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ABSTRACT: Research on the homogeneous polymerization of

. B . Branching Density Adjustable via
propylene employing group IV metallocene complexes primarily

focuses on structures like rac-dimethylsilanediylbis(4-phenyl-7- . 2?.32;@39‘“
methoxy-2-methylindenyl)hafnium dichloride (rac-I), featuring Ethylene il Rohymerzstion)lemperatire
the long-established Spaleck-type —SiMe,— bridge between two e S
indenyl fragments, while such complexes are rarely used in ethylene

polymerization. This work describes the syntheses and polymer- T =T e
ization performances of two hafnocene complexes, rac-ethane-1,2- e T
diyl((2-methyl-7-phenyl-1H-inden-4-yl) oxy)hafnium dichloride PE

(rac-II) and rac-propane-1,3-diyl((2-methyl-7-phenyl-1H-inden-4- Dialkoxy-Bridged —————
yl)oxy)hafnium dichloride (rac-III), bearing unconventional Hafnocene Complexes Exclusively Viethyl
dialkoxy bridges of varying lengths. Single-crystal X-ray diffraction rac-ll & rac-lll Branches

experiments enabled the comparison of characteristic geometric

parameters between the two synthesized hafnocenes and Spaleck-type complex rac-I. Upon activation with different cocatalysts, rac-
II and rac-III yielded polyethylene with exclusively methyl branches, contrary to long-chain branches, which are usually formed when
group IV metallocene complexes are applied for ethylene polymerization. Thus, a branching mechanism related to the prominent
chain-walking mechanism, which is frequently observed for late transition-metal complexes, is proposed. Furthermore, the degree of
branching could be regulated by adjusting the employed cocatalysts, polymerization temperatures, and bridge lengths, allowing the

control of the polymers’ melting transition temperatures.

E ver since the discoveries of Brintzinger and Kaminsky, who
showed that racemic (rac) ansa-metallocene complexes
yielded isotactic polypropylene (iPP) when activated with
methylaluminoxane (MAO),'™ a plethora of different
precatalysts were synthesized and reported, allowing precise
tailoring of the macromolecular characteristics of polyolefins.”
Most of these complexes, particularly those reported in the last
two decades, share the common motif of a —SiMe,— group
bridging two indenyl ligands,”~'* tremendously increasing the
catalysts’ activities compared to the original ethylene-bridged
systems." " In 2012, our group designed an ultrarigid hafnocene
complex, which yielded perfectly isotactic PP with a melting
transition (ex reactor) of 171 °C—the highest reported one to
this date.” The synthesis of its structural relative I (Scheme 1)
was carried out in 2017.” Recently, we discovered that the
methoxy groups of these complexes enabled an unprecedented
in situ isomerization of their meso isomers to their rac
analogues, which drastically improved the overall yield of iPP
per mole of metallocene.'”"® Curious about the catalytic
properties of analogue complexes where these methoxy groups
are repurposed as ansa-bridges linking both indenyl fragments,
we set out to synthesize the hafnocenes IT and III (Scheme 1).
Since we found that the methoxy groups of I rendered its rac
isomer thermodynamically far more stable than the meso one,'”
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we initially expected such a bridge to suppress the formation of
the latter, making a tedious isomer separation obsolete.
Starting from indanone 1,° the syntheses of I and III were
achieved in four steps, each. In the first step, the alkyl bridge,
connecting both ligand fragments and consisting of two or
three methylene units, respectively, was introduced via a
Mitsunobu reaction, yielding the indanones 2. Attempts to
bridge both indanones using dihalo-alkanes, such as 1,2-
dibromoethane, only led to monosubstituted alkyl halides,
which were presumably too bulky to undergo the necessary
substitution of a second halide with 1. Reduction of 2 to the
corresponding bridged bis(indanols) and subsequent elimi-
nation of water yielded the indenes 3 which were converted to
the ligands 4 via a Negishi cross-coupling reaction. Deproto-
nation followed by salt metathesis with HfCI, resulted in the
formation of targeted hafnocene complexes II and III (Scheme

1).
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Scheme 1. Synthetic Routes toward the Hafnocene

Complexes rac-1I and rac-111*
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"H nuclear magnetic resonance (NMR) analysis of the crude
reaction products revealed the presence of both rac and meso
isomers of II (ratio 1:1) and III (ratio 3:2), although dialkoxy
bridges were initially introduced to prevent the formation of
the latter. Therefore, we assume that meso-II and meso-III are
the kinetically favored products of the salt metathesis step,
possibly being formed due to some kind of oxygen—lithium
coordination in the deprotonated bis(indenyl) precursors.
Fractional crystallization of the isomeric mixtures from toluene
yielded pure rac-II and rac-III, respectively. Single-crystal X-ray
diffraction (SC-XRD) confirmed that both species were
obtained as rac isomers (Figure 1). Characteristic angles and

distances in the solid-state structures of rac-1, rac-1I, and rac-III

are summarized in Table 1.

Table 1. Selected Bond Distances and Characteristic Angles
in the Solid Structures (rac-I, rac-II, rac-III) according to
Rath and Coville”*"*°

bite angle dihedral angle HE-Cpentroid
complex (deg) (deg) (R) D (A)
rac-1 58.9 41.1/45.2 2224 +2 0.949 + 4
rac-11 48.2 39.3/43.5 2222 +2 0.882 + 4
rac-IIT 48.0 38.2/45.3 2225 +1 0.904 + 3

Both rac-II and rac-III exhibit a bite angle between both
cyclopentadienyl (Cp) units that is almost 11° lower than the
one of rac-I, while other characteristic values, such as Hf-Cp
distances, dihedral angles, and D values, do not significantly
differ between the three structures.”'®'> This divergence
evidently originates from the former complexes lacking a
—SiMe,— bridge. In general, —SiMe,— bridges are specifically
introduced into the frameworks of metallocenes to increase
their bite angles and, thus, deshield their central metal atoms.'®
This facilitates the coordination of sterically more demanding
olefins, and typically higher chain propagation rates during
polymerization are accomplished.""

In line with the previous findings, activation of rac-II/rac-III
with triisobutylaluminum (TIBA) and [Ph;C][B(CF;),4]
(TrBCF), followed by the exchange of the argon atmosphere
with propylene (1 bar) in a J. Young NMR tube, led to rather
slow consumption of the monomer—90 min for rac-III and
180 min for rac-II at 100 °C (Figures S1 and S2). Analogous
experiments using Spaleck-type catalysts, instead, caused
propylene to be consumed within a few seconds, already at
room temperature.17’18 Even autoclave polymerizations at a
pressure of 4 bar did not yield polypropylene in quantities
suitable for molecular weight, tacticity, and melting transition
temperature analysis. Higher pressures might resolve this issue,
but unfortunately, the pressures were limited by our
experimental setup. However, rac-II and rac-III proved to be
highly efficient ethylene polymerization catalysts—entries 1—5

rac-l

rac-II

rac-Ill

Figure 1. ORTEP style representation of rac-I, rac-IL, and rac-III with ellipsoids drawn at the S0% probability level. Hydrogen atoms are omitted

for clarity.7
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Table 2. Conditions and Results” for the Polymerization of Ethylene with Complexes rac-II and rac-I11, as well as the
“Standard” Zirconocene Complex Et[H,Ind],ZrCl, for Comparison’

entry complex n® cocatalyst” Tpolymd
1 rac-11 4.18 TIBA/TrBCF 30
2 rac-I1 4.18 TIBA/TrBCF 90
3 rac-IIT 4.10 TIBA/TrBCF 30
4 rac-111 4.10 TIBA/TrBCF 90
S rac-III 4.10 Al-H-Al 30
6>° Et[H,Ind],ZrCl, 2.00 MAO 80

My*© p T, * ps branch densityh
290 000 10.0 128 17 16
57000 3.0 127 1400 9
16000 2.7 118 160 66
17000 3.8 114 1200 104
3500 34 123 400 43
114 000 2.1 n.d. 2900 25

“Entries 1—5: Viguene = 120 mL; p = pp, + Pethyiene = 4.0 bar; tpgpy, = 30 min. bIn pmol. “TIBA/TrBCF: initiator [Ph,C][B(C4Fs),] = 5 equiv,
activator (TIBA) = 60 equiv, scavenger (TIBA) = 0.25 mmol; Al-H—Al: scavenger = activator [ (i-Bu,(DMA)AL),(u-H)][B(C¢Es),] = 30 equiv.>®
“In °C. “In g mol™" determined via SEC-GPC in 1,2,4-trichlorobenzene at 160 °C against a narrow PS standard. ’P = My/M,. €In kgpg [mol
h]™%. "In %o determined through integration of the CH, versus CH; signals in the '"H NMR spectra according to ref 19.

—CHo—

Cbranch

37 36 35 29

* Irganox 1010 (polymer stabilizer)

&/ ppm

Figure 2. Excerpt of the *C NMR spectrum of entry 4 (Table 2) with carbon atoms assigned according to their chemical shifts.

Cy C,
Cbranch C[s
C[& CMe
CMe
I A A T 0 1 s
20,21

Signals marked

with an asterisk correspond to residual Irganox 1010 (polymer stabilizer)."?

of Table 2 summarize the macromolecular characteristics of
polyethylene (PE) produced with both hafnocene complexes.
For comparison, entry 6 lists the analogous properties of PE
obtained with the “standard” zirconocene complex Et-
[H,Ind],ZrCl,, which has previously been observed to cause
high degrees of methyl-branching.

The data summarized in Table 2 indicate two trends: Both
hafnocenes, rac-Il and rac-III, became significantly more
productive at higher polymerization temperatures, and PE
produced by rac-III exhibited higher degrees of branching."
Taking the poor propylene polymerization activity and the low
bite angle of both complexes into account, we anticipate the
first trend is quite anticipated. At low polymerization
temperatures, coordination of ethylene to the rather shielded
central metal atom simply appeared to occur at a very slow
rate. The discrepancies in PE branching, induced by the
different hafnocenes, however, require a more in-depth
examination. *C NMR analysis of the polymers revealed
that all branches consist solely of methyl groups (Figure 2).”°
We hypothesize that these branches are formed via f-H
elimination of growing polymeryl chains, resulting in vinyl-
terminated PEs and the respective metal-hydride complexes.
Subsequent 2,1-reinsertion and further chain propagation
exclusively yields methyl branches.”"*

The branching mechanism, which is usually observed for
group IV metallocene complexes, consists of the insertion of
vinyl-terminated PEs into other growing polymeryl chains,
leading to long-chain branched PE.”*** As shown by the
propylene polymerization experiments mentioned above, rac-II
and rac-III were quite inefficient at inserting -olefins. It seems
that both complexes were unable to incorporate vinyl-
terminated PEs into growing polymeryl chains and, thereby,
did not produce long-chain branched PE. The mechanism
observed for rac-Il and rac-III rather reminds of a chain-
walking mechanism, which is frequently observed for late
transition-metal catalysts, such as a-diimine Ni or Pd
complexes reported by the groups of Brookhart and
Guan.”*~** Herein, f-H elimination and subsequent reinser-
tion with opposite regiochemistry compete with chain
propagation at any time of the reaction, thus yielding PE
with higher or lower branching densities, dependent on ligand
structures, as well as polymerization conditions.””*° Evidently,
rac-II and rac-III did not facilitate a second f-H elimination
subsequent to a 2,1-insertion, which is why they exclusively
yielded PE with methyl branches—therefore the observed
mechanism is better described as a type of restrained chain-
walking (Scheme 2). Parallels to a-diimine Ni complexes
become even more evident when considering that suitable

https://doi.org/10.1021/acs.organomet.4c00459
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Scheme 2. Proposed f-H Elimination/2,1-Reinsertion
Mechanism Yielding Methyl Branches” upon Ethylene
Polymerization Employing rac-II and rac-II1>"*’

+ +
L B Lo S

< \Hf/\/\P < \Hf/\/\
S f3-H elimination " H

rotation,
2,1-reinsertion

L = L
N /\)\/ P ~ N\ P
/Hf\ coordination, /Hf\
[ insertion [N

“L: ligand; P: polymeryl.

ligand substitution in such complexes can similarly promote
the formation of methyl branches.>"*

Taking into account the proposed branching mechanism
exhibited by rac-II and rac-III, the aforementioned differences
in the branching densities of PE generated by either can be
explained. According to the data presented in Table 2, rac-III
produced PE with significantly more branches than rac-II
under equal polymerization conditions, i.e., polymerization
temperature, employed cocatalyst, and monomer pressure
(entries 1/3 and 2/4, Table 2). Simultaneously, the polymers
produced by rac-II exhibited higher average molecular weights.
Thus, it seems that f-H elimination—and consecutive 2,1-
reinsertion—is promoted by rac-III, whereas it is suppressed
by rac-II. This observation is further evidenced by the varying
molecular weights of PE produced at different polymerization
temperatures: While a temperature increase barely influences
the molecular weight of PE produced by rac-III (entries 3/4,
Table 2), the molecular weight of PE produced by rac-II at
higher temperatures is significantly lower (entries 1/2, Table
2). These data highlight that 8-H elimination with rac-II leads
to chain termination rather than reinsertion, which is in
contrast promoted by rac-IlI—a quite a surprising result
considering their almost identical geometric properties (Table
1).

The high polydispersity observed for entry 1 (Table 2)
seems to be related to the low catalyst activity. The
corresponding gel-permeation chromatography (GPC) trace
(Figure S42) exhibits slight bimodality, which implies the
possibility of multiple different catalytically active species being
present during the polymerization. Similar trends are indicated
by the GPC (Figures S44 and S45) and differential scanning
calorimetry (DSC) traces (Figures S49 and SS0) of entries 3
and 4. According to the *C NMR spectra of the polymers,
however, none of the catalytically active species produced PE
with branches longer than those of methyl groups. The
relatively high polydispersities observed, independent of
catalyst productivities, indicate that polymer crystallization
occurs within the time scale of the polymerization.””**

Curious whether we could vary the branching density or
even branching type of PE produced by rac-III dependent on
the activation strategy, we additionally used “Al-H—AI" to
activate the precatalyst (entry S, Table 2). This borate salt
containing a homodinuclear Al cation [i-Bu,(DMA)AIL],(u-
H)* (DMA = N,N-dimethylaniline) was recently established as
a well-defined single-component cocatalyst.”> In fact, PE
produced with this species exhibited a lower branch density

than PE produced under otherwise equal polymerization
conditions (entry 3, Table 2). Apparently, the use of Al-H—Al
suppressed f-H elimination reactions, resulting in overall less
branched polymers.

This hypothesis is supported by the fact that the productivity
of rac-III was increased by a factor of 2.5 when it was activated
with Al-H—Al rather than TIBA/TrBCF—the groups of
Busico and Macchioni recently observed a similar trend for
different hafnocene complexes.*® In addition, the lower average
molecular weight of PE produced using Al-H—AI compared to
TIBA/TrBCF indicates that the former generally yielded a
higher number of catalytically active species. As anticipated,
higher degrees of branching caused lower polymer melting
transition temperatures for all entries 1—5 (Table 2).

In summary, we established a synthetic route toward two
new hafnocene structures, rac-II and rac-III, bearing novel
structural motives, i.e., dialkoxy bridges of varying lengths.
Contrary to our initial expectation that these bridges would
prevent the formation of the meso isomers of II and III upon
ligand attachment to the central metal atoms, we still detected
their presence via NMR. Through fractional crystallization, we
eventually obtained the desired rac hafnocenes, which were
characterized using SC-XRD. The bite angles of rac-II and rac-
III were almost 11° smaller than the bite angle of the “classic”
—SiMe,— bridged rac-I, leading to more shielded central metal
atoms. Consequently, both dialkoxy-bridged complexes
resulted in quite low propylene polymerization activities.
They were, however, efficient ethylene polymerization
catalysts, and both yielded PE with exclusively methyl
branches. This is in contrast to long-chain branches that are
usually observed in PE produced from metallocene complexes
and is—to the best of our knowledge—the first time this
phenomenon has been investigated in depth for hafnocene
complexes. We assume that the underlying mechanism forming
the methyl branches is some kind of restrained chain-walking
mechanism relying on B-H elimination, rotation, and
subsequent 2,1-reinsertion of the vinyl-terminated alkyl.
Variations in polymerization temperature, length of the
dialkoxy bridge, and precatalyst activation strategy allowed
the control of the branch densities and, thus, the melting
transition temperatures of the final polymers. We are currently
investigating the influence of the central metal atom and the
monomer pressure on the branching structure and are
attempting to reduce the length of the dialkoxy bridge to a
single methylene unit. Moreover, density functional theory
calculations to gain deeper insight into the proposed
mechanism are being prepared.

B EXPERIMENTAL SECTION

Experimental details are summarized in the Supporting
Information.
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mentary crystallographic data for this paper. These data can be
obtained free of charge via the joint Cambridge Crystallo-
graphic Data Centre (CCDC) and Fachinformationszentrum
Karlsruhe Access Structures service.
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