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Introduction

In the 40 years since the discovery of transition
metal catalysts for olefin polymerization by Ziegler
and Natta,}? a substantial amount of research has
been directed toward understanding the basic mecha-
nistic steps of this important industrial process. At-
tention has focused in particular on the process of
monomer enchainment, which is generally agreed to
occur through olefin coordination®~° followed by inser-
tion into a metal—carbon bond. Four general mecha-
nistic proposals for the nature of this insertion have
emerged (Scheme 1). The first is alkyl migration to
the coordinated olefin®% and is known as the Cossee—
Arlman mechanism. The second model, proposed by
Rooney and Green,'*12 involves an oxidative 1,2-
hydrogen shift from the a-carbon of the polymer chain,
generating a metal—alkylidene hydride. This species
then reacts with an olefin to generate a metallacy-
clobutane, and reductive elimination completes the
propagation sequence. Somewhat intermediate to the
first two proposals is a mechanism proposed by Green,
Rooney, and Brookhart*~15 where a hydrogen atom
on the a-carbon of the growing polymer chain interacts
with the metal center throughout the catalytic cycle.
This three-center, two-electron covalent bond, termed
an “agostic interaction”,'>1¢ occurs when the hydrogen
atom is simultaneously bonded to both a carbon and
a metal atom. The fourth mechanistic possibility is
olefin insertion where an a-hydrogen interacts with
the metal center only during the transition state of
the C—C bond forming step. This mechanism is a
hybrid of the Cossee—Arlman and modified Green—
Rooney mechanisms.

Agostic interactions are of general interest in orga-
nometallic chemistry since they often lead to C—H
activation.’”18 Concerning polymerization catalysts,
it has been proposed that an understanding of the
factors which control g-agostic interactions will yield
better control of catalyst activity!® and polymer mo-
lecular weights.?°=22 The o-agostic interaction is of
particular interest since it might dramatically lower
the activation barrier to olefin insertion?® and influ-
ence the stereochemical outcome of the olefin insertion
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step.?3727 Brintzinger has proposed that an a-agostic
interaction rigidifies the transition state of a C,-
symmetric catalyst undergoing propylene insertion,
thereby increasing the isotacticity of the resulting
polypropylene (Figure 1).232* Specifically, the a-ago-
stic interaction firmly orients the polymer chain into
the open sector of the catalyst structure to minimize
interactions between the alkyl substituent of the
monomer and the ligand/polymer array during olefin
insertion. In addition, Guerra has proposed that the
high syndiospecificity of Cs-symmetric catalysts?® for
propylene polymerization results from a y-agostic
structure which persists in the catalytic species after
olefin insertion.?® Several theoretical studies suggest
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Figure 1. Proposed species preceding insertion for isospecific
catalysts with and without a-agostic interactions.

that y-agostic interactions are present following
insertion®°—32 and that these contacts can be relatively
long lasting.373% This interaction might serve to
stabilize the catalytic species (both geometrically and
electronically) between the insertion and monomer
coordination steps and result in a regular alternation
between si- and re-preferring sites (Figure 2).
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Although significant advances in understanding
classical Ziegler—Natta catalysts at the molecular
level have been made,®® the heterogeneous nature of
these systems impedes detailed investigations. More
recently, the development of well-defined, homoge-
neous metallocene catalysts has created new op-
portunities for mechanistic studies. In order to dis-
tinguish among possible mechanisms, a homogeneous
system was designed in our laboratory that probed the
presence of an a-agostic interaction through the
isotopic perturbation of stereochemistry (vide infra).3”
In this study it was concluded that, for the system
examined, there was not a significant effect due to an
a-agostic interaction on either the rate or stereochem-
istry of olefin insertion, thus ruling out the modified
Green—Rooney mechanism. Also, a substantial amount
of evidence presently available (X-ray, IR, NMR)!>16
indicates that S-agostic3202226:3839 (not q-agostic)*°
structures characterize ground states for this class of
catalysts.

Recently, neutral group Il and cationic group IV
metallocene alkyls have been established to be the
active catalysts in olefin polymerization.***? Since
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Figure 2. Proposed origin of syndiospecificity in Cs-symmetric catalysts.

these complexes have no d-electrons, they cannot
undergo formal oxidative addition at the metal cen-
ter,'S as is required for metal—alkyl to metal—alky-
lidene hydride conversion in the Green—Rooney mech-
anism. Thus the leading proposals for these 14e-, d°
metal—alkyl catalysts are the direct insertion (Cos-
see—Arlman) and transition state a-agostic assisted
insertion mechanisms. For other catalyst systems, all
four proposals remain mechanistic possibilities.

In the 10 years since our initial report, studies have
been conducted with related catalyst systems using
isotopically labeled substrates to probe for a-agostic
interactions during olefin insertion. In some cases an
effect is observed, but in others, it is not. The intent
of this paper is to briefly summarize the literature
where the effects of isotopic substitution on stereo-
chemistry and reaction rates are used to probe for
a-agostic interactions during olefin insertion. After
a brief description of the a-agostic interaction in terms
of the well-studied -secondary Kkinetic isotope effect
of organic chemistry, we will present an explanation
which accounts for the presence and absence of
isotopic perturbations in d°-metallocene systems.

Isotope Effects on a-Agostic Interactions

The two leading mechanistic proposals for olefin
insertion in metallocene-based catalysts differ only by
an a-agostic interaction in the transition state. Let
us assume for a moment that olefin insertion proceeds
with a-agostic assistance. Then this step would be
expected to exhibit a secondary isotope effect when
o-hydrogen atoms are replaced with deuterium atoms,
since no bonds to the isotopic atoms are broken or
formed during that step.*®* As a result, the reaction

(41) Piers, W. E.; Shapiro, P. J.; Bunel, E. E.; Bercaw, J. E. Synlett
1990, 74—84.
(42) Jordan, R. F. Adv. Organomet. Chem. 1991, 32, 325—387.

coordinate will not be affected by the substitution.
However, the bridging hydrogen or deuterium should
resonate at a lower frequency than the corresponding
nonbridging atom, causing a narrowing of the gap
between hydrogen and deuterium zero-point energies
in the transition state.** Since the C—D bond has the
lower zero-point energy in both the ground and transi-
tion states, there will be a preference for hydrogen
over deuterium in the agostic interaction,*® and the
insertion will exhibit a kn/kp > 1. Theoretical studies
predict a ku/kp value of ~1.25 for M — H—C, versus
M — D—C, transition states.?3

Secondary isotope effects are typically measured by
directly determining reaction rates or by competition
studies of isotopically labeled substrates. In complex
organometallic systems, large uncertainties in Kinetic
measurements often render it impossible to directly
determine rate differences between isotopically related
substrates, especially since the magnitudes of second-
ary isotope effects are typically small (ky/kp < 1.4).
Although competition experiments have been em-
ployed to determine isotope effects in Ziegler—Natta
systems, such studies can be complicated by isotope
effects on not only the insertion step but the rate of
catalyst generation as well.

Isotopic Perturbation of Stereochemistry in
Metallocene-Based Systems

A more direct and precise method to investigate
a-C—H interactions with the metal center during the
C—C bond forming step is the isotopic perturbation
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ecules; Robert E. Krieger: Malabar, FL, 1987; pp 170—201.
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Figure 3. Stereochemistry of transition states involving a-H
and a-D agostic interactions for activated titanocene 5-hexenyl-
1-d; chloride.
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Figure 4. Stereochemistry of transition states involving a-H
and a-D agostic interactions for scandocene-based hydrocycliza-

tion of (E,E)-1,5-hexadiene-1,6-d..

of stereochemistry. The first investigation of this
effect was the study of the cyclization of unsaturated
metal alkyls by Grubbs et al.3” In this study, racemic
titanocene 5-hexenyl-1-d; chloride (1a) was reacted
with EtAICI; at —100 °C, and the stereochemistry of
the cyclization products was determined (eq 1). Due

H D

Cp2Ti(CI)CH;

1) EtAICI,

2) Bipyridine (1)

Cp2Ti(CI)CHpm=

Cp =n®-Cyclopentadienyl
1a;n=1 trans
ib;n=2
n=1,2;

cis / trans = 1.00 + 0.05

to the conformational preference of the incipient ring,
a cis fusion of the bicyclic transition state is predicted.
In the absence of an a-agostic interaction the trans/
cis ratio should be 1/1, whereas the presence of an
a-agostic interaction should produce an excess of the
trans isomer (Figure 3). A trans/cis ratio of 1.00 +
0.05 was found in this case, as well as in an experi-
ment involving the closely related complex titanocene
6-heptenyl-1-d; chloride (1b). These results clearly
demonstrate that a ground-state a-agostic interaction
does not exert a strong influence on the rate or
stereochemistry of olefin insertion in this system as
is required by the Green—Rooney and modified Green—
Rooney mechanisms (Scheme 1).46

More recently, Bercaw and Piers adapted this
mechanistic probe to neutral scandium-based systems

(46) This result is also consistent with a double o-agostic interaction
where both the o-H and a-D interact equally with the metal center.
However, such a transition state is unlikely for steric reasons (o-H <
Cp and -C < olefin repulsions), and theoretical studies*’ find no
electronic preference for the “double” interaction.

(47) Janiak, C. J. Organomet. Chem. 1993, 452, 63—73.
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through the catalytic hydrocyclization of trans-deu-
terated a,w-dienes (eq 2).*® Insertion of one olefin of

D D H P
)\ —H DHfiCn, < o CH"'»,, @
OpSc(PMeg)H + 2
)n )
cis
n=1, trans/ cis=1.23 £ 0.01
n=2;cis/ trans=1.12 £ 0.01
Me,Si \s o
[P C.
2 id}:twea
OpSc(PMeg)H

the diene into the Sc—H bond yields a species similar
to 1; then cyclization and hydrogenolysis yield the
methylcyclopentane product. Spectroscopic analysis
by 2H{*H} NMR reveals a trans/cis ratio of 1.23 &+
0.01 for the cyclopentane product (n = 1) and, inter-
estingly, an inverse cis/trans ratio of 1.12 + 0.01 for
the cyclohexane product (n = 2).26 The reversal in cis/
trans stereochemistry for the longer diene was at-
tributed to a chair-like conformation of the incipient
ring in the transition state, creating a trans-fused
bicycle (Figure 4). Studies of other scandocene and
yttrocene catalysts showed similar perturbations of
stereochemistry.?® Subsequent studies involving the
insertion of 2-butyne-1,1,1-d3 into a Sc—CHj3 bond did
not exhibit a measurable steric kinetic deuterium
isotope effect, suggesting that the isotope effects in the
cyclization reaction were not steric in origin.*® These
results provide solid evidence that a-agostic interac-
tions occur during olefin insertion in these neutral
group 111 systems.®°

Brintzinger and Krauledat have reported an acyclic
version of the isotopic perturbation of stereochemistry
technique by carrying out the hydrodimerization of
deuterated 1-hexene with methylaluminoxane (MAO)-
activated zirconocene dichloride (Cp,ZrCl,)%* (eq 3). In

C4Hg H ‘:D
HoCs N C4Hg
[CpozrH]* r,
DH,C H
H D erythro
B D\/\C4Hg
)\/CAHQ (3)
CpoZr* H, H D
HqCa < CaHg
H CHiD
threo

erythro/ threo = 1.30 £ 0.03

this experiment, an erythro/threo ratio of 1.30 + 0.03
was measured, again consistent with an o-agostic
assisted insertion as shown in Figure 5. Bercaw has
recently reported a similar erythro/threo ratio of 1.27

(48) Piers, W. E.; Bercaw, J. E. 3. Am. Chem. Soc. 1990, 112, 9406—
9407.

(49) Cotter, W. D.; Bercaw, J. E. J. Organomet. Chem. 1991, 417, C1—
C6

(50) There is also evidence for the y-agostic assistance of S-methyl
elimination (microscopic reverse of a-agostic assisted olefin insertion into
a Sc—C bond) in scandocene—isobutyl complexes. Hajela, S. Ph.D. Thesis,
California Institute of Technology, 1995.

(51) Krauledat, H.; Brintzinger, H. H. Angew. Chem., Int. Ed. Engl.
1990, 29, 1412—-1413.
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Figure 5. Stereochemistry of transition states involving a-H

and a-D agostic interactions for the hydrodimerization of (E)-
1-hexene-d; with MAO-activated Cp,ZrCl,.

+ 0.01 for the same dimerization reaction catalyzed
by OpSc(H)PMes.?8 Interestingly, stereochemical per-
turbation was not observed in the hydrocyclization of
(E,E)-1,5-hexadiene-1,6-d; (eq 4) with Cp,ZrCl,/MAO
(cis/trans = 1.01 + 0.02),%! consistent with the sto-
ichiometric titanium system originally studied in our
laboratory.

H ~D H ‘D
CpoziClp  OHeC, X H, X
MAO, Ha + DHC “)
cis

trans

D D

)

Isotope Effects on Reaction Rates in
Metallocene-Based Systems

cis / trans=1.01 £ 0.02

Bercaw and Cotter have studied the competition
between Cp*,ScCH3; and Cp*,ScCDj3 for substoichio-
metric amounts of 2-butyne (eq 5).#° In this reaction,
it was determined that there was not a significant
difference in reactivity between the two complexes.
Since an a-agostic assisted transition state should
yield a higher proportion of the undeuterated product,
it was concluded that the alkyne insertion occurred
by direct insertion into the Sc—Me bond.

@SC-CH;; + ‘@SC-C%
s

1) H3CC=CCHj

(lalkyne)/[Sc] < 1) (5)
2) H,O
HsC CHg HsC. CHs
> _ < + > _ <
H CHg H CDg

Hy/Dj = 0.98 + 0.05

The effect of a-deuterium atoms on the cyclization
rates of activated titanocene 2-alkyl-6-heptenyl chlo-
rides was recently examined by Stille through com-
petition experiments.5? When MgX; (X = Br, Cl) was

(52) Barta, N. S.; Kirk, B. A.; Stille, 3. R. 3. Am. Chem. Soc. 1994,
116, 8912—-8919.
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used to activate the complexes, ku,/kp, values of
approximately 1.25 4+ 0.03 were found, while MAO-
promoted cyclizations yielded ku,/kp, values of roughly
0.91 + 0.04 (eq 6). It was concluded that the a-hy-
drogen atoms participate in the rate-determining step;
however, it is not clear whether the slow step in this
stoichiometric system is olefin insertion or complex
activation. In addition, the inverse isotope effect of
the MAO-activated system suggests that ground-state
o-agostic interactions and/or changes in hybridization
at the a-carbon during olefin insertion (secondary
isotope effect) might also be influencing the observed
rate differences.>?

H(D) t‘(D) 1) MgXy, 25°C H(D) H(D)
N or MAO, -45°C Me R
2) HCI ®
kHz/ kD2
Lewis Acid R="Pr R ="Bu
MgX, 1.22+0.03 1.27 £0.03
MAO 0.88 +£0.04 0.95+0.04

The polymerization of (E)- and (Z)-propene-1-d;
using Cp-symmetric zirconocenes has been reported
recently by Brintzinger and Leclerc® (eq 7). Polymer

D

\:\ /~\

CHs D CHs

(E)-1-Propene-1-d,

132

made from the (E)-isomer had a molecular weight
about 1.3 times greater than polymer made from the
(2)-isomer under identical conditions. If rates of chain
transfer are equal for both monomers, the molecular
weights of the polymers are a measure of the relative
rates of insertion of the isomeric monomers. The
faster insertion rate of (E)-propene-1-d; was attributed
by the authors to an a-agostic assisted transition state
(Figure 6).

From the preceding examples it can be concluded
that there are several catalyst systems where olefin
insertion appears to be assisted by the interaction
of one of the o-H atoms of the migrating alkyl
group, while in other closely related systems there
appears to be no interaction of the metal and a-H
atoms. It should also be mentioned that numerous
ab initio studies have been conducted, many of which

(53) Leclerc, M. K.; Brintzinger, H. H. 3. Am. Chem. Soc. 1995, 117,
1651-1652.



90 Acc. Chem. Res., Vol. 29, No. 2, 1996

Grubbs and Coates

— - f
< ) SN
\‘D _J‘
D27 H
H #M ‘§
L ° H _
(2)-propene-1-dy Less Stable

Figure 6. Stereochemistry of transition states involving o-H and o-D agostic interactions for the polymerization of (E)- and (2)-
propene-1-d; using a C,-symmetric zirconocenes activated with MAO.

predict a-agostic interactions, while others do
not.182327.30-354754-61  Gince the origin of these dis-
crepancies is not currently apparent, one way to gain
insight is to look to physical organic chemistry, where
secondary isotope effects have been studied in detail
for over 40 years.*3%263 We propose that the transi-
tion-state a-agostic interaction as observed in these
systems is closely related to the well-studied 3-second-
ary isotope effect of the solvolysis of alkyl halides,%*
where the carbocation is replaced by an electrophilic
metal atom (Figure 7).° In the following section, we

(54) Fujimoto, H.; Yamasaki, T.; Mizutani, H.; Koga, N. 3. Am. Chem.
Soc. 1985, 107, 6157—6161.

(55) Jolly, C. A.; Marynick, D. S. J. Am. Chem. Soc. 1989, 111, 7968—
7974,

(56) Castonguay, L. A.; Rappé, A. K. J. Am. Chem. Soc. 1992, 114,
5832—5842.

(57) Weiss, H.; Ehrig, M.; Ahlrichs, R. 3. Am. Chem. Soc. 1994, 116,
4919—4928.

(58) Yoshida, T.; Koga, N.; Morokuma, K. Organometallics 1995, 14,
746—758.

(59) Woo, T. K.; Fan, L.; Ziegler, T. Organometallics 1994, 13, 432—
433.

(60) Koga, N.; Yoshida, T.; Morokuma, K. In Ziegler Catalysts; Fink,
G., Mulhaupt, R., Brintzinger, H. H., Eds.; Springer-Verlag: Berlin, 1995;
pp 275—289.

(61) Jensen, V. R.; Bgrve, K. J.; Ystenes, M. J. Am. Chem. Soc. 1995,
117, 4109—4117.

(62) Sunkao, D. E.; Hehre, W. J. Prog. Phys. Org. Chem. 1983, 14, 205—
246.
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Figure 7. A comparison of hyperconjugation and a-agostic
interactions.

will briefly review the factors which govern these
secondary isotope effects that are relevant to the
catalytic systems discussed.

Hyperconjugative Stabilization of Carbonium
lons by f-Hydrogens

Kinetic isotope effects (KIEs) are among the most
powerful tools available to chemists for elucidating the
nature and structure of transition states of chemical
reactions. A substantial amount of work has centered
on studying the secondary effect of hydrogen and
deuterium in the g-position of substrate undergoing
nucleophilic substitution (Sy) reactions. These studies
have shown that hyperconjugation is the principal
source of the observed g-deuterium isotope effect, and
that the magnitude of the KIE depends on (1) the
mechanism of the reaction; (2) the magnitude of

(69) A controversial aspect of hyperconjugation is whether the stabi-
lizing $-CH bond is formally distorted toward the carbocation, in exact
analogy to the distortion of the o-agostic interaction.’®71 We prefer to
think of the interaction in terms of o—x delocalization, where a
continuum between no distortion and bridging exists.®¢ Regardless of
the exact geometries, we propose that the factors which determine
secondary isotope effects in both of the systems should be the same.

(70) Lowery, T. H.; Richardson, K. S. Mechanism and Theory in
Organic Chemistry, 3rd ed.; Harper and Row: New York, 1987; pp 429—
432.

(71) Capon, B.; McManus, S. P. Neighboring Group Participation;
Plenum Press: New York, 1976; Vol. 1, pp 31—-43.
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Scheme 2
Cl C(H/D)3 HO C(H/D)3 X kHs/ sz
-OCH;  1.113
EtOHqq -OPh 1.164
25°C -CH4 1.200
-F 1.211

X X -H 1.224

charge buildup in the transition state; and (3) the
geometrical relationship of the -hydrogens and the
carbon atom undergoing substitution.

The magnitude of the g-secondary KIE is used to
distinguish between concerted (Sy2) and carbocation
(Sn1) reaction mechanisms.*3%% Whereas the amount
of positive charge on the a-carbon of the Sy2 transition
state is small, there is considerable positive charge
buildup in an Sy1 reaction. Since 5-hydrogen atoms
stabilize the Sy1 carbocation through hyperconjuga-
tive interactions better than -deuterium atoms, the
KIE for these reactions is substantial. Theoretical
calculations and experimental results reveal that a k./
kp = 1.07 per 3-D suggests a Sy1 reaction mechanism,
while a ku/kp of < 1.05 per 5-D indicates Sn2 displace-
ment.53 For example, the hydrolysis of tert-butyl
chloride exhibits a kn/kp of 1.33 (for 5-Ds),”? while ethyl
tosylate shows a much smaller kn/kp of 1.02 (for
B-D3).”® In addition, it has been demonstrated that
the S-KIE is sensitive enough to determine the changes
in electron density caused by subtle changes in sub-
stituents.”* Shown in Scheme 2 is the reaction be-
tween para-substituted 1-phenylethyl chlorides in 50%
ethanol at 25 °C. The ky/kp (for 8-D3) runs from 1.113
for the electron-donating methoxy group to 1.224 for
the unsubstituted compound. This trend suggests
that the need for hyperconjugative stabilization in-
creases as the stabilizing effect of the substituent
decreases, thereby increasing the observed KIE.

Also consistent with the hyperconjugative stabiliza-
tion model is the dependence of the magnitude of the
KIE on the orientation of the stabilizing Cg-H bond
relative to the carbonium ion center.”> The degree of
interaction is proportional to cos? 0, where 6 is the
dihedral angle between the Cg-H bond and the empty
2p atomic orbital.”® Hence it has been experimentally
determined that maximum KIEs are found when the
dihedral angle is 0°, and minimum values are obtained
at 90° (Figure 8).7

Parallelism of a-Agostic and Hyperconjugative
Interactions

Reexamination of the transition-state a-agostic ef-
fect observed in the isotopic perturbation of stereo-
chemistry in light of the results discussed above for
organic 5-KIEs suggests many similarities. We pro-
pose that the transition states for polymerization and
solvolysis are closely related, and the factors concern-
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5000—5004.
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Figure 8. Effect of the dihedral angle (6) between the Cs—H
bond and the empty 2p orbital on kn/kp.
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ing the developing electron deficient center are similar
as well. Inorganic systems, the stabilization is known
as hyperconjugation, whereas in organometallic sys-
tems it is an a-agostic interaction. In both instances,
the reaction mechanism, the electrophilicity of the
cation, and the angle of the C—H bond should deter-
mine the magnitude of the observed KIE.

It is now accepted that the catalytically active
species in metallocene-based polymerization systems
is a 14-electron metal—alkyl, [Cp.MR]"" (M = group
IV metal, n = 1; M = group 1l metal, n = 0),%° which
coordinates the olefinic monomer prior to insertion
(Scheme 3). Since the olefin adduct is not normally
observed, the steady-state approximation can be used
to write the rate equation for the propagation sequence
(eq 8). Inspection of eq 8 reveals that a KIE due to a

KiKo[M][=]

propagation rate K, Tk (8)
(transition-state) a-agostic assisted insertion can be
observed only when k; < k_; and that maximum
effects will be observed when k, < k_;. If olefin
coordination is rate-determining (k; > k—;), then an
isotope effect will not be observed, even if an a-agostic
assisted insertion exists.?"4%77 Goddard and Bercaw
have noted that olefin insertion in the scandium cases
is most likely rate-determining, which is substantiated
by the observed KIEs in all olefin insertions involving
scandium catalysts.”” The only scandium-based ex-
ample that does not exhibit a KIE is the alkyne
insertion reaction, which Bercaw has proposed to arise
from a rate-limiting alkyne binding step.*® What
remains to be explained is why some reactions involv-
ing group 1V catalysts exhibit a KIE, while others do
not. We believe that there are two possible explana-
tions for this result. As can be seen in Table 1, the
only group IV-catalyzed reactions which do not exhibit
KIEs are intramolecular cyclization reactions. An
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Table 1. Summary of a-KIE Effects in Metallocene-Catalyzed Insertion Reactions

entry eq reactn type catalyst system insertion? qualitative rate® KIE
1 1 cyclization Ti/AIEtCI, intra very fast¢ 1.00
2 2 cyclization Sc intra slowd 1.12-1.23
3 3 dimerization Zr/IMAO inter slow® 1.30
4 3 dimerization Sc inter slowf 1.27
5 4 cyclization Zr/IMAO intra very fast9 1.01
6 5 alkyne insertion Sc inter slowh 0.98
7 6 cyclization Ti/MgXz intra slow! 1.25
8 6 cyclization Ti/MAO intra fastl 0.91
9 7 polymerization ZrIMAO inter slowk 1.30

a Intra, intramolecular; inter, intermolecular. b There is a lack of kinetic data for many of these reactions. However, the productivities
of these systems (turnovers of substrate per mole of catalyst per hour/initial substrate concentration) can be used to establish the lower
limits for the rates of olefin insertion. ¢ Cyclization of titanium compound (1a) in the presence of ethylene at 0 °C yields cyclopentyl-
capped polyethylene oligomers.”® Thus olefin cyclization occurs in less than the time required for ethylene insertion, which is 95 ms
(38 000 h71) in this system. 9 Productivity = 135 h=t M~1.48 ¢ Productivity = 14 h= M~151 fIn 1 h at 25 °C, the catalyst converted 45
equiv of 1-pentene selectively to the dimer.*! 9 There is not sufficient experimental data to estimate the rate of cyclization in this system.
However, zirconocene-catalyzed copolymerization of 1,5-hexadiene and ethylene yields soluble polymers with cyclopentane rings in the
main chain. Calculations reveal that cyclization in this system is extremely rapid, occurring in less than 0.38 ms (9.4 x 10% h=1).7® " The
rate of insertion is presumably very slow, since this reaction can be monitored by NMR.#® i Slow relative to entry 8. I Fast relative to
entry 7. K Productivities for this system range from 364 to 340 h—1 M~1,8081

Scheme 4

Less Electron Deficient

of C-H Bond

O @
z®

I o

A
Early Transition State — Small KIE

explanation for this is that tethering the olefin causes
a decrease in the magnitude of rate constant k_;
(relative to ky),* which makes olefin binding rate-
limiting. As a result, a KIE due to a transition-state
a-agostic interaction cannot be detected, even if the
contact is present, since it has no effect on the rate or
stereochemistry of olefin insertion.

A further explanation of the unpredictable presence
and absence, as well as the magnitude, of a-agostic
derived KIEs in these group IV systems is the follow-
ing. As the insertion proceeds, the metal center loses
electron density, as the formal electron count of the
complex changes from 16e~ to 14e~ (Scheme 3).3° One
of the factors that determines the amount of charge
buildup in the transition state is the timing of the
transition state. In this exothermic reaction, a fast
reaction will have an early transition state. Such a
transition would be expected to have only a small
buildup of positive charge and poor overlap of the
o-C—H bond with the electrophilic metal, resulting in
a small KIE (Scheme 4A). Conversely, a slow reaction
(late transition state) would be expected to have a
large KIE (Scheme 4B). This synopsis is consistent
with the observed isotope effects for the metallocene-
catalyzed examples summarized in Table 1. Fast
systems, such as the group IV intramolecular cycliza-
tions, exhibit no isotope effect. However, slow sys-
tems, such as those involving neutral group 111
complexes or intermolecular reactions, exhibit sub-
stantial isotope effects. As can be seen in Table 1, the
only slow system that does not exhibit an isotope effect
is the alkyne insertion reaction (entry 6). This result
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More Electron Deficient

e
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of C-H Bond
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is likely due to a rate-limiting alkyne coordination
step.*® This analysis provides a consistent picture of
the a-agostic effect as hyperconjugation and provides
a rationale for the variation of the KIEs from 1.0 to
1.3.

Conclusion

The two leading mechanisms of olefin insertion in
d°-metallocene polymerization catalysts are (1) direct
insertion of the coordinated olefin and (2) an a-agostic
assisted olefin insertion. Transition-state o-agostic
interactions are of particular interest since they are
expected to have a strong impact on the stereospeci-
ficity and rate of olefin insertion. The use of isotope
labeling studies to probe the nature of the olefin
insertion (via stereochemistry and reaction rates) has
been reviewed. In some instances o-isotope effects are
found, which is strong evidence that a-C—H bonds are
intimately involved in the transition state of the
insertion step. However, in other closely related
systems, no isotope effects are found. Two factors are
proposed to account for the variability of the observed
isotope effects. The first factor to consider is mecha-
nism. Since there does not appear to be an a-agostic
interaction before or during olefin complexation (as
is required by the Green—Rooney and modified Green—
Rooney mechanisms), only if the insertion step is rate-
limiting can there be an agostic-derived isotope effect.
If olefin binding is rate-limiting, transition-state
o-agostic interactions may be present but will not
significantly affect either the rate or stereochemistry
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of olefin insertion. The second key factor is the nature
of the transition state of olefin insertion. We propose
that the observed a-agostic interaction is an organo-
metallic version of hyperconjugation. The factors
which govern the secondary isotope effects in organic
systems are also responsible for the magnitudes of
these effects in olefin insertion reactions. The mag-
nitude of charge buildup and a-C—H bond geometry
will determine the magnitude of the isotope effect
when an a-agostic interaction is present.

It has been shown that systems with high reaction
rates typically do not exhibit a-isotope effects. In such
systems, the barriers to both olefin coordination and
olefin insertion must be relatively small and both of
these factors contribute to low isotope effects. If
coordination is rate-limiting and there are no a-agostic
interactions in the ground state, a KIE will not be
found. If insertion is rate-limiting, the transition state
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will be early, resulting in a small amount of charge
buildup, poor overlap with the o-C—H bonds, and
hence a small KIE. Systems with low reaction rates
typically exhibit a-isotope effects. This is strong
evidence that olefin insertion is rate-limiting in these
reactions. We believe that these factors provide an
explanation for the range of KIEs observed in olefin
insertion reactions involving d°-metallocene com-
plexes.
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