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Development of homogeneous, well-defined metallocene-
based catalysts for olefin polymerization has received close
attention from both academic and industrial laboratories.1 It is
now agreed that the active species are d0, 14-electron alkyl
complexes, generally of the type Cp2M-Rn+ (n ) 0 (Sc);n )
1 (Ti, Zr, Hf)). Kinetic isotope effects have been used to probe
details of the insertion of the olefin into the metal alkyl bond.2-4

Values of kR-H /kR-D in the range of 1.2-1.33 support a
transition state in which there is anR-agostic interaction between
the metal and theR-CH bond of the alkyl group (Figure 1).
We have shown that the late metal d6-Co(III) alkyl complexes

of general structure1 are catalysts for the living polymerization
of ethylene.5 Spectroscopic studies have established that the
â-agostic complex1 is the catalyst resting state and that the
alkyl olefin complex2 is present in low equilibrium concentra-
tions during polymerization6 (Scheme 1). We report here a
substantial inVerse isotope effect for the Co(III)-catalyzed
polymerization of C2H4 versus C2D4. This observation provides
further insight into the mechanism of ethylene insertion in these
systems and is in sharp contrast to the observations in the early
metal d0 systems.
Polymerization7 rates were measured by injecting a chlo-

robenzene solution (25 mL, 6.6× 10-4 M) of [C5Me5-
(P(OCH3)3)CoCH2CH2-µ-H]+ BAr′4- (Ar′ ) 3,5-(CF3)2C6H3),8

1a, into a 0.5-L bulb attached to a manometer and filled with
either C2H4 or C2D4 (660 mm). The rates of gas uptake at room
temperature as measured by the pressure drop were averaged

over the first hour for C2D4 (initial turnover rate) 3.7/min)
and the first two hours for C2H4 (initial turnover rate) 1.7/
min). At these timesca. 20% of the monomer had been
consumed. These turnover frequencies reveal an inverse isotope
effect of kH/kD )0.48.
When a solution of1 (8.26× 10-4 M, 50 mL) is exposed to

a constant 1 atm purge of C2H4 for 2 h, 0.37 g of polyethylene
is produced (〈Mn〉 ) 9.5× 103, MWD ) 1.21). Polymerization
of C2D4 under identical conditions yields 0.84 g of polyper-
deuterioethylene (〈Mn〉 ) 19.9× 103 MWD ) 1.13).9 The
isotope effect calculated from these results is again inverse,kH/
kD ) 0.48.
We propose that the substantial inverse isotope effect

observed for ethylene polymerization with1 is due to the
presence of aâ-agostic Co- - -H- - -C (Co- - -D- - -C) interaction
in the catalyst resting state. The release of the agostic interaction
necessary for binding the incoming monomer results in the
conversion of theâ-agostic bond into a terminal C-H(D) bond
in the transition state.10 The lower C-H(D) vibrational
frequencies of the agostic C-H(D) bonds in the ground state
species relative to the terminal bonds in the transition state result
in a smaller zero point energy difference in the ground state
relative to the transition state11 (Scheme 2) and thus an inverse
isotope effect (∆HD

q < ∆HH
q) is predicted.

Results of NMR spectroscopic experiments in which an
equilibrium isotope effect was measured (eq 1) support the
contention that the observed inverse kinetic isotope effect is
associated with the release of the agostic bond. Treatment of
1a or d5-1a (ca. 8.6 × 10-2 M) with 2-fluoropyridine (1.4
equiv.) at-27 °C results in partial conversion to the adduct3
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(or d5-3) in which the agostic C-H(D) bond has been converted
to a terminal C-H(D) bond. Integration of the P(OMe)3

1H

NMR resonance for1a (3.57 ppm) relative to that of3 (3.73
ppm) at-27 °C yieldsK ) 14.7 for1ah 3 and 25.4 ford5 -
1a h d5-3, corresponding to an inverse equilibrium isotope
effect of ca. 0.59. Taking into account temperature effects,
this equilibrium isotope effect is significantly less than the
kinetic isotope effect observed in the polymerizations. In the
model system1a JCâ-Ha ) 65 Hz, whereas in the alkyl-
substituted resting state1b JCâ-Ha of the major isomer is a
remarkably low 38 Hz.12 These values imply that the zero point
energy difference between Co---H- - -Câ and Co- - -D- - -Câ
should be substantially greater in1a relative to1b, and likely
account for the larger value ofKH/KD relative tokH/kD.
To probe the kinetic isotope effect due to the incoming

monomer, solutions of1a (25 mL, 6.92× 10-4 M) were

exposed to mixtures of C2H4 and C2D4. Reactions were stopped
at low conversion (<20%) so that the relative amounts of C2H4

and C2D4 were essentially constant throughout the reaction. The
molar ratios of hydrogen and deuterium in the resulting polymer
(as analyzed by IR spectroscopy)13matched the molar ratios of
C2H4:C2D4 in the monomer feed for all ratios examined (Table
1). These results clearly indicate that there is no selectivity14

of 1 for the binding and insertion of C2H4 versus C2D4 and that
there is no kinetic isotope effect due to the incoming monomer.
The previously inserted monomer and its agostic interaction with
the metal center are responsible for the observed inverse isotope
effect.
The experiments described for this Co(III) system demonstrate

that an inverse isotope effect may arise for olefin polymerization
catalysts whose resting states involve an agostic interaction,
provided no such interaction is present in the transition state.
This is in contrast to normal isotope effects (kh/kd > 1) in many
d0 systems where the sole agostic interaction is proposed to be
in the transition state. It is interesting to note that in d0 alkyl
systems (whereâ-agostic interactions have been observed),11,15

a â-agostic resting state interaction and anR-agostic transition
state interaction could offset each other. Furthermore, the lack
of an observable difference in the selectivity of incorporation
of C2H4 versus C2D4 into polyethylene despite the presence of
a kinetic isotope effect points out a potential pitfall in assessing
isotope effects using the more easily performed intermolecular
competition experiments.
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Scheme 2 Table 1. C2D4 Content (mol %) in the Monomer Feed and the
Resultant C2D4 Content (mol %) in the Polyethylene Produced (700
mm Hg Total Initial Pressure, Chlorobenzene, 23°C)

monomer polymer

75 78
50 52
25 27
15 17
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