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A comparative study of the integrated extinction coefficients (A) of the C~C stretching 
bands in the I R spectra of acetylene derivatives Me~SiC~CR, HC~CR. and Me3CC-~CR was 
carried out. The resonance interactions of substituents with a triple bond are the main cause 
of the changes in the values of A. The total resonance effect of the Me3Si fragment involves 
both acceptor (d,~t-conjugation) and donor (o,r~-cot~jugation) components; d,z:-conjugation 
dominates in the silylacetylenes studied. The c~R ~ resonance constant of the MejSi  substitu- 
ent in compounds Me3SiC-M2R is 0.17+0.02. 
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Accord ing  to cur ren t  concepts ,  1-* the AIk3M sub- 
sti tuent in c o m p o u n d s  o f  group IV elements AIk3MR x 
(M = Si, Ge ,  Sn, and Pb; P-x is phenyl, vinyl, ethynyl, 
furyt, thienyl,  and the  like) is both a resonance acceptor  
o f  the - M - t y p e  and a resonance  donor  of  the +M- type  7 
with respect to the reac t ion  (indicator) center R,t. The 
acceptor  propert ies  (d , r t -conjugat ion)  of  the AIk3M frag- 
ment  are due to the j o i n t  effect o f  the vacant nd-orbitals 
o f  the M a tom and an t i bond ing  cr*-orbitals of  the M - - C  
bonds, whereas the d o n o r  properties (or,re-conjugation) 
are due to mixing o f  the  ~-orbi tals  of  the M - - C  bonds 
with the ~-orbitals  o f  R~. 

The  relative con t r ibu t ion  o f  d,Tt- and cr,:t-conjuga- 
tion to the total r e sonance  effect in molecules AIk3MR 
depends on the type o f  metal  and group R~ as well as on 
the value o f  the negat ive  effective charge on R x. A 
strong change in this charge  (caused by specific solva- 
tion, ionizat ion,  and chemica l  reactions) results in in- 
version of  the d o n o r - a c c e p t o r  properties of  substituents 
AIk3M. 8 Therefore ,  o n e  fails to define a universal (in- 
variant with respect to both the type and the charge of  
P~) scale o f  the resonance  parameters quantitativeiy 
character iz ing the con juga t ion  between AIk3M and R~ 
fragments,  even for f ixed substituents Alk3M (for in- 
stance, Me3Si, Et3Sn, and the like). Resonance param- 
eters oR 0 as a measure  of  R '3M conjugation (R" are 
organic groups) with R~ in the individual molecules 
R'3MR,~, whose e l ec t ron i c  structure is not perturbed by 
interact ion with the m e d i u m ,  have only been systemati- 
cally investigated for R~ = Ph.l,3 

In this work, the con juga t i on  effects in c o m p o u n d s  
M e 3 S i C - C R  (R are various o r g a n i c  groups) were  s tudied 
by IR spectroscopy,  and t h e  ~R ~ parameters, c h a r a c t e r -  
izing the resonance in t e r ac t ions  between the  Me3Si 
substi tuent and the indica tor  c e n t e r  C~-CR, w e r e  deter-  
mined.  Carbon  tetrachloride,  wh ich  weakly so lva tes  the 
Si a tom 9 as well as the i n d i c a t o r  cen ter  (according to the 
data for compounds  HC-=C R. and  Me3CC_--C R),  lO,! ! was 
used as a solvent.  

Experimental 

The studied compounds were  synthesized according to 
previously published procedures, tT"'t3 The purity of  the com- 
pounds was monitored by G LC. Freshly distilled CCI 4 of 
spectroscopic grade in the UV and IR spectral regions was 
used as the solvent. 

The IR spectra of solutions of  the compounds under  study 
(0.08--0.30 tool L -I) in CCI a were recorded on an UR-20 
spectrophotometer in the region from 2000 to 2300 cm -I  The 
values of the integraled extinction coefficients (A) o f  the C~-C 
stretching bands were determined following a previously de- 
scribed procedure 14 and expressed in IUPAC practical units 
(L tool -I cm-2). 1~ 

The data were processed by the least squares method using 
the standard STATGRAPHICS 3.0 program package on an 
IBM PC AT personal computer. 

The previously determined Io,I1 values of the ~R a constants 
of organic substituents as well a s  those we calculated following 
the procedure described in Refs. 10 and II were used. 

Translated from I',vestiya Akademii Nauk. Seriya Khimicheskaya. No. I. pp. 76--80, January.. 1997. 

1066-5285/97/4601-0071 $18.00 @ 1997 Plenum Publishing Corporation 



72 Russ. Chem. Bull., Vol. 46, No. I, January, 1997 Egorochkin et a L  

Results and Discussion 

It is known Is that in tegra ted  extinction coefficient A 
is proport ional  to the squared  derivative of  the dipole 
momen t  (/a) o f  the m o l e c u l e  wi th  respect to the /th 
normal coordinate  (Q,). 

A - (~,'d(2~)0 2 (1) 

If vibration o f  a certain b o n d  A - - B  in a polyatomic 
molecule  is character ized by its eigenvector,  then ex-  
pression (1) transforms to 

A - (d~A_B/dqA_B)O 2, (2) 

where laa_ B is the dipole m o m e n t  of  the A ~ B  bond. 
and qA--B is the s tretching c o o r d i n a t e  of the bond. Since 
the stretching vibration of  t h e  A - - B  bond is character-  
ized by its e igenvector ,  this b o n d  can be considered to a 
good approximat ion as a d i a t o m i c  molecule A- -B ,  for 
which (according to the pub l i shed  data Is) 

o~A-w'dqA_e = ~,^_~'r0, (3) 

where r 0 is the in te ra tomic  d i s t ance  A--B.  Thus, 

A ~,q - ~t^_~, (4) 

It follows from relat ion (4) that  the reason for the  
change in ext inct ion coe f f i c i en t  A of  well- localized vi-  
brations of  the A - - B  bond is the  electronic effects o f  
molecular  fragments,  l ead ing  to a change in the dipole 
m o m e n t  O.A-- B" 

Three  approaches  based on  relation (4) were used to 
study conjugat ion of  Me3Si and  R substituents with the  
n-system in compounds  Me3SiC=-CR. The first one is 

based on a compar ison  between t h e  values  of  A I/2 a n d  
those p l a y  R (Table I) considering t h e m  as independen t  
c h a r a c t e r i s t i c s  o f  the r e s o n a n c e  in t e rac t ions  in  
Me3SiCr~CR molecules.  A linear depe r~dence  was es tab-  
lished 

A t12 = - l .106v  R - 22.0, (5) 

S a = 0.12, S b = 3.1, S v = 8.0, r = 0.953, n = I1. 

Equat ion (5) relates the A 1/2 values  to the Av R 
values, character izing the con juga t i on  effects of Me3Si  
and R substituents with the t r i p l e  bond  not in t h e  
isolated Me3SiC~-CR molecules, bu t  in their  H - c o m -  
plexes with phenol,  z6 Since a s m a l l  posi t ive charge 8 "  
(0.01 e) is induced on the triple b o n d  in H - c o m p l e x -  
at ion,  the degree of  conjugation in  the  molecules  and in 
their H-complexes  can be s o m e w h a t  different .  The Av R 
parameters  were systematically s t u d i e d  for a series o f  
benzene ,  zl e thylene,  4 thiophene, zz  furan,  z3 and ace ty l -  
ene 16 derivatives. It was shown t h a t  t he  following r e l a -  
tion is valid for each of  the series o f  t h e  above H - c o m -  
plexes 

Av = a~.ot + b~oR + c, (6) 

where Av is the shiR of the p h e n o l  v ( O H )  frequency in 
the IR  spectrum due to formation o f  a H-complex b e -  
tween phenol and the ~-base; r-o I a n d  Eo R are the sums o f  
the inductive and the resonance c o n s t a n t s  of  substituents 
at the ~-donor  center,  bearing the c h a r g e  ~5 ~, respectively. 
The numerical  values of  coefficients a, b, and c depend on  
the type of  the ~-base (benzene, ace ty lene  derivatives, 
etc.). In a number  of  publicat ions,  the  hr..oR value is 
denoted as t3VR, 4'I6`ZI-Z3 and it w a s  also shown that t h e  

TaMe 1. Integrated extinction coefficients A, values of Av R, and oR ~ constants of  
substituents R for compounds Me3SiC~CR 

Corn- R A - A  1/2 Av R oR 0 
pound /L tool -I em -2 /L i/2 tool -I/2 cm -I /cm -t 

I CH2SnBut3 4150 64.4 +44 -0.22 
2 CH2GeMe ] 4060 63.7 +38 -0.18 
3 CH2SiMe ] 4290 65.5 +35 -0.18 
4 But3 1590 39.9 +19 -0.~3 
5 SC6F 5 2600 51.0 -- -0.12 
6 CH2Ph 2630 51.3 +t9 -0.11 
7 Ph 2700 52.0 -,-16 -0.I0 
8 CH2C6F 5 1700 41.2 +21 -0.08 
9 CH2SPh 1290 35.9 +24 -0.08 

10 CHzOMe 820 28.6 4-7 -0.07 
11 CH2SC6F 5 It00 33.2 -- -0.02 
12 C6F 5 640 25.4 - 4  -0.01 
13 CHO 490 -22.1 -34  +0.24 

Note. The value of A for compound 4 was taken from Ref. I I. The values of &v, R were 
calculated following the previously described procedure; t6 the appropriate values o f  ~R 
were taken from Refs. 16--18. The values of oR 0 for substituents R in molecules 1--3 
were taken from Ref. 19, those in molect=les 5--9, I1, and 12 ~,e ot"qned following the 
previously described procedure: t~ the average value of two vah, es (one taken from 
Ref. 10 and the other we measured) is given for compound 10; the v~lues of e r r  ~ for 
compounds 4 and 13 were taken from Refs. 10, 20. 
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n-electron-donor ability ,Sv, as well as its resonance com- 
ponent ~vR, only depend o n  the electronic effects of the 
substituents bound to the 7t-donor center in accordance 
with Eq. (6). This conclusion and the satisfactory correla- 
tion coefficient of Eq. (5) point to the fact that the 
electronic effects of  the substituents predominantly affect 
the values of  integrated extinction coefficients A in com- 
pounds Me3SiC=-CR. 

The second approach (more rigorous than the first 
one) to the analysis o f  conjugation of substituents (Me3Si 
and R) with the n-system in Me3SiC~--CR molecules is 
based on the results  o f  normal coordinate analy- 
sis I~ of  the stretching vibrations v(C-=C) in the 
IR spectra of acetylene derivatives. According to these 
data, a change in the C-=C bond length corresponds in the 
main to v(C-=C) stretch (whereas the mass of the substitu- 
cuts has no effect on v(C-=C)) for any monosubslituted 
derivatives HC-=CR and Me3CC~-CR. Insignificant and 
virtually equal mixing o f  the v(C-=-C) stretching vibration 
with the v(CC-=) and v(SiC~) vibrations was established by 
the example of MejCC~-CH and Me3SiC~CH. This mix- 
ing results in a small and approximately equal decrease in 
the degree of localization of  the normal vibration v(C~-C) 
for both compounds, z4-26 At the same time, the degree of 
localization of  v(C-~-C) remains reasonably high, which is 
in particular confirmed by the existence of the rela- 
tionstO, il  

A J/2 = 217(err ~ + 0.05), r = 0.992 (7) 

for 18 compounds HC-~CR and 

A t/-'- = 213[crR ~ -- Crg~ t) + 0.051, r = 0.995 (8) 

for 17 compounds Me3CC-=CR, where err ~ are the reso- 
nance constants of  substi tuents R. 

The high values o f  the correlation coefficients in 
Eqs. (7) and (8) point to the fact that the values o f A  t/2 
in the series HC-=CR and Me3CC-=CR only change due 
to the resonance interact ions between the substituents 
and the triple bond. 

Two peculiarities o f  relations (7) and (8) should be 
emphasized. On the one hand, since an ~ = 0 for the 
unsubstituted acetylene,  the value of A must also be 
zero. However, because of  the different eigenvectors of 
the v(C~-C) normal vibration in HC-=CH and HC--CR 
molecules (see Ref. 10), the line corresponding to Eq. (7) 
does not pass through the origin. On the other hand, 
Eq. (8) only differs from Eq. (7) in the constant 
(erg0(Bu t) = 0.13), which is consistent with a nearly 
equal degree of localizat ion of v(C-~C) for compounds 
HC---CR and Me3CC=-CR. 

On the basis of  the above data on the degree of 
localization of the v(C-=C) vibration, dependences of 
type (7) and (g) can be expected to exist for compounds 
Me3SiC-=C R. 

It is convenient to express Eqs. (7) and (8) in the 
form of dependences (9) and (10), respectively. 

A 1/2 = 217OR ~ + 10.8 (9) 

A *i2 = 213an ~ + 38.3 (10) 

For compounds Me3SiC----CR (see Table I), tile fol- 
lowing relation is valid: 

A 112 = 197erR~ - 24.7. (11) 

S,, = 15, S a = 2. I, Sy = 6.0, r = 0.969, n = 13. 

To calculate the cR ~ values o f  substituents R in some 
silylacetylenes Me3SiC---CR (see Table 1, compounds 5-- 
12), we measured the A values for compounds HC=CR 
containing the same groups R. The aa~ values were 
calculated using Eq. (7). T h e  values of A/L tool --I cm -2 
for compounds HC-=CR arc listed below. 

R CH2Ph Ph CH2CoFsCH2SPhCH2OMe CH2SC6F 5 C~F s 
A 150 180 40 40 90 35 70 

The value of erR~ for substi tuent SCrF  s was calculated by 
Eq. (8) using tile value o f  A (130 L tool -I c m  -2) for 
Me3CC~-CSCrFs. 

Comparing relations (9), (10), and (I I), we can  draw 
the following conclusions. The integrated ext inct ion 
coefficient A of  the v(C~-C) bands in the IR spect ra  in 
the series of  compounds HCz=CR, Me3CC=-CR, and 
Me3SiC=--CR almost entirely depends  on the conjugat ion 
of  the substituents with the ~-system. 

As to their resonance propert ies ,  the Me3C and 
Me3Si groups are the + M - d o n o r  and the - M - a c c e p t o r ,  
respectively. This unambiguously follows from the  shift 
of  line 2 in Fig. 1 toward s m a l l e r  erR0 values and that of 
line 3 toward larger og ~ va lues  with respect to  line 1 
(see Fig. 1). 

The average value Of t he  shift between lines 3 and I 
along the err ~ axis in the r eg ion  of the change in A I/2 
from - 6 5  to +22 (see Tab le  I) is 0.17• it is the 
value of the ergo parameter o f  the Me3Si subst i tuent  in 
the isolated molecules MejSiC-~--CR. The positive sign of 
era o points to the fact that d,n-conjugation domina tes  
over a,Tt-conjugation in t hese  molecules. 

A l imited number o f  the  studied c o m p o u n d s  
Me3SiC-'=CR hampers (due to inadequate sample  size 
and/or  the possible effect o f  direct polar conjugation) 
detection of second-order effects ,  resulting in a differ- 
ence between the slope of Eq .  (9) and that of Eq. ( l l ) .  

The third approach we used is based on the  direct 
justification test of Eq. (4)  using the A ~/2 values for 
compounds Me3SiC-=CR a n d  the values proport ional  to 
the ~-components of the d i p o l e  moments oFC~C bonds. 

As iS knowtl. 27 the e lec t r ic  dipole moment Ia is the 
product of the charge (q) a n d  the distance (/) between 
the center of gravity of t h e  positive charge and the 
negative charge. [f only the ~-component  of the  dipole 
moment (IJ~) is considered, then  

,p.~ = q,r (12) 

where q.~ are the effective 7t-electron charges on the 
atoms of a given bond. Previously  in this work for three 
series of acetylene derivatives (HC~-CR, Me3CC-=CR, 
and Me3SiC~-CR), the conc lus ions  were drawn that  the 
v(C~-C) vibration is a wel l - local ized vibration and the 
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-AIt2/LI/2 tool-I/2 cm-r 
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Table 2. Values of A I/2 and Aq~ for compounds HCaCR, 
Me3CC~CR, and M%SiC~CR 

- A  112 ~q,Je 
R /L In tool -I/2 cm -I  

HO,  CR Me3CC,,CR MeBSiC~CR 

NH2 -91.2 -61.8 - I  17.3 -0.117 
OMe -82.5 -53.3 - 109.4 -0.089 
OH -76.0 -46.9 - 103.5 -0.087 
F -63.0 -34.1 -91.7  -0.062 
Me -10.9 +17.0 -44 .4  -0.012 
CH=CH2 0 +27.6 -34.6  -0.010 
H +10.8 +38.3 -24 .7  0 
CF 3 +32.5 +59.6 -5 .0  +0.005 
CN +30.3 +57.5 -7 .0  +0.021 
COH +62.9 +89.4 +22.6 +0.042 
COMe +58.5 +85.2 + 13.6 +0.043 
NO 2 +47.7 +74.5 +8.8 +0.061 
NO +65.0 +91.6 +24.6 +0.077 

Note. The values ofA j/2 were calculated by Eqs. (9), (10), and 
(1 I) using the values of err ~ for the substituents taken from 
Refs. 10, 20. The values of 6qz were t aken  from Ref. 28. The  
negative (positive) values of ~q~ correspond to an increase 
(decrease) in the n-electron transfer f r o m  substituent R to the 
triple bond as compared to that for acetylene.  

Fig. 1.. Correlation between the ,41/2 and OR ~ values for com- 
pounds HC.~CR (I), Me3CC---CR (2), and Me3SiC~CR (3). 
The numbering of the points on line 3 corresponds to that of 
the compounds in Table t. 

value of  the integrated e x t i n c t i o n  coefficient A of  the 
v(C--C) band in the IR s p e c t r u m  is predominantly af- 
fected by the resonance in t e rac t ions  between the sub- 
stituents and the triple bond .  If  these conclusions are 
tnle and the length of  the C~-C bond (/) is kept constant  
at least for each of  the se r ies ,  then it follows from 
relations (4) and (12) that 

A 112 - q~(C~C), (13) 

where q,~(C-=C) are the e f f ec t i ve  rt-electron charges on 
the atoms of  the C-=C bond.  

To verily relation (13), t h e  ~q~ values for compounds  
HC~CR (R = NH~, O M e ,  O H ,  F, Me, C H = C H ~ ,  C F  3, 
CN,  C O H ,  C O M e ,  NO.,, a n d  N O )  7-8 were taken as the 
q~(C-=C) values. The  ~,q~ va lues ,  calculated by non-  
empirical  q u a n t u m - c h e m i c a l  methods  in the 4 - 3 t G  ba- 
sis set, zS quanti tat ively cha r ac t e r i z e  the n-electro~: ex-  
change between subst i tuent  R and the triple bond in 
HC--CR molecules ,  i.e., t h a t  part of the cha,lge in the 
effective charge on the c a r b o n  atoms of  the triple bond 
which is due to the c o n j u g a t i o n  effect between the R 
groups and the n-system ( T a b l e  2). 

T h e  values A t/2 and Aqx are re la ted  by a l i nea r  
dependence  (Fig. 2), which is d e s c r i b e d  by the fo l low-  
ing equat ions:  

A t/2 ---- 930Aqx + 7.9, (14) 

S a = 52, St, = 3.1, Sy = 11.1, r = 0.983, n = 13 

for compounds  HC---CR, 

A I/2 = 913Aq, + 35.5, (15) 

S, = 51, S b = 3.1, Sy = 10.9, r = 0.983, n = 13 

for c o m p o u n d s  Me3CC-=CR, and 

A t/2 = 845Aq~ - 27.3, ( t6) 

S a = 47, S b = 2.8, Sv = 10.1, r = 0.983, n = 13 

for compounds  Me.~SiC~CR. 
Lines I and 2 in Fig. 2 are a l m o s t  parallel. Line 2 is 

shifted toward smaller  Aq,~ v a l u e s  by -0 .031+0 .002  e 
with respect to line t. x - E l e c t r o n  transfer from t h e  
substituents to the n-system i n c r e a s e s  by that value on  
going from HC-~CR to Me3CC-~CR,  which can be e x -  
plained by the approximately c o n s t a n t  ( i .e . ,  i , ldependent  
of  the  R type) resonance c o n t r i b u t i o n  (the + M - e f f e c t )  
of  the tea-butyl  fragment. 

T h e  difference between the s l o p e  of  Eq. (14) a n d  
that o f  Eq. (16) is due to the sar~ae causes cons ide red  
above in discussing Fig. 1 and E q s .  (9) and (11). At t h e  
same time, the shift along the A q ~  axis between l i ne  1 
and line 3 in Fig. 2 varies w i t h i n  relatively na r row 
limits,  from -0.029 e (for A I/2 = - 1 1 5 ,  the case of  
typical resonance donors R in M e  3SiC-=CR) to -0 .043  e 
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-AIl2/LII2 tool-112 crn-I 

,ool 
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50 3 
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aq,/e 

/ / "  _,00 l . / /  
Fig. 2. Correlation between A 1/2 and Aq~ values for com- 
pounds HC=CR (I), Me3CC~.CR (2), and Me3SiC=CR (3). 

(for A a/2 = +25, the case of typical resonance acceptors 
R), in the studied range of the change in the A t/2 values. 
The average value of the shift (+0.036+0.007 e) is the 
value of ~-electron transfer from the triple bond to the 
Me3Si substituent in isolated Me3SiC-=CR molecules. 

The spectral investigations were carried out at the 
Analytical Center of the G. A. Razuvaev Institute of 
Organometallic Chemistry of the Russian Academy of 
Sciences with the financial support of the Russian Foun- 
dation for Basic Research (Project No. 95-03-10729g). 
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