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Microstructure*
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With an annual global production of over 140 million metric
tons—which is projected to increase to over 200 million
metric tons by 2020—humankind will continue to be depen-
dent upon commodity “plastics” based on polyethene (PE)
and polypropene (PP) for the foreseeable future.'l This
sustained growth and the unrelenting demand for new
fundamental forms of PE and PP materials, which are
produced through the transition-metal-catalyzed coordina-
tion polymerization of ethene and propene monomers along
with a supporting cast of longer-chain a-olefins as comono-
mers, is driven by the continually evolving societal and
technological needs of a rapidly expanding world population
that has just passed 7 billion people. With available feedstocks
of commercially viable monomers limited to a relatively small
number, however, new forms of PE- and PP-based materials
can only be developed through the introduction of new classes
of transition-metal catalysts that are themselves the product
of new design strategies, discoveries, and a mix of Edisonian
innovation and hypothesis-driven optimization.”> On the
other hand, the de novo design of a new coordination-
polymerization catalyst that can provide a PE or PP material
with superior physical and technological properties to those
of currently available polymers is an exceedingly difficult
task, and indeed, quite a rare event in the broader field of
polyolefin research. In this regard, the recent study reported
by Kol and co-workersP! is significant, as it introduces the
design of a new class of transition-metal catalyst in which a
combination of steric and stereoelectronic differentiation is
used to provide one of the highest degrees of control over the
stereochemical microstructure of PP ever observed. The
future extrapolation and implementation of this catalyst-
design strategy for stereochemical control over polymer
structure could potentially further increase the range of
polyolefin products that are available to support new
technological innovations.
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The most commercially relevant form of PP is that with an
isotactic stereochemical microstructure in which all the
pendant methyl groups have the same relative configuration,
as depicted in the idealized structure shown in Scheme 1. This
particular stereoregular arrangement for isotactic PP (iPP)
gives rise to a highly crystalline, rigid thermoplastic material
with a melting temperature that is amenable to the production
of, amongst other items, serviceware and containers that will
not deform under the conditions required for microwave use
or autoclave sterilization.
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Scheme 1. Modified Cossee—Arlman mechanism for the production of
isotactic polypropene. Stereoregular polymerization depends on the
existence of a single propene coordination site for a C;-symmetric
active center and site epimerization when D1 and D2 are different. m
denotes a meso dyad; P is the growing polymer chain; D1 and D2
represent donor molecule additives that are included in latest gener-
ation hetereogeneous Ziegler—Natta catalyst formulations.

Importantly, irrespective of mechanistic differences that
may be operative for different classes of coordination-
polymerization catalysts, the only way in which an isotactic
microstructure can arise is through a chain-growth process in
which the same prochiral (enantio-) face of propene is
coordinated to the active transition-metal center prior to
enchainment through insertion into the metal-carbon bond of

SWILEY g

ONLINE LIBRARY

6963



Highlights

6964

the nascent polymer chain. Stereoerrors that occur within a
predominately isotactic microstructure can arise from coor-
dination and enchainment of the “wrong”, or opposite,
enantioface of the monomer, and for /PP, an increase in the
frequency of these stereoerrors results in a decrease in the
melting temperature (7,,) of the final product. A physical
measure of stereoregularity for /PP can be obtained through
3C NMR spectroscopy at the stereochemical-pentad level of
analysis, whereby a higher % mmmm value indicates a greater
degree of isotacticity (see Scheme 1).*! Existing commercial
grades of /PP have a T, value of 165°C, which is associated
with a finite, but very low, level of stereoerror incorporation
(e.g., Yommmm ~99 % ); thus, by extension, higher 7, values
are theoretically possible if catalyst improvements can be
made to increase the degree of isotactic stereoregularity of
iPP even further.

Regarding the use of different catalyst designs to achieve
an isotactic microstructure, it is speculated that iPP produc-
tion with the latest generation of industrial heterogeneous
Ziegler—Natta catalysts proceeds according to the modified
Cossee—Arlman mechanism depicted in Scheme 1 in which
D1 and D2 represent donor molecule additives that are
included in the catalyst formulations to enhance isoselectiv-
ity.”] When D1 and D2 are different, an intrinsically chiral, C;-
symmetric ligand geometry about the active transition-metal
center provides a single stereodifferentiating vacant coordi-
nation site to which one enantioface of the monomer is
preferentially coordinated prior to migratory 1,2-inser-
tion.”®¢! To maintain isotactic propagation through this single
coordination site, however, the growing polymer chain must
relocate back to its original position through a “site-epime-
rization” process prior to coordination of the next monomer
unit.F>% Thus, one source of stereoerror incorporation is the
failure of the rate of site epimerization to be competitive with
the rate of monomer coordination.

The heterogeneous nature of Ziegler—Natta catalysts has
long impeded structural and mechanistic interrogations of the
origins of stereocontrol in polymerization. However, the
development of well-characterized, solution-soluble transi-
tion-metal complexes that can serve as active species for the
coordination polymerization of propene upon cocatalyst
“activation” has provided the opportunity to firmly establish
the C;symmetry/isotactic microstructure relationship for
propagation that occurs with a single monomer-coordination
site and rapid site epimerization.>®! Strategies for the attain-
ment of a high degree of isotactic stereoregularity have
invariably relied on the judicious introduction of nonbonding
steric interactions within the ligand sphere of the active
transition-metal center to create a highly stereodifferentiating
environment for monomer enantioface coordination, and to
enforce propagation through a single coordination site by
enhancing the rate of site epimerization of the polymer chain
after migratory insertion.

On the one hand, reliance on the time-proven strategy of
“steric control” for catalyst design is comforting, since it is
relatively easy to establish an intuitive feel for how to employ
an increase in steric “pressure” at one spatial location to
(re)direct a molecular fragment to a different, desired spatial
position. On the other hand, sole reliance on steric inter-
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actions to achieve positional control within a metal-coordi-
nation environment often leads to the crafting of elaborately
designed ligand frameworks of increasing structural complex-
ity that are also synthetically challenging in practice. Fur-
thermore, when only steric control is involved in catalyst
design, there exists the risk of introducing “steric overload”
about the metal center that can negatively impact other
desirable parameters, such as catalyst activity, as expressed by
turnover frequency or the optimum operating temperature of
the catalyst.

The novel approach to catalyst design taken by Kol and
co-workers is to overlay steric control that is imparted by the
ligand substituents to enable enantiofacial selectivity for
monomer coordination with stereoelectronic control over site
epimerization that is provided by intrinsic differences in the
strength and nature of bonding interactions between the
transition metal and the ligand framework. The tetradentate
“salalen” ligand preferentially adopts a fac—mer coordination
geometry about the metal center in a series of [(salalen)TiX;]
(X=0iPr or Bn) complexes I (Scheme 2) that can serve as

1 (X = OiPr or Bn)

Scheme 2. Salalen-based titanium complexes as precatalysts for the
highly stereoselective production of iPP through the coordination
polymerization of propene. Ad =adamantyl, Bn=benzyl.

catalysts for the coordination polymerization of olefins upon
activation with either a stoichiometric amount of the borane
B(CFs); or an excess amount of methylaluminoxane (MAO)
as a cocatalyst. The separate roles played by nonbonding
steric interactions and stereoelectronic differences imparted
by the fac—mer coordination of the salalen framework in
controlling the degree of stereoregularity for ;PP production
were firmly established and optimized through evaluation of
the relationship between ligand structure and PP micro-
structure for a family of substitutionally related derivatives.
Further enhancement of the rate of site epimerization during
propagation through use of MAO as the cocatalyst led to a
higher level of isotacticity. These efforts culminated in the
construction of the salalen-based precatalyst Ia, which in
combination with MAO provided an extremely high degree of
stereoregularity for iPP (% mmmm >99.6%). This level of
stereoregularity translates into a 7, value of 169.9°C, which is
now the highest melting temperature ever recorded for iPP
produced by either heterogeneous or homogeneous coordi-
nation-polymerization catalysts. Significantly, this high degree
of stereocontrol did not come with a sacrifice in terms of
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catalyst activity, which for the Ia/MAO system was 10000 g
(iPP) per mmol (catalyst) per hour.

As with any new design strategy, the generality of using
steric control coupled with stereoelectronic differentiation
within the ligand framework to direct stereoregularity of
polyolefin microstructure will depend upon proof of its
versatility. In contrast to the use of steric control to fine-tune
catalyst properties through subtle variations in nonbonding
interactions, it is not yet obvious how a similar level of finesse
might be reached on the basis of stereoelectronic differences
in metal—ligand bonding interactions alone. On the other
hand, the beauty of the approach taken by Kol and co-
workers is to not forsake one control mechanism in favor of
the other, but rather, to exploit the synergism that emerges
when the two are coupled. This duality in design should serve
to greatly increase the structural range of available coordi-
nation-polymerization catalysts and thus the scope of poly-
olefin materials and products that can be created to support
new technological advances, which will in turn lead to
improvements in the quality of life.
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