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Nuclearity and cooperativity effects in binuclear
catalysts and cocatalysts for olefin polymerization
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A series of bimetallic organo-group 4 “constrained geometry”
catalysts and binuclear bisborane and bisborate cocatalysts have
been synthesized to probe catalyst center-catalyst center cooper-
ativity effects on olefin enchainment in homogenous olefin poly-
merization and copolymerization processes. Significant nuclearity
effects are found versus mononuclear controls, and the effect can
be correlated with metal-metal approach distances and ion pairing
effects. Novel polymer structures can be obtained by using such
binuclear catalyst/cocatalyst systems.

catalysis | polymer | polyolefin

nzymes achieve superior reactivity and selectivity, in

part, by their efficacy in creating high local reagent

concentrations and special, conformationally advanta-

geous active site—substrate proximities and interactions
(1-4). In this regard, the possibility of unique and more efficient
abiotic catalytic transformations based on cooperative effects
between adjacent active centers in multinuclear transition metal
complexes is currently of great interest. Within the context of the
rapidly advancing and technologically significant field of homo-
geneous single-site olefin polymerization catalysis (5-10), the
conjecture that cooperative effects involving two or more metal
centers in close proximity might achieve more efficient chain
propagation and/or novel polymer architectures motivated the
research that is the subject of this contribution.

Single-Site Olefin Polymerization Processes

One of the most exciting developments in the areas of catalysis,
organometallic chemistry, and polymer science in recent years has
been the intense development of new polymerization technologies
based on well defined single-site metallocene and coordination
complex olefin polymerization catalysts (5-10). The active catalytic
species is typically generated by combining a transition-metal
organometallic precursor with an activator or cocatalyst. The
resulting electrophilic/coordinatively unsaturated, strongly ion-
paired species then undergoes rapid olefin enchainment. In opti-
mum cases (e.g., group 4 metal and cyclopentadienyl-type ligand),
catalysts with truly exceptional productivities and selectivities for
high-molecular-weight polyolefins are produced.

Constrained Geometry Catalysts: Testbeds for Multinuclear
Cooperativity Effects

Group 4 “constrained geometry” catalysts (CGCs) (A; Fig. 1) are
well known single-site polymerization agents (16, 17) that pro-
duce unusual branched, hence far more processable, polyethyl-
enes with high productivity and selectivity. One of the key
features of these catalysts is the coordinatively open nature of the
active site, which allows rapid enchainment of sterically encum-
bered olefin comonomers into the polyethylene backbone. Un-
der certain conditions, these catalysts yield vinyl-terminated,
chain-transferred macromonomers (a macromolecule that acts
as a monomer) that diffuse away and then undergo competitive
reinsertion into a growing polymer chain to produce macromol-
ecules with long chain branching (Fig. 19, which is published as
supporting information on the PNAS web site). Compared with
conventional metallocene catalysts, CGCs exhibit increased
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Fig. 1. Generalized structural motif for constrained geometry polymeriza-
tion catalysts.

thermal stability and generally yield higher-molecular-weight
polymers (18). Given these unique CGC properties, the intrigu-
ing question then arises as to whether, if two CGC centers could
be held in sufficiently close spatial proximity and in proper
mutual orientations, cooperative effects between the two unsat-
urated metal centers might exert a significant influence on the
course of ethylene polymerizations and copolymerizations.

To this end, several families of binuclear CGC structures and
analogous mononuclear control catalysts were synthesized (Fig. 2)
(14-19). These complexes were accessed via a protodeamination
protocol by using the mono- or bifunctional CGCH; ligands and
driven to completion by continuous removal of the volatile HNMe,
coproduct (Fig. 3) (14).

The subsequent reaction of the resulting mono- or bimetallic
dimethylamido complexes with excess AlMes at room temper-
ature cleanly affords the corresponding dimethyl complexes.
Methylene bridged C1-Zr, and C1-Ti, (15) require longer
reaction times in the metallation step versus the —CH>CH,—
bridged analogue, presumably owing to steric constraints. In a
similar manner, heterobimetallic catalyst Ti;Zr; can also be
synthesized via multistep protodeamination and AlMes alkyla-
tion pathways (19). The first step is the formation of a mono-
metallic amido complex via reaction of the free ligand with 1.0
eq of Zr(NMe;)4. This intermediate product is then subjected to
reaction with 1.0 eq of Ti(NMe)4 to obtain the heterobimetallic
amido complex Ti;Zr;(NMe,)4. The sequence of first introduc-
ing Zr(NMe,), then Ti(NMe,), is used because the former
ligand substitution process is far more rapid and more selective.
For control experiments, monometallic CGC complexes Zr; and
Ti; were synthesized via methodologies similar to those for the
bimetallic complexes (14, 17) (Fig. 20, which is published as
supporting information on the PNAS web site).

Selected crystal structures of bimetallic CGCZr complexes are
shown in Figs. 4 and 5. Fig. 4 shows the solid-state structure of
bimetallic bis(dimethylamido) Zr complex EBICGC[Zr(NMe,),)|>
(EBI = ethylenebisindenyl), the precursor to Zr, (14). The data
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Fig. 2. Binuclear and mononuclear constrained geometry catalysts and compound labeling scheme.

reveal an inversion center with a CGCM< unit located on either
side of the -CH,CH»- bridge ligand framework with the m-coor-
dinated indenyl rings in a diastereomeric relationship. Similar
catalyst structures are observed for binuclear catalysts EBICGC
[Ti(NMez)z]» and EBICGC[Ti(NMe»),][Zr(NMe:)]. In contrast,
small variations in the ligand bridge structure can lead to dramatic
changes in catalyst conformation. Fig. 5 shows the methylene-
bridged bimetallic bis(dimethylamido) Zr complex MBIC
GC[Zr(NMe,),]», which has an asymmetric structure with a large
computed barrier (~65 kcal/mol) to rotation about the ring—CH,—
ring bridging connections; in contrast, the computed barrier for the
ring—~CH,CH,-ring catalysts is negligible. It can be seen that the
shorter methylene bridge forces the two indenyl rings into a twisted
conformation. This locates the two Zr centers to the same side of
the molecule, in a significantly different disposition than that in the
structure of EBICGC[Zr(NMe,),]». Such structural differences
lead to significantly different catalytic behavior, as will be discussed
below.

Binuclear Perfluorophenyl Bishorane and Bishorate Cocatalyst
Syntheses, Structures, and Catalyst—Cocatalyst lon-Pairing

The processes which transform organo-group 4 complexes into
active olefin polymerization catalysts almost invariably involve

reagents (activators/cocatalysts) that create highly electrophilic,
coordinatively unsaturated species via either protonolysis, alkide
abstraction, or oxidative heterolysis. The activator/cocatalyst,
which becomes an anion after the activation process, is a vital part
of the catalytically active cation—anion ion pair and can significantly
influence catalytic activity, stability, polymerization kinetic profile,
and polymer molecular weight and stereo-regularity.

It will be seen that binuclear cocatalysts display important
nuclearity effects in single-site polymerizations. A variety of binu-
clear cocatalysts have been synthesized, several of which are shown
in Fig. 6 (14, 17, 20-22). For the synthesis of bisborane BN, the
metathesis of fluoroaryl tin reagents with a perfluorophenylborane
precursor has proven to be an effective and general approach to
synthesizing binuclear bisborane cocatalysts, as shown in Fig. 7 (15).
As judged by 'H and F NMR spectroscopy, alkyl/chloride ex-
change occurs initially to afford 2.0 eq of (C¢Fs),BMe and 1,4-
CeF4(SnMeCl)y; the latter then undergoes reaction with the ad-
ditional (Cst)zBC] to yleld 1,4-(C6F5)2BC6F4B(C6F5)2 (BNz) and
2.0 eq of Me,SnCls.

A different type of binuclear cocatalyst, trityl bisborate
(Ph3C+)2[1,4-(C6F5)3BC6F4B(C6F5)3]27 (Bz, Flg 6), is derived
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Fig. 3. Synthetic routes to binuclear CGGs.
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Fig. 4.

Molecular structure of ethylene-bridged EBICGC[Zr(NMe;),],. Ther-
mal ellipsoids are drawn at the 50% probability level. A single enantiomer is
shown for each complex.

from bisborane 1,4-Br,BC¢F4BBr;, with 6 eq of C¢FsLi (gener-
ated in situ) affords the dilithium bisborate salt (Li*),[1,4-
(C6Fs5);BCcF4B(CoFs)3]*~, which then undergoes subsequent
cation metathesis with Ph3CCl to yield bistrityl bisborate salt B,
(Fig. 21, which is published as supporting information on the
PNAS web site).

Catalyst—cocatalyst ion pairs can be straightforwardly prepared
from the corresponding catalyst and cocatalyst reagents having
similar or different nuclearities. As an example of a mononuclear
catalyst/cocatalyst ion pair, Fig. 8 shows the representative molec-
ular structure of the activated organotitanium ion pair [1-Me,Si-
(3-ethylindenyl)(‘BuN)|TiMe* MeB(CesFs); (15). The Ti-Me-
(terminal) distance [2.090(3) A] is 0.01-0.02 A shorter than the
Ti-Me distances in the neutral organotitanium precursor Ti;
[2.102(2) and 2.1100(2) A] due to the increased metal electrophilic
character, whereas the Ti-Me(bridging) separation is 0.230 A
longer, reflecting the largely ionic character of the ion pair inter-
action. NMR spectroscopy reveals characteristic fingerprints of a
very coordinatively unsaturated, electrophilic metal center, as well
as strong but coordinatively flexible ion pairing and negligible ion
pair aggregation in the concentration ranges used for typical
polymerization (23, 24).

Regarding multinuclear systems, reaction of BN, with 2.0 eq of
(CsHs)2ZrMe; results in clean, instantaneous formation of the
bimetallic ion pair [(CsHs),ZrMe*,{Me,1,4-CcF4[B(CsFs)2]2}>~
(15) (Fig. 22, which is published as supporting information on the
PNAS web site). This result argues that any intermediate borate
abstraction product resulting from reaction of the bisborane with
1.0 eq of (CsHs),ZrMe; is sufficiently Lewis acidic to abstract a
methide anion from a second neutral metallocene dialkyl. The

Fig. 5.

Molecular structures of methylene-bridged MBICGC[Zr(NMe;);],.
Thermal ellipsoids are drawn at the 50% probability level. Asingle enantiomer
is shown for each complex.
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Fig. 6. Mononuclear and binuclear bisborane and bisborate cocatalysts.

crystal structure of the activated bimetallic complex [(CsHs),
ZrMe*,{Me,1,4-CsF4[B(CsFs)2]2}>~ is shown in Fig. 9. The two
zirconocenium cations are centrosymmetrically disposed on oppo-
site sides of the arene plane, presumably reflecting repulsive steric
and electrostatic interactions. It will be seen that binuclear catalyst/
cocatalyst combinations display marked cooperative effects in
homogenous olefin polymerization processes leading to unusual
monomer/comonomer enchainment selectivities and unusual poly-
olefin architectures.

Binuclear Structures and Macromolecular Branch Formation
in Ethylene Homopolymerization Processes

Linear low-density polyethylene (LLDPE)—long chain polyethyl-
ene with small but significant levels of C4—Cg alkyl branching—has
excellent processability and high melt tension properties suitable for
film manufacture (25, 26). Typically, linear low-density polyethyl-
ene branching is achieved via copolymerization of ethylene with a
linear a-olefin comonomer. Single-site CGCs represent another
major advance in this field, because the polyethylene produced also
contains long-chain branches arising from competing intermolec-
ular macromonomer re-enchainment as discussed above. Homo-
geneous “tandem catalysis” has also received attention as an
alternative approach to branched polyethylenes. Here, a single-site
catalytic center produces a-olefin oligomers, which are subse-
quently incorporated, via an intermolecular process, into high-
molecular-weight polyethylene by a second, different single-site
catalytic center present in the same reaction medium and using the
same ethylene feed (26—28). It should be evident that, at typical
polymerization concentrations, these intermolecular tandem pro-
cesses are inherently inefficient. For these reasons, the attractive
possibility of constraining two catalyst centers in close spatial
proximity offers the potential for significantly enhanced mac-
romonomer capture efficiency.

The effects of catalyst and cocatalyst nuclearity on the course of
ethylene homopolymerizations can be probed systematically via the
nuclearity matrix shown in Fig. 10 as well as by change in group 4
metal. For example, experimental traversal of a CGC organozir-
conium matrix (19) reveals that high effective local active-site
concentrations and catalyst center—catalyst center cooperative ef-
fects are operative by bringing the electrophilic species into prox-
imity via covalent and/or electrostatic bonding. For ethylene
homopolymerization at constant conversion, the branch content of
the polyolefin products, primarily ethyl branches, is significantly
enhanced as the catalyst or cocatalyst nuclearity is increased.
Compared with the catalyst derived from mononuclear Zr; + By,
the catalyst derived from bimetallic Zr, + bifunctional B, produces
~11 times more ethyl branches (predominant type of branch) in
ethylene homopolymerization (Fig. 23, which is published as sup-
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porting information on the PNAS web site) via a process that is
predominantly intradimer in character, as shown in Fig. 11. In this
scenario, the eliminated oligomeric or polymeric vinyl macromono-
mer chain produced at one catalytic center is detained by binuclear
interactions (presumably C-H--M* agostic interactions between the
electrophilic metal center and electron-rich C-H bonds—the im-
portance of mononuclear agostic examples is of course well estab-
lished in cationic d° polymerizations (29-31), involving the adjacent
electrophilic metal center, and the weakly bound oligomeric/
polymeric a-olefinic fragment therefore has an enhanced proba-
bility of subsequent intramolecular re-enchainment with 1,2 regio-
chemistry at a proximate Zr-ethyl* or Zr-P'* site. This model is
consistent with an observed increase in product molecular weight
with increasing catalyst/cocatalyst nuclearity, with conversion-
dependent experiments revealing significant quantities of ethyl
branches (but few other branches) produced in the Zr, + B,
polymerization system, even in the very earliest stages of the
polymerization.

The methylene-bridged binuclear “constrained geometry cata-
lyst” C1-Zr, was used to further explore the Zr+Zr spatial prox-
imity effects in bimetallic catalyst systems (16). Various cocatalysts
and ion pair-weakening solvents were also examined to better
understand the function of the binuclear catalyst systems. It is found
that in ethylene homopolymerization with conventional cocatalysts,
~70-times increases in molecular weight are achieved with C1-Zr,
vs. C2—Zr, under identical polymerization conditions. Also with
methylalumoxane as the cocatalyst, ~600-times increases in poly-
ethylene molecular weight are achieved with binuclear C2-Zr,Cl4
and C1-Zr,Cly vs. mononuclear Zr;ClL. Interestingly, when polar
CsHsCl is used as the polymerization medium, thereby weakening
the catalyst—cocatalyst ion pairing, substantial alterations in catalyst
response and polymer product properties are observed. Mononu-
clear vs. binuclear differences in activity and product molecular
weight fall substantially. These results argue that achievable Zr~Zr
spatial proximity, as modulated by the ion pairing, significantly

=y

Fig. 8. Molecular structure of the mononuclear ion pair [1-Me;Si(3-
ethylindenyl)(*BuN)]TiMe *MeB(CgFs)3 . Thermal ellipsoids are drawn at the
50% probability level.
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Synthetic pathway to binuclear bisborane cocatalyst BN,.

influences chain transfer rates, and that such proximity effects are
highly cocatalyst- and solvent-sensitive.

The significantly enhanced polymer product molecular
weights in the C1-Zr;- vs.C2-Zr;-mediated polymerizations, and
the relative activities of the two catalysts, suggest that chain
termination rates are substantially depressed for C1-Zr,. These
effects may reflect access to bridged structures in which proxi-
mate metal centers can coordinate/stabilize growing polymer
chains, probably via agostic interactions (e.g., B; Fig. 12) (34—
36), thereby impeding chain transfer to monomer and subse-
quent macromonomer dissociation as chain termination path-
ways, thus significantly reducing the overall chain termination
rate. Different cocatalysts can also have a significant influence
on competing chain termination pathways, hence yield different
polymer architectures. Thus, as noted above, dramatically in-
creased molecular weights are observed in binuclear CGCZr
catalysts vs. mononuclear ones when methylalumoxane is used as
the cocatalyst. In situ NMR studies of the ion pairs reveals that
the two Zr centers can attain close proximity in bimetallic
catalysts, indicated by the spectroscopic signatures of Zr-
wCH3-Zr species when bulky methylalumoxane is used as co-
catalyst, thus suggesting possible structures to modulate chain
termination pathways.

Fig. 9.
[(CsHs)2ZrMe *]{Me;1,4CeF4[B(C6Fs)2]2}2 . Thermal ellipsoids are drawn at the
50% probability level.

Molecular structure and atom numbering scheme for
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Fig. 10. Catalyst/cocatalyst nuclearity matrix for group 4 CGC-type catalysts.

Although the aforementioned binuclear organozirconium CGCs
can achieve high levels of branching in olefin polymerization via
what are clearly unusual enchainment pathways, CGCZr catalysts
typically exhibit modest activities and do not generally produce
high-molecular-weight polymers. In contrast, mononuclear CGCTi
catalysts are known to afford high-molecular-weight polyolefins
with high activity and high a-olefin co-enchainment efficiencies (11,
12). For this reason, nuclearity effects in the Ti system were of great
interest. In a first investigation (32), marked cooperative effects
were observed in electrostatically joined binuclear catalyst/
cocatalyst combinations by using binuclear activator/cocatalyst
counterdianion B, to spatially confine heteronuclear pairs of mono-
nuclear cationic centers, in which Zr; was used as the source
of vinyl-terminated ethylene oligomers and Me,Si(‘BuN)
(7°-CsMe4)TiMe, (Ti) was used as the source of high-molecular-
weight polymer because of its aforementioned ability to efficiently
co-enchain a-olefins (Fig. 13) (11). It was found (32) that the use
of B, in ethylene polymerizations with stoichiometrically appropri-

® 7
Zr—CH2

B

Fig. 12. Possible agostic C-H bonding interactions in bimetallic catalysts.

ate ratios of Zr and Ti catalysts (to suppress the probability of Ti-Ti
pairs; Zr~Zr; yields small quantities of readily separated low-
molecular-weight products) produces a significantly more homog-
enous polyethylene than that produced by the analogous polymer-
izations with B; as the counteranion/cocatalyst (Fig. 14). The
thermal and spectroscopic properties of the B,-derived polymer are
consistent with relatively homogeneous, highly branched polyeth-
ylene, whereas By produces a heterogeneous mixture of high- and
low-molecular-weight products. These results show that the binu-
clear bisborate activator B, dramatically increases the efficiency of
heterobimetallic olefin enchainment processes using the homoge-
neous Ti and Zr catalysts for linear low-density polyethylene
synthesis. However, although these electrostatic effects clearly
accentuate the unique characteristics of the component hetero-
nuclear pairs (IVI;, M;; by manipulating relative concentrations
and activities), they cannot exclusively select for them over other
coexisting statistical components (MM, + M, My).

® © © ©
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In an effort to fully exploit the potential of heteronuclear
intramolecular cooperative effects, a new heterobinuclear com-

a - Olefin Trap?

e P ®
M/;. m—P'
< Ralnsarﬂon( [
@ CH
@ CH CH,
M\A/c” M-“-"C H “"\CH/
Et . 2
Ethyl Branch Formation
|
P' -~
CH
?ﬂ/ CH, ® . :
-~ M-
<® CH Reinsertion
T P M&)
‘et TEt

Long Chain Branch Formation

Predominant Chain Transfer Pathway: Chain Transfer to Monomer

® @
< M—p* CH,=CH, < "y Chain Transfer
@ _cH,
@ CH, M~ e’
M-..‘ P
CH; M
CH,—CHj
Fig. 11.

Li and Marks

Proposed pathways for branch formation facilitated by binuclear group 4 CGCs. P,P’ = polymeryl fragment.

PNAS | October 17,2006 | vol. 103 | no.42 | 15299



Lo L

P

2N

R CoHy

a8
CoHy— 2r® &1 —~ {/ ”{'\%ﬁ|/
S) O “
Q-9 x

B,

Fig. 13. Branch formation via B, activated electrostatically organized het-
erobimetallic group 4 catalysts.

plex, Ti;Zr; (Fig. 24, which is published as supporting informa-
tion on the PNAS web site) that covalently links ZrCGC and
TiCGC moieties was synthesized (Fig. 15) (19). Here, the
monometallic Ti center is expected to produce high-molecular-
weight polyethylenes with high activity, whereas a mononuclear
Zr center should produce with moderate activity low-molecular-
weight polyethylenes having reactive vinylic end groups. Such
catalysts can exclusively hold one Zr and one Ti center in
proximity, thus enhancing the enchainment selectivity for branch
formation. Indeed, the polymerization results reveal that catalyst
Ti;Zr, is competent to produce long-chain (=Cs) branched
polyethylenes in ethylene homopolymerization processes with
high selectivity and efficiency (19).

Binuclear Catalytic Cooperative Effects in Ethylene + a-Olefin
Copolymerizations

Significant binuclear effects are also found in the ethylene +
a-olefin copolymerizations. In both the Zr, and Ti, catalyst
systems, closer proximity of the two catalytic centers leads to
significantly higher selectivities for comonomer enchainment
(14, 15, 17). For Zr, + B, versus Zr; + By catalysts under
identical reaction conditions, in ethylene + 1-hexene copoly-
merizations, approximately three times more 1-hexene incorpo-
ration is observed, and in ethylene + 1-pentene copolymeriza-
tions, approximately four times more 1-pentene incorporation is
observed. It is likely that coordination/activation of the a-olefin
by a cationic metal center is stabilized by secondary, possibly
agostic interactions with the proximate cationic metal center,
which may facilitate/stabilize a-olefin capture/binding at the
electrophilic metal center and enhance subsequent enchainment
probability (Fig. 25, which is published as supporting informa-
tion on the PNAS web site).

It is also found that Ti, in combination with the bifunctional
bisborane activator BN, can enchain high levels of classically poorly

A 20000 B 0
o= 4
16000 -
By
% 12000 - * s
g E
& go000 - E
e -
4000
0 y T 1 '
67 56 46 36 25
Log Molecular Weight Temp (°C)
Fig. 14. Gel permeation chromatography (A) and differential scanning calo-

rimetry (B) comparisons of polyethylenes produced by using organozirconium
and organotitanium CGCs in combination with either cocatalysts B, or B4.
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Fig. 15. Crystal structure of heterobinuclear polymerization catalyst precur-
sor TiiZr{(NMey)s.

responsive, sterically hindered 1,1-disubstituted comonomers such
as isobutene, methylenecyclopentane, methylenecyclohexane, and
1,1,2-trisubstituted 2-methyl-2-butene in ethylene copolymeriza-
tions under mild conditions (15). For example, Ti, + BN, can
enchain ~2.3- to 5.0-times greater quantities of the above comono-
mers than the analogous Ti; + BN mononuclear catalyst under
identical polymerization conditions. The copolymerizations pro-
duce novel copolymer structures: methylenecyclopentane and
methylenecyclohexane are incorporated via ring-unopened path-
ways, and 2-methyl-2-butene is incorporated via a novel pathway
involving comonomer isomerization to 2-methyl-1-butene followed
by rapid enchainment in the copolymer backbone (Fig. 16). The
effects of the ring substituents are expected to be frustration of
polyolefin chain coiling and hence enhancement of the average
chain length between entanglements.

Binuclear Effects in Styrene Homopolymerization

and Copolymerization

The results of styrene homopolymerization/copolymerization ex-
periments reveal striking differences between Ti, and Ti; (33).
Under identical conditions, Ti; produces only trace quantities of
styrene homopolymer, whereas Ti, activated by either B, or B,

Fig. 16. Novel polyolefin copolymer structures synthesized with binuclear
CGCTi-catalysts.

C D =

Fig. 17. Possible catalyst-arene Ti-system interactions in styrene polymer-
ization catalysis. P = polymer.
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Fig. 18.

exhibits significantly higher (=50 times) homopolymerization ac-
tivity. The low styrene homopolymerization activity of Tiy is
consistent with earlier results (34) and is thought to reflect catalytic
center deactivation via intramolecular arene coordination in the
2,1-insertion product (e.g., C; Fig. 17) (35, 36). In contrast to this
picture, for bimetallic Tiy, the arene ring of the last inserted styrene
could preferentially coordinate to the adjacent Ti center, reducing
coordinative saturation at the polymerization site and accelerating
homopolymerization (37). The coordinated arene rings could in
principle participate in several types of multimetallic/enchainment-
altering interactions. For example, structure D depicts an 0", n?
motif in which styrene interacts with a single Ti center while the
phenyl group of the last inserted styrene interacts with the second
Ti (38, 39). As depicted, structure D would formally favor 2,1-
styrene insertion, whereas structure E would formally favor 1,2
insertion. 3*C NMR end-group analysis of the homopolymer indi-
cates that 1,2 insertion competes with 2,1 insertion to a significant
degree only in the bimetallic system, arguing that this unusual
insertion regiochemistry (40) arises from the unique catalyst nucle-
arity, as in Fig. 18. In ethylene + styrene copolymerizations,
copolymers produced by Ti, + B; can have progressively higher
styrene incorporation, up to 76% (Fig. 26, which is published as
supporting information on the PNAS web site). When styrene
incorporation is >50%, at least three consecutive head-to-tail
coupled styrene units are observed in addition to tail-to-tail cou-
pled dyads (41, 42). This result contrasts markedly with conven-
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tional mononuclear CGCs that incorporate a maximum of 50%
styrene, regardless of the feed ratio, and where, of the three possible
dyads, only tail-to-tail coupling is observed (34).

Conclusion and Prospects

This work has explored the degree to which the selectivity of
single-site olefin polymerization processes can be modified by
installing a second polymerization site (like or unlike) in close
proximity to a functional site. To this end, a series of bimetallic
“constrained geometry” catalysts and binuclear bisborane and
bisborate cocatalysts have been synthesized and found to induce
significant binuclear/cooperative enchainment effects versus
their mononuclear analogs. Novel macromolecular structures
and significantly improved polymer properties can be obtained
by means of such binuclear catalyst/cocatalyst design strategies.
It is likely that the scope of such multinuclear catalytic phenom-
ena is quite broad and that the range of transformations that are
amenable to modification by means of such cooperative effects
are broader still.
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