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Development of homogeneous, well-defined metallocene-
based catalysts for olefin polymerization has received close
attention from both academic and industrial laboratotidsis
now agreed that the active species afe Xdt-electron alkyl
complexes, generally of the type £p—R"* (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 bénél.
Values of ky—p /ky—p in the range of 1.21.3 support a
transition state in which there is aragostic interaction between
the metal and the--CH bond of the alkyl group (Figure 1).

We have shown that the late met&@o(lll) alkyl complexes
of general structuré are catalysts for the living polymerization
of ethylene® Spectroscopic studies have established that the
p-agostic complexl is the catalyst resting state and that the
alkyl olefin complex2 is present in low equilibrium concentra-
tions during polymerizatidh(Scheme 1). We report here a
substantialinverse isotope effect for the Co(lll)-catalyzed
polymerization of GH,4 versus GD4. This observation provides
further insight into the mechanism of ethylene insertion in these
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over the first hour for @D, (initial turnover rate= 3.7/min)

and the first two hours for £, (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 ky/kp =0.48.

systems and is in sharp contrast to the observations in the early \vhen a solution ofl (8.26 x 10-4 M, 50 mL) is exposed to

metal @ systems.

Polymerization rates were measured by injecting a chlo-
robenzene solution (25 mL, 6.6 107* M) of [CsMes-
(P(OCH;)3)CoCHCHp-u-H] ™ BAr' 4~ (Ar' = 3,5-(CR),CsH3),2
13, into a 0.5-L bulb attached to a manometer and filled with
either GH4 or G,D4 (660 mm). The rates of gas uptake at room

a constant 1 atm purge o8, for 2 h, 0.37 g of polyethylene

is produced (= 9.5 x 103, MWD = 1.21). Polymerization

of C,D4 under identical conditions yields 0.84 g of polyper-

deuterioethylenel,0= 19.9 x 10° MWD = 1.13)? The

isotope effect calculated from these results is again invirge,
= 0.48.

temperature as measured by the pressure drop were averageifjpwe propose that the substantial inverse isotope effect
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observed for ethylene polymerization with is due to the
presence of #-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 thgg-agostic bond into a terminal-€H(D) bond

in the transition stat®? The lower G-H(D) vibrational
frequencies of the agostic-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 stafe(Scheme 2) and thus an inverse
isotope effect AHp* < AHyY) is predicted.
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associated with the release of the agostic bond. Treatment of
la or ds-1a (ca. 8.6 x 1072 M) with 2-fluoropyridine (1.4
equiv.) at—27 °C results in partial conversion to the add@ct

(9) MM, For polyperdeuterioethylene was calculated with the assumption
that GPC measures hydrodynamic volume, which is in turn largely
dependent on chain length. The degree of polymerization, DP, was
determined by takindM,128 and a corrected,Jwas obtained from DP
x 32. S. D. Smith, Personal communication.

(10) A similar rationale has been used to explain inverse isotope effects
for reactions where a ground state-¥(D) bond is replaced by a stronger
C—H(D) bond in the transition state. The isotope effects reported for these
systems ranged from 3 to 3.5: (a) Jacobsen, E. N.; Bergman, R.A®n.
Chem. Socl1985 107, 2023. (b) Collman, J. P.; Finke, R. G.; Matlock, P.

At the end of the reaction the system was evacuated to remove ethylene,L.; Wahren, R.; Komoto, R. G.; Brauman, J.J.. Am. Chem. Sod.978
and the polymerizations were terminated by hydrogenation. The polyethylene 100, 1119. (c) Collman, J. P.; Finke, R. G.; Matlock, P. L.; Wahren, R.;
product was completely precipitated by the addition of acetone and collected Brauman, J. 1.J. Am. Chem. Sod976 98, 4685. (d) Sweany, R. L.;

and dried by vacuum filtration.
(8) Brookhart, M.; Grant, B.; Volpe, A. FJr. Organometallics1992
11, 3920.

S0002-7863(97)01300-0 CCC: $14.00

Halpern, JJ. Am. Chem. S0d.977 99, 8335.
(11) Brookhart, M.; Green, M. L. H.; Wong, L.-lProg. Inorg. Chem
1988 36, 1.

© 1997 American Chemical Society



7618 J. Am. Chem. Soc., Vol. 119, No. 32, 1997

Scheme 2
S
Co "’
PR H—— i, HOD
------------------ D ——
AH#
H
AHp¥ D
| H(D)
H
Qf’_\\ Yt __p
H_.
(D ®
H
D
Go
.
(%@

(or ds-3) in which the agostic €H(D) bond has been converted
to a terminal G-H(D) bond. Integration of the P(OMg}H
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NMR resonance fofla (3.57 ppm) relative to that a3 (3.73
ppm) at—27 °C yieldsK = 14.7 forla= 3 and 25.4 fords -
la = ds-3, corresponding to an inverse equilibrium isotope
effect ofca. 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 systemla Jc,—4, = 65 Hz, whereas in the alkyl-
substituted resting statéb Jc,—n, of the major isomer is a
remarkably low 38 H2? These values imply that the zero point
energy difference between Co---H- -4@nd Co---D---G
should be substantially greater 1a relative tolb, and likely
account for the larger value &§4/Kp relative toky/kp.

To probe the kinetic isotope effect due to the incoming
monomer, solutions ofia (25 mL, 6.92 x 1074 M) were
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Table 1. C;D4 Content (mol %) in the Monomer Feed and the
Resultant @D, Content (mol %) in the Polyethylene Produced (700
mm Hg Total Initial Pressure, Chlorobenzene, 23

monomer polymer
75 78
50 52
25 27
15 17

exposed to mixtures of £, and GD,4. Reactions were stopped
at low conversion €20%) so that the relative amounts oftG

and GD4 were essentially constant throughout the reaction. The
molar ratios of hydrogen and deuterium in the resulting polymer
(as analyzed by IR spectroscopiinatched the molar ratios of
C,H4:C,D4 in the monomer feed for all ratios examined (Table
1). These results clearly indicate that there is no selectvity
of 1 for the binding and insertion of £, versus GD,4 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(lll) 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 effecks/ky > 1) in many
d° systems where the sole agostic interaction is proposed to be
in the transition state. It is interesting to note that fratky!
systems (wherg-agostic interactions have been obsen/édy,

a f-agostic resting state interaction andaagostic transition
state interaction could offset each other. Furthermore, the lack
of an observable difference in the selectivity of incorporation
of CoH,4 versus GD, 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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