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ABSTRACT: Sub-stoichiometric activation of a transition-metal pre-initiator by a borate
coinitiator in the presence of excess equivalents of a single or two different types of main-
group-metal alkyls provides the basis for the mechanistically complex, but highly effective,
multi-state degenerative living coordinative chain transfer polymerization (MSD-LCCTP)
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dormant, and surrogate species, MSD-LCCTP can be directed to provide polyolefin
products with a tunable degree of polymerization and a tunable molecular weight
distribution. Further, the ability to use as little as 0.25 equiv of the borate coinitiator with
a large excess of mixtures of ZnEt,/AlEt; in varying ratios as surrogate chain growth
centers greatly increases the scalability of MSD-LCCTP for providing practical quantities

of next-generation polyolefins.
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P olyolefins are remarkable in terms of the diversity of
materials that are available from the very small set of
industrially relevant olefin monomers, as well as the incredible
array of different products and applications that they support.’
Unfortunately, at over 300 million metric tons produced each
year (and growing), polyolefins also comprise the single largest
component of global plastic waste.” Accordingly, there is the
need and desire to design and develop the next generation of
polyolefins that can continue to support the technological
needs of society while also serving to reduce future
environmental impacts.” To achieve this goal, highly versatile
polymerization processes must also be designed and developed
that can deliver new structural forms of polyolefins in a
programmable way and, importantly, in a manner that is not
supply- or cost-prohibitive.” Herein, we present the results of a
successful program to validate a new olefin polymerization
process that we term multi-state degenerative living
coordinative chain-transfer polymerization (MSD-LCCTP).
As shown in Scheme 1, the foundations of MSD-LCCTP begin
with our previously reported two- and three-state LCCTP
processes that operate through a fast and reversible polymeryl
group (chain) transfer that occurs between a population of
active transition-metal propagators and much larger popula-
tions of inactive main-group-metal alkyl species that serve as
surrogate chain growth centers.” The new twist for MSD-
LCCTP is that the transition-metal pre-initiator is now
activated by only a sub-stoichiometric amount of the required
coinitiator to establish an additional population of inactive
transition-metal dormant species that are also in exchange with
the active propagator through a fast and reversible ligand group
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Scheme 1. Mechanistic Details of MSD-LCCTP for the Case
of Three-State LCCTP in Which the Pre-initiator Is
Activated by a Sub-Stoichiometric Amount of Coinitiator
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(Q) transfer, which is a component part of degenerative living
coordinative polymerization (LCP) according to the boxed
area of Scheme 1.7 At first glance, the challenge of
coordinating all the various kinetic parameters associated
with the apparent daunting complexity of MSD-LCCTP would
seem to negate any potential benefits of using it to produce
unique polyolefins. However, in the present report, we not only
demonstrate that this can be easily achieved with existing
materials and methods but also that the increased complexity
of MSD-LCCTP is advantageous for providing new external
controls that can be used to further expand the range of
polyolefin grades that are obtainable from a single olefin
monomer, which also significantly lowers the costs associated
with the scale-up of this process to provide practical quantities
of the product.

To begin, LCP of ethene, a-olefins, and a,w-nonconjugated
dienes is attractive for providing access to a wide range of new
structural forms of polyolefin materials, some of which display
technologically interesting properties.”® On the other hand,
the “one chain per active site” limitation that is a characteristic
teature of all living polymerizations is particularly problematic
for LCP, where the weight fraction of the chain can be
relatively small vis-a-vis the total molar mass of the active
cationic transition-metal propagator, which is also most often
an jon pair with an associated counteranion of substantial
molecular weight. For LCCTP, if the rate and the rate constant
of chain transfer between active transition-metal (M) and
surrogate main-group-metal (M’) chain growth centers, vy
and ky;r, respectively, are much greater in magnitude than the
corresponding kinetic parameters for propagation, v, (k,),
then, in the absence of irreversible chain termination, all the
desired attributes of LCP can still be achieved. These features
include having a tunable number-average degree of polymer-
ization, DP,, and a very narrow molecular weight distribution
(MWD)), as defined by the dispersity index, B = M,,/M, ~ 1 +
k,/kya, where M, and M,, are the number- and weight-
average molecular weight indices, respectively.”'’ However,
the cost of scale-up is now carried by that of a relatively
inexpensive commodity main-group-metal alkyl, such as
diethylzinc (ZnEt,), triethylaluminum (AlEt;), or a mixture
of the two, that is present in an excess amount at the start of
LCCTP. In this regard, AlEt; as the chain-transfer agent
(CTA) is most preferred over ZnEt, due to a lower pricing and
greater safety in transport and handling. On the other hand, for
two-state LCCTP (i.e., chain transfer involving only the active
propagator and a single type of surrogate species), vy, and
kypa are substantially smaller in magnitude than vy, and
knrzqy and this manifests as a much broader MWD and larger B
value for AlEt; versus ZnEt, as the source of the surrogate
chain growth centers. To ameliorate this difference, we have
previously shown that due to a very facile reversible chain
transfer between Zn and Al, the addition of a small amount of
ZnkEt, to the original AlEt;-mediated process serves to establish
three-state LCCTP (i.e, chain transfer between the active
propagator and two different types of surrogate species) for
which both the MWD and P value are close to those obtained
by using ZnEt, alone as the CTA.>>"" However, this previous
study did not establish the ability to fine-tune MWD and D as
a function of the AlEt;/ZnEt, ratio.

In addition to cost considerations, two- and three-state
LCCTP are ideally suited for the scaled production of low to
ultra-low-molecular-weight polyolefins with small DP, values
that are below the minimum chain entanglement length.” The
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reactive quenching of LCCTP through the addition of a variety
of inexpensive X—Y reagents (e.g, I, and O,) can also provide
high yields of quantitative end-group-functionalized poly(a-
olefinates) (x-PAOs) for which the occupied free volume can
be manipulated through the judicious design of DP, and the
steric bulk of the a-olefin (e.g, propene vs 1-hexene vs 4-
methyl-1-pentene).'” This new category of x-PAO materials
also finds use as hydrophobic building blocks for the design of
amphiphilic conjugates that undergo self-assembly in the
condensed phase to provide a variety of thermotropic
canonical and non-canonical highly ordered nanostructured
phase morphologies.” However, the further development of
LCCTP as a synthetic strategy and tool for obtaining practical
quantities of new fundamental forms of polyolefins is still held
back by the amount of the coinitiator that is required to
establish the population of active propagators from the
transition-metal pre-initiator. Indeed, in the present work,
the coinitiator is the well-known dimethylanilinium perfluori-
nated tetra-aryl borate, [PhNHMe,][B(C¢F;),] (B1), and the
cost of this reagent becomes a key limiting factor for
scalability.'* Another issue with B1, and related borane and
borate coinitiators, is the need to purify the product and
dispose of the chemical waste associated with the [B(CF;),]
anion. Accordingly, while we are exploring the development of
“greener” coinitiators for LCCTP, in the interim, we have
sought to determine the minimum amount of the coinitiator
that is required to provide the same polyolefin product. This
goal then raised the question of the possibility of using a sub-
stoichiometric amount relative to that of the pre-initiator.

We have previously reported that the sub-stoichiometric
activation of a transition-metal pre-initiator by a coinitiator can
be used for the degenerative LCP of a-olefins that proceeds
according to the boxed mechanism of Scheme 1.%'° More
specifically, by employing less than one full equivalent of the
coinitiator to activate a neutral L, M(Q), (Q = Me, CI) pre-
initiator through the abstraction of one of the Q ligands, a
system for degenerative LCP is established that consists of a
population of x active propagators and a population of (1 —x)
dormant species that are in dynamic exchange through a fast
and reversible group transfer of the remaining Q ligand (see
Scheme 1). Just as in the case of LCCTP, if the rate and the
rate constant for Q group exchange, vy (kyq), are far greater
than those for propagation, v, (k,), then all the active and
dormant species will appear to undergo chain growth at the
same rate, and both DP, and D will remain unchanged relative
to the values one would have obtained using a full
stoichiometric equivalent of the coinitiator. Although not
relevant for the present study, we have also shown that one can
capitalize on the relative configurational stability of chiral, C;-
symmetric active and dormant species under degenerative LCP
conditions to “stereoengineer” the microstructure tacticity of
polyolefins through the programed introduction of different
levels of stereoerrors.’®™™ Finally, we have demonstrated that
the degenerative LCP of a-olefins can be effectively performed
for both cases of Q = Me and Cl and with as little as 0.25 equiv
of a borate coinitiator.

Our past success with degenerative LCP and the need to
further define the conditions under which practical and
scalable two- and three-state LCCTP can be conducted
naturally led us to consider if MSD-LCCTP can work as
envisioned in Scheme 1. Here, it can be noted that in addition
to the need for all the relative magnitudes of the kinetic
parameters for the reversible and irreversible processes to fall
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into place, the success of MSD-LCCTP requires that no new
deleterious interactions occur between the dormant and
surrogate species, which is not possible to predict a priori.
As will be shown, these concerns did not materialize into any
issue that could not be resolved and indeed, MSD-LCCTP not
only proved to be very easy to perform using our existing
collection of pre-initiators and coinitiators but we were also
additionally able to demonstrate its utility for fine-tuning the
MWD and D values to produce a family of different grades of a
polyolefin using a single a-olefin (vide infra).

Scheme 2 provides a summary of the method and materials
used to validate MSD-LCCTP that is mechanistically outlined

Scheme 2. Methods and Materials Used to Evaluate MSD-
LCCTP of 1-Hexene

1eq.1

xeq B1
/\N/Hf iMe
"'N Me
} 1

in Scheme 1. For this study, the cyclopentadienyl, amidinate
(CPAM) hafnium dimethyl complex, Cp*[N(Et)C(Me)C-
(Et)JHfMe, (Cp* = n°-CsMes) (1), was selected because we
have previously shown that, in combination with a
stoichiometric amount of the coinitiator B1, it can be used
for both the LCP and the two- and three-state LCCTP of
ethene, propene, higher carbon-numbered linear and branched
a-olefins, and a,w-nonconjugated dienes.” Table 1 further
provides a summary of the experiments performed using 1-
hexene as the a-olefin monomer with different amounts of B1
and the main-group-metal alkyls, ZnEt, and AlEt;. Finally,
Table 1 includes the results obtained for the characterization of
the atactic poly(1- hexene) (aPH) products by gel permeation
chromatography (GPC).'

Although the initiator derived from 1 and a stoichiometric
amount of B1 have been shown to be competent for the LCP
of 1-hexene, there are several potential problems that can arise
when attempting to perform degenerative LCP at less than a
100% level of activation. More to the point, our previous

y eq. ZnEt2
z eq. AlEt;

poly(1-hexene) (PH)
B1 = [PhNHMe,][B(CsF5)4]

studies with degenerative LCP employed the related C;-
symmetric CPAM zirconium derivative, Cp*[N(Et)C(Me)C-
(‘Bu)]ZrMe, (2), which has a more sterically shielded metal
center than 1. Even so, the ion-pair initiator derived from 2
and Bl can dimerize in the solid state to form the
crystallographically characterized bimetallic bis(y-Me)-bridged
complex, {Cp*[N(Et)C(Me)C(‘Bu)]Zr(p-Me)},{[B-
(CeFs)41}, (3).°*"” We have also reported on the observation
that an increase in the population of dormant species relative
to active species retards the overall apparent rate of
propagation potentially due to the reversible formation of
inactive bimetallic u- Qbrldged species, such as 4, that is
shown in Scheme 3.° Accordingly, from the outset of this
study, it was unclear if the combination of 1 and a sub-
stoichiometric amount of B1 would be viable for degenerative
LCP.

Scheme 3. Proposed Inactive Bimetallic u-Q-Bridged
Intermediate Formed between an Active Propagator and
Dormant Species under Degenerative LCP
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Runs 1 and 2 of Table 1 provide the conditions and results
for the LCP of 1 hexene usmg 1 activated by B1 at 100 and
50% levels, respectively.'® After the usual acidic quench and
workup, GPC analysis revealed nearly identical yields and M,
values for the two respective aPH samples. However, while a
monomodal and narrow MWD was observed in each case, the
D value of the aPH from run 2 was seen to be slightly larger
than that of run 1 (¢f. 1.29 vs 1.19 in Table 1). We attribute
this result as arising from the rate constant for the methyl
group exchange now being a major determinant of dispersity at
a 50% level of activation (see Scheme 1).7'° It can also be
noted here that the GPC characterization of the set of 13
narrow polystyrene (PS) standards used to generate the
calibration curve under identical conditions used for analysis of
the aPH samples of Table 1 consistently provided slightly

Table 1. LCP and MSD-LCCTP of 1-Hexene

run equiv’ (g) 1-hexene B1 (equiv) ZnEt, (equiv) AlEt; (equiv)
1v 178 (0.6) 1.10

2? 178 (0.6) 0.50

3¢ 1900 (3.2) 1.10 20

4° 1900 (3.2) 0.50 20

54 1900 (6.4) 025 20

6 1900 (3.2) 0.50 20

7€ 1900 (3.2) 0.50 20

8¢ 1900 (3.2) 0.50 13.40
9¢ 1900 (3.2) 0.50 3.0 11.30
10° 1900 (3.2) 0.50 2.0 12.00
11¢ 1900 (3.2) 0.50 1.0 12.67
12¢ 1900 (3.2) 0.50 0.5 13.01

“Molar equivalents relative to 1.
“Determined by GPC (relative to 13 PS standards).

b40 ymol of 1 in 5 mL of chlorobenzene. “20 ymol of 1 in § mL of toluene.
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T(°C) t,(h) yield(g) M (Da) M, (Da) b*
-5 10 0.6 24,520 29,170 1.19
-5 10 0.6 21,670 27,370 126
25 24 29 3,960 4,630 1.17
25 24 3.0 3,710 4,440 120
25 24 4.5 3,190 3,780 1.19
-5 24 3.1 4,310 5,060 1.17
40 18 19 2,410 3,300 1.37
25 24 3.1 8,240 20,870 2.53
25 24 29 4,170 5,180 124
25 24 28 3,020 3,790 1.26
25 24 3.0 3,940 5,110 1.30
25 24 29 4,170 5,700 1.37

940 pmol of 1 in S mL of toluene.
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lower M, and higher D values than those stated by the
commercial source [cf,, for PS-6: M, = 4740 Da, B = 1.03
(sourced) vs M, = 4124 Da, D = 1.16 (experimental)]."¢
Finally, 'H and C{'H} NMR spectra for both aPH samples
confirmed an atactic stereochemical microstructure as
expected, as well as the living character of these coordination
polymerization by showing the absence of vinylidene
resonances that might have arisen from chain termination
occurring through B-hydrogen transfer.

Having established that degenerative LCP of 1-hexene can
be successfully achieved using sub-stoichiometric activation of
1 by B1, the next step was to show that the reversible methyl
group exchange between the active and dormant species does
not interfere with the reversible chain transfer that is mediated
by surrogate chain growth centers. Thus, runs 3, 4, and 5 of
Table 1 were performed to determine the possible effects on
the aPH products obtained from MSD-LCCTP as a function
of decreasing the level of activation in the presence of a fixed
amount of 20 equiv of ZnEt, (i.e., 40 equiv of transferable Et
groups). The polymerization temperature was also increased
from =5 to 25 °C in order to facilitate faster exchange and
overall propagation rates. As shown in Table 1, the yields of
aPH for runs 3 and 4 were high at 90 and 93%, respectively,
while, for the same polymerization time, that for run S was
significantly less at 70%. GPC analysis of all three aPH
materials also revealed that M, values for runs 3 and 4 were
nearly identical, while for run S, a significant drop had once
again occurred (see Table 1). On the other hand, all three B
values are shown to be very small and virtually independent of
% activation and as reproduced in Figure 1, the MWDs

——1.10 eq. B ™ 20 eq. ZnEty
——0.50 eq. B1 \ 25°C
——0.25eq. B1 \

—-—-PS (2,910 Da, 1.04)

Normalized Intensity

18

Elution Volume (mL)

Figure 1. GPC [refractive index (RI) detector] traces of aPH
obtained from runs 3—5 of Table 1. A GPC trace for a PS standard
(PS-5: M, = 2910 Da and D = 1.04) analyzed using the same system
is provided for comparison.

remained very narrow and monomodal. We attribute these
observations as arising from a decrease in the overall apparent
rate of propagation due to a steady decrease in the total
number of active sites as well as the reversible formation of an
inactive bimetallic y-Me-bridged intermediate similar to that of
4 shown in Scheme 3 that is favored at high concentrations of
dormant species. On the other hand, this rate retardation that
becomes significant at low % activation does not appear to
have any effect on the living character of polymerization.
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We next explored the effect of temperature on the MSD-
LCCTP of 1-hexene with runs 6 and 7 being performed at —5
and 40 °C, respectively, and with 50% activation of 1 and in
the presence of 20 equiv of ZnEt,. Table 1 and Figure 2

40°C 0.50 eq. B1
25°C 20 eq. ZnEt,
— -5°C 1
—-—-PS (4,740 Da, 1.03) /-
- !
‘@
c
2
£
°
(5]
N
©
£
—
o
z
T T T T ' y l
8 19 20 21 2 238 24 25

Elution Volume (mL)

Figure 2. GPC (RI detector) traces of aPH obtained for runs 4, 6, and
7 of Table 1. A GPC trace for a PS standard (PS-6: M, = 4740 Da and
D = 1.03) analyzed using the same system is provided for comparison.

provide details of the yields and GPC determined M,, M,, and
D values of the aPH products that, along with the MWD
profiles, can be compared to the results for the aPH obtained
at 25 °C under identical conditions (run 4). As can be seen,
there is very little effect on these parameters in going from —§
°C (run 6) to 25 °C (run 4), which is to be expected. On the
other hand, an increase to 40 °C had a deleterious impact on
both yield and dispersity (cf. B = 1.36), and the small degree of
asymmetry in the MWD that appears in Figure 2 favoring the
low molecular side strongly suggests that polymerization is no
longer strictly living at this temperature. In support of this
conclusion, a "H NMR spectrum of the aPH material from run
7 now revealed the presence of vinylidene resonances that
most likely originate from chain-termination by a $-hydrogen
transfer process.'®

As mentioned previously, there are key advantages to using
AlEt; rather than ZnEt, as the source of surrogate chain
growth centers in terms of overall cost and safety. However,
the key disadvantage of this CTA for LCCTP lies in the
reduced kinetic parameters for reversible chain transfer
between the Hf and Al metal centers that gives rise to much
broader MWDs for the polyolefin products. It can be further
anticipated that, due to the known stability of the [Et,Al(u-
Et)], dimer in solution, that MSD-LCCTP conducted with the
sub-stoichiometric activation of 1 using only AlEt; as the CTA
might lead to the formation of inactive or chain-terminating
Hf/Al heterobimetallic species.'® Accordingly, run 8 of Table 1
provides a critical benchmark for the MSD-LCCTP of 1-
hexene in which 13.4 equiv of AlEt; (40 equiv of transferable
Et groups) were used in combination with a S0% level of
activation of 1 at 25 °C. In addition, gratifyingly, for the same
period of time, the yield of aPH obtained was nearly the same
as when 20 equiv of ZnEt, were used (cf. run 4). However, as
Table 1 and Figure 3 additionally reveal, a substantially
broader MWD with a D value of 2.53 for this aPH material is
now confirmed by GPC. Because NMR spectroscopy did not

https://doi.org/10.1021/acscatal.1c02120
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AlEt3

0.50 eq. B1

Normalized Intensity

Standardized Elution Volume (mL)

Figure 3. GPC (RI detector) traces of aPH obtained for runs 8—12 of
Table 1. The elution volumes are standardized with respect to the
maxima for the sake of highlighting the differences in the MWD
profiles, and maxima heights are normalized with respect to a constant
MWD area.

provide any evidence for chain termination by S-hydrogen
transfer, it can be concluded from these collective results that,
although the degenerative methyl group exchange is not
impeded by either the initial or surrogate trialkylaluminum
species, AIP; (P = Et or polymeryl), that are present, it is once
again slow reversible Hf < Al chain transfer kinetics relative to
propagation that is responsible for the broad MWD profile.
Recently, there has been significant interest in developing
polymerization processes that can be used to modulate the
MWD profiles of different classes of polymers because this
structural feature plays an important role in defining the
physical properties and processibility that are important for
technical applications.'” In this regard, we have also recently
demonstrated the ability to use temporal control over the
addition of successive portions of CTAs during the two- and
three-state LCCTP of a variety of a-olefins as a means by
which to program different targeted MWD profiles for the
polyolefin products, including variations in breadth, asymme-
try, and modal nature (e.g, mono-, bi-, and multi-modal).*
For MSD-LCCTP, we hypothesized that it might be possible
to now modulate the breadth of the MWD using different
AlEt;/ZnEt, ratios as a way to fine-tune the overall apparent
rate constant of chain transfer, k,,, relative to propagation via
the relationship, B ~ 1 + k,/k,,, (see Scheme 1). Thus, runs
9—12 of Table 1 were additionally performed in order to probe
this conjecture and gratifyingly, the yields and GPC data
obtained and presented in the table and Figure 3 appear to
validate the use of MSD-LCCTP for this purpose. More
specifically, for each run, the AlEt;/ZnEt, ratio was adjusted to
have a decreasing amount of ZnEt, in the initial mixture of
CTAs but with the total number of transferable Et groups
remaining constant at 40. As hoped for, a significant number of
ZnEt, equivalents relative to AlEt; as used in run 9 had the
most dramatic effect in terms of now providing a much
narrower MWD and significantly smaller D value vis-a-vis
those of run 8. Most importantly, while the small increase in
the AlEt;/ZnEt, ratio of run 10 affected little change in these
parameters relative to the baseline provided by run 9, the
further decreasing amounts of ZnEt, used in the ratios of runs
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11 and 12 had a clear impact and produced the desired trend
of increasing the breadth of the MWD and value of D
according to the tabulated results and Figure 3. Perhaps, the
most striking result of these data, however, is the demonstrated
effect that a very small amount of ZnEt, can have on the MWD
profile and polydispersity of the polyolefin product when
MSD-LCCTP is performed with the sub-stoichiometric
activation (cf. the results of run 8 vs run 12 in Table 1 and
Figure 3).

In summary, the results presented in this report demonstrate
that an increase in mechanistic complexity as represented by
MSD-LCCTP can lower the barriers to scalability for the
production of unique new classes of polyolefins in terms of
costs, safety, and environmental impact. In addition to setting a
much lower (sub-stoichiometric) limit on the amount of
borate coinitiator B1 that is required, MSD-LCCTP can now
employ excess equivalents of AlEt; with only a small amount of
ZnEt, as co-CTA being required to maintain narrow and
monomodal MWD. Finally, by adjusting the AlEt;/ZnEt, ratio,
MSD-LCCTP provides a new external control element that
can be used to fine-tune MWD to increase the number of
polyolefin grades that are possible from a single olefin
monomer. Investigations are now in progress to determine
the full scope and limitations of these new capabilities.
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