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It is Shown that the chemical  shifts of hydrogen atoms in the 3 position of the thiophene ring 
in the PMR spect ra  of 2-substi tuted thiophenes are l inear ly  associated with the Hammett  an  
substituent constants .  On the basis  of this, it was concluded that silyl substituents in 2- 
silylthiophenes have e lec t ron-accep tor  cha rac te r .  It was established that the degree of 
d ~ - p ~  conjugation between the d orbitals of the silicon atom and the p electrons of the thio- 
phene ring depends on the nature  of the other three substituents attached to the silicon atom. 
The data f rom the IR spec t ra  of organosilylthiophenes that contain a S i - H  bond also attest 
to the presence  of d ~ - p ~  conjugation in these compounds. 

Our investigations of heteroorganic  compounds of the silicon subgroups by IR and PMR spec t roscopy 
[2,3] attest  to increased multiplici ty of the M - X  bonds, where M = Si and Ge and X is a group V-VII e le -  
ment or an a -unsa tu r a t ed  hydrocarbon radical .  It is present ly  assumed that the increased  multiplicity of 
these bonds is a consequence of d ~ - p ~  conjugation between the d orbitals of M and the unshared pair  of p 
e lectrons of X. The goal of the present  r e s e a r c h  is a more detailed study by PMR spec t roscopy of the 
e lectronic  effects in substituted thiophenes having silyl groups in the 2 position. 

It follows f rom the data in Table 1 that the chemical  shifts of the protons In the 3 position of the thio- 
phene ring if3) decrease  sys temat ica l ly  as the - I  effect of the other three substituents attached to the s i l i -  
con atom inc reases .  We have previously  observed a s imi lar  phenomenon for the fi protons in CH 2 = 
CHSi (Ri) 3 [5]. 

By t rea tment  of l i te ra ture  data on the ~'3 chemical  shifts in a ser ies  of thiophenes containing various 
substituents (from NO 2 to NH2) in the 2 position, we obtained the equation T3 = -1 .44a  n + 3.27 ~ = 16, r = 
0.95). Hence, the ex t remely  approximate cha rac t e r  of the above-noted dependence of ~-3 in 2-si lyl  der iva-  
tives of thiophene on the - I  effect of the three substituents attached to the silicon atom becomes under -  
standable.  In fact, ~'3 co r re la t e s  sa t i s fac tor i ly  with a n of the SiX 3 groupings,  which takes into account both 
the inductive and m e s o m e r i e  effects in this bond. It is noteworthy that, in the IR spec t ra  of vinyl de r iva -  
t ives (CH2=CHX), the frequency of the deformation vibration of =CH2,  in addition to the I effect of X, de-  
pends markedly  on the effect of conjugation of X with the ~ electrons of the vinyl group [6]. The an  con-  
stants calculated f rom the equation ~'3 = -1 .44a  n + 3.27 for Si(C2H5)5, Si(CH3)3, and SiC13 groupings are  
0.35, 0.38, and 0.64, respect ively .  This at tests  to the overal l  e l ec t ron-accep tor  cha rac t e r  of the indicated 
groupings.  For  compar ison,  the chemical  shifts of various hydrogen atoms for 2 -methy l -  and 2 - b r o m o -  
thiophene are presented in Table 1. A compar ison of them with the shifts in organosil icon derivat ives  is 
also evidence for the e lec t ron-accep tor  cha rac t e r  of t r ia lkyls i lyl  groups.  

*See [1] for communication I. 
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T A B L E  1. C h e m i c a l  Shif ts  in the PM_R S p e c t r a  of 2 - S u b s t i t u t e d  
T h i o p h e n e s  

Comp. 

I 
II 

1II 
tV 
V 

VI 
VII 

VIII 
IX 
X 

XI 
XII 

XIII 
XIV 
XV 

XVI 
XVII 

CHa 
Br 
Si (CzHs) a 
Si(CHa)s 
Si(CHa)~H 
S i (CHa) 1-12 
SiHa 
Si (CHa) ~ (OCzH~) 
Si (CHa) eCl 
Si (CHa) BrH 
Si(CHa)CIH 
SiBrH2 
SiCIH2 
Si(OC2H~)a 
Si (CHa) C12 
SiCla 
SiFa 

"Ca 

3,40 
3,08 
2,76 
2,73 
2,65 
2,63 
2,64 
2.67 
2,60 
2,53 
2,50 
2,53 
2,55 
2,53 
2,40 
2 35 
2:37 t 

1 
3,27 1 3,11 7,72 - -  
3,31 / 2,95 
2,93 / 2,57 9,00, 9,21a 
2,89 2,54 9,75 
2,85 2,53 9,70 
3,02 2,75 9,65 
3,04 2,75 --  
2,92 2,48 9,6P 
3,01 I 2,70 9,41 
2,98 I 2,64 9,20 
2,95 I 2,60 9,37 t - -  
3,00 [ 2,65 --  
3,00 ] 2,65 
2,85 ' 2,36 8~7#[ 6,~d 2,9ol 2,48 9,06[ 
2,96 i 2,50 
2,88 I 2,46 

Chemical shift;s, _, ppm 

5,52 
5,72 

4,68 
4,65 
4,98 
4,81 

0~b 
0,0 
0,49 
0,98 
1,47 
1,5 
2,9 
3,29 
3,39 
3,78 
3,88 
4,5 
5,8 
8,7 
9,3 

a s i g n a l s  of  ~he h y d r o g e n  a t o m s  of the  C2H~Si g r o u p .  
b T h e s e  a r e  the  or* c o n s t a n t s  t aken  f r o m  [4]. 
CIn the s p e c t r u m  of the  e thoxy  g roup ,  r C H  3 i s  8.87 ppm,  and r C H  2 

is  6.3 7 p p m .  
d s i g n a l s  of  the  hyd rogen  a t o m s  of the  e thoxy  g r o u p .  

T A B L E  2. A r  V a l u e s  C a u s e d  by d~r-Plr  Con juga t ion ,  in S e v e r a l  
2 - S u b s t i t u t e d  Th iophenes  

' ffffff~x 

A,, ppm 
Ar add, ppm 

Si(CHa}3 

0,07 

SiCI(CHs)~ 

0,39 
0,30 

SiCI~CH~ I Si(OC2HD (CHa)~ 

0,69 l 0,28 
0,54 0,36 

T A B L E  3. F r e q u e n c i e s  of the  S t r e t c h i n g  V i b r a t i o n s  of the  S i - H  
Bond in the  IR S p e c t r a  of Some 2 - ( O r  ; anos i ly l J th iophenes  

Co mp. 

V 
X[ 
X 

XIII 
XII 

XVI 11 
X[X 
XX 

Compound 

(C4HaS) (CHa) zSiH 
(C4H~S) (CHa} C1SiH 
(C4HaS) (CHa) BrSiH 
(C4HaS) CISiH~ 
(C~HaS) BrSiH2 
(C4Ha'S) 2 (C2I-{5) Sill 
(C,IHaS) 2(CeH~) Sill 
(C~HaS) a,SiH 

Vcal, 
Crrt -! 

2142 
2209 
2207 
2229 
2227 
2170 
2186 
2202 

@xr}' 
cmaI 

2135 
2182 
2182 
2194 
2195 
2135 
2142 
2149 

Av, AVadd, 
cm-1 am .~ 

7 
27 ~ 
25 23 
35 39 
32 33 
34 
44 ~ 
53 - 

C a l c u l a t i o n  of t h e  ere = ~n - ~ I  c o n s t a n t s  can be p e r f o r m e d  only  fo r  Si(C2Hs) 3, Si(CHz) 3, and SiCl~ s u b -  
s t i t u e n t s ,  fo r  wh ich  the or* = 6.23cr I c o n s t a n t s  a r e  known and a r e ,  r e s p e c t i v e l y ,  - 1 . 1 ,  - 0 . 9  [7], and 1.55 [8]. 
We found tha t  the  cr c c o n s t a n t  of the SiC13 g r o u p  (0.39) is  a p p r e c i a b l y  l o w e r  than the c o n s t a n t s  of the  
Si(C2H5) 3 (0.53) and Si(CHs) 3 (0 .52 )g roups .  Th is  fac t  is  e x p l a i n e d  as  fo l l ows .  The  m a g n i t u d e  of the  cr c c o n -  
s t an t  of  the  s i l y l  g r o u p  r e f l e c t s  the  e f f e c t i v e n e s s  of u s ing  the  d o r b i t a l s  of s i l i c o n  in dTr-p~ con juga t ion  
wi th  the r i n g .  In the  c a s e  of  Si{C2Hs) a and Si (CHa) 3 s u b s t i t u e n t s ,  the  s i l i c o n  a t o m  m a x i m a l l y  u t i l i z e s  i t s  p o s -  
s i b i l i t y  f o r  dTr -PTr bonding .  The d o r b i t a l s  of s i l i c o n  in the  SiC13 g roup  a r e  i nvo lved  to a c o n s i d e r a b l e  e x -  
t en t  in d~ -Pr  con juga t ion  wi th  the  u n s h a r e d  p e l e c t r o n s  of the c h l o r i n e  a t o m s .  Conse que n t l y ,  d e - p ~ r  c o n -  
juga t ion  wi th  the  r i n g  r e l e c t r o n s  in 2 - ( t r i c h l o r o s i l y l ) t h i o p h e n e  b e c o m e s  l e s s  e f f ec t ive  than  the ana logous  
con juga t ion  in 2 - ( t r i a l k y l s i l y l )  t h i o p h e n e s .  
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The chemica l  shifts of the hydrogen atoms of the methyl  groups bonded to the silicon atom (TCHs) al-  
so convey information regarding  dlr - P r  conjugation between the d orbitals  of silicon and the ring 7r e lec -  
t rons .  We have previously demonstra ted [3] that the isolation of the contribution of the ~ - P v  conjugation 
to TCH 3 in (CH3)4_nSiX n compounds requires  pr ior  separation of the following effects:  the inductive effect 
of X (1), the effect of anisotropy of the magnetic susceptibil i ty (2), the effect of the in t ramolecular  e l ec t r i c -  
al field of the bonds of the SiXn fragment  (37, and d l r -p~  conjugation in the S i - X  bonds (4). The f i rs t  ef-  
fect  is eas i ly  taken into account, since the TCH ~ values are  associa ted with the sums of the inductive sub-  
stituent constants (Z (r *) by the l inear  equation TCH 3 = 10.00 -- 0.140Zcr* [9]. We have descr ibed in detail 
methods for quantitative evaluation of effects 2 and 3 in [3]. As in the case of t r imethylphenylsi lane [3], it 
was assumed that the anisotropic contribution to T CH 3 of 2-(tr imethylsilyl)thiophene is due only to the ef -  
fect  of the r ing cur ren t  of the thiophene r ing [10]. In this case ,  it was assumed that effect 3 is negligibly 
smal l  in 2-(tr imethylsi lyl) thiophene.  The contribution of d l r - p r  conjugation to TCH 3 of 2-( t r imethyls i ly l ) -  
thiophene obtained in this way is 0.07 ppm, which is ex t remely  close to the corresponding contribution to 
t r imethylphenylsi lane (0.08 ppm). 

In [3J we made quantitative es t imates  of effects 2 and 3 for  the C H 3 - S i - C 1  and C H 3 - S i - O A l k  f r ag -  
ments .  This provides  a possibil i ty for calculation of the contributions of dr  - P r  conjugation {A T) to VIII, 
IX, and XV {Table 1). The AT values are  presented in Table 2 and compared  with the A Tad d values.  The 
calculation o f A T a d  d can be i l lustrated by the following example.  It is assumed that the contribution of 
d r - p u  conjugation to TCH 3 in 2-(dimethylchlorosilyl)thiophene is additively assembled f rom the contr ibu-  
tions in 2-(tr imethylsi lyl) thiophene (0,07 ppm) and t r imethylchloros i lane  (0.23 ppm [3]7. It is apparent  
f rom Table 2 that the AT values differ somewhat f rom ATad d. In our opinion, the reason for this is the 
fact that the dipole moments  of the S t -C1  and Si-OC2H 5 bonds that are  n e c e s s a r y  for evaluating effect 3 
have different values in the compounds of Table 2 and in compounds of s impler  s t ruc ture  (of the t r imethy l -  
chlorosi lane type). It is known, for example, that the dipole moments  of CFnC14_ n have lower values than 
those calculated f rom data on f luoro-  and chloromethane [11]. A s imi lar  phenomenon is also observed in 
the buildup of the number  of d iverse  substituents in organosil icon compounds [12]. Allowance for the de-  
c rease  in the magnitudes of the dipole moments  of S t -C1  in (C4H3S)SiC1 n (CH373_ n groups ~q ='1-37, which 
are  adjacent to the thiophene ring, should bring the AT values close to the ATad d values.  However, in 2-  
(alkoxydimethylsilyl)thiophenes, this sor t  of considerat ion would increase  the difference between A~" and 

ATad d even more .  This apparently is evidence for  the suppress ion of the capaci ty of the silicon atom for 
d r  -PTr conjugation after  introduction of one alkoxy group into the tetraalkylsi lane molecule,  which we have 
already noted in a study of the IR spec t ra  of alkoxysilanes [13]. 

Independent conclusions regarding the presence  of d ~ - p ~  conjugation in organosil icon derivatives of 
thiophene can be drawn in a study of the frequencies (9 7 of the stretching vibrations of the S i - H  bond in the 
IR spec t ra  {Table 3). In [14, 15] it was established that in t r i -  and disubstituted silanes these frequencies 
are  associated with inductive constants of substituents that are incapable of dTr-P~r conjugation by l inear 
equations v = 23.1~(r * + 2112 and v = 23.1~ ~* + 2121. For  si lanes that have substituents that are capable 
of forming d~ -PTr bonds with the silicon atom, the experimental  frequencies are  too low as compared with 
the values calculated f rom these equations, which is explained by the decrease  in the - I  effect of the sub-  
stituents under the influence of the oppositely directed effect of dr  - pTr conjugation. Thus the A ~ = vca l  - 
Vexp values may be a measure  of the effect of d~-p~ r conjugation. Let us consider  the Av values in the 
compounds in Table 3. Compounds XVIII and XX have, respect ively,  two and three thienyl groups that enter 
into d~ - p ~  conjugation with the silicon atom. Since the A~ values in these compounds are  34 and 53 cm -1, 
each of the thienyt groups accounts for Ay of 17 cm -~ . However, A~ in thienyldimethylsilane is not 17 cm -1 
but only 7 cm -1 . Similar ly,  the Av values are  too low by about 10 cm -1 in X and XI, which, in cont ras t  to 
XII and XIII, have methyl  groups .  This peculiar i ty of the IR spec t ra  of methylsi lanes can be explained on 

H ~.~-x4 ~ 
the basis of cr ,~ conjugation H s i~  x. The effect of ~ ,(r conjugation acts in a direction opposite to the 

t t  

effect of d r -Plr  conjugation in the S i - X  bond (in this case ,  X is a thienyl group). The ethyl group is ca -  
pable of considerably less  (r ,~ conjugation. Consequently, o-,(~ conjugation in the ethyl der ivat ives  cannot be 
detected in the DR spec t rum.  We made a detailed examination of the appearance of the effect of ~ ,G con-  
jugation in the IR and PMR spec t ra  of methylchlorosi lane in [3]. The Av values in XII, XIII, and XIX r e -  
flect dTr-PTr conjugation with chlorine,  bromine,  or the phenyl group, as well as with the thienyl group. We 
calculated the A ~ add values for these compounds. It was assumed that A v add is the additive sum of the in- 
dependent contributions to dTr-PTr conjugation f rom the thienyl group (Av = 17 cm-l) ,  and the chloro (z~v = 
22 cm -l) [16], b romo (Av = 16 cm -1) [16], and phenyl {A~ = 8 cm -~) [14] groups.  The corresponding addi- 
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t ive contr ibut ions for al lowance for  cr,a conjugation for  methyl  de r iva t ives  X and XI were  reduced by 10 
c m  -1. As follows f rom Table 3, the A v and A Vad d values p rac t i ca l ly  coincide.  This  is evidence that  c o m -  
peti t ion between s e v e r a l  groups ,  each of which par t ic ipa tes  in d~T --p~ conjugation, holds for  compounds in 
Table  3. However ,  as noted above, no such compet i t ion occurs  in 2-( t r i f luorosi lyl) thiophene and 2- (d imethyl -  
ethoxysilyl) thiophene).  These  conclusions a re  in comple te  ag reemen t  with the r e su l t s  obtained in an analys is  
of the IR s p e c t r a  of ha los i lanes  [16] and alkoxysi lanes  [13]. 

In conclusion,  we will  c o m p a r e  some data on d~ - p ~  conjugation obtained by  PMR and IR spec t roscopy .  
Close  Av values (17 and 22 cm - i ,  respec t ive ly)  were  obtained by IR spec t roscopy  for  the thienyl and chloro 
groups .  However ,  the A~- values obtained f rom the PMR spec t r a  for  the thienyl group (0.07 ppm) are  con-  
s ide rab ly  lower than those obtained for  the chloro group {0.23 ppm).  In evaluating the two methods that we 
used to study d~r -PTr conjugation, it should be acknowledged that  IR spec t roscopy  is a m o r e  accura te  method, 
since the assumpt ions  that a r e  inevi table  in calculat ing in t r amolecu la r  contr ibut ions to chemica l  shif ts  in 
the PMR s p e c t r a  a re  absent  in i t .  Thus neglect  of the effect  of the i n t r amolecu la r  e l ec t r i ca l  field on ~C H~ 
apparent ly  leads to a lowering of the A~- values of the thienyl  group in 2- ( t r imethylsi lyl) thiophene.  How- 
eve r ,  this had no effect  wha tsoever  on the fundamental  aspect  of the p rob l ems  examined in this paper .  

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

The PMR spec t r a  we re  obtained with a YaMR-5535 s p e c t r o m e t e r  (40 MHz). The compounds were  
studied in solutions in cyclohexane (volume ra t io  1 :2 ) ,  which s imul taneous ly  se rved  as the in ternal  s t an -  
dard .  The chemica l  shifts  (T) of the hydrogen a toms of the thiophene r ing were  de te rmined  with an accu-  
r a c y  of about *0.05 ppm; the T values of the other hydrogen a toms were  de te rmined  with an accu racy  of 
• (0.01-0.02) ppm.  The accuracy  in the determinat ion of the ~- values of the r ing hydrogens was low b e -  
cause  of e r r o r s  assoc ia ted  with the method we used  to analyze the s p e c t r a  of the ABC type, with which 
these  a toms a re  affi l iated.  We analyzed these  s p e c t r a  by compar i son  with the s p e c t r a  of a l a rge  numb er  
of 2-subst i tu ted  thiophenes,  the comple te  analys is  of which was p e r f o r m e d  in [17]; data on the T 3 values 
were  also taken f rom [17]. The effect  of the cu r r en t  of the thiophene ring on ~CH 3 in 2 - ( t r ime thy l s i ly l ) -  
thiophene was calcula ted allowing for  the f r ee  rotat ion of the methyl  groups and t r ime thy l s i ly l  groups as a 
whole about the bend of the s i l icon a tom with the r ing .  The geomet r i ca l  p a r a m e t e r s  of the thiophene ring 
were  taken f r o m  [18], while those for  the t r ime thy l s i ly l  group were  taken f rom [3]. Data f r o m  the ca lcu la -  
tion of the contr ibutions of the r ing cu r r en t  to the chemica l  shifts  in the PMR s p e c t r a  of thiophene d e r i v a -  
t ives  [9] and the tab les  in [19] were  used  for  the calcula t ions .  

The IR s p e c t r a  of dilute solutions of the compounds in carbon te t rach lor ide  were  r eco rded  with a 
UR-20 s p e c t r o m e t e r .  
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