
of RSO4H'H20; one would suppose that in the presence of acids the contribution of this reac- 
tion would not be large. 

Assuming that the concentrations [S02"H20], [HOSO=-], and [RSO~H'H=O] are determined 
only by equilibria (1)-(3) respectively, i.e., kI"[SO2]'[H20] >> k-2"[HOSO~]'[H~O+], k- I >> k=" 
[H20] , k_2.[H30 +] >> k4.[RSO4H'H20], and k_ 3 >> k4.[HOSO~], from the process scheme, for the 
rate of consumption of SO 2 we have 

--d[SO~]/dt -- K~.K2"Ka'k4"]RSO41t]'[SO2]'[H20]a/[HaO+], (II) 

where KI-K 3 are the equilibrium constants of (I)-(3). Since the experiments were carried out 
with [RSO,H] 0 >> [S02] 0, then [RSO4H]0 ~ const and hence (II) describes the experimental 
results. 
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REACTIVITY OF RADICALS CCIa(CH2CHR) 6 (R = H, CH~, CI; n = i, 2) 

IN ADDITION REACTIONS WITH UNSATURATED COMPOUNDS 

R. G. Gasanov, L. V. Ii'inskaya, 
and A. L. Tumanskaya 

UDC 543.422.27:541.127:542.955: 
541.515:547.412:547.313 

Using EPR spectroscopy, the rate constants for the addition of radicals CCI3(CH 2" 
CH2) 6 (R I for n = i and R 2 for n = 2), CCI~CH=CHCH 3 (Ra), and CCI3CH2~HCI (R 4) to 
unsaturated compounds CH2=CHX (X = C~Hs, COOCH3, CN) and CH2=C(CH3)Y (Y = 
CeH s, COOCH 3) at 22~ have been determined. The radicals R I and R 2 exhibit 
ambiphilic, and R 4 electrophilic character towards the selected unsaturated com- 
pounds. It has been shown that the presence of the CCI 3 group in the y-position 
of the radical center has little effect on the reactivity of the radical. Replace- 
ment of a hydrogen on the a-carbon in radical R I by a CH a group or chlorine atom 
leads to a considerable reduction in the rate of addition of the radicals to the 
unsaturated compounds examined. 

In studies of teiomerization, cotelomerization, and polymerization [I] it is necessary 
to have data on the reactivity of the carbon-centered radicals CCIa(CH2CHR) ~ (R = H, CH3, 
CI; n = I, 2) in addition reactions to unsaturated compounds in relation to the substituents 
located in different positions relative to the radical center. 

In the present work EPR spectroscopy has been used to determine the rate constants for 
the addition of radicals CCI3CH=CH 2 (RI)iCCIa(CH=CH=)~ (R=), CCI3CH=CHCH 3 (R3), and CCI 3- 
CH2@HCI (R 4) to unsaturated compounds CH2=CHX (X = C6H s (I), COOCHa (II), CN (III)) and 

A. N. Nesmeyanov Institute of Organometallic Compounds, Academy of Sciences of the USSR, 
Moscow. Translated from Izvestiya Akademii Nauk SSSR, Seriya Khimicheskaya, No. 3, pp. 548- 
554, March, 1991. Original article submitted February 23, 1990. 
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TABLE i. Hyperfine Interaction Constants of 
Spin Adducts of Radicals R i with Nitrosodurene 
Formed by Removal of Iodine from IR i, a (Oe) 

R i 

CCI3CH2CH~ (R') 
CC18 (CH2CH2)z" (R z) 
CChCH~.C (CH3) H (R ~) 
CCl3CIhCHCl (R 4) * 

"N % - H  

i 

13.4 11,5 
t3.7 t0,6 
13,7 8,0 
14,9 8,0 

*Radicals R ~ also generated by removal of bromine 
from CCI3CH2CHBrCI by R$(C0) s radicals; a(3SCl) = 
3.50e. 

TABLE 2. Hyperfine Interaction Constants of Spin Ad- 
ducts of Radicals RiCH2CHX and RiCH2C(CH3)Y with 
Nitrosodurene Obtained by Addition of Radicals R i 
to CH2=CHX and CH==C(CH3)Y* 

X y 

a, 0 e  
C61i~ COOCH3 CN C61~ COOCH~ 

aN t3,8 13.5 13,2 i3,6 13,2 
a~-n 3,8 8,6 6,9 

* I n  t h e  EPR s p e c t r a ,  i n  a d d i t i o n  t o  s i g n a l s  f rom t h e  
s p i n  a d d u c t s  o f  r a d i c a l s  RiCH2CHX and RZCH2C(CH3)Y 
w i t h  n i t r o s o d u r e n e ,  s i g n a l s  we re  a l s o  o b s e r v e d  f rom 
r a d i c a l s  R iN(0)Ar  (Ar = 2 ,3 ,5 ,6 -C6 t ib l e~ ,  i = 1 -4 ,  
s e e  T a b l e  1 ) .  

CH2=C(CH3)Y (Y = C6H s (IV). COOCH 3 (V)) with the object of studying the effect of the type 
of substitutent at the vinyl group and at the radical center on the reactivity of these 
radicals and olefins in an addition reaction. 

Radicals RI-R, were generated by photochemical decomposition of the corresponding poly- 
chloroiodoalkanes CC13(CH2CH2)nI (n = i. 2). CCl~CH2CH(CH3)I , and CClsCH2CHClI irradiated 
with light of ~ - 366 nm in the presence of Re2(CO)z0 or Hg(m-C2H2BIoHg-9)2. 

Under the influence of light, these latter compounds yield radicals Re(CO)s 
or Hg(m-C2H2Bz0Hg-9 ) and m-C2H2BIoH 9-9 [2]. Radicals R" were also generated by photochemical 
removal of bromine from CCI3CH2CHCIBrRe(CO)s [2]. Nitrosodurene (hiD) was selected as a spin 
trap for identification ofthe intermediate radicals. 

Table i shows the hyperfine interaction constants of the spin adducts of radicals R i (i = 
i-4) and Table 2 those of radicals RiCH2CHX and RiCH2C(CH3)Y with hiD. 

The formation of nitroxyl radicals, identified by EPR spectroscopy, can be described by 
the scheme 

CCI3(CHoCHR).I Re2(CO)j o, )~366 nm 
" Hg(m-C~H2B]oHg-9)2,~,366 nm CCI~(CHoCHR)." (R i) 

R ~ + ted J_'. RtN(0)Ar(A), 

.R ~ + CH~ --: CHX (Cllz =-C(CIIa)Y) J4. R~CHoCItX(R~CH.C(CIta)y), 

R~CHzCHX(RiCtI2C(CH3)y) q- t~D 

RtCH2CHXN(0)Ar(RiCHoC(CH 3) YN (0)At) 

(Here and elsewhere in the text Ar ~-- 2,3,5,6-C6HMe4, i = I--4). 

(1) 

(2) 

(3) 
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Fig. 1 Fig. 2 

Fig. i. Curves of concentrations of spin adducts of radicals 
R ~ (C l, curve I) and radicals R3CH=C(CH3)COOCH~ (C2, curve 2) 
with ND against time. Dotted lines) experimental data, solid 
lines) calculated by method of least squares. 

Fig. 2. EPR spectra obtained on irradiation of a solution con- 
taining CCI~CH2CH(CH3)I , CH2=C(CH3)C6Hs, Hg(m-C2H2BIoHg-9)2 , 
and ND in benzene. Extreme signals (lines a) assigned to spin 
adducts of CH2=C(C6Hs)CH2 with ND (lines b correspond to 
R3N(0)Ar, line c to R3CH2C(CH3)C6HsN(6)Ar) 

According to this scheme, measurement of the rate of formation of nitroxyl radicals A 
and B can be used to determine in each individual case the rate constant k 2 for addition of 
the radical R i to the unsaturated compound according to Eq. (4) [3], with a known rate con- 
stant k I for the addition of R i to ND. 

d[A] /d[B]=kl /k  ~ [ND ]o , ( 4 )  
[M]o 

where d[A] and d[B] are the increments of concentration of radicals A and B with time (Fig. 
i), [M] 0 and [ND] 0 are the initial concentrations of the unsaturated compound and ND respec- 
tively. 

Figure 1 shows the experimental results, and the line calculated by the method of least 
squares, for the variation with time of the concentration of spin adducts of radicals R 3 
(amplitude of the first line of the doublet of triplets with intensity i) and spin adducts 
of radicals R3CH2C(CH~)COOCH3 (amplitude of the first line of the triplet) with the spin trap. 

The rate constants for the addition of primary and secondary alkyl radicals and radicals 
R a to ND were determined in [4-6] at 40~ and are of equal magnitude. It was noted in [3] 
that a CCI 3 group located at the y-position from the radical center had practically no effect 
on the reactivity on the radicals on addition to olefins, and the temperature dependence of 
k I is described by the equation log k I = 8.6-1.5/2.303 • RT kcal/mole. From these data, we 
took the rate constant for the addition of radicals R I, R 2, and R 3 to ND as 3.0-107 liters/ 
(mole'sec) at 22~ The constant k I for radicals R 4 was determined in [2] and was equal to 
1.4"106 liters/(mole-sec) at 200C. 

The ratios of the increments of concentration d[A]/d[B] are shown in Table 3; these have 
a linear dependence on the ratio [ND]0/[M] 0 in accordance with expression (4) for all the 
cases examined of addition of radicals RI-R ~ to unsaturated compounds. On the basis of the 
value taken for k I and the experimentally determined ratios d[A]/d[B] the rate constants k 2 
were calculated (Table 3). 
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The rate constants for the addition of radicals R 4 to compounds (i)-(III) were determined 
by selecting as competitive with this reaction the addition of radicals R ~ to (V). In the 
reaction of R ~ simultaneously with two unsaturated compounds, for example (I) and (V), the 
formation of intermediate radicals is described by the following scheme: 

R ~ + CH 2 = CHCGH ~ (I) ,,,~ R4CH2dHCGH~ (R~), ( 5 )  

~V 
R s + CH~ = C(CH3)COOCH3 ~ R4CH2C(CH~)COOCH3(R6), ( 6 )  

R ~ q- rm __,. II,CII.CH(CGIIs)N(O)Ar (c),  (7) 

R G q- ~m __,. R,CII.,C(C]I:0COOCI/:,N(O)Ar(D). (8) 

According to this scheme, as the current concentrations of nitroxyl radicals which are 
being formed changes, Eq. (9) will hold, from which, knowing k2V, one can determine the rate 
constant for the addition of radicals R 4 to (i) (k2 I) 

d[D]/d[C] =~'~v[V]o/k2I[l]o, ( 9 )  

k21 and  k2 V b e i n g  t h e  r a t e  c o n s t a n t s  f o r  t h e  a d d i t i o n  o f  r a d i c a l s  R ~ t o  ( I )  and (V) r e s p e c -  
t i v e l y .  

An analogous route was used to determine the rate constants for the addition of radicals 
R 4 to (II) and (III) (Table 3, experiments 2, 4, 5). 

It follows from the results in Table 3 that the nature of the substituent on the vinyl 
group in the series of compounds (I)-(V) has almost no effect on their reactivity with radi- 
cals R I and R 2 which is evidence of their ambiphilic character. The activity of the unsatu- 
rated compounds in reaction with radical R 4 falls along the series (IV) > (I) > (V) > (II) z 
(III) which corresponds to the activity series for the radical CI(CH2)2CCI2(R 7) [7, 8]. A 
linear relationship is observed between the logarithm of the rate constant for the addition 
of radicals R 4 and R 7 to unsaturated compounds and the parameter e which characterizes the 
donor-acceptor properties of the substituent on the vinyl group in (I)-(V) [8]. It follows 
from these results that the activity of the compounds listed relative to radicals R 4 is 
determined by the polar effects of the substituents. The tangents of the angles of slope of 
the straight line plots of log k 2 against e in the case of the addition of radicals R 4 and 
R 7 to (I)-(V) are of similar magnitude (log k 2 (for R ~) = 3.62-0.44e; correlation coeffi- 
cient = 0.988 and log k 2 (for R 7) = 4.16-0.73e; correlation coefficient = 0.972, see [7]), 
which shows the electrophilic nature of radical R ~. 

It was shown in [2, 8, 9] that the reactivity of radicals R I and R 2, R 3 and CCI3(CH 2" 
CHCH3)2" ; R ~ and CCI3(CH2CHCI) ~ in addition reactions with ethylene, propylene, and vinyl 
chloride are insensitive to the influence of the CCI 3 group in the ~- or m-position relative 
to the radical center. Consequently, the reactivity of radicals R I, R = and R ~, CCI3(CH2CH" 
CH3) ~ must not differ markedly from the reactivity of primary and secondary alkyl radicals 
in addition reactions. In fact, the rate constants for the addition of radicals R I and R 2 
to (I)-(III) and (V) (Table 3, experiments 2-5) are close to the analagous constants for the 
radicals n-~7H1s (9.3"104 , 2.2"I0 s, 5.5"105 , and 7.3"10 ~ liters/(mole.sec) respectively at 
25~ [i0, Ii]. Making use of the data of [10, 11], one can postulate that the rate constants 
for the addition of radicals R I and R 2 to CCI2=CCI 2 and CH2=CHCH=CH2 at 22~ will be 500 and 
i0 ~ liters/(mole.sec). 

The results in Table 3 show that radicals R I are more active by an order of magnitude 
than radicals R 4 in addition reactions with (I) and (IV), and by two orders of magnitude in 
additions to (II), (III), and (V). At the same time, radicals R I are an order of magnitude 
more active than R 3 in additions to (I) and three times more active in additions to (V). Con- 
sequently, replacing the hydrogen on the carbon atom on which the radical center in radicals R I is 
located by a CH 3 group or a chlorine atom results in a considerable reduction in the reactivity of 
such radicals (i.e., R 3 and R 4) in addition reactions with unsaturated compounds and this 
could be associated with an increase in steric hindrance in the radicals R 3 and R 4. On the 
other hand, replacing a hydrogen by chlorine on the a-carbon in radicals R l not only con- 
siderably reduces the reactivity but also leads to the change of polarity of radicals R 4. 
From a comparison of the reactivity of radicals R ~ and R 7 [7] it is seen thar R 7 is slightly 
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more active in additions to (i) and (IV) (5.0"10 4 and 1.4"i0 s liters/(mole'sec) in spite of 
being more sterically hindered than R 4. However, one can assume that the reactivity of 
radicals R 4 and R ~ will not differ greatly on addition to certain unsaturated compounds stud- 
ied in [7, 8]. Hence it is probable that the rate constants for the addition of radicals 
R 4 to CH==CHC(O)CH 3 and CH2=CHOC=H s at 22~ will be -104 and -103 liters/(mole'sec) respec- 
tively. 

Since the dimensions of the particles has little effect on the addition process [i], 
the results obtained for the reactivity of the low-molecular-weight radicals (RI-R 4) can be 
realistically used to model the reactivity of their polymeric analogs. However, in contrast 
to addition reactions using radicals CCI~(CH2CHR) ~ as low-molecular-weight analogs of poly- 
meric radicals, in substitution reactions, which take place in stages, where reaction pro- 
ducts are formed with rupture of C-H and C-Hal bonds, one must make allowance for the effect 
of the CCI~ group on the reactivity of the radicals. It was shown in [3, 12] that th~ rate 
constants for removal of halogen from CCI 4 and BrCCI3, and also hydrogen from HCCI3, depends 
considerably on the location of the CCI 3 group relative to the radical center. At the same 
time, the reactivity of the radicals CCI3(CH2CHR) ~ (R = H, CH~) with n > 2 in these reactions 
does not depend on the distance of the CCI 3 group from the radical Center, and the activity 
of such radicals will not be significantly different from the activity of the corresponding 
alkyl radicals AIk(CH=CHR)d In fact, the rate constant for removal of chlorine from CCI 4 
by radicals R 2 has the value 9.104 liters/(mole-sec) [9], and by radicals CH3(CH=)2CH 2, 8.3. 
10 ~ liters/(more-sec) at 40~ [13]. Hence only radicals R 2, CCI3(CH=CHCH3)~ and CCI~(CH 2" 
CHCI)~ can be considered as low-molecular-weight analogs of the corresponding polymeric 
radicals when modeling their reactivities in copolymerization and polymerization. 

In the reaction of radicals RI-R 4 with (IV) and radicals R 3 and R 4 with (V) in the pres- 
ence of ND, the EPR spectrum shows, in addition to signals from the spin adducts of radicals 
RiCH2~(CH3)C6Hs (i = i-4) and RiCH2C(CH3)COOCH~ (i = 3, 4), signals from the spin adducts of 
radicals CH2=C(CeHs)CH 2 (R 8) (a N = 13.4, as_ H = 9.30e), and CH2~C(coocH 3)CH? (R 9) (a N = 
13.5 and as- H = 10.30e)l with ND. Formation of these radicals is explained by 
the removal of hydrogen from the methyl group in (IV) and (V) by the radicals 
R i. An EPR spectrum obtained during the addition of radicals R 3 to (IV) is 
shown in Fig. 2. The extreme signals in the spectrum (lines a) are assigned to spin adducts 
of radicals R s with ND arising from the length of the spectrum. To confirm the correctness 
of this assignment these radicals were generated by removal of hydrogen from (IV) or (V) by 
radicals (CH3)aCO- which are formed in the photochemical decomposition of [(CH3)~CO] 2 in ben- 
zene solution in the presence of (IV) or (V) and ND. Spin adducts of radicals R 8 and R 9 with 
2-methyl-2-nitroisopropane(MNP) were identified in the addition reaction of radicals (CH~)3CO" 
to (IV) and (V) using MNP as a spin trap for the intermediate radicals [14, 15]. Simultaneous 
identification by EPR spectroscopy of spin adducts of radicals R 3 and R 8 with ND makes it 
possible to determine the rate constant for removal of hydrogen from (IV) by radicals R 3, 
equal to (1.2 • 0.08).104 liter/(mole.sec). Stages (i0) and (11) were used for this purpose 
in addition to stages (1)-(3): 

R 3 q- CH:  = C(Celts)Ctl  3 ~-~' CCI3CH2CIt~CIt 3 q- R s, (lO) 

B 8 q- ND - +  CH 2 _-- C(C~H.~)CIt2N(0)Ar (D). ( 1 1 )  

Taking into consideration stages (1)-(3) and (i0)-(ii), we obtain the expression d[B]/d[D] = 
k=/k 3 from which k s is determined. A similar method was used to determine the rate constant 
for the removal of hydrogen from (IV) by radicals R 4, equal to (5.4 • 0.3)'103 liters/(mole- 
sec) at 22~ The difference observed in k 3 for radicals R 3 and R 4 in removing hydrogen 
from (IV) corresponds to the difference in the rate constants for the removal of hydrogen 
by these radicals from HCCI 3 [12]. 

EXPERIMENTAL 

EPR spectra were run on an SE/X-2547 spectrometer. Reaction mixtures were degassed by 
several "freeze-evacuate-defreeze" cycles and were then irradiated with light of ~ -366 nm 
in the resonator of the spectrometer at 22~ Benzene was used a solvent in all the experi- 
ments. Before addition of the reaction mixtures to ND, it was first dissolved in CH=CI=. 
The concentrations of the monomeric form of ND and the unsaturated compound were chosen with 
regard to the rate of homopolymerization in order to exclude the formation of telomeric 
radicals. 
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The initial concentration of Hg(m-C2H2B10Hg-9) 2 and of Re2(CO)10 did not exceed 6"10 -3 
and 4'10 -3 mole/liter respectively. Initial concentrations of polyhaloalkanes (mole/liter): 
[CCI3(CH2CH2)n I] = 0.25-0.36 (n= I, 2), [CCI~CH2CH(CH3)I] = 0.3-0.34, [CCI3CH2CHCII] = 0.6- 
1.5, and [CCI3CH2CHCIBr] = 0.3-0.32, In the determination of k 2 for radicals R 4 in experi- 
ments 2, 4, 5 (Table 3) the ratio of the initial concentrations of the unsaturated compounds 
were selected as follows: [V]/[I] = 0.477 (IV]0 = 0.996 M); [V]/[II] = 0.482, 0.217, 0.124 
([V] 0 = 0.421M); [V]/[III] = 0.204 ([V]0 =0.842 M) and the ratios of the nitroxyl radicals 
formed were respectively 3.545; 0.567, 0.490, 1.363; 0.639. In the determination of k3 for 
radicals R 3 and R 4 d[B]/d[D] = 2.381 and 1.309 respectively. For all d[A]/d[B] and d[B]/d[D] 
average values are quoted from the results of three independent experiments. 

The polyhaloalkane starting materials were prepared by the methods of [2, 6, 9] and 
purified by vacuum distillation immediately before the commencement of the experiment. 
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