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The frequency shifts (Av (OH)) of phenol and the resonance components (AVR) Of these 
shifts in the IR spectra of forty H-complexes of phenol with furan derivatives containing 
organic, organosilicon, organogermanium, and organotin substituents are studied. The values 
of Av and Av R are linearly related to quantum chemical parameters of the variation of the 
effective charges of the furan ring atoms affected by o- and n-interactions with organic 
substituents. The effect of the conjugation between an organoelement substituent and the 
furan ring on the effective charges is estimated. The resonance parameters (OR) of 
organoelement substituents in derivatives of benzene, thiophene, and furan and the reasons 
for the non-versatility of o R are considered. 
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Previously,  based on studies of  H-complexes  formed 
by organic and o rganoe lemen t  derivatives of  benzene,  
th iophene ,  e thylene ,  and acetylene 1-4 (molecu le -do-  
nors X i - - D  ) with phenol ,  new oppor tuni t ies  were found 
for applying I R  spect roscopy to the  study o f  the  nature  
of  weak in t ramolecu la r  hydrogen bonds  and to es t imat-  
ing the  var ia t ion in the  effective charges at donor  centers 
(D) during in t ramolecu la r  resonance  interact ions of  or- 
ganoe lementa l  subst i tuents  (X/) with D in Xi - -D.  These 
possibil i t ies arise when the simplest  spectroscopic  pa-  
rameters  (Av and Avg) of  H-complexes  and the quantum 
chemica l  pa ramete r s  of  the  or- and n- in terac t ions  of  the 
organic subst i tuents  (Xi) and D in individual  molecu le -  
donors  (Xi - -D)  are cons idered  in combina t ion .  The use 
of  this approach  al lowed us, first, to exper imenta l ly  
check the s ta tement  that  charge in terac t ion  p redomi-  
nates over orbi tal  in terac t ion  in the format ion  of  hydro-  
gen bonds;  5,6 second,  to  quant i ta t ively es t imate  the  
effect  of  con juga t ion  be tween  the  o rganoe l emen ta l  
subst i tuents  and  the n -sys tem on the effective charge o f  
the C - a t o m s  of  the  D donor  centers  (benzene and 
th iophene  rings, double  and tr iple  bonds);  third,  to 
calcula te  the  resonance  parameters  (~g) of  organo-  
e lementa l  subst i tuents  in a series of  benzene ,  th iophene,  
e thylene ,  and ace ty lene  derivatives; fourth,  to collect  
the  actual  da ta  for f inding the versati l i ty of  gg  pa ram-  
eters of  o rganoe lementa l  substi tuents.  

* For report 7, see Ref. I. 

The purpose of  this work is to study in terms of  the 
approach ment ioned ,  H-complexes  of  phenol  with furan 
derivatives containing organic and organoe lementa l  sub- 
stituents. 

Experimental 

IR spectra of H-complexes were obtained on a UR-20 
spectrophotometer, CC14 was used as the solvent, the concen- 
tration of furan derivatives was 1.5--2.0 mol L -1, and the 
concentration of phenol was 0.01--0.02 tool L -1. A cuvette 
with a CCI 4 solution of the substituted furan to be studied was 
placed in the reference channel of the instrument. The con- 
centrations of the compound studied in both channels of the 
spectrophotometer were nearly the same. Absorption layers of 
0.1- or 0.4-cm width were used. The accuracy of Av was 
~3 cm - l .  

An IBM PC AT personal computer with the standard 
package of STAT-GRAPHICS Vers. 3.0 programs was used to 
calculate the correlation equations. 

The values of Op, oi, and o R for the organic substituents 
were taken from a review (see Ref. 7), and the values of cq for 
the organoelemental substituents were taken from a previously 
published work. 8 

Results and Discussion 

Shifts in the f requency Av of  the  stretching vibrat ion 
of  the  phenol  O - - H  bond  in IR  spectra  are known for a 
few H-complexes  of  phenol  with furan derivatives. 9A~ 
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Based on the IR spectral data of  H-complexes, in 
particular, those in which phenol is the molecule-accep- 
tor, 

X i - D +  H - O P h  - ~ X i - D . . . H - O P h ,  (1) 

several empirical dependences have been established 
(Refs. l l  and 12). When the molecule-acceptor (phe- 
nol) and the rt- or n-type donor center D (benzene ring, 
double bond, oxygen atom in ethers, etc.) remain con- 
stant, the IR spectroscopic parameters (Av) 1) are reli- 
ably characterized by the electron-donating capability 
and the relative basicity of the Xi--D molecule-donors; 
2) are related by linear dependences to the enthalpy 
changes and Gibb's energy of process (1); and 3) corre- 
late linearly with the Hammet t  Op-COnstants of the 
substituents Xi 

Av = a~p + b. (2) 

The numerical values of  a and b depend on the type of 
donor center D and can be established for a particular D 
by two methods. The first method is to vary the X i 
substituents over a sufficiently wide range of ~p, which 
can be realized only with a rather large series of Xc--D 
molecule-donors. For example, for 12 thiophene deriva- 
tives, correlation (2) takes the form 1 

Av T = --5752gp + 54, (3) 

S~=2,  S b=  1, Sy=2 ,  r=0.996,  n =  12. 

Correlation (3) can be transformed I into the following 
equation: 

Av T = - 5 7 Z c r  t - 56Z~ R + 54, (4) 

Sa = 3, Sb = 7, S~ = l, Sy= 2, r=  O.995, n =12, 

where 2o I and Z~ R are the sums of the inductive and 
resonance constants of the Xi substituents linked to the 
thiophene ring. The second method is based on the 
existence of linear dependences between the Av values 
in different series of  Xi--D. It follows from correlation 
(2) that for Xi--D l (series 1) Av I = al; ~p + b 1, and for 
Xr---D 2 (series 2) Av 2 = a2; Op + b 2. Hence, 

aj a~b 2 

Av t =  a2 Av2 + b v (5) 
a 2 

Therefore, if the form of dependence (5) is known for a 
limited number of compounds of series 1 and 2 and 
correlations (3) and (4) are established for series 1, 
linear equations of  types (2) and (4) can also be calcu- 
lated for series 2. 

The second method is used for establishing the forms 
of correlations (2) and (4) for furan derivatives. The 
values of  av in eight furan derivatives (furan, 2-methyl- 
furan, 2,5-dimethylfuran, dimethyl(2-furyl)silane, tri- 

methyl(2-furyl)silane, dimethyldi(2-furyl)silane, tri(2-fu- 
ryl)silane, and methyltri(2-furyl)silane) are related to 
the Av T values of  the corresponding thiophene deriva- 
tives l~ by the linear dependence 

Av T = 0.68Av + 18, (6) 

S a = 0 . 0 4 , S  b=  3, r =  0.989, n =  8. 

Combining (6) with (3) and (4), we obtain 

Av = --84ZC~p + 53, (7) 

a v  = --84Zcr I - 82Zcr R + 53. (8) 

It follows from a comparison of correlations (3) and (7) 
and Eqs. (4) and (8) that furans are more sensitive than 
thiophenes to the influence of the inductive and reso- 
nance effects of substituents on their electron-donating 
capability in the formation of H-complexes. 

Only general assumptions can be made concerning 
the mutual orientation of furan derivatives and furan in 
H-complexes. It is known 3 that the values of Av for H-  
complexes of benzene derivatives with phenol are re- 
lated to their proton affinity (PA) by a linear depend- 
ence (the enthalpy of the attachment of a proton to the 
carbon atom of the benzene ring with the maximum 
basicity and effective charge is negative). For a few furan 
derivatives with known values of  Av and PA a direct 
correlation is observed between these quantities. For 
furan, 2-methylfuran, 2,5-dimethylfuran, and 2,5-di- 
tert-butylfuran the Av values are equal to 50, 66, 83, and 
87 cm -1, and those of PA are equal to 819,13 864, 869, 
and 891 14 kJ tool -1, respectively. Furan 13 and its 
mono-,  di-, and tetraalkyl derivatives 14 are known to be 
protonated at the a-position of the ring. Protonation at 
the 13-carbon atoms or at the oxygen atom is less ther- 
modynamically favorable by approximately 60--65 and 
80--160 kJ mol-1.13,14 Therefore, in the H-complexes 
of the furans studied with phenol the donor center can 
be assumed to be located at the co-carbon atoms of the 
ring. Additional arguments in favor of this assumption 
are presented below. 

Now let us consider H-complexes of furans with 
phenol on the basis of the general principles of  donor- 
acceptor interaction 15 using the modem concept of hard 
and mild bases.16 

Based on the data presented previously, 15 the change 
in the total energy (AE) in the interaction of a donor "d" 
(in our case, "d" are furan derivatives as 7t-bases) and an 
aceeptor "a" (phenol) at a distance rda in a medium with 
dielectric constant e is determined by the equation: 

qdqa (camG%%)2 
AE = + 2I:2 , (9) 

raae da E m -  En 

whose first term characterizes electrostatic interactions 
of hard acids (including phenol 16) with hard bases. 
Coulomb interactions are determined by the charges on 
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the donor (qd) and acceptor (qa) centers. The second 
term characterizes covalent interactions of weak acids 
with weak bases. These interactions are enhanced by 
increasing the Cd m and C a  n coefficients of the atomic 
orbitals in the boundary molecular orbitals and in the 
molecular orbitals of the donor Cm") and the acceptor 
("n") that have similar energy, by changing the reso- 
nance integral ~13d~ for the interaction of "m" and "n", 
and when the energies Em and E n of the orbitals orbitals 
of "m" and "n" are similar. 

Of the two types of interaction mentioned the first 
one predominates in the formation of a complex of a 
strong acid (phenol) with benzene, 3 thiophene, 1 ethyl- 
ene, 4 and acetylene 2 derivatives. This is indicated by the 
fulfillment of the linear correlations 

Zv = k% + lq~ + h, (10) 

Av R = pq~ + t, (11) 

where Av R is the resonance component of the frequency 
shift (see below); q~ and q~ are the portions of the 
change in the effective charge on the atoms of the D 
donor center (benzene, thiophene rings, or triple bond) 
caused by the ~- and rt-interactions of X i mad D in 
Xr---D , respectively; and the numerical values of k, l, h, 
p, and t coefficients depend on the type of D. 

To prove that the correlations of the form (10) and 
(11) are fulfilled, compounds 1--22 of the furan series 
(Table 1) were used. For these compounds, the values 
of q~ and qn, which are the ~- and ~t-components, 
respectively, of the changes in the effective charges on 
the atoms of the furan ring affected by the electronic 
interaction of substituents with the ring, were calculated 
ab initio 17 within the STO-3G basis. Negative values of 
q~ and qn correspond to electron donation from the 
substituent to the ring. 

The following linear dependence is fulfilled for com- 
pounds 1--18" 

Av --- -232% - 819q~ + 41, (12) 

S a=46,  S b= 89, Sy= 11, r=0.919, n =  18. 

Dependence (12), which is similar to the corresponding 
dependences for benzenes, thiophenes, and ethylenes 1,3,4 
testifies, according to the modem hydrogen bond the- 
ory, 5,~ that Coulomb interactions predominate in the 
formation of  H-complexes. 

The q~ values for compounds 23--40 are of consider- 
able interest from the viewpoint of organometallic chem- 
istry. As a rule, calculational and methodological diffi- 
culties arise in the direct calculations (even by non- 
empirical quantum chemical methods) of these values 

* Compounds 19--22 are excluded from the correlation, be- 
cause their calculated Av values are negative, apparently, 
owing to the absence of ~t-donating properties due to the 
influence of the electron-aeceptor substituents CN, COF, 
NO2, and NO. 

for organometallic compounds. 1s,19 Therefore, we used 
the following method for the calculation of q~ for or- 
ganoelemental furans. 

It is clear from correlation (8) that the following 
value can be introduced within the accuracy of the 
constant, to characterize the resonance component of 
the free term of this correlation: 

~v R = -82E~ R. (l 3) 

This value is the contribution of the conjugation be- 
tween the substituents and the furan ring to zXv. The AVR 
and q~ values for compounds 1--22 are related by the 
correlation 

Av R = -490q~ + 3, (14) 

S a = 2 7 , S  b= 1, Sy=6,  r=0971 ,  n=22 ,  

which in the form 

qn = -0.00193Av R + 0.006, (15) 

S a = 0.00011, S b = 0.002, Sy = 0.011, r = 0.971, n = 22 

is used for the calculation of q~ for compounds with 
organoelemental substituents. Then the q~ values (see 
Table 1) are calculated by Eq. (12) from the Av and q~ 
values for these compounds. 

The n-electronic charges qn(5) on the carbon atoms 
at position 5 of compounds 1--22 are also calculated by 
the non-empirical quantum chemical method (STO-3G 
basis). 17 The Av R and q~(5) values are related by the 
linear dependence 

Av R = 9667q~(5) -- 1033, (16) 

S a = 7 5 , S  b = 8 0 , S y = 8 , r = O , 9 4 5 , n =  22. 

The fulfillment of dependence (16) additionally con- 
firms the assumption that the donor centers of H-comp- 
lexes with phenol are localized on the a-carbon atoms 
of the furan rings. Correlation (16) in the form 

q~(5) = 0.00092zXv R + 1.068, (17) 

S a = 0.00007, S b = 0.002, Sy = 0.008, r = 0.945, , 

is used for the calculation of qz(5) in compounds with 
organoelemental substituents. 

It should be mentioned that correlations (12), (14), 
and (16) are approximate because the q and Av parame- 
ters correspond to somewhat different electronic states 
of the furan derivatives. The q~ and q~(5) parameters 
characterize the interaction of X i substituents with the 
n-system of the D ring in the ground electronic state of 
the individual X,----D molecules. The Av and Av R param- 
eters characterize the similar interaction in H-com- 
plexes of furans with phenol. In addition to the pre- 
dominant Coulomb interaction in H-complexes, there is 
always some charge transfer f rom the Xi--D molecule- 
donors to the molecule-acceptors, l-6,z~ resulting in a 
partial positive charge 3 + on the D donor center. In 
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Table 1. Frequency shifts (hv and AVR) in the IR spectra of  H-complexes with phenol ,  % and ~R constants  of  the X 
substituents,  the values of  the charge transfer (q,  and q~) from the substituents to the furan ring, and the x-electronic 

charges q~(5) on  the  carbon atoms at position 5 of  2-substituted furans ~ ~/~---X 
O 

Compound  X Av ~Yp ~,V R o" R q~ qg q~(5) 
cm -1 / c m  -1 / au  /au  / au  

1 N H  2 108 -0 .66  61 -0 .74  +0.133 -0 .112  1.126 
2 OH 84 -0 .37  57 -0 .70  +0.153 - 0 . 0 9 4  1.114 
3 OMe 76 -0 .27  46 -0 .56  +0.150 -0 .096  1.107 
4 Me 66 -0 .17  10 -0 .12  -0 .035  -0 .007  1.087 
5 Et 66 -0 .15  8 -0 .10  -0 .042  -0 .006  1.088 
6 C H = C H 2  57 -0 .05  8 -0 .10  -0 .028  +0.006 1.077 
7 H 50 0 0 0 -0 .082  0 1.078 
8 CH2OH 53 -0 .00  2 -0 .03  -0 .023  +0.007 1.078 
9 F 48 +0.06 32 -0 .39  +0.183 -0 .071 1.095 
10 CH2F 44 +0.11 3 -0 .04  -0 .030  +0.006 1.075 
11 C-=CH 34 +0.23 - 1  +0.01 +0.022 +0.011 1.065 
12 C H F  2 26 +0.32 - 2  +0.03 -0 .021 +0.01I  1.070 
13 C O N H  2 23 +0.36 - 8  +0.10 - 0 . 0 2 4  +0.027 1.064 
14 C H O  18 +0.42 - 7  +0.09 -0 .029  +0.038 1.058 
15 COOH 15 +0.45 - 9  +0.11 +0.001 +0.037 1.05l 
16 N C  12 +0.49 - 2  +0.02 +0.206 -0 .014  1.065 
17 COMe 11 +0.50 - 1 4  +0.17 -0 .036  +0.032 1.058 
18 CF  3 8 +0.54 - 1 3  +0.16 -0 .010  +0.013 1.062 
19 CN - -  - -  - 1 2  +0.15 +0.070 +0.027 1.048 
20 COF - -  - -  - 1 8  +0.22 -0 .003  +0.040 1.049 
21 NO 2 - -  - -  - 1 1  +0.13 +0.198 +0.034 1.037 
22 NO --  - -  - 2 7  +0.33 +0.081 +0.044 1.044 
23 Si l l  3 48 +0.06 - 7  +0.09 -0 .101 +0.020 1.062 
24 SiHMe 2 62 -0 .11  4 -0 .05  -0 .083  - 0 . 0 0 2  1.072 
25 SiHBun2 62 -0 .11  ~4 ~-0 .05  -0 .083  -0 .002  1.072 
26 SiHMeEt  60 -0 .08  ~2 ~ -0 .02  -0 .075 +0.002 1.070 
27 SiHMe(n-CI2H25) 63 -0 .12  ~5 ~-0 .06  -0 .081 - 0 . 0 0 4  1.073 
28 SiMeCHC12 59 -0 .07  . . . . .  
29 CMe 3 70 -0 .20  11 -0 .13  -0 .072  -0 .015  1.078 
30 SiMe 3 67 -0 .17  2 -0 .02  -0 .119  +0.002 1.070 
31 GeMe  3 70 -0 .20  7 -0 .09  -0 .096  +0.008 1.074 
32 GeEt  3 72 -0 .23  8 -0 .10  -0 .102  -0 .009  1.075 
33 SnMe 3 79 -0 .31  15 -0 .18  -0 .083  -0 .023  1.082 
34 SiH2R 50 +0.04 . . . . .  
35 S i H M e R  60 -0 .08  . . . . .  
36 SiMe2R 62 -0 .11  . . . . .  
37 S iHR 2 50 +0.04 . . . . .  
38 S iMeR 2 54 -0 .01  . . . . .  
39 SiEtR 2 55 -0 .02  . . . . .  
40 SiBunR2 54 -0.01 . . . . .  

Note. The Av values for compounds  1--3, 5, 6, and 8- -18  were calculated by Eq. (7), the values for the o ther  compounds  
were experimentally obtained. The ~p values for the substituents in compounds  1--18 and 29 are taken from Ref. 7, the 
values for the substituents in compounds  23--28  and 30--40  were calculated by Eq. (7). The cr R values for the 
substituents in compounds  1--22 and 29 are taken from Ref. 9, those for the substituents in compounds  23--27  and 30--  
33 were calculated from the correlation c~ R = ap - ~I; the ~I constants  are taken from Ref. 10. The values of  Av R were 
calculated by Eq. (13). The values of  q~, q~, and q~(5) for substituents in compounds  1- -22  are taken f rom Ref. 17, 
those for organoelemental  substituents were calculated by Eqs. (15), (12), and (17). The negative signs of  q~ and q~ 
correspond to electron dona t ion  from the substi tuent to the furan ring. The mean  eR value (0.33) of  the values presented 
previously 9 (0.42 and 0.25) is taken for the NO substituent. In  the substituents of  compounds  34--40  R = 2-furyl. For  
compounds  28 and 34- -40  the calculations of  all values except Crp are impossible, because the ~I values for substituents 
are scarce. 

H - c o m p l e x e s ,  t h e  s t r o n g e r  t h e  + M - t y p e  r e s o n a n c e  e l ec -  
t r o n - d o n o r  in  t h e  g r o u n d  e l e c t r o n i c  s t a t e  o f  t h e  X F - D  

i so l a t ed  m o l e c u l e s ,  t h e  s t r o n g e r  t h e  c o n j u g a t i o n  b e t w e e n  
X i a n d  D.  I n  t e r m s  o f  t h e  H a m m e t t - - T a f t  s y s t e m ,  t h e  
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transition from individual Xr---D to their H-complexes 
corresponds to the transition from erR ~ to ~R constants 
for the characterization of the conjugation of the X i 
substituents with D (see Refs. 1--4). 

Now let us compare the values of erp, erR, q~, and 
q~(5) for silyl-, germyl-,  and stannylfurans to those for 
2-tert-butylfuran (compounds 23--40). 

The values ap = erI + erR reflect the joint influence of 
the effects of induction and conjugation. The values of 
~p increase as the electron-acceptor properties of the 
three substituents at the Si atom increase, e.g., when 
alkyl groups are replaced by H atoms (on going from 
compound 30 to 24--27 and then to 23) or furyl moie- 
ties (on going from compound 30 to 36 and then to 
38--40). The values of erR increase and the values of 
q~(5) decrease on going from compound 30 to 23, which 
attests that the resonance accepting properties of Sill 3 
are greater than those of SiMe 3. Organoelemental 
substituents have significantly lower values of q~ than 
organic groups. This is quite clear from the values of the 
inductive constants gI, which, e.g., for EMe 3 moieties 
(E = C, Si, Ge,  and Sn) are equal to -0.07,  -0.15,  
-0 .11,  and -0 .13,  respectively. 10 

The changes in the Crp, gR, q~, and q~(5) parameters 
on going from Me and CMe 3 groups to their organoele- 
mental analogs provide a lot of information. Replacing 
the C atoms with Si in pairs of Me and Sill 3 compounds 
and also in CMe 3 and SiMe 3 is accompanied by in- 
creases in the values of  erp, eg, and q~, but a decrease in 
q=(5). This unambiguously attests to the resonance ac- 
ceptor properties (the d,n-conjugation effect) of silyl 
moieties. According to the common conceptions, 19 the 
general resonance effect of Me3E type substituents (E = 
Si, Ge, and Sn) with respect to the related n-systems 
includes acceptor and donor components. The acceptor 
component  (d,n-conjugation decreases in the order 
Si > Ge > Sn) is the joint participation of the n,d-orbitals 
of E and the ~* antibonding orbitals of (E--C) in 
conjugation. The donor component  (e,n-conjugation in- 
creases in the order C < Si < Ge < Sn) is or,n- and 
g,n*-type superconjugation, i.e., mixing of the g (E- -C) -  
orbitals of  the Me3E substituents with the n- and 
7t*-orbitals. 

Thus, on going from the Me3Si substituent to Me3Ge 
and Me3Sn, the acceptor component  (d,n-conjugation) 
of the total resonance effect of Me3E with respect to the 
furyl group must decrease, while the donor component 
(cr,n-conjugation) must increase. Therefore, an increase 
in the atomic number  of  E in Me3E (compounds 
30--33) results in a decrease in the ~p, erR, and q~ values 
and an increase in q~(5). 

Let us consider in more detail the erR values of the 
EMe 3 substituents in the series of  benzene, furan, and 
thiophene derivatives (Table 2). A common tendency in 
the change in the erR parameters is observed for these 
series. The ~g values increase on going from E = C to 
E = Si due to the effect of  d,n-conjugation. This effect 
is absent for carbon compounds and is maximum in 

silicon compounds. On going from E = Si to Ge and 
Sn, the contr ibut ion of the acceptor  effect of  
d,n-conjugation to erR decreases, and that of the donor 
effect of er,n-conjugation increases; therefore, the erR 
values decrease. Despite the same qualitative tendency 
in the change in erR in the benzene, furan, and thiophene 
series, the numerical values of the erR parameters differ 
significantly in several cases. For example, if the erR 
value of the CMe 3 group remains unchanged (-0.13),  
the (r R parameter for the SnMe 3 substituent in the 
benzene, furan, and thiophene series takes the values of 
+0.01, -0 .18,  and -0.15,  respectively. Taking into ac- 
count the data from Refs. 10, 19, and 21, we assumed 
that the dependence of the degree of er,n-conjugation on 
the type of reaction center (benzene, furan, or thiophene 
ring) is the reason for the non-versatility of the erR 
values for organoelemental substituents. 

Independent arguments in favor of this assumption 
can be obtained from the analysis of  the energy of the 
highest occupied molecular orbitals (EHoMO) of com- 
pounds 1--12 (see Table 2). According to MO perturba- 
tion theory (see, e.g., Ref. 22), the HOMO is formed 
when the initial non-perturbed er-MO of E- -C  (E(E--C) 
energy) of the EMe 3 moieties and the n-MO (E(n) 
energy) of the benzene, furan, or thiophene rings are 
mixed. The perturbation energy 8E (er, n) for er,n-mixing 
can be determined, in addition to other methods, as the 
EHOMO -- E(n) difference under the condition that a 
correction that takes into account the change in the 
energy of the n-MO caused by the inductive effect of the 
EMe 3 moieties is introduced to the E(n) value. The 
values of E(n) presented in Table 2 contain corrections 
that take into account the change in E(n) of benzene 
(-9.24 eV), furan (-8.83 eV), and thiophene (-8.85 eV) 
when inductive electron-donors EMe 3 are involved in 
their structures. The method for taking into account the 
inductive effect of substituents on E(n) in benzene deriva- 
tives has previously been described. 22 

The following correlation is fulfilled for compounds 
1--12 (see Table 2): 

cr R = -0.635E(g, n) + 0.08, (18) 

S a = 0.09, S b = 0.02, Sy = 0.03, r = 0.920, n = 12. 

Linear dependence (18) testifies that the change in the 
conditions for mixing the cr- and ~t-orbitals caused by a 
change in the type of reaction center (benzene, furan, or 
thiophene ring) is to a large extent responsible for the 
fact that the resonance parameters of the erR-SUbstituents 
of Me3E (E = Si, Ge, and Sn) do not retain their values 
unchanged. 

The approximate character of dependence (18) should 
be emphasized. In the calculation of the E(n) values, the 
influence of the inductive effect of the substituents on 
E(Tt) in substituted furans and thiophenes is assumed to 
be approximately the same as that in benzene deriva- 
tives. The values of 6E(er, n) = EitOM o -- E(n) charac- 
terize the single resonance effect of the er,n-conjugation 
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Table 2. Parameter c R of the EMe 3 substituents and energetic parameters of molecular 
orbitals of benzene, furan, and thiophene derivatives 

Compound o R EHOMO g(u) 6g(c, ~) 
/eV /eV /eV 

PhCMe 3 (1) 
PhSiMe 3 (2) 
PhGeMe 3 (3) 
PhSnMe 3 (4) 

~O ~----CMea 

O ~  SiMe 3 
~ - - -  Ge M 03 

O 

~SnMe 3 

/~,C ~CMe3 
~ - - S i M e  a 

/~S ~-GeMea 
/~S ~--- SnMe3 

-0.13 -8.83 -9.17 0.34 
+0.05 -9.05 -9.09 0.04 
+0.01 -9.00 -9.13 0.13 
+0.01 -8.94 -9.11 0.17 

(5) -0.13 -8.38 -8.76 0.38 

(6) -0.02 -8.53 -8.68 0.15 

(7) -0.09 -8.47 -8.72 0.25 

(8) -0.18 -8.33 -8.70 0.37 

(9) -0.13 -8.44 -8.78 0.34 

(10) +0.02 -8.61 -8.70 0.09 

(11) -0.07 -8.52 -8.74 0.22 

(12) -0.15 -8.49 -8.72 0.23 

Note. The values for the ~R for substituents in compounds 1--4, 9, and 10 are taken 
from Refs. 1 and 8, and those in 11 and 12 were calculated from Eqs. (6) and (3) using 
the Av values for analogous furan derivatives. The values of EHOMO for compounds 
1--6, 8, 10, and 12 are taken from Refs. 23 and 24, those for 7, 9, and 11 were 
calculated from the frequencies (vet) in the UV spectra of the complexes with 
tetracyanoethylene z5 by the known method. 24 

only in organic compounds 1, 5, and 9. In the 
organoelemental derivatives, they reflect the total effect 
of ~,rt- and d,n-conjugation on EHOMO and hence, on 
8E(~, n) as well, which, seemingly, does not result in 
principle in restrictions to the fulfillment of Eq. (18), 
because both of the resonance effects (e,~- and 
d,rc-conjugation) affect both ~r R and 8E(~, re). However, 
the contributions of ~,n- and d,n-conjugation to the ~r R 
and ~E(~, rt) values must differ somewhat quantitatively, 
because the resonance effects, especially the ~,~t-conju- 
gation, depend on the charge on the reaction center.S, 19 
As shown above in the experiments on the determina- 
tion of the cr R parameters, a comparatively small partial 
positive charge is concentrated on the reaction center 
(benzene, furan, or thiophene ring). At the same time, 
the gE(c~, 70 values are calculated under the condition 
that Cupmans' theorem is fulfilled (see, e.g., Ref. 23). 
According to this theorem, E(Tt) and EHOMO are the 

ionization potentials of  MO with opposite signs. The 
large positive charge that appears on the reaction centers 
due to ionization stimulates the enhancement  of 
~r,Tt-conjugation with the participation of organoelemental 
substituents Me3E (E = Si, Ge, and Sn). 8,19 
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