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INTRODUCTION 

It has been a common practice in the anionic polymeriza- 
tion of styrenes to employ an initiator of the benzylic type 
organolithium reagents generated by one of the methods 
(1)-(3) ' :  

(1) 

(2)  

BuLi + PhzC=CHz + PhZC(Li)CH2Bu 

s-BuLi + Ph(Me)C=CH, + Ph(Me)(CH,Bu-s)CLi 

2Li + 2Ph2C=CHz + Ph2C(Li)CHzCH2C(Li)Phz (3)  

The reason appears to be that with benzyllic type organ- 
olithium reagents narrower distributions of molecular 
weights are obtained, which in turn implies that the latter 
type of organolithium reagents exhibit a greater reactivity 
toward styrenes than alkyllithium reagents. Indeed, the 
reactivity order of organolithiums appears to be dependent 
upon the reference substrate or the particular reaction 
which forms the basis for comparison. Thus, although bu- 
tyllithium metalates toluene in the presence of the acti- 
vating Lewis base tetrahydrofuran (THF) ,2 benzyllithium 
in the same solvent appears to be one order of magnitude 
more reactive than butyllithium toward triphenylme- 
thane3 and 1,l-diphenylethylene.4 In fact, the relative rates 
for triphenylmethane metalation by the series CH3Li, 
PhLi, CH2 = CHLi, CH2 = CHCH2Li, n-BuLi, and 
PhCH2Li3 are well correlated with the ionization 
potentials5 of the free radical R'that corresponds to RLi' 
(Fig. 1). 

Both the metalation of triphenylmethane by organo- 
lithium reagents and the addition of the latter to 1,l-di- 
phenylethylene lead to the formation of benzyllic type or- 
ganolithiums and therefore are closely related reactions. 
Of particular relevance is the latter reaction because it 
serves as a prototype for the initiation and homopropa- 
gation steps of styrene p~lymerization.~ 

RESULTS AND DISCUSSION 

We have noticed that benzylic type organolithiums such 
as Ph2(Me)CLi, Ph3CLi, and Ph3SnLi on their reaction 
with aromatic ketones produce substantial amounts of the 
corresponding one-electron reduction products of the ar- 
omatic ketones. Namely, with benzophenone the yield of 
the corresponding ketyl was 14, 11, and 77% and with 
fluorenone 46, 92.5, and 93%, respectively,' e.g., eq. (4):  
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+ Ph,C(Me)-C(Me)Ph, (4) 

Given the close analogy between Ph2 (Me) CLi and the 
organometallic species on the right-hand side of eqs. (1- 
3),  the ability of the latter to function as single electron 
donors appears to be very probable. 

The reported specific rate constants for homopropa- 
gation of styrene in dioxane exhibit a marked dependence 
on the cation M+ in the living polymer -S-M+. 
Namely, when M is varied as Li, Na, K, Rb, and Cs, the 
kp's are, respe~tively,~ 0.9,3.4, 20,21.5, and 24.5 M-'s-'. 
This sequence seems to parallel the corresponding rate 
constants for the reaction of alkali metal benzophenone 
ketyls with n -propyl bromide in the same solvent," which 
are: Li, 0.0068; Na, 3.4; K, 63.8; and Cs, 77.9M-' s-'. In 
fact, the two sets of numbers plot reasonable linearly 
against each other (Fig. 2). This establishes then a close 
analogy between the two reactions, the second of which 
unequivocally involves single electron transfer ( SET) 
steps. The corresponding kp's in THF solvent are: Li, 160; 
Na, 80; K, 50, Rb, 50; and Cs, 22." With the exception of 
the data for Na, the rest of the data plot also linear against 
the corresponding specific rate constants for the reaction 
between alkali metal benzophenone ketyl and n -propyl 
bromide. The only difference is that the slope of the latter 
plot is of opposite sign, i.e., negative as compared to that 
of Figure 2. There is strong experimental evidenceI2 that 
the reactivity of radical anions exhibits a marked depen- 
dence on the counter-cation and that radical anions donate 
their single electron through the mediation of the cation. 
This mechanism suggests a relationship between the rate 
constants for electron transfer from a given anion and the 
donating ability of the cation. The latter is expressed by 
the ionization potential of M atom in the gas phase and 
it is defined by eq. ( 5 ) : 

Namely, IP ( M )  represents the enthalpy change in the 
gas phase and at  298.15 K of the reaction M + M+ + e-.  
In Figure 3 we plot kp's against the respective IP(M)'s 
and as it can be seen there is a good linearity. The rela- 
tionship in Figure 3 is of the Evans-Polanyi type, namely, 
it relates a kinetic parameter with a relevant thermody- 
namic 011e.l~ Bearing in mind that Evans-Polanyi rela- 
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Figure 1. Logarithms of relative rate constants for tri- 
phenylmethane metalation by a sequence of RLi’s in THF 
plotted against the gas phase ionization potential of the 
free radical that corresponds to R in RLi. k, (at  0.01 formal 
concentration) from Ref. 3. IP(R’)’s are: for Ph’, 1. P. 
Fisher, T. F. Palmer, and F. P. Lossing, J. Am. Chem. 
SOC., 86,2741 (1964); for the rest, S. G. Lias, J. E. Bart- 
mess, J. F. Liebman, R. D. Levin, and W. G. Mallard, 
“Gas Phase Ion and Neutral Thermochemistry,” J. Phys. 
Chem. Ref. Data 17, (Supplement No. 1 ) ( 1988). 

tionships hold, usually, for exoergic free radical reaction~,’~ 
we feel that relationship in Figure 3 is rather strong evi- 
dence for the involvement of SET steps in the anionic 
polymerization of styrenes. On the basis of the above in- 
formation we propose the following mechanism, eq. (6 )  : 

y = 1.6058 + 0.29191~ RA2 = 0.997 
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Figure 3. Specific rate constants for homopropagation 
of living polystyrene in dioxane plotted against the gas 
phase ionization potentials corresponding to the cation of 
the living polymer. kp’s (Dioxane) from Ref. 9; IP  ( M  ) ’s  
from S. G. Lias, J. E. Bartmess, J. F. Liebman, R. D. 
Levin, and W. G. Mallard, “Gas Phase Ion and Neutral 
Thermochemistry,” J. Phys. Chem. Ref. Data, 17 (Sup- 
plement No. 1) (1988). 

- S M ’  + PhCH=CHz + (-S*, M+, (PhCH=CH,)‘+ - 
PhCH-CHi) -r -SCHz(Ph)CH-M+ (6 )  

It  should be noted that the inverse reactivity order that 
has been reported for the homopropagation step in styrene 
polymerization in THF”  solvent does not contradict the 
above mechanism. On the contrary, the kp’s (THF) exhibit 
also a linear dependence on I P  ( M )  (Fig. 4 ) ,  as do the 
corresponding kp’s (dioxane) . The only difference is that 
the slopes of the straight lines in Figures 3 and 4 are of 
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Figure 2. Specific rate constants for homopropagation 
of living polystyrene in dioxane plotted against the re- 
spective ones for the reaction of alkali metal benzophenone 
ketyls in dioxane with n -propyl bromide. Data from Refs. 
9 and 10. 
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Figure 4. Specific rate constants for homopropagation 
of living polystyrene in THF plotted as in Fig. 3. kp (THF) 
from Ref. 11. 
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Figure 5. Specific rate constants for homopropagation 
of living polystyrene in THF plotted against the respective 
ones in dioxane. 

opposite sign. Radical anions usually exhibit a reactivity 
order Cs > Rb > K > Na > Li, but with certain substrates, 
such as an alkyl fluoride14 the reactivity order is inversed. 
This can be attributed to the fact that the reaction en- 
thalpy, which is linearly related to a kinetic parameter, is 
governed by some factor of the reaction, e.g., enthalpies 
of formation versus enthalpies of solvation of the species 
involved in the reaction. Thus, the order Li > Na > K > 
Rb > Cs that has been observed for the homopropagation 
of styrene in THF" could be readily attributed to the 
enthalpy of solvation as being the predominant factor in 
the reaction enthalpy. This view is supported by the 
reported" correlation between log kp (THF)  and 1 / ( rM + 
2) .  

As a corollary of the correlations in Figure 3 and 4 it  
follows that the two sets of kp's in T H F  and dioxane should 
plot linearly against each other. This seems to be true for 
all M+'s but Na+ (Fig. 5 ) .  Perhaps, the value for Na is 
in error. The estimated values for kp (Na+  , T H F )  by in- 
terpolation from the correlations in Figures 4 and 5 are 
134 and 146M-' s-', respectively. 
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