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The recently introduced olefin polymerization catalysts de-
rived from the (pyridylamide)Hf(IV) complexes, shown in
Scheme 1," are unique in many respects. From an application
standpoint, they are especially remarkable for the unprecedented
ability to produce high molecular weight, highly isotactic propy-
lene homo- and copolymers in solution at high temperatures
(>120 °C)* as well as olefin block copolymers with superior
elastomeric properties under “chain shuttling” and coordinative
chain transfer conditions.*> In terms of scientific significance,
with their nonconventional structure and the elusive nature of the
active species, they represent a paradigmatic example of high
throughput experimentation (HTE) based discovery. >

Two unusual features of the pyridylamide ligand framework
are shown in Scheme 1. The first is the stereogenic carbon
bridging the amide and the pyridine fragment, which lowers the
symmetry to Cy. The second is the ortho-metalation of the aryl
substituent bound to the pyridine, which brings the number of
Hf—C o-bonds amenable to olefin insertion in the active mono-
methyl cation to two (rather than one as is the case with most
olefin polymerization catalysts). An increasing amount of experi-
mental and computational evidence points to the fact that the
Hf—-C,,y; bond is the most reactive site, and the true active species
result from a first monomer insertion into this bond, thus modi-
fying the precatalyst in situ (Scheme 1).57!° This hypothesis is
supported by the presence of monomer-appended ligand in the
catalyst residues recovered from polymerization products® and
the identification of complexes with o-aryl-inserted olefins.”
Moreover, site-controlled isotactic polypropylene can be ob-
tained by polymerizing propylene in the presence of catalysts
derived from achiral Ci-symmetric precursors lacking the afore-
mentioned stereogenic carbon (such as 1'° and 2 in Scheme 1),
which is compelling, albeit indirect, evidence in favor of the
proposed mechanism.

It should be noted at this point that Scheme 1 implies that
different catalysts can be obtained from one single precatalyst.
This is particularly obvious in copolymerization reactions, and
indeed copolymers with broad composition and molecular weight
distributions have been produced with several C;-symmetric
complexes of Scheme 1.* In homopolymerizations of 1-alkenes,
a similar active site diversification may occur if insertion into
the Hf—C,, bond is not fully regio- or enantioselective. To
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investigate this possibility, we carried out an extensive density
functional theory (DFT) study for several Cj-symmetric and
Cy-symmetric precatalysts. In all cases, we conclude that the
formation of multiple catalytic species is indeed likely. In the
absence of a preformed stereogenic carbon, the analysis is simpler
as the number of possible diastereoisomeric products is lower.
Therefore, in the following, we will focus on C,-symmetric
precatalysts 1 and 2, which are reduced to Cj-symmetry upon
olefin insertion into the Hf—C,,,; bond.

The four possible insertion products of propylene into the
Hf—-C,,y; bond of a model methyl cation of 1 and 2 are shown in
Figure 1, along with the DFT-calculated relative energies of the
transition states (TS) leading to their formation. These values
indicate that a 1,2-insertion with the enantioface yielding product
1-a (2-a) is favored, but the other 1,2-insertion product (1-b, 2-b)
and one of the two 2, 1-insertion products (1-d, 2-d) can also occur
with non-negligible probability. The remaining 2,1-insertion
product (1-¢, 2-¢) is much higher in energy and is not likely
formed.

Following these instructive DFT studies, we investigated
propylene polymerizations with precatalysts 1 and 2 in search
of evidence of multisite behavior. Catalyst systems 1/[Ph;C][B-
(CgFs)4] and 2/[Ph3C][B(CgF's)4] produce polypropylene samples
with very broad molecular weight distributions (MWDs, M,/ M~
10 for polymerizations in toluene at 40 °C). A MWD deconvolu-
tion revealed at least three Schulz—Flory components (entries 1
and 8 of Table 1, and Figure 2a); it is certainly tempting to trace
them to putative active species 1-a (2-a), 1-b (2-b), and 1-d (2-d).
The DFT- calculated regio- and stereoselectivities of all these
species are similar'' and compatible with the '*C NMR micro-
structure of the polymers. The polypropylenes are moderately
isotactic ([mmmm)] = 0.37—0.41, Table 1), with stereosequence
distributions indicative of site control'™'? and ~3 mol % of
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Figure 2. Experimental and simulated MWD of polypropylene samples obtained at 40 °C with 2/[Ph;C][B(CsFs)4] and 2/B(Cg¢Fs); (Table 1: (a) entry 8;
(b) entries 10, 12, 13, 14; (c) entry 10; (d) entry 13).
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In line with the hypothesis of in situ catalyst speciation,
an interesting time evolution of the polymer MWD was observed
(Figure 2b).

The polymers obtained with 2/B(C4F5); have a bimodal MWD
at short 1, with two Poisson-like components typical of con-
trolled chain growth (entry 10 of Table 1 and Figure 2¢)."> With
increasing t,, one of the two peaks changed rapidly into a
Schulz—Flory function (entries 11—12 of Table 1) as it reached
the plateau value of M. At longer reaction times, the MWD
became trimodal (entries 13—14 of Table 1 and Figure 2d) due to
a third component with very high molecular weight. This com-
ponent appeared directly as a Schulz—Flory function, indicative
of very fast nonliving polymerization kinetics for the active
species producing it.

Analogous behavior was observed for 1/B(CgFs)s, although
with even slower kinetics and a lower resolution of the polymer
MWDs (entries 3—7 of Table 1). It is important to note that for
both systems, the overall MWD:s at long 7, become rather similar
to those observed with [Ph;C][B(C¢Fs),]-activation (compare
entries 1 and 7, and 8 and 14 of Table 1). The agreement is
reasonable considering the (admittedly large) error attached to
the experimental and deconvoluted MWD results and the differ-
ent nature of the anions. It is also worth noting that the relative
TS energies from preliminary DFT calculations'' reveal that the
distribution of active catalysts is slightly altered with different
activators, although the prominent species are expected to be the
same.

In our opinion, the above factual observations are all compa-
tible with the hypothesis of in situ speciation of catalysts 1-a (2-a),
1-b (2-b), and 1-d (2-d) from precatalysts 1 and 2. This, however,
remains a hypothesis. While we are convinced that in situ
speciation from aryl insertion generates multiple sites, the precise
assignment of the active species based on DFT is not dependable.
Many literature examples have demonstrated that small changes
near the metal center can lead to vastly different activities and
polymer characteristics,'® and we can only surmise that the
differences arise from the subtle combination of these steric and
electronic factors. We also note that an increase in the average
polymer molecular weight with increasing monomer insertion
rate is to be expected when the dominant chain transfer pathway
is intramolecular 5-H elimination, which is the case in general
with (pyridylamide)Hf catalysts.'” As a matter of fact, compara-
tively low values of catalyst productivity and average polymer
molecular weights were observed with ethylene (entries 2 and 9 of
Table 1), which might be traced to the marked absence of species
like 1-d (2-d).

Other possibilities for the identity of the active sites, on the
other hand, cannot be ruled out at the present stage. For instance,
a second layer of complexity would arise if species 1-a (2-a), 1-b
(2-b), and 1-d (2-d) were capable of isomerization into other
species. Possible pathways for isomerization include a metallo-
cycle ring flip or #-H elimination of the alkylaryl moiety followed
by olefin rotation and reinsertion into the Hf—H bond. A
preliminary computational investigation has thus far failed to
find a viable pathway, but isomerizations have been reported for
similar cyclometalated species.'>!"”

In all cases, though, an important lesson should be learned
from this story. At odds with the common belief that “single-site”
olefin polymerization catalysis is easily amenable to rational
understanding (a confidence grown along with metallocenes’),
it is clear that molecular catalysts are not necessarily simple nor
foreseeable. In our opinion, precatalysts like those of Scheme 1'
are beyond the reach of rational design. As a matter of fact, the
presence of a stereogenic carbon in the chiral precursors results in
a formidable complication of catalyst speciation. Considering the
higher number of diastereoisomers possible upon insertion of a 1-
alkene into the Hf—C,y bond, it is likely that the “true” catalytic
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species of these systems will not be identified with certainty.®®
This demonstrates that serendipitous discovery, now aided by
powerful HTE tools and methods,>®’ remains an important
option for further progress in the field.
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