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Bloch decay, and variable contact time experiments217 indicate 
that the surface thorium complexes are relatively immobile. From 
data for other systems,2,5 we assign the small, unreactive (vide 
infra) Th-CH3 shoulder at & 55 to a Cp'2Th(CH3)0- species, 
presumably formed in protonolysis by surface MgOH.6 No other 
signals were observed between 5 470 and -90.18 

Samples of 1* were next dosed with measured quantities of 
ethylene (passed over MnO/Si02

6) at 77 K and then slowly 
warmed to 300 K.19 CPMAS spectra (Figure IC1D) reveal 
growth of polyethylene resonances (PE-CH2 expected at S 33, 
PE-CH3 at 5 10-1520), a substantial diminution in the Th-*CH3 

signal, and negligible change in the Mg-*CH3 signal. No other 
signals are observed between 8 270 and -90. !8 These data can 
be analyzed in a quantitative fashion (Figure 2) by using the 
Cp'-C resonance as an internal integration standard. Spectra of 
1* and 1* + 5 equiv of ethylene as a function of CP contact time 
(1, 3.5, 4, and 9 ms) indicate that, for constant chemical func
tionalities, this analysis based upon relative peak areas is not 
adversely affected by changes in CP dynamics.18,21 Under these 
conditions, ethylene insertion occurs exclusively (£90%) at the 
Th-CH3 bond (eq 1), and approximately 50% of the Th sites are 

C p ' 2 f h - * C H 3 - ^ i - Cp'2Th<CH2CH2),,*CH3 (1) 

*CH 3 *CH 3 

I I 
— M g " — — M g — 

active versus 54% on DA6,8 (an ordering reminiscent of support 
effects in Ti-based catalysts7,16d,21~24). That the diminution in 
Th-*CH3 does not arise from C-H activation processes (eq 2) 

Cp'2Th-*CH3 °2H*X- CpYTh-CH = CH2 + *CH« (2) 

"CH3 *CH 3 

I I 
— M g - — — M g " — 

is demonstrated by quantitative vacuum line/GC studies: evolved 
methane accounts for <2% of the Th sites. The lower reactivity 
of the Cp'2Th(CH3)OMg center parallels other surface and so
lution reactivity observations for such species.211,6,26 From changes 
in Th-CH3 signal area as a function of ethylene uptake, we also 
estimate that the average /c(propagation)/A:(initiation) ~ 12 in 
the initial stages of the polymerization (<10 equiv of ethylene).27 

(16) (a) Wells, A. F. Structural Inorganic Chemistry, 5th ed.; Oxford 
University Press: New York, 1984; p 350. (b) Marigo, A.; Martorana, A.; 
Zannetti, R. Makromol. Chem., Rapid Commun. 1987, 8, 65-68. (c) Bassi, 
I. W.; Potato, F.; Calcaterra, M.; Bart, J. C. J. Z. Kristallogr. 1982, 159, 
297-302, and references therein, (d) Giannini, U. Makromol. Chem. Suppl. 
1981,5, 216-229. 

(17) (a) Bronnimann, C. E.; Maciel, G. E. J. Am. Chem. Soc. 1986, 108, 
7154-7159. (b) Schilling, F. C; Bovey, F. A.; Tonelli, A. E.; Tseng, S.; 
Woodward, A. E. Macromolecules 1984, 17, 728-733. (c) Maciel, G. E.; 
Haw, J. F.; Chuang, l.-S.; Hawkins, B. L.; Early, T. A.; McKay, D. R.; 
Petrakis, L. J. Am. Chem. Soc. 1983, 105, 5529-5535. (d) Pfeifer, H.; Meiler, 
W.; Deininger, D. Annu. Rep. NMR Spectrosc. 1983, 15, 291-356. (e) 
Duncan, T. M.; Dybowski, C. Surf. Set. Rep. 1981, /, 157-250. 

(18) See Supplementary Material for further details. 
(19) Experiments were carried out on a high vacuum line with manometric 

monitoring of ethylene uptake, which begins and rapidly proceeds to com
pletion above ca. -10 "C. 

(20) VanderHart, D. L.; Perez, E. Macromolecules 1986, 19, 1902-1909, 
and references therein. 

(21) The Th-*CH3 —• PE-4CH3 transposition provides an internal check 
for nonconstant functionalities. While the relative intensities of both reso
nances become invariant at the same ethylene dosage (as expected, Figure 2), 
the lost Th-4CH3 intensity is not completely recovered in PE-4CH3, pre
sumably due to the greater isotropic mobility of the polymer chain.1217,20 

(22) (a) Zakharov, V. A.; Bukatov, C. D.; Yermakov, Y. I. Adv. Polym. 
Sci. 1983, 51, 61-100. (b) Bukatov, C. D.; Shepelev, S. H.; Zakharov, V. A.; 
Sergeev, S. A.; Yermakov, Y. I. Makromol. Chem. 1982, 183, 2657-2665. 

(23) Complementary experiments of dosing 1 with 4CH2
4CH2 are less 

informative due to the following: (1) Th-*CH2/(*CH2*CH2)„ spectral dy
namic range limitations; (2) a sizable, precedented13 dispersion in 4-
(Th4CH2-); and (3) 13C-13C scalar and dipolar coupling.24 

(24) Menger, E. M.; Vega, S.; Griffin, R. G. J. Am. Chem. Soc. 1986,108, 
2215-2218. 

(25) In contrast, ~ 100% of the Th-CH3 groups react with H2 and CO 
(Hedden, D.; Marks, T. J., unpublished results). 

(26) Lin, Z.; Marks, T. J. J. Am. Chem. Soc. 1987, 109, 7979-7985. 
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Finally, the time invariance of the spectra indicate that alkyl 
exchange processes (eq 3) are rather slow. 

Cp'2Th(CH2CH2)n*CH3 ^ ^ Cp'2Th-*CH3 (3) 

*CH 3 (CH2CH2)^CH3 

— M g " — — Mg"— 
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(27) Average jt(propagation)/fc(initiation) = (Y-X)/X where Y = ,umol 
of ethylene absorbed and X = /xmol of Th-4CH3 reacted. 
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Although the chemistry of organic cation radicals has been 
under discussion for some time,1"5 little is known about the re
actions of the corresponding dications. In this communication 
a general method for the determination of the relative equilibrium 
constants for reactions 3 and 4 (Scheme I) is presented, and rate 
constants for the reactions of the dications are reported. The 
thermodynamic cycle6 requires electrode potential data for re
actions 1 and 2 in order to apply eq 5 which then gives the 
logarithmic difference in equilibrium constants. 

Reversible electrode potentials for the oxidation of aromatic 
cation radicals to the corresponding dications (eq 1) can be 
measured in aprotic solvents when precautions are taken to remove 
nucleophilic impurities which rapidly react with the dications.10 

Electrode reactions (eq 2), the reductions of the dication/nu-
cleophile adducts, have been characterized for reactions of 
9,10-diarylanthracene (DPA) dications with water, methanol, and 
trifluoroacetic acid as nucleophiles in mixed solvent." The peak 
potentials measured for reactions (eq 2) differ from the reversible 
values (E"") by the kinetic potential shift due to the reactions of 

(1) Parker, V. D. Ace. Chem. Res. 1984,17, 143. Hammerich, O.; Parker, 
V. D. Adv. Phys. Org. Chem. 1984, 20, 55. 

(2) Shine, H. J.; Murata, Y. J. Am. Chem. Soc. 1969, 91, 4584. Murata, 
Y.; Shine, H. J. J. Org. Chem. 1969, 34, 3368. Evans, J. F.; Blount, H. N. 
J. Am. Chem. Soc. 1978,100, 419. Cheng, H. Y.; Sackett, P. H.; McCreery, 
R. L. J. Am. Chem. Soc. 1978, 100, 962. Svanholm, U.; Hammerich, O.; 
Parker, V. D. J. Am. Chem. Soc. 1975, 97, 101. Svanholm, U.; Parker, V. 
D. J. Am. Chem. Soc. 1976, 98, 997, 2942. Parker, V. D.; Eberson, L. J. Am. 
Chem. Soc. 1970, 92, 7488. 

(3) Eberson, L.; Blum, Z.; Helgee, B.; Nyberg, K. Tetrahedron 1978, 34, 
731. 

(4) Pross, A. J. Am. Chem. Soc. 1986, 108, 3537. 
(5) Parker, V. D.; Tilset, M. J. Am. Chem. Soc. 1987, 109, 2521. 
(6) Thermodynamic cycles have been invoked to obtain estimates of a 

number of different thermodynamic quantities including pKs values for hy
drocarbons7 as well as pKa values for cation radicals.8,9 

(7) Jaun, B.; Schwartz, J.; Breslow, R. J. Am. Chem. Soc. 1980,102, 5741 
and references cited. 

(8) Nicholas, A. M. de P.; Arnold, D. R. Can. J. Chem. 1980, 60, 2165. 
(9) Bordwell, F. G.; Bausch, M. J. J. Am. Chem. Soc. 1986, 108, 2473. 
(10) Hammerich, O.; Parker, V. D. Electrochim. Acta 1973, 18, 537. 
(U) Hammerich, O.; Parker, V. D. J. Am. Chem. Soc. 1974, 96, 4289. 
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Scheme I 

A+ = A2+ + e" FE°y ( D 

A+-Nu* + e" = A'-N U+ -FE\ (2) 

A2+ + Nu = A+-Nu+ -/?7" In/fiCDC) (3) 

A'-Nu+ = A+ + Nu FIT InZf(CR) (4) 

log /C(DC)-IOg A-(CR) = F(E°-EO
2)/2.30ffr (5) 

Table I. Electrode Potential and Equilibrium Data for Reactions of 
the Cation Radical and Dication of 9,10-Diphenylanthracene 

quantity 

£,° - E2°/mV 
log K(DC) - log K(CR) 

X in DPA+-X4 

CF3COO HO 

1130 1230 
19 21 

"Difference in reversible potentials estimated from cyclic voltam-
metry data in ref 11. 'See structure below: 

Ph X 

DPA-X ' I I I [I ! 

Ph 

DPA'-Nu+, the cation radical/nucleophile adduct formed in eq 
4, but E™ can be estimated with an accuracy of about 0.1 V giving 
rise to a maximum error in log AT(DC) - log AT(CR) of 2 units 
or less. 

Pertinent electrode potential data for the application of the 
thermodynamic cycle for the equilibria of cation radicals and 
dications of 9,10-disubstituted anthracenes with a number of 
nucleophiles were published some time ago." Data for 9,10-
diphenylanthracene dications in dichloromethane-trifluoroacetic 
acid reacting with trifluoroacetic acid and water as nucleophiles 
are summarized in Table I. The analysis resulted in log AT-
(DC)-log AT(CR) of 19 and 21 for the two nucleophiles. The rate 
constant for the reaction of DPA2+ in acetonitrile at 273 K was 
determined by derivative cyclic voltammetry (DCV)12 to be 900 
s"1, corresponding to fc(DC) = 9 X 104 M"1 s"1 for the reaction 
with water ([H2O] = 10 mM). The rate constant for the reaction 
of DPA*+ with water under similar conditions has been reported 
to be equal to 0.083 M-1 s"1.13 In dichloromethane (273 K) 
second-order rate constants of 0.035 and 1.25 X 105 M"1 s"1 were 
obtained by DCV for the reactions of DPA1+ and DPA2+, re
spectively, with methanol. 

The intrinsic reactivity of cation radicals as compared to the 
more reactive dications and carbenium ions has been assessed to 
be unusually low.34 On the basis of our relative equilibrium 
constants, AT(DC)/AT(CR) = 1020, we predict that the dication 
should react faster than the cation radical with nucleophiles. The 
relative rate constants observed, &(DC)/fc(CR) = 106, are in the 
expected direction but very much smaller than the equilibrium 
constant ratio. Since Ritchie has found that rate and equilibrium 
constants for the reactions of carbenium ions with nucleophiles 
do not correlate,14 it is not justified to conclude that it is the 
dications rather than the cation radicals that react unusually 
slowly. A possible reason for the fact that our rate and equilibrium 
constants do not correlate is that rate-equilibrium relationships 
break down when AT becomes too far removed from unity.15 Our 
data do suggest that it is not justified to conclude that cation 
radicals react unusually slowly when compared to the reactions 
of the corresponding dications. A change from a singly charged 

(12) Ahlberg, E.; Parker, V. D. J. Electroanal. Chem. 1981, 121, 57, 73. 
Parker, V. D. Electroanal. Chem. 1986, 14, 1. 

(13) Sioda, R. E. J. Phys. Chem. 1968, 72, 2322. 
(14) Ritchie, C. D.; Kubisty, C; Ting, G. Y. /. Am. Chem. Soc. 1983, 105, 

279. 
(15) We are indebted to a referee for pointing out the pitfalls of attempting 

to use rate-equilibrium relationships in cases where K is very far removed from 
unity. 
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Table II. Acidity Constants of Triarylmethanes and the 
Corresponding Cation Radicals and Dications 

triarylamine P*HA° P^HA+4 P*HA»' 

p-methoxyphenyldiphenylmethane 32.5 -19 -57 (-60) 
triphenylmethane 31.5 -24 -72 (-76) 
0In dimethylsulfoxide, from ref 16. 'Estimated from cyclic voltam

metry data by using the procedure in ref 9. Oxidation potentials of 
carbanions were those reported in ref 16. 'Application of the thermo
dynamic cycle in Scheme I; values in parentheses include a 200-mV 
kinetic shift correction for the oxidation potential of the triarylmethane 
cation radicals in dichloromethane 

ion to a doubly charged ion is a very big perturbation and is 
expected to have a large effect on reactivity. 

A variation of the thermodynamic cycle (Scheme I) can be 
applied to show the super acid properties of dications containing 
acidic hydrogen. Data for triarylmethanes (HA) are summarized 
in Table II. The pKHA are those reported by Breslow,16 and the 
pATHA.+ were estimated by the method developed by Bordwell.9 

The most interesting feature of the data is the very large negative 
pATHA2+ values estimated (Table II) for the dications of p-meth-
oxyphenyldiphenylmethane (-56) and triphenylmethane (-76). 

The application of the thermodynamic cycle (Scheme I) has 
provided the first equilibrium data for the reactions of the highly 
reactive organic dications. The rate constants reported here are 
the first to be measured for the reactions of aromatic hydrocarbon 
dications. The pATa value estimated for triphenylmethane dication 
is of the order of 50 units more negative than any previously 
reported values. 
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Paramagnetic metal-hydrocarbyl species have been postulated 
as intermediates in several organometallic reaction sequences.3 

In the preponderance of these reactions the paramagnetic inter
mediate has been detected by ESR spectroscopy. In other cases 
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(3) Specific examples: (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; 
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ittry; University Science Books: Mill Valley, CA, 1987. (b) Kochi, J. K. 
Organometallic Mechanisms and Catalysis; Academic Press: New York, 
1978. Examples relating to coupling of hydrocarbyl groups: (c) Reference 
3a, Chapters 5 and 14. (d) Reference 3b, Chapter 14. (e) Fukuzumi, S.; 
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