
Cl 
CHa 
CHa 
CHa 

C1 
Ci 
CI 

CI 
CI 
CI 
CH3 
CHB 

CHa 
CI4a 
CHa 

CHa 
gi- 

Br 
CN 
CN 
Si(Ctta)a 

SiHa 
SiHa 
SiHa 
Si(CHa)eCl 

SiH2Br 
SiH2C1 
Si (OC2tt~) a 
Si(CHa)CI2 

SiCla 

CI 
CI 
CI 
SiCla 
SiCla 

3,48 
3,47 
3,20 

3,22 
3,14 

3,12 
3,08 
3,06 

3,08 
3,09 
3,06 
3,37 :,38 
3,24 ',,30 

3,25 1,28 
3,23 ;,24 
3,22 ~,22 

3,24 ~,25 
2,97 - -  

2,91 .',82 
2,25 -- 
2,13 ~,26 
2,81 ~,85 

2,65 ~,80 
2,71 - -  
2,65 L70 
2,55 ~,61 

2,42 !,51 
2,48 ~.48 
2,46 :.45 
2,41 :,33 

2,30 !,28 
3,46 - -  
3,12 - -  
3,12 - -  
3,09 --  
3,08 -- 
3,09 -- 
3,6I - -  
3,43 - -  
3,28 - -  
2,72 - -  
2,40 - -  

- -  7,78 

9,69 
(Si--CHa) 

9,38 
(Si--CH3) 

9,03 
(Si--CH3) 

7,68 
7,63; 9,39 

(Si--CHa) 
7,63 
7,59 

7,59; 9,07 
(Si--CHa) 

7,57 
9,02 

(Si CHa) 

9,71 
Si--CHa) 

- -  9,33 
(Si CHa} 

9,01 
(Si--CHa) 

3~7 7,94 
2,6(] 7,65 
2,6! 7,62 
2,60 7,59 
2,60 7,6t 
2,5g 7,56 

7,98 

7,61 
7,84 
7,44 

The presence of a large number of thiophene derivatives of diverse structure makes it possible to 

evaluate the contribution of different substituents to the chemical shifts of the ring hydrogen atoms. We 

made this sort of evaluation in the following way. The ~-a and T 4 chemical shifts in I and III-XI were com- 

pared with the chemical shift of 2,5-dichiorothiophene (II) (3.47 ppm). The AT 3 and AT 4 values obtained in 

this case are the differences in the r 3 and r 4 chemical shifts that arise when a chlorine atom in the 2 posi- 

tion of the ring is replaced by substituent X (Table 2). (In principle, AT 3 and AT 4 can also be obtained by 

a comparison of the chemical shifts of 5-X-thiophenes with the chemical shifts of thiophene. However, be- 

cause of the considerable errors in the measurement of the chemical shifts in monosubstituted thiophenes, 

the AT values in this case will be less accurate.) With the use of the AT 3 and AT 4 values, the T 3 and r 4 

in a disubstituted thiophene of the • type can be determined from the formulas chemical shifts 

r 3 = 3 . 4 7  + ( AT a)XI  + (AT4)x2  a n d  r 4 = 3 . 4 7  + (AT3)X2 + (AT4)X1 , w h e r e  t h e  s u b s c r i p t s  X 1 a n d  X 2 d e n o t e  t h a t  

t h e  A r  v a l u e s  p e r t a i n  t o  s u b s t i t u e n t s  X 1 a n d  X 2 in  t h e  r i n g .  T h e  c h e m i c a l  s h i f t s  c a l c u l a t e d  v i a  t h i s  p a t h  
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TABLE 2. Contributions to the Chemical Shifts in the 3 (Ara) and 
4 (AT 4) Positions of the Thiophene Ring That Arise from Substitu- 
ents X in the 2 Position 

x a.~, ppm an, ppm a%0rr, ppm 

CHa 
C1 
Br 
Si(CHa) a 
SiHa 
Si(CHa)~C1 
SiH2Br 
SiH2CI 
Si (OC=H~) a 
Si(CHa)C12 
SiCla 
SiFa' 
CN 

+0,16" 
0,00 

-0,18 
-- 0,35 
--0,42 
- 0,53 
--0,62 
--0,64 
--0,63 
-0,73 
-0,81 
- 0,85 
- 0,96 

0.00 
0.00 

-0.01 
- 0,27 
-0,25 
--0,33 
- 0,34 
--0,35 
- 0,39 
-0,41 
-0,38 
-0,41 
-0,40 

-o,39 
-0,40 
-0,53 
- 0.62 
- 0,64 
-0,40 
-0,73 
-- 0,84 
-0,68 

* A c o m p a r i s o n  of the c h e m i c a l  sh i f t s  in  XXXII-XXXVIII,  XL-XLI I ,  
and 2 - s u b s t i t u t e d  [2] or 2 , 5 - d i s u b s t i t u t e d  th iophenes  d e m o n s t r a t e s  
that  the c o n t r i b u t i o n s  of the CHa group as a s u b s t i t u e n t  in  the  3 p o s i -  
t ion  to the c h e m i c a l  sh i f t s  of the hydrogen  a toms in  the  4 and 5 p o s i -  
t ions  amoun t  to only about +0.15 ppm.  

TABLE 3. Con t r i bu t i o ns  (A r tot = A r an + A r  el) to the Chemic  al 
Shifts of the Hydrogen Atoms  of the  Thiophene  Ring in  2 -Subs t i tu t ed  
Th iophenes  

Substituent 

Si(CH3)3 
SiHa 
SiCla 
SiFa 
Si(OCHa)a 

~C a 

+ 0,04 
-0,02 
+0,03 
--0,17 
- 0,23 

A x.at: ppm 
T4 r ~5 

+0,05 I +0,04 -0,0l +0,01 
+0,01 +0,01 
-0,04 -0,05 
-0,04 i -0,02 

TABLE 4. Lengths  of Some Bonds,  Dipole Moments  (#),  and A • 
Values  of Bonds* in S i ly l th iophenes  

~ X  [X= Si(CHa) z, Sill 3, SiF 3, SiCI3, Si (OClla)a] 

Bond 

Si--C 
Si--H 
Si--F 
Si--CI 
S i - - O  
C--O 
C--H 

Bond length, A 

1,84 
1,48 
1,57 
2,06 
1.63 
1,43 
1,09 

~t, D 

0,6 
1,0 
1,9 
2,07 
1,23 
0,7 
0,4 

m 4. Az. Cma/mole 

1,2 

4,85 
0,8 
1,23 
0,9 

* F r o m  the data  in  [9], 

( r c a l c )  a r e  p r e s e n t e d  in Tab le  1. The data  in  Ta b l e  1 show that  the r c a l c  va lues  for  XII-XXXI a r e  e x t r e m e -  
ly  c l o se  to the e x p e r i m e n t a l  c h e m i c a l  sh i f t s  for these  compounds ,  T h e s e  r e s u l t s  a t tes t  to the fact  that  in  
d i subs t i t u t ed  th iophenes ,  as in d i subs t i t n t ed  b e n z e n e s  and po lysubs t i t u t ed  fu rans  [5], the  c o n t r i b u t i o n s  of 
d i f fe ren t  s u b s t i t u e n t s  to sh ie ld ing  of the r i ng  hydrogen  a toms  a r e  addi t ive .  

Let  us examine  the A r  3 and Ar 4 va lues  (Table  2) in  g r e a t e r  de ta i l .  It  follows f r o m  what was se t  for th  
above that ,  to a f i r s t  approx imat ion ,  the AT va lues  c h a r a c t e r i z e  the e l e c t r o n - a c e e p t o r  p r o p e r t i e s  of the 
c o r r e s p o n d i n g  s u b s t i t u e n t s .  In fact ,  in e s t i m a t i n g  the con t r i bu t i on  of the an i so t ropy  of the magne t i c  s u s -  
cep t ib i l i t y  to the c h e m i c a l  shi f ts  of the r i ng  hydrogen  a toms of th iophene d e r i v a t i v e s  having  o rgan ic  s u b s t i t u -  
ents ,  i t  was found that  this  c o n t r i b u t i o n  is p r a c t i c a l l y  neg l ig ib ly  s m a l l  [4], 
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0,9C -& ~corr  

0,8c 

| 
0,70 

o 
t 

0,60 

0,50 

0,40 

~ 4  
0,30 :_j___ 

o , ~ ~ ~ ~ - - ~  ~ ~ -9~ 

F i g .  1.  R e l a t i o n s h i p  b e t w e e n  the  A r c o r r  
values in organosi l icon derivat ives of thio-  
phene [(C4H3S)Si(Ri)3] and the sums of the 
Taft inductive constants of the three sub- 
stituents bonded to the si l icon atom . ,~-(Z~ 

For the co r r ec t  est imate of the electronic effects of 
silyi substituents in organosil icon derivatives of thiophene, 
one needs data on the magnitude of the contributions of the 
anisotropy of the magnetic susceptibil i ty and in t ramolecu-  
lar  electr ical  field to the chemical  shifts of the ring hydro-  
gen atoms for those cases  in which the source  of such con-  
tributions are  the organosil icon f ragments .  In view of the 
absence of l i tera ture  data on this problem, we undertook 
calculations of the magnitudes of these contributions for 
severa l  molecules having typical organosi l icon subst i tu-  
ents (Table 3). The effect of the anisotropy of the mag-  
netic susceptibil i ty and the in t ramolecular  electr ical  field 
of S i -Cth ienyl ,  S i -Ca lky l ,  S i - C I ,  S i - H ,  S i - F ,  S i - O ,  
C - O ,  and C - H  bonds to the chemical  shifts of the hydro-  
gen atoms in the 3,4, and 5 positions of the thiophene r ing 
of a number of silylthiophenes was calculated.  The aniso-  
tropic contribution to the chemical  shifts (Aran) was ca l -  
culated f rom the formula  [6] 

Ar = A X  / ! - 3 c o s ~ 0 \  
a n  3N \ R ~ / '  

where 2xX = X[[ - #_L is the anisotropy of the molar  magnetic susceptibil i ty of the above-indicated bonds, 

and 0 is the angle between the axis of s y m m e t r y  of these bonds and radius vector  R, drawn from the center  
of the dipole to the shielded proton.  

The contribution to the chemical  shifts due to the effect of the e lectr ical  field of the S i - X ,  C - O ,  and 
C - H  dipoles was calculated f rom the formula  [7] 

A~el=-3 . I .  10 ~ e 2 ~ / c o s 0 ~  \ > / '  

where ~* is the dipole moment of the bond, and 0 is the same angle as in the computation of Aran.  

The geometr ica l  fac tors  <(1 - 3cos20) /R 3} and (cos 0 / R  3} w e r e  calculated with allowance for the 
possibil i ty of f ree  rotation of the silyl groups (SIX3) about the S i - r i n g  bonds. Moreover,  it was assumed 
that all of the possible configurations that ar ise  during free rotat ion are  equally probable.  It was assumed 
that the center  of the dipole coincides with the middle of the S i - X ,  C - O ,  and C - H  bonds. The geometr ica l  
pa rame te r s  of the thiophene r ing were taken f rom [8]. The other geometr ica l  pa ramete r s ,  the A• values, 
and the dipole moments  of the bonds are  presented in Table 4. 

The total contributions (Artot) , which are  the algebraic sums of the A r a n  and AT el values calculated 
f rom the formulas  presented above, are  given in Table 3. It is apparent f rom Table 3 that the ATto t con-  
tributions to the chemical  shifts of the r ing protons a re  small ,  except for the contributions to the 7 3 chemi-  
cal shift of fluoro and methoxy der ivat ives .  The smal l  Ar to  t value makes it possible to conclude that, as 
in the organic derivat ives  of thiophene, the change in the chemical  shifts in the ring of organosil icon 
derivat ives  is determined principal ly by the electronic effects of the variable substituents.  However, it is 
neces sa ry  to introduce co r rec t ions  (Artot) to the A r  values presented in Table 2 for-some substi tuents.  
The thus co r rec t ed  (Areor r )  AT 3 values are  presented in Table 2. It is c lear  f rom what has been set forth 
above that the A r c o r r  values are  a measure  of the electronic effects of silyl substituents, which are  t r ans -  
mitted via both inductive and conjugation mechanisms .  On the basis of the above it is also c lear  that the 
A r c o r r  values are  proport ional  to the Hammett  (rp constants of the corresponding silyl substituents.  It is 
known that Gp is the sum of the GI constants (which cha rac te r i ze  the inductive effect) and the Gc constants 
(which cha rac t e r i ze  the conjugation effect) [10]. If, therefore,  it is assumed that the magnitude of the ef- 
fect of conjugation of the silyl substituents [Si(Ri)3] with the thiophene ring is independent of the nature of 
the other substituents (Ri) attached to the sil icon atom, one may expect the existence of a proport ionali ty 
between A r c o r r  and the sum of the Taft inductive constants (or*) of the three substituents Ri. It follows 
f rom Fig.  1 that this sor t  of proport ional i ty  actually exists for most  of the silyl substi tuents.  However, 
the points corresponding to the Si(OC2H5) 3 and SiF 3 substituents deviate sharply f rom this dependence. The 
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reason for this deviation is the sharp decrease  in the acceptor  proper t ies  of the sil icon atom with respec t  
to the ring when three  alkoxy groups or three fluorine atoms a re  attached to the silicon atom. Conjugation 
between the ring and the silyl substituent is real ized via a d r - p v  interaction mechanism, which includes 
the vacant 3d orbitals of the sil icon atom and the ring v electrons [1-3]. As we have previously shown (for 
example [9, 11]), the overall  effect of the d~ -P~r interact ion in the molecule increases  as the number of 
chlorine atoms added to the si l icon atom builds up. An increase  in the number of chlorine atoms therefore  
does not decrease  the degree of d~ - p ~  interact ion of silicon with the ring very  sharply [2]. However, the 
buildup of alkoxy groups or fluorine atoms on the sil icon atom very  markedly decreases  the d~ - p ~  in te r -  
action in the molecule as a whole [11-13]. In this case ,  the energically weaker d~ - p ~  interaction in the 
s i l i c o n - r i n g  bond (as compared  with the analogous interaction in the S i - O  and S i - F  bonds) is not real ized 
at all. The electronic effect of Si(OC2Hs) 3 and SiF 3 substituents is therefore  rea l ized only via an inductive 
mechanism,  and the e lec t ron-acceptor  proper t ies  of these substituents prove to be re la t ively low. 

E X P E R I M E N T A L  

The PMR spect ra  of cyclohexane solutions of the compounds (volume rat ios  f rom 1 �9 2 to 2 : 1) were  
obtained with a YaMR-5535 spec t rometer  (40 MHz). Cyclohexane also served as the internal s tandard.  The 
accuracy  in the determination of the chemical  shifts was =~ 0.01-0.03 ppm. The signals of the r ing hydrogen 
atoms of disubstituted thiophenes consti tute spec t ra  of the AB type. The s p i n - s p i n  coupling constants 
(JAB), which were  4 ~- 0.4 and 4.6 * 0.4 Hz, respect ively ,  for 2,5- and 2,3-disubsti tuted thiophenes, conf i rm 
the type of substitution in these compounds.  
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