
1436 Russian Chemical Bulletin, VoL 47, No. 8, August, 1998 

Physical Chemistry 
Conjugation in radical cations of benzene, ethylene, and acetylene 

derivatives. Nonuniversality of the resonance parameters 
of group 14 organoelement substituents 
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The first vertical ionization potentials I t of molecules R~X (X = Ph, H2C=CH , and 
HC~-C) depend on the joint influence of the inductive, resonance, and polarizability effects 
of substituents X, which are characterized by parameters al, ~R +, and aa, respectively. The 
mechanism of conjugation in radical cations formed upon ionization of I~X is changed as 
compared to neutral R~X molecules, while the substituent X becomes polarized. The 
conjugation and polarizability effects are strenthened in the sequence Ph < H2C=CH < 
HC~C as I~ changes from Ph to H2C=CH and HC-~C. The a~. + parameters of Si-, Ge-, and 
Sn-containing substituents X are dependent on the type of R, but are connected by linear 
dependences in the series of benzene, ethylene, and acetylene derivatives. 

Key words: ionization potential, radical cations, conjugation, polarizability, group 14 
substituents, non-universality of resonance parameters. 

The mechanism of conjugation of organoelement sub- 
stituents MR 3 (M = Si, Ge, Sn, and Pb; R are organic 
radicals) with indicator centers Rn (Ph, H2C=CH, 
HC=C, furyl, thienyl, etc.) in compounds R~MR 3 is more 
complex than that in organic derivatives R,tR. t The sub- 
stituent MR 3 exhibits simultaneously acceptor (d,Tt-con- 
jugation, i.e., the interaction of nd orbitals of M and 
a*-orbitals of the M--C bond with 1~) and donor 
(a,rt-conjugation, Le., the interaction of a-orbitals of the 
M--C bond with R~) properties toward the R.~ fragment. 
Only a,n-conjugation occurs in coml~ounds R~CH2M R3. t 
The quantitative characteristics of conjugation, i.e., pa- 
rameters ~R ofsubstituents MR 3 and CH2MR3,1'2 are not 
universal al~d depend on both the type of fragment R~ and 
charges on its a(oms, hi the case of a small charge on R~ 

(0.01e; H-complexes of R~MR 3 and R~CHaMR 3 with 
phenol) and a large charge (>0.9e; the excited state of 
R~MR 3 complexes with iodine and tetmcyanoethylene), 
the degree of conjugation in isolated neutral molecules is 
characterized by parameters aK ~ erR, and erp+, respec- 
tively, which can differ in both magnitude and sign. The 
main reason for these distinctions is the dependence of 
a,~-conjugation on the charge on R~. I-6 These problems 
were studied in detail for benzene derivatives (R~ = 
Rh) t-7 and only fragmentarily for compounds with other 
type of R~ 1.3-s,s because of scarce information on the 
experimental values of aR ~ erR, and aR +. Recently, s we 
have shown that information on the aR + parameters of 
substituents can be obtained from the first vertical ioniza- 
tion pote~tials /~ of organoeleme~at compounds. 
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The aim of  this work is to study inductive, reso- 
nance, and electrostatic interactions in radical cations 
formed upon separat ion o f  an electron from the highest 
occupied molecular  orbitals ( H O M O s )  of  molecules  P~X 
(R ,  = Ph, H 2 C = C H ,  and HC-=C; and X are substitu- 
ents), to calculate the values of  ag  § parameters of  the 
substituents X (X = M R  3 and CH2MR3) , and to estab- 
lish the dependence  of  ~a  + on the type o f  R,  using the 
11 ionization potentials. 

Procedure  for Calculat ions  

The energy of conjugation between R~ and X was esti- 
mated using the PMO method. 7,s 

Correlation equations were calculated using the standard 
STATGRAPHICS 3.0 program package on an IBM PC/AT 
286. The data were processed by the least squares method at a 
confidence level of 95%. 

Results  and Discuss ion 

The first vertical ionization potentials I I of  mol- 
ecules R=X (P~ = Ph a,ad HC---C; X are substituents) 
measured by the photoe lec t ron  spectroscopy (PES) 
method with an accuracy of  0.01 eV are listed i,1 Table 
I. The use o f  I I values for studying the intramolecular 
interactions is based on the following grounds. 

In the case of  the PES method,  irradiation of  a 
neutral molecule  M by a photon with the energy hv 
results in the formation o f  an M +" radical cation, la 

M + h v  �9 M +" + e - ,  (l) 

By definit ion,  the 11 value is the difference between the 
total energies o f  the radical cation, in which an electron 
is separated from the H O M O ,  and the neutral molecule. 

[i = E + ' t o t -  Etot- (2) 

The relaxation (R) and correlation (C) energies, 
which characterize changes in the composit ion o f  the 
wave functions in M +" as compared to M, should be 
taken into account  in quan tum-chemica l  calculations of  
L ~ "  tot' 18,19 

The expression for / l can be written 19 as 

If = /t ~  R4- C. (3) 

The Koopmans  approximat ion 18"19 

/i ~ = - E r t o M o  (4) 

ignores the colltr ibutions of  R and C, i.e., in the general 
e 

case the exper imental  1 t values cannot be used as a 
measure of  the H O M O  energy (EHoMo). 

The resonance effect ofsubst i tuents  X and EtIOM O of  
neutral molect,  les R~X (R~ = Ph, H~C=CH,  HC-~C) is 
described by the ~ cm~stants, z~ Unlike M, ~d ica l  
cations M + have e lect ron-def ic ient  centers. It has been 
shown in the studies of hcterolytic and several homolytic 

processes zl as well as charge-transfer complexes 5 that 
the conjugation of  the substituents with such centers is 
characterized by electrophil ic  a a  § constants. An ad- 
equate description o f  the resonance effect o f  substituents 
on the I 1 value o f  benzene and e thylene derivatives (see 
Refs. 7 and 8, respectively) can be achieved only by 
using ~R + constants rather than ~ a  ~ constants. Hence ,  
the Koopmans approximation (4) is too rough for these 
compounds.  However ,  it is likely that the conjugation in 
M § is satisfactorily described by na  + constants taking 
into account the  resonance componen t  o f  R and C 
contributions in formula (3). Therefore,  cr ! and aR + 
constants were used s.16 in est imating the inductive and 
resonance effects of  organic substituents X on the I t 
values in compounds  PhX and HC=-CX as compared  to 
compounds  H 2 C = C H X .  s 

The H O M O s  of compounds  under  considerat ion (ex- 
cept for acetylene derivatives 2 5  and 26 9) are the 
n - H O M O  of  ethylene (E  = - 1 1 . 4 0  eV) and the etg 
orbital of  benzene (E  = - 9 . 2 4  eV) perturbed by the 
interactions with substituents X. For  acetylene deriva- 
tives 25 and 26, the symbol It It in Table 1 is retained by 
convention,  since the second ionization potentials (11.57 
and 11.40 eV) correspond to the lt(C_~--C)-orbitals in 
these molecules.  9 

Among the studied compounds  PhX, the strongest 
p,n-conjugation between the substituent and the n-sys- 
tem occurs in anil ine and its N-methyl  derivatives (com-  
pounds 16--18 in Table l) .  Data on the structure of  the 
H O M O s  of  molecules  16--18 are contradictory.  The  
H O M O s  o f  these molecules  are formed 9,12,2z,23 by mix-  
ing the orbital of  the lone electron pair of  the ni trogen 
atom and the n s orbital of  the benzene ring with symme-  
try b t. The contr ibution of  the 2p~ orbital o f  the N atom 
to the aniline H O M O  is equal to 40%, 22 whereas the I1 ! 
ionization potentials o f  molecules  16--18 correspond to 
the n-type H O M O s .  On the contrary, it had been as- 
sumed in early studies 14,z4 that  predominant  contr ibu-  
tions to the H O M O s  of  molecules  16--18 c o m e  from 
the nitrogen atoms and, therefore,  the /11 values can be 
considered as corresponding to the lone electron pair o f  
nitrogen. We believe that the opinion of  the authors of  
the later studies 9,~z,~,z3 is more correct. 

The following relationships are valid for ionization 
potentials of  benzene (11 f, compounds  I,  2, 4 - -8 ,  and 
11- -29 ) ,  ethylene ( I  I III, according to the literature dataS), 
and acetylene (It  I1, compounds  1--4,  6 - -10 ,  12, 14, 15, 
21--26,  and 28) derivatives containing no substituents 
MR 3 (M = St, Ge ,  Sn): 

Ii I = 9.10 + 0.89% + (5) 
(S~ = 0.03, S b = 0.05, Sy = 0.16, r = 0.969, n = 26), 

Ii TM = 10.14 + L.34% + (6) 
(S a = 0.04, S b = 0.09, Su = 0.21, r = 0.950, ,t = 27), 

lj ~l = 10.63 + |.72c~_ § (7) 
(S:, = 0,08, St, = 0.24. 5~r = 0 36. r = 0.871. ~ = 19), 
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11 i = 9.03 + 1.17o I + 0.83,7R + 
(S~ = 0.04, St, = 0.14, S c = 0.05, Sy = 0.14, r = 0.972, 
n --- 26), 

it III = 10.09 + 1.57oi + 1.290R + 
(S a = 0.06, S b = 0.20, Sr := 0.10, Sy --- 0.21, �9 = 0.949, 
n = 27), 

(8) 

(9) 

Ii !I = 10.63 + 1.72~ l + 1.72trR + (10) 
(S~ =0.13, S b =0.42, S c =0.41, Sv =0.37, r=0.853, 
n = 19). 

T h e  low co r re l a t ion  coe f f i c i en t s  r in Eqs.  15 ) - - (10 )  

po in t  to the  fact tha t  not  on ly  t h e  induc t ive  a n d  re so -  

nance  effects o f  o rgan ic  s u b s t i t u e n t s  X c h a r a c t e r i z e d  by  

Table 1. The first vertical ionization potentials of  molecules PhX (I!1) and HC~CX (l l ' l ) ,  energies of  perturbat ion BE ( and ,SE II, and 
e-parameters of  substituents X 

Corn- X I1  a Ii11 b ~EI 5~--'tI cqc oR+ c O.p+ c oc t d 

pound eV 

1 H 9~24 I 1.40 0 0 0 0 0 0 
2 Me 8.72 10.36 0.32 0.45 -0.05 -0.26 -0 .31  -0.35 
3 Et -- 10.18 --  0.42 -0.05 ----0.25 - 0 . 3 0  -0.49 
4 Pr 8.73 10.09 0.24 0.43 -0.05 -0.25 --0.30 ---0.54 
5 Pr ~ 8.73 --  0.22 --  -0.03 -0.25 - 0 . 2 8  -0.62 
6 Pr s'x 8.61 9.58 0.33 0.83 -0.04 -0.37 -0 .41  -0.62 
7 Bt, 8.69 10.05 0.25 0.43 -0.05 -0.25 - 0 . 3 0  -0.57 
8 Bu t 8.74 9.92 0.11 0.26 -0.07 - 0 A 9  --0_26 -0.75 
9 C6H~3 - -  I0.00 -- 0.46 -0.05 -0.25 -0 .30  -0.58 
10 cyclo-C6H !! --  9.92 -- 0.30 -0.02 -0.27 - 0 . 2 9  -0.62 
11 CH2CH=CH 2 8.65 -- 0.29 -- -0.06 -0.16 -0 .22  -0.57 
12 CH2OH 8.90 10.50 0.22 0.29 0.03 -0.07 -0 .04  -0.36 
13 CH2OMe 9.12 --  -0.03 - 0.03 -0.07 -0 .04  -0.42 
14 CH2CI 9.27 10.76 -0.13 -0.06 0.13 -0.14 -0 .01  -0.54 
15 CH2Br 923 10.65 -0.11 -0.04 0.14 -0.12 0.02 -0.61 
16 NH 2 8.05 -- 1.20 --  0.08 - I . 3 8  - 1 . 3 0  -0.16 
17 NHMe 7.65 --  1.43 - -  -0.03 -1.78 - t . S l  -0.30 
I8 N Me 2 7.45 --  t .76 --  0.15 - 1.85 - 1.70 -0 .44 
19 OH 8.56 -- 1.00 --  0.33 - l . 2 5  - 0 . 9 2  -0.03 
20 OMe 8.42 --  1.04 --  0.29 -1.07 -0 .78  -0.17 
21 F 9_20 l 1.26 0.54 0.79 0.45 -0 .52 -0 .07  0.13 
22 CI 9.07 10.58 0.41 0.58 0.42 -0.31 0.11 -0.43 
23 Br 9.04 10.31 0.40 0.64 0.45 -0 .30 0.15 -0.59 
24 CN 9_71 ! 1.60 -0.15 -0.39 0.5l 0.15 0.66 -0.46 
25 CHO 9.59 11.57 "-0.21 -0.54 0.33 0.40 0.73 -0.46 
26 COOH 9.60 I 1.40 -0.16 -0.18 0.34 0.08 0.42 -0.34 
27 COOMe %50 --  -0.13 --  0.34 0.14 0.48 -0.49 
28 CF 3 9.86 12.10 -0.34 -0 .70 0.38 0.23 0.61 -0.25 
29 NO 2 9.99 --  -0.21 --  0.65 0.14 0.79 -0.26 
30 Sill 3 9.18 10.73 -0.23 -0.27 -0.04 0.03 e 10.13)/" -0.01 e (0.09)," -0.59 
31 SiMe 3 8.94 10.18 -0.15 -0.03 -0.15 0.02* (0)/ -0.13 e ( - 0 . 1 5 ~  -0.72 
32 GeMe 3 8.95 I0.00 -0.07 0.37 -0.11 -0.11 e ( -0 .22)/  -0.21 e ( - 0 , 33 ) /  -0 .60 
33 SnMe 3 8.75 --  0.11 --  -0.13 -0.21 e -O,34 -0.60 
34 SnEt 3 - -  9.00 -- 0.63 -0.15 (-0 .36)/  (-O_51)/ - 1.06 
35 PbMe3 8.54 - -  0.33 -- -0.12 --0.26 e -O,38 e -0.60 
36 CH2SiMe 3 8.42 9.04 0.49 1.30 -0.05 -0.49" (-0.74) / -0.54" ( -0 .79P e -0.66 
37 C(SiMe3) 3 8.10 --  0.55 --  -0.05 "-0.63 e - 0 . 6 8  t - I . 2 8  
38 CH~GeMe3 8.40 - -  0.54 --  -0.04 -0.59" - 0 . 6 3  ~ -0.61 
39 CH2SnMe 3 8.21 -- 0.72 --  -0.05 -0.76 r -O.81 e -0.61 

a The valves o f / i  I for compounds  ! - -29  were taken from Ref. 9; those for compounds  30, 36, and 37 were taken from Ref. I0. The 
values o f / i  I for compounds  31--33 and '35  were taken from Ref. I1; those for compounds 38 and 39 were taken from Ref. 12. 
b The values o f / i  II for compounds I - -3 ,  8, 12, 14, 15, 21--26, and 28 were taken from Refs. 9 and 12; those for compounds  4, 
7, and 9 were taken from Res 13. The values of /I It for compounds 6 and 10 were taken from Ref. 14. The values of  It I! for 
compounds  30, 31, 32, and 34 were taken from Ref. 12; that for compound 36 was taken from Ref. 15. 
c For cr t, (~a +, and ap" = cq + CtR* values for substituents X in compounds 1--29, see Refs. 8 and 16. 
d The cr<~ parameters for substituents X in compounds !--29,  31, and 37 16 and 30. 32--36. 38. and 39 ~ were takeu from the 
literature or calculated using the previously described proccdt'rc. '7 

The valtsc for PhX. z-7,s 
I The vahlc I'or IIC~CX calculated iu this v, o rk  
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a I, O'R +, and Crp + (ap § = n I + ~R +) cons tan t s  affect the 
I I value in R~X. The  qual i ty  of  cor re la t ion  equat ions  
(5) - - (10)  decreases  on  going from R~ = Ph to R~ = 
H 2 C = C H  and HC=--C ( the  cor re la t ion  coefficient  r de-  
creases and the  s tandard  error  Sy increases) ,  i.e., the  
con t r ibu t ion  o f  an  addi t iona l  factor  to  the  It value 
increases as R~ changes  in this  series. As follows from 
the  results o f  previously  repor ted  studies,  ui,zz this  factor 
is the  effect of  polar izabi l i ty  o f  subs t i tuents  X. The  
positive charge q o f  radical ca t ions  fo rmed  upon  pho to -  
ionizat ion of  molecu les  R~X in the  gas phase  induces a 
dipole m o m e n t  o f  the  subs t i tuen t  X. In the  classical 
electrostatics,  the  energy of  charge  s tabi l izat ion ( the 
electrostat ic  a t t r ac t ion  between the  charge  and  the in- 
duced dipole m o m e n t )  is def ined as 

q2a 
E ~ =  2 ~ # '  (11) 

where ct is the  polar izabi l i ty  of  X, e is the  dielectric 
constant ,  and R is the  dis tance be tween  the  charge and 
the  induced dipole.  Cons iderab le  d i ~ c u l t i e s  in the  use 
of  approx imat ion  (I I ) for ca lcula t ing  E~t for a n u m b e r  of  
RxAIk systems arise when  the  charge  and induced dipole 
are parts o f  the  same  ion. 22 

In ano the r  approach ,  i~,z3 the  polarizabil i ty effect of  
subst i tuents  is charac te r i zed  by aa  cons tan ts  obtained 
from ab initio q u a n t u m - c h e m i c a l  ca lcula t ions  of elec- 
t rostat ic  po lar iza t ion  potentials .  The  re la t ionship be- 
tween / I and ~= (as a quart t i tat ive measure  of  stabil iza- 
t ion of  the charge  q of  the  radical ca t ion  due to polariz- 
ability o f s u b s t i t u e n t  X) follows from Eq. (2). The degree 
o f  s tabi l izat ion o f  the  charge q increases and,  hence,  the  
total  energy Etot § o f  the  radical ca t ion and  the  It value 
decrease  as t he  negat ive e a values increase  (see Table  l). 

Taking a c c o u n t  of  this  pa r ame te r  leads to Eqs. ( 12)-- 
(I 7). The stat ist ical  charac ter is t ics  o f  these  equat ions  are 
much  bet ter  as c o m p a r e d  to those  of  Eqs. (5)-- (10) :  

/i I = 9.29 + 0.9lop + + 0.47% (12) 
(S~ = 0,05, sb = 0.04, s~ = O.ll, Sv = 0.12, r = 0.981, 
n = 26), 

It ill = 10.43 + 1.40% + + 0.636 a 
(Sa = 0.07, S~ = 0.07, Sr = 0.14, S v 
n --- 27), 

(13) 
= 0.16, r = 0.970, 

Ii It = 11.28 + 1.47~. + + 1.42o a (14) 
(Sa = 0.10, S b = 0.12, bee = 0.20, Sy = 0.18, r = 0.968, 
n = 19), 

It t = %25 + 1.00~ I + 0.89aR + + 0.42o= (15) 
(S= = 0.08, St, = 0.13, Sc = 0.04, Sd = 0.13, Sy = 0.12, 
r --" 0.9801. n = 26), 

/t Ill = 10.49 + 1.27~ I + 1.43aR + + 0.70c= (16) 
(s~ = 0.11, & = 0.17, sr = 0.08, sd = 0.17, sy = 0 16, 
r = 0.970, n = 27), 

It Il = 11.43 + 1.09~ I + 1.79CrR+ + 1.53a= (17) 
(S~ = 0.11, St, = 0.19, S~ = 0.17, S a -- 0.18, Sy = 0.16, 
r = 0.975, n = 19). 

It is possible to calculate  the  con t r ibu t ions  of  the  
inductive ( In) ,  conjugat ion  (Res), and polar izabi l i ty  ef- 
fects (P) of  the  subs t i tuent  to Ij f rom Eqs. (15) - - (17) .  I f  
these dependences  are wr i t t en  in general  form I I = a + 
bo I + c~R + +dcra ,  then In = hal, Res = c a r  +, and P = 
da  a (Table 2). For  each series o f  c o m p o u n d s  (PhX,  
H 2 C = C H X ,  and  HC~CX) ,  the  overall  ranges o f  changes  
in cont r ibu t ions  under  cons ide ra t ion  and ratios upon  
varying the  c l ,  ~ r  +, and  a,x pa ramete r s  in the series 
from m i n i m u m  to m a x i m u m  values and the  values of  
changes  in the  [} ioniza t ion  po ten t ia l s  of  benzene  (e th-  
ylene, acetylene)  due to the  in t roduc t ion  of  Me and  
C M e  3 subst i tuents ,  which  have  close values of  cq and  
trr  + parameters  but differ s t rongly  in aa values,  are 
listed in Table  2. It can  be seen in Table 2 tha t  the  
cont r ibu t ions  o f  In, Res, a n d  P and  the  ratios P/Res and  
P/(fn + Re_s) in the  series and  be tween  the  series vary 
over a wide range. However ,  for any  X the  con t r ibu t ion  
P as well as the  P/Res and  P/({n + Res) ratios increase 
in the sequence  Ph < H 2 C = C H  < HC~C as R~ changes  
from Ph to H~C--CH and HC~C.  

Quali tat ively,  the increase  in the  con t r i bu t ion  P in 
this series can  be expla ined using formula  (11). In the 

Table 2. The inductive (In), resonance (Res), and polarization (P) components of changes (In + Res + t 9) in the / I ionization 
potentials of benzene, ethylene, and acetylene caused by introduction of organic substituents X 

C o m p o -  X In aes P In + Res + P P P 

und eV AIt (%) eV A11 (%) eV Al I (%) eV AI t ( % )  Res In+ Res 

PhX Me 0.05 12 0.23 53 0.15 35 0.43 100 0.65 0.53 
Bu t 0.07 13 0.17 30 0.32 57 0.56 tOO 1.88 1.33 
The overall range 
for the series 0.72 23 2.01 65 0.38 12 3.11 100 0.19 0.14 

}I2C=CHX Me 0.06' 9 0.37 55 0.24 36 0.67 100 0.65 0.56 
Bu t 0.09 10 0.27 31 0.52 59 0.88 100 1.93 1.44 
The overall range 
for the series 0.76 19 2.54 65 0.6t 16 3.91 100 0.24 0.18 

ItC:~CX Me 0.05 5 0.46 44 0.54 51 1.05 100 1.17 1.06 
B,  t 0.08 5 0.34 22 1.15 73 1.57 100 3.38 2.74 
l h e  overall range 
for the series 064  18 155 45 1.35 37 364 100 0.82 0.59 



1440 Russ. Chem. Bull., VoL 47, No. 8, August, 1998 Egorochkin et al. 

case of  R= = Ph the charge of  the radical cation R~Me3 +' 
is delocalized over  the aromatic ring (the degree of  
delocalization is equal to 70% for the phenyl cation), z7 
For P--x = H2 C = C H  and HC=--C, the efficiency of  charge 
delocalization decreases. The energy of  charge stabiliza- 
tion is strongly dependent  on the distance R (Eq. (11)). 
This makes it possible to consider,  in the first approxi- 
mat ion,  the interact ion of  substituent Me only with the 
charge o f  the neighboring carbon atom. Then  the nu- 
merator  o f  the fraction in formula (1 l)  is min imum for 
R~ = Ph. The  Car- -Me,  = C - - M e ,  and -=C--Me dis- 
tances in neutral compounds  R~Me are equal to 1.51, 
1.51, and !.47 #., respectively; those in radical cations 
are shortened by -0 .05 /k. zs,28 Therefore,  the denomi-  
nator o f  the fraction in formula (11) is min imum for 
R~ = C-=CH. Hence ,  stabilization of  the positive charge 
in radical cations due to polarizability of  the substituent, 
the value of  contr ibut ion P, and the coefficients at oa in 
Eqs. (12)--(14) and ( t 5)--(17) increase as R~ changes in 
the series Ph < H 2 C = C H  < HC=-C. 

Let us consider now the conjugation in radical cations 
formed upon separation of  an electron from the H O M O s  
of  molecules R~X (X are organic substituents). In a 
conventional version o f  the PMO method 7,s the quantita- 
tive measure of  conjugation is the perturbation energy ~SE, 
which can be calculated from the relationship 

,~E = EHOMO -- E(n), 08)  

where E(z) is the energy of  the initial unperturbed 
orbital, which is dependent  on only the inductive effect 
of  substituents X. Relationship (18) is based on the 
Koopmans  approximat ion (4), which is too rough in our  
case. Let us make a more accurate estimation o f  ~SE 
taking R~ = Ph as at] example.  Using Eq. (15), the 
H O M O  energy of  radical cations can be defined as 

EIHOMO = - ( I l l  - 0.42(:ra). (19) 

In this case 

E0t) = -9.24 + o I. (20) 

Then  

6E t = - ( I t  I - 0.42~=1 - (-9.24 + *t)- (211 

The ~SE m and f ie  II values (see Table 1) for the H 2 C = C H X  
and HC-~CX series were calculated in a similar wayfl 

The fiE values are related to oR + constants o f  sub- 
stituents X by l inear dependences  

6E t = -0.89oR + - 0 .04  (22) 
(S a = 004, S h = 0.03, Sy = 0.12, r = 0.977, n = 26), 

6E ttl = -I.43,1~ + - 0.02 (23) 
(S, = 008. S~, = 0.04. Sy = 0.16, r = 0.966, n = 27), 

The absolute terms in Eqs. (22) - - (24) ,  comparable  to 
standard deviations, can be neglected.  Compar i son  of  
the slopes of  the straight lines (22)-- (24)  shows that 
conjugation of  substituents X wi th  e lec t ron-def ic ient  
radical cat ionic centers increases as R x changes in the 
sequence Ph < H 2 C = C H  < H C = C .  

Using Eq. (17) and a= values  de te rmined  previ- 
ously,  s we ca lcu la t ed  the  o R + ( l I )  p a r a m e t e r s  o f  
organoelement  substituents bonded  to the  triple bond 
(see Table 1, compounds  3 0 - - 3 2 ,  34, 36). The  ~R+([I) 
parameters differ from the ~R+(I) and t~R+(Ill) param- 
eters for the same substituents b o n d e d  to the benzene 
ring or  to the double bond. Thus ,  the CrR+(l), t~R+(lll), 
and ~R+(II) values for the C H 2 S i M e  3 substi tuent are 
equal to -0 .49 ,  -0 .65 ,  s and - 0 . 7 4 ,  respectively. Despite  
the fact that the err + parameters o f  o rganoe lemen t  sub- 
stituents are not universal, the  fol lowing linear depen-  
dences are valid for them 

oR*(Illl = 1.38~rg+(I) (25) 
(S a =0.10, Sy =0.11, r = 0 . 9 7 5 ,  n = 12) II , 

og+(ll) = |.56ap,§ (26) 
(S a = 0.16, Sy = 0.07, r = 0.985, n = 5) 

(see Table 1, the crp,+(ll) and aR+(I) values for the 
substituents in compounds  3 0 - - 3 2 ,  34, and 36). 

Correct ions of  the coeff ic ients  in relationships (25) 
and (26) are inevitable as new in format ion  l i r a  and I1 tl 
for compounds with organoe lement  substituents becomes 
available. At the same time, they can  be used to est imate 
the CrR+(lll) and ~R+(ll)  values that have only been 
reported in Ref. 8 and in this work. 

In conclusion,  we present relat ionships that  are valid 
for the compounds  PhX, H 2 C = C H X  , and H C - C X  stud- 
led in this work and earlier 8 and any substi tuents X: 

/i t = 9.27 + 0.94r 1 + 0.91aR § + 0.43r (271 
(S a = 0.06, S b = 0.11, S c = 0.04, S d = 0.09, Sy = 0.12, 
r = 0.980, n = 35), 

It In = [0.50 + 1.23c t + 1.431tR + + 0.69~a (28) 
(S a = 0.08, S b = 0.14, Sr = 0.05, S d = 0.13, Sy = 0.13, 
r = 0981, n = 371, 

/i II = 11.43 + 1.08e t + 1.79aR § + 1.53cr a (29) 
(s~ = 0 .08,  & = 0.16,  sr = 0 .12 ,  s,~ = 0.14, sv = 0.14, 
r = 0.985, n = 24). 

In these relationships the resonance  effects of  or- 
ganic substituents are character ized by convent iona l  ~R § 
constants s.lti while those o f  o r g a n o e l e m e n t  substi tuents 
are charac te r ized  by r ( t abu la ted  valuesZ,7,s), 
eR+(III)  (the literature data 8) and ~R+(II) (this work) 
parameters. 
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