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Abstract

The steric and the electronic environment are the fundamental parameters that define the
catalytic properties of any active site. For late transition metal catalysts, they determine
polymer molecular weight and branching in ethylene polymerization as well as in the
ethylene-CO copolymerization, and consequently the final properties of the resulting
materials. Among the late transition metal catalysts active in the ethylene polymerization, an
interesting class of compounds is represented by Ni(II) salicylaldiminato complexes.
Moreover, more recently Ni(IT) phosphine phenolate complexes revealed to be interesting for
both ethylene polymerization and ethylene-CO copolymerization reactions.
For salicylaldiminato complexes, although a rather conclusive picture on the importance of
substituents bulk that already exists, designing the target active site was still a challenge.
To this end, a defined steric environment of the active site and the controlled manipulating
of the electronic properties for new emerging catalytic systems is essential for a complete
understanding of the catalysts' behaviour.
For salicylaldiminato complexes, these aims were achieved:
¢ by means of the introduction of a further ancillary imine donor that serves also as an
additional binding site;
e through the incorporation of a bridging proton N---H*---O between the two binding
sites;
e by means of a cage around the metal centre.
The resulting catalysts proved to be promising candidates to obtain products whose
microstructure is strictly dependent on the catalyst structure, ranging from high- molecular-
weight polyethylene to oligomers.
For the Ni(II) phosphine phenolate complexes, the same issues were addressed:
e by means of the introduction of a bis-phenyl substituent on the ancillary ligand that
provides a suitable and modulable steric and electronic contribution;
e through different nature of remote substituents on the bis-phenyl moiety.
These complexes in addition to being promising candidates to obtain polyethylene-based
products with different microstructures, proved to have a peculiar structure. It favours the
formation of in-chain-functionalized polyethylenes with a desirable property profile (i.e. low
content of CO) for the unique ethylene-CO co-polymerization reaction.
The aims of this thesis were reached by means of quantum mechanical DFT (Density
Functional Theory) calculations and by a close collaboration with the experimental group of
Prof. Stefan Mecking at the University of Konstanz, which provided the synthesis and
characterization of catalysts and of polymerization reactions.
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Chapter1
General introduction

1.1 Polyethylene and polyketones.
Plastics are essential in our modern civilization due to their versatility.' Frequently, they are

the materials of choice for a wide range of applications because of their adaptability, low cost,
and bioinertness.! Actually, in the last decade, the world plastic production has grown by 265
Mt (2011) to 368 Mt (2021), with polyethylene (PE) accounting for more than 100 million tons.>
3The versatility of polyethylene is the result of the accessibility of different microstructures of
the polymeric chain. In fact, polyethylene is produced in three main forms: low density
polyethylene (LDPE) (< 0.930 g cm3), linear low-density polyethylene (LLDPE) (ca 0.915-
0.940 g cm3) and high-density polyethylene (HDPE) (ca 0.940-0.965 g cm3), Scheme 1.1.4

highly branched polyethylene
LDPE

[lroe radical polymerlzatlon] ‘

z +
ethylene NS
catalytic
insertion polymerizaﬁ:ﬁ:\/\/\/{

linear polyethylene linear branched polyethylene
HDPE / UHMWPE LLDPE

Scheme 1.1: Schematic microstructure of different types of polyethylene.

LDPE is produced since 1940 by free-radical polymerization of ethylene at high pressure (1000-
3000 atm) and moderate temperature (420-570 K).5 Due to inter- and intramolecular radical
transfer reactions, LDPE ( Ty~ 110°C, Tg= -110°C)# contains short and long-chain branches
(Scheme 1.1), hence, a precise microstructure control cannot be achieved in these conditions.5
The crystallinity of the material strongly depends on the branching which in turn affects the
density of the produced species.# As a result, the LDPE is a soft material with a low melting
point and low density. In contrast to radical polymerization, for the first time the synthesis of
linear polyethylene, i.e. HDPE (Tm= 131°C, Tg= -110°C)4, was achieved by using Ziegler-Natta
catalytic systems®via an insertion polymerization process under mild reaction conditions. The
controlled chain growth leads to a highly linear microstructure, resulting in high crystallinity,
mechanical strength and high density of the obtained polymer.°

If «-olefins, like 1-butene, 1-hexene or 1-octane, are used as comonomers, the latter are
incorporated in the linear polymeric chain giving short-chain branches and resulting in a
different material, namely LLDPE (in Scheme 1.1, Tm= 122°C, Tg= -110°C)#. The type and ratio
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of the comonomer enables custom-made properties like flexibility, chemical resistance,
ductility and durability.#7 Due to its high ductility and low production cost, LLDPE is largely
used for short lived plastics like packaging, foils, plastic-bags. According to a recent market
research,? its sales will increase by an average of 4.1% per year worldwide through 2026.
Despite of the remarkable qualities of these materials, in the current time an improper use of
plastics is politically discussed due to their negative impact on the environment:%'4 PE is a
material hydrophobic, nonpolar and poorly degradable in the environment.’> Over the last 20
years there is a growing interest both in academia and industry to discover cheap and eco-
friendly alternatives for PE. The introduction of polar groups in the hydrocarbon chains could
help overcome problems related to the environmental resistance and enhance the polymer
reactivity. Keto-modified polyethylenes with a non-alternating distribution of the
comonomers (see Scheme 1.2-B) might be an interesting alternative, since, as demonstrated
by Hartley and Juliet in 1967, they are photochemically degradable through type I and II
Norrish reactions.’®7

It was reported that low contents of carbon monoxide (CO) in the polyethylene chain allow
to improve the photodegradability but otherwise retaining characteristic PE properties, such
as the crystallinity.’

In detail, for the products of the ethylene-carbon monoxide (E-CO) copolymerization two
possible polymeric structures can be obtained, alternating polyketone, Scheme 1.2-A, and
non-alternating polyketone, Scheme 1.2-B."9-2°

O O
mz=
n m - h

A B

Scheme 1.2: Structure motifs of alternating and non-alternating polyketones.

=

Alternating polyketones show a microstructure largely different from that of PE resulting in
different properties.” Due to their crystallinity, they are highly brittle and suffer from low
processability because of a high melting point (Tm = 260 °C).® Thus, to obtain a melt-
processible material, a third monomer like propylene or higher 1-alkene can be added leading
to the formation of terpolymers.2°>

Alternatively, the problem of processibility of alternating polyketones as well as the
drawbacks of crystalline polyethylene materials can be considerably overcome by reducing
the CO content in the copolymer, i.e. producing non-alternating copolymers, Scheme 1.2-B.
The resulting isolated keto groups in the polyethylene chain (non-alternating polyketones)
provide an improvement of the reactivity in terms of degradability, both for branched low-
density polyethylenes and for linear polyethylenes.?>5

A radical process could be employed for the synthesis of such non-alternating copolymers,
however, it provides branched chains.?® In fact, in free-radical growth, the low reactivity of
the acyl radicals formed upon incorporation of CO hinders further chain growth and favours
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the formation of oligomers rather than PE materials.?” Thus, a precise microstructure and the
control of the content of incorporated CO functions is difficult to achieve using a radical
process.?® Alternatively, as for other type of copolymers,? the keto- modified PE could be
obtained with a post-functionalization of PE by an additional partial oxidation step performed
after the ethylene polymerization. Nevertheless, it requires a further synthetic step in which
it is difficult to control both the incorporation of CO and the selection of the ketone functional
groups.3°3* Finally, PEs with in-chain keto groups can be generated through a one-step
reaction by incorporation of carbon monoxide comonomer via a catalytic insertion
polymerization of ethylene.334 This method has the advantage to allow a better control over
the microstructure and molecular weights of produced polymers. The study of polymerization
catalysis of these materials is one of the focus of this thesis.

1.2 Transition Metal Catalysts for Ethylene Homo-polymerization.
The first catalytic systems active in the synthesis of high molecular weight polyethylene via

insertion polymerization were based on early Transition Metal (early-TM).353¢ The origin of
this finding dates back to 1955 when Ziegler discovered that some transition-metal
compounds, i.e. TiClg, used in combination with aluminum alkyls, polymerize ethylene into
linear polyethylene at unprecedented low pressures.® Nowadays, both HDPE and LLDPE are
produced by catalytic insertion polymerization with early transition metals (Zr, Ti, Cr, V)
based on the Ziegler-Natta and Phillips catalysts.338

Although on an industrial scale the polyolefins are principally produced using these multi-
site catalysts, there is a growing market for single-site catalysts for polyolefins, i.e.
metallocenes, post and non-metallocenes early-TM catalysts, which lead to products with a
more defined microstructures, controlled molecular weight distributions and superior
mechanical properties.39-4°

In contrast to the early-TM, the late transition metal (late-TM) catalysts usually yield dimers
or oligomers because of the propensity of the complexes for chain transfer reactions via f3-
Hydride Elimination (BHE) reaction, see Scheme 1.3. A prominent example is the Shell Higher
Olefin Process (SHOP) that leads to linear a-olefins by nickel-catalyzed oligomerization of
ethylene (for more detail on SHOP process see section 1.2.5).4742

H
..... L,,M/
- N
- b4
{\}\/R H + =
/s s
L,M\ LM == L,M\
4 4
R /\R
+ =
) chain transfer by
chain growth B-hydride elimination

Scheme 1.3: Simplified schematic representation of ethylene oligomerization and polymerization promoted by
transition metal (M) complexes (R= growing polymer/oligomer chain).
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However, it is important to underline that early-TM catalysts exhibit a very high oxophilicity.
As a result, they are extremely sensitive towards any monomer containing heteroatoms like
oxygen or nitrogen. Therefore, much effort is devoted to the development of new types of
catalytic systems based on late-TMs, e.g. palladium and nickel complexes.4344

1.2.1 Pd(IT) and Ni(IT) complexes.

Late-TM complexes such as palladium (Pd(IT)) and nickel (Ni(IT)) based catalysts (see Scheme
1.4) proved to be the most promising ones due to their ability to tolerate functional-groups.
This allows for the synthesis of functionalized polyolefins with various polymer
architectures,#555 with a less sophisticated purification of feed and solvent needed, and the
possibility to use polar media.5°

R 9 g -Rl
M o I_ o Pd R' Ni_ R
N \N R' O.d 0 Pun
>\ /\/ S R
R R R R
M= Pd, Ni
a-Diimine Salicylaldimine Phosphine-Sulfonate Phosphine-Phenolate

Scheme 1.4: Late TM catalysts used as (Co)-Polymerization reactions.

Among the most used systems, the cationic catalytic systems a-diimine Ni(II) and Pd(II)
should be mentioned. However, in recent years, Ni(II) neutral salicyladiminate N,O catalysts
and P,O-type neutral catalysts mainly comprising Pd(II) phosphine-sulfonate and Ni(II)
phosphine-phenolate catalysts, have received more attention, see Scheme 1.4.45

These catalysts have been extensively studied both in the homo-polymerization of ethylene
and in copolymerization of ethylene with polar monomers, such as methyl acrylate (MA),
methyl methacrylate (MMA), vinyl acetate (Vac), acrylonitrile (AN) and vinyl halides.45

As for the non-alternating ethylene-CO copolymerization, Pd phosphine-sulfonate and Ni
phosphine-phenolate complexes gave remarkable results.57:86:98

In this thesis an in-depth mechanistic study on the polymerization of E-CO in the presence
of these catalytic systems will be discussed with the aim of understanding the relationship
between the polymer microstructure and the electronic and steric features of the catalyst.

1.2.2 Cationic Pd(IT) and Ni(II) «-Diimine catalysts for homo-polymerization of
ethylene.
In 1995 Brookhart reported a series of cationic Pd(I) and Ni(Il) a-diimine complexes

extremely active in the homo-polymerization of ethylene (Scheme 1.5). These late-TM
catalysts show a reactivity in line with that of early-TM catalysts, giving polymers with high
molecular weight.57-5
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Me ~ OEt * M= Pd, Ni
R \M/ R’ j BAS  R-ipr, Me
s R=H, Me
= 1 N Ar=2,6-C4H,(Pr),
R R
Scheme 1.5: Cationic Pd(II) and Ni(Il) a-diimine complexes reported by Brookhart.

The overall mechanism for ethylene polymerization is depicted in Scheme 1.6.5 Under
Brookhart conditions, the olefin alkyl complex A1 was found to be the resting state, whereas
the rds of the polymerization is the insertion of ethylene in the nickel alkyl bond. This barrier
is highly dependent on the steric bulk of the ligand: a great steric bulk increases the energy of
the resting state A1, resulting in a lower barrier for insertion.®°-%' Overall the mentioned barrier
for ethylene insertion results to be significantly lower for the nickel complexes than for the
palladium analogues accounting for their much higher activity in ethylene polymerization.®°
Following the migratory insertion step, a 14-electron alkyl complex A2 with a B-agostic
interaction is formed. Coordination and insertion of a second molecule results in linear chain
propagation. Alternatively, the B-agostic complex A2 can also undergo -hydride elimination
resulting in the formation of the hydride olefin complex A3. After rotation of the olefin and
reinsertion in a 2,1-fashion, i.e. from A2 to A4, subsequent insertion of ethylene introduces a
methyl branch, see A5 complex. A series of B-hydride elimination, rotation, and reinsertion
results in a ‘walking’ of the metal centre along the polymer chain and introduces longer alkyl
branches, e.g. A6 and A7 species.

Depending on the ligand structure, the nature of the metal and the reaction conditions, the
polyethylene microstructure can exhibit short or long chain branches as well as branches on
branches, i.e. a so-called ‘hyperbranched polymer’.5859
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Scheme 1.6: Mechanism of ethylene polymerization in presence of a-diimine catalysts.

Thus, for the first time, these Ni(II) and Pd(II) a-diimine catalysts made possible the access
to highly branched, amorphous polyethylene via a controlled catalytic insertion mechanism.

Additionally, due to their lower oxophilicity and higher functional group tolerance than early-
TMs, these catalysts allowed the copolymerization of ethylene with polar vinyl monomers,
such as methyl acrylate.5® Nevertheless, one limitation is their high sensitivity to temperature,
i.e. the Pd(II) a-diimine complexes®> decompose at 50 °C and the Ni(II) a-diimine ones® at
70°C. The Mw of the PEs formed by Ni(Il) catalysts also decreases precipitously as the
temperature of polymerization is raised.” Since gas phase olefin polymerizations typically take
place at temperatures between 80-100°C,% these issues hindered the commercialization of
these catalysts.

1.2.2.1 Cyclophane based catalysts.

The a-diimine based catalysts can be easily modified by changing the nature of its substituents
on the two N-donors, Scheme 1.7. Since it was reported that bulky N-aryl substituents suppress
chain transfer reactions by blocking axial positions at the metal centre,4>57% PE with high
molecular weights were obtained through a cyclophane structure, see Scheme 1.7-B.%6-67
Cyclophanes are ring structures consisting of alkyl chain and phenyl units.®®% The first o-
diimine cyclophane complex was synthesized by the group of Guan and has two methylene
groups bridging the outer aryl units of the two terphenyl groups, see again Scheme 1.7-B.7°
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Scheme 1.7: Comparison of the acyclic with cyclophane based Ni(Il) a-diimine catalysts.

Compared to the acyclic a-diimine based catalyst (Scheme 1.7-A), the Ni(II) cyclophane
catalyst (Scheme 1.7-B) showed an increased stability at higher temperatures producing
polymers with slightly increased molecular weight and a significantly higher branching
density.”>7 The unexpected result related to the microstructure was explained with a different
chain transfer process.” The generally accepted mechanism for chain transfer for square-
planar d® complexes consists in an associative olefin substitution process. In detail, a free
olefin monomer coordinates to the alkyl intermediate giving a pentacoordinate species, and
then in a second step the polymeric chain bound to the metal centre is displaced, see Scheme
1.8.
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Scheme 1.8: Schematic representation of the chain transfer mechanisms operating for the acyclic (associative
pathway) and cyclophane-based a-diimine catalysts (dissociative pathway).

Alternatively, cyclophane o-diimine catalysts can promote a dissociative pathway (Scheme
1.8). This event is thermodynamically favoured by electronic stabilization of the
coordinatively unsaturated M-hydride intermediate via an axial agostic interaction from the
ligand to the metal, see Scheme 1.9.7
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Scheme 1.9: Intermediate related to the dissociation of the olefin-terminated polymer along the chain transfer
reaction via a dissociative pathway.

1.2.3 Neutral Ni(II) Salicyaldiminate catalysts for homo-polymerization of
ethylene.

Driven by the potential of the a-diimine ligands, Johnson at the DuPont and Grubbs,
independently, reported a series of neutral nickel complexes with anionic N,O-ligands that
showed to be very active in the polymerization of ethylene.7>74

Ni,

-
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R= H,'Bu,Ph, 9-anthracenyl, 9-phenanthryl
X=H,Ome, NO,

Scheme 1.10: Neutral Ni(II) salicyaldiminate complexes.

At low temperature and pressure (7 °C and 10 bar), salicyaldiminate-based catalysts (see
Scheme 1.10)75 promote the formation of linear polymers with a high tolerance for solvents
containing heteroatoms, i.e. diethyl ether, THF, and for H.O or other protic compounds,7577
allowing also the advantageous polymerization in aqueous emulsion. The latter process
consists in the dissolution of the catalytic precursor in water with the formation of a lipophilic
active species that undergoes a phase transfer favouring the polymerization into a micelle.?”

Recent studies on the ethylene polymerization promoted by Ni(Il)-salicilaldiminate
compounds have revealed a significant impact of the nature of the ligand substituents. From
these studies it emerges that the catalytic behaviour and the properties of the obtained
materials can be finely tuned tailoring the steric and electronic properties of the ligands.78-79

In detail, it was demonstrated that the remote substituents on the terphenyl moiety of the
2,6-diphenylanilines influence both the molecular weight and the microstructure of the
polymer severely: electron-donating substituents (e.g. R = -CH; or -OCHj;) lead to low
molecular weight branched polymers or oligomers, whereas electron-withdrawing
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substituents, such as R = -CF; or -NO,, give polymers with high molecular weights and low
amount of branching, Scheme 1.11.80-84

molecular
weight

branching

)

Scheme 1.11: (A) Neutral salicyaldiminato Ni(II) complexes, containing a substituted terphenyl moiety and (B)
influence of the remote substituents on polymer microstructure obtained in ethylene polymerization.

In conclusion, these catalysts allowed the access to a wide range of PE microstructures under
identical reaction conditions. The origin of the so-called ‘remote substituent effect’ was
extensively investigated by DFT calculations, as reported in Scheme 1.2.83-84
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Scheme 1.12: Mechanism of ethylene polymerization for N,O salicyaldiminate Ni(Il) complexes.

The Ni-alkyl species with a B-agostic interaction (Bicis) obtained from the first ethylene
insertion into the Ni-Me bond of the precatalyst, was considered as the reference
intermediate. From this intermediate with the alkyl group trans to the oxygen atom, BHE
(Beta-Hydrogen Elimination reaction) leads to B2cis species that is disfavoured due to a high
energy barrier. Instead, ethylene coordination and isomerization to B3trans is preferred.
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From B3trans species, ethylene insertion, and therefore linear chain growth, takes place
leading to B4cis. Ethylene insertion results to be the rate determining step (rds) of this
pathway.

Alternatively to the linear chain growth pathway, ethylene decoordination leading to Bitrans
is also possible opening the way to BHE reaction. The dissociation step can take place in one
step reaction or alternatively in two-step reaction assisted by a Ni-aryl interaction (see B3a
species). The preference between the two paths depends on the remote substituents present
on the terphenyl moiety. The two-step reaction is favoured for electron-rich terphenyl groups,
i.e. in presence of groups like -CH; and -OCHj;. For electron-poor terphenyls with R = -CF;, -

NO.,, the Ni-aryl interaction is not strong enough and the direct pathway is favoured.
Considering that the insertion reaction is not affected by the substituents on the terphenyl
ring, when the two-step decoordination pathway takes place, the formation of the Bitrans
isomer is favoured.

From Bitrans, BHE can take place enabling branch formation and chain transfer pathways.
Overall, the Ni-aryl interaction gives a low energy decoordination pathway and thus, the
catalysts with electron-rich terphenyls are more prone to give BHE and consequently branch
formation and chain transfer reactions compared to electron poor ligand substituted catalysts.
This directly explains the low molecular weight and highly branched products obtained for
the catalyst with -CH; (or -OCH;) groups and consequently the linear, high molecular weight
products for catalyst with electron-poor terphenyl groups.84

1.2.4 Neutral Pd(II) Phosphine Sulfonate catalysts for homo-polymerization of
ethylene.
In the same years in which Brookhart reported the cationic Pd(IT) and Ni(II) a-diimine
complexes, several patents have been filed for Pd(I) phosphine-sulfonate ligand-based
polymerization catalysts, see Scheme 1.13.458587
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Scheme 1.13: Neutral Pd(II) phosphine sulfonate complex.

Following the initial academic report by Drent in 2002,% these catalysts have attracted a lot
of interest from numerous research groups. These catalysts produce highly linear structures
with only a few branches and are active also into the copolymerization with polar
comonomers, such as acrylates, producing linear copolymers,4587-88

The mechanism of ethylene homo-polymerization was extensively studied4>899° by Ziegler
and Nozaki-Morokuma by DFT calculations, see Scheme 1.14.
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Scheme 1.14: Mechanism for ethylene homo-polymerization with Pd(II) phosphine-sulfonate complexes.

As previously reported for the Ni(II) salycialdiminato complexes, starting from the Pd-alkyl
chain species Cicis, with a f-agostic interaction, the catalyst can access the linear chain growth
pathway, with the ethylene insertion that represents the rds.

Alternatively, it can promote the BHE elimination, favouring the branch formation and chain
transfer pathways. DFT calculations showed that for these Pd(II) phosphine-sulfonate
complexes, the energy barrier for ethylene insertion from C2rans, the BHE elimination from
Cicis and the route to obtain Citrans via ethylene decoordination, are comparable in energy;
thus, high concentrations of ethylene favour ethylene insertion, in line with the experimental
results.89-9°

1.2.5 Neutral Ni(II) phosphine phenolate catalysts for homo-polymerization of
ethylene.

Another late TM catalyst successfully employed in the homo-polymerization of ethylene is
based on the neutral Ni(IT) phosphine phenolate complex. These systems are at the base of
the Shell Higher Olefin Process, which is still used industrially today. In the SHOP process, a
k2-P,0 Ni(II) complex developed by Keim catalyses the oligomerization of ethylene to a-
olefins, Scheme 1.15-A.9793
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Scheme 1.15: Late transition metal catalysts for ethylene oligomerization and polymerization: SHOP catalyst (left)
and modified SHOP catalysts.

As reported in Scheme 1.16, the nickel hydride complex is the active species that can
coordinate and insert ethylene to give a nickel alkyl species. After repeated chain growth
steps, the system undergoes a chain transfer step, producing the oligomeric product and
regenerating the nickel hydride species.
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Scheme 1.16: Shell Higher Olefin Process for the synthesis of linear 1-olefins.

Later, Klabunde and Ostoja-Starzewski reported the synthesis of other x2-P,0O ligand Ni(II)
catalysts able to favour chain growth over chain termination reactions leading to high
molecular weight PE, Scheme 1.15-B and C.949¢

Recently, Shimizu team reported a new strategy for obtaining catalysts that disadvantages the
BHE reactions, thanks to the interactions between the nickel centre and oxygen atoms on the
P-bound ligand, see Scheme 1.15-D.97 These complexes gave highly linear and high molecular
weight copolymers with alkyl acrylates. The microstructure of the resulting copolymers is
highly influenced by the structure of the ligand.

Additionally, Li and coworkers®8 reported that the inclusion of a sterically bulky group in the
axial position of the metal, see Scheme 1.15-E, reduces the associative chain transfer reactions
favouring the linear growth of the polymeric chain, as proposed in Scheme 1.17.98 The latter
complexes showed very high catalytic activities for ethylene polymerization even at high
temperature, giving linear polymers with high Mw up to 105g mol™.9 Furthermore, they yield
high molecular weight linear copolymers with incorporation of various polar monomers, i.e.
acrylate and acrylamide, into the polymer chain. The potential of these complexes recently
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was also tested for the copolymerization of ethylene with CO. More details are given in the
section 1.3.2 and chapter 6.9
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Scheme 1.17: Suppression of chain transfer reaction by introduction of an axially oriented bulky group.%®

1.3 Transition Metal Catalysts for Ethylene Copolymerization with Carbon
Monoxide.
In 1951 was reported for the first time the use of a Ni(Il) catalyst for ethylene and CO

alternating copolymerization.'*® Since this seminal finding, 40 years of research have passed
until the discovery and commercialization by Shell of a class of highly active cationic
palladium catalysts.!°*°2

Although numerous studies on the late-TMs mediated copolymerization of ethylene and CO
have been reported, most of them afforded strictly alternating copolymers, see Scheme 1.2-
A.°2104 Until recently, there was basically no catalyst providing non-alternating ethylene-CO
copolymers, see Scheme 1.2-B.

Only in 2002 Drent reported the first example of non-perfectly alternating copolymerization
of ethylene with carbon monoxide via the coordination-insertion mechanism. He
demonstrated that a mixture of Pd(OAc). and a phosphine-sulfonate ligand led to ethylene-
CO non-alternating copolymers with CO contents in the range between 42-49%.5°
Numerous studies have been carried out since this finding.’>>"°® As mentioned above, early-
TM catalysts have been excluded as they deactivate in presence of CO. In fact, quenching with
CO is an established method for deactivating precisely such olefin polymerization catalysts."°
Considering the classes of catalysts mentioned in the previous sections, the cationic Pd(II)
and Ni(II) a-diimine catalysts were used for the ethylene copolymerization with CO but the
obtained copolymers have a perfectly alternating structure.™ Thus, in this thesis a detailed
discussion of the mechanism for this class of catalysts will be not considered.

As for the Ni(Il) salicyaldiminate catalysts, very recently, the catalyst with CF; groups as
remote substituents has been used also for the ethylene copolymerization with CO.% Since
that only alternating polyketones were obtained also in this case, a detailed discussion of
mechanism for this class of catalysts will be not considered as well.

Conversely, the behaviour of the neutral Pd(II) phosphine-sulfonate and of the Ni(II)
phosphine-phenolate catalysts turned out to be unique in ethylene-CO copolymerization
reactions.More details are reported in the sections 1.3.1 and 1.3.2 and in the Chapter 6.
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1.3.1 Neutral Pd(II) Phosphine Sulfonate catalysts for copolymerization of
ethylene with CO.

Until 2021, the Pd(IT) phosphine sulfonate complexes, see Scheme 1.13, were the only catalysts
suitable for obtaining non-alternating ethylene-CO copolymers with a low content of CO (<
49%).86  Pd(II) complexes bearing both a phosphinoarylsulfonate (1.18-A) and a
phosphinoalkylsulfonate (1.8-B) ligand were found to be active for this type of
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] P-Ar 0. 0 P-ar R

v

copolymerization.

o} R'= H, OMe, OEt, OPPr, Me

Scheme 1.18: Pd(1I) phosphine-sulfonate catalysts employed for the non-alternating copolymerization of ethylene
with carbon monoxide.

By altering the reaction conditions, the desired ethylene incorporation ratio can be obtained.
For instance, the multiple insertion of ethylene is enhanced by an increase in the ethylene-
CO ratio, although the catalytic activity is reduced.®® The amount of ethylene incorporated
into the copolymer was also significantly increased by a tailored modification of the ligand
skeleton, i.e. by adding a bulky o-alkoxy group such as the o-methyl group on the aryl
substituent. As a result, it has been possible to produce non-alternating copolymers with as
little as 10 mol % CO incorporation with this class of catalysts."?

These catalysts gave low molecular weight brittle waxes and no high molecular weight
polyketones were obtained despite extensive studies by different joint industrial and academic
ventures.

The mechanism of ethylene-CO copolymerization was investigated through experimental’?

and theoretical®8%9 studies. It was demonstrated that it comes via a coordination-insertion
mechanism in a similar way to what was previously reported for the homo-polymerization of
ethylene.’7

In the study Ziegler compared two systems, i.e. the neutral Pd(II) phosphinoarylsulfonate
catalyst (named Drent catalyst, Scheme 1.19-A) and the cationic bidentate diphosphine 1,3-
bis(diphenylphosphino)propane ligand (dppp) based catalyst, see Scheme 1.19-B.**® For these
two systems, the two competitive ways, i.e. alternating (from D1 to D5 in Scheme 1.20) and
non-alternating pathways (from D1 to D3 in Scheme 1.20), were studied.
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Scheme 1.19: Schematic representation of the neutral Drent catalyst A and the cationic palladium catalyst B.

The stable five membered chelate D1 obtained via a CO insertion followed by an ethylene
insertion is the resting state of the ethylene-CO copolymerization reactions. From D1
formation of multiple ethylene units, i.e. non-alternating copolymers, can be understood as a
result of the favored ethylene insertion into this five-membered palladacycle species D1,
leading to the B-agostic intermediate D3. On the contrary, alternating copolymers could be
obtained if from D1 the CO insertion is favored over the ethylene insertion to form the six-
membered chelate D4. From D4 only the coordination and insertion of the ethylene unit is
possible because the double insertion of CO is thermodynamically and kinetically
unfavored.1081%9
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Scheme 1.20: Mechanism of the alternating and non-alternating copolymerization of ethylene with CO for catalysts
A and B.

For the Drent catalyst, the Pd~O interaction in D1 and D4 intermediates is weaker compared
to the cationic complex, due to the increased back-donation from the palladium to the
monomer for the neutral complex.’*8° Consequently, the opening of the chelate structures
D1 and D4 becomes easier for the neutral Pd(II) catalyst compared to the cationic complex.”3
Furthermore, for Drent catalyst, the decarbonylation reaction, i.e. CO elimination from D4
toward D1, is more favorable than for the cationic complex. This was also supported by
experimental results, i.e. the formation of D4 was not observed by NMR analyses.”7 In
conclusion, the multiple ethylene insertion is possible only for the neutral Pd(Il) catalyst,
while the cationic Pd(II) dppp complex produces strictly alternating polyketone,©819

1.3.2 Neutral Ni(II) phosphine phenolate catalysts for copolymerization of
ethylene and CO.

Despite the literature consensus that phosphine-phenolate catalysts are rapidly deactivated
by CO"® and at most form only alternating polyketones with low activity"°, in the last year,
the group of Prof. Mecking reported a series of phosphine-phenolate catalysts with bulky
substituents on the phenolate moiety (Scheme 1.15-E) able to copolymerize ethylene E-CO
mixtures with a very low partial pressure of CO.% A substantial amount of high Mw
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polyethylene was obtained with the desired low content of keto groups in the chain. The high
molecular weights of the keto-modified PEs and the complete absence of branches suggest
that the incorporation of CO does not promote any problematic chain transfer reaction.%

In this thesis a detailed mechanistic study for this class of catalysts for the E-CO
copolymerization reactions is discussed, for more details see Chapter 6.
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Chapter 2

Objectives

The steric environment and the electrical properties of the active catalytic sites are the
fundamental parameters which define and modulate the catalytic behaviour of a catalyst.
Late-TM catalysts allow in most of the cases to achieve a good control of the molecular weight
and branching microstructure of the polymers, and consequently of the properties of the
obtained materials, both for ethylene polymerization and for ethylene and carbon monoxide
copolymerization.

To this end, tailoring the steric environment of the active site and manipulating the electronic
properties for new emerging catalytic systems is challenging but also essential for a complete
understanding of the catalyst behaviour.

This doctoral thesis addresses some of the essential open issues to rationalize the behaviour
of catalysts in development, using molecular descriptors to build structure-activity
relationships as a guide toward the rational design of outperforming catalysts.

The aim is reached by means of quantum mechanical DFT calculations and in a close
collaboration with the experimental group of Prof. Stefan Mecking at University of Konstanz.
In particular, the attention has been focused mainly on two different classes of catalysts, i.e.
Ni(II) salicyaldiminato and Ni(IT) phosphine-phenolate complexes.

The mechanistic studies carried out are described as the objectives of this thesis

e Chapter 3: Mechanistic study of the homo-polymerization of ethylene promoted by
four new 2,6-Bis(arylimino)phenoxy catalysts. The aim of this work was to understand
the role of the second imine donor in the ligand and the impact of the charge on the
corresponding protonated cationic catalysts.

o Chapter 4: Mechanistic study of the homo-polymerization of ethylene promoted by
new neutral bis(imino)phenoxy complex bearing an asymmetrical cyclophane ligand.
The aim of this study was to understand if the steric environment of the peculiar
cyclophane architecture plays a key role in affecting the polymer microstructure.

e Chapter 5: Mechanistic study of the homo-polymerization of ethylene promoted by
two Ni(II) phosphine phenolate complexes which differ in the remote substituents
present on the bis-phenyl moiety. The aim of this study was to understand how the
electronic nature of the substituents influences the microstructure of the polymers.

e Chapter 6: Mechanistic study of the copolymerization of ethylene with carbon
monoxide promoted by several Ni(II) phosphine phenolate complexes. The aim was to
understand the mechanism that leads to the formation of in-chain polyketones and to
rationalize the role of a peculiar Ni-ligand interaction.
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All the complexes studied in this thesis were synthetized and characterized by the
experimental group of Prof. Stefan Mecking. The experimental results will be described in the
introduction of the following chapters.
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Chapter 3
Results and discussion

Theoretical study by DFT of the ethylene polymerization
promoted by neutral and cationic Ni(II) Bis(imino)phenoxy
Catalysts: rationalization of the role of the second imine donor
and the impact of the charge.

3.1 Introduction

Salicylaldiminato complexes with a second imine donor in ortho-position to the oxygen atom
of the ligand are known as 2,6-bis(arylimino)phenoxy complexes. Based on such a ligand
structure, several nickel catalysts for the polymerization of ethylene have been synthesized."+
5 The peculiar structure of this ligand gives rise to two potential binding sites for metal
species, and consequently offers the possibility for the nickel centre to switch between them,
as reported in Scheme 3.1.9417
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Scheme 3.1: Generic structure of bis(imino)phenoxy complexes with two binding sites.

Neutral bis(imino)phenoxy complexes with a single site of binding occupied by the nickel ion
and with different remote substituents on the imine donors were synthetized, namely CH;
and CF; catalysts in Scheme 3.2, and their catalytic properties were tested in ethylene

polymerization experiments."
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Scheme 3.2: Structure of catalysts CHs;, CF;, CH;-H* and CF;-H".

It has been reported that for Ni(II) salicylaldiminato catalysts a distinctive difference in
catalysis exists between trifluoromethyl- or methyl substituted terphenyl group due to the so-
called “remote substituent effect” (see section1.2.3 and Scheme 1.11).8519120

Similarly,? for the 2,6-bis(arylimino)phenoxy complexes, it was observed that in the same
experimental conditions, catalyst CH; produces hyperbranched oligomers (for more details
see supplementary file Table 3.1: entry 1-2), whereas catalyst CF; produces HDPE with high
molecular weights (see supplementary file Table S3.1: entry 6-8).

Additionally, in the second binding site an added proton was incorporated creating a
N-.-H*.--O bridge next to the nickel atom with the central oxygen atom, namely CH;-H* and
CF;-H* catalysts in Scheme 3.2. Studies of two different remote substituents on the N-
terphenyl distal rings, varying their electronic nature, shed more light on the role of the added
proton other than the second imine donor.

Additionally, the second nitrogen binding site for this class of complexes has been shown to
be well suited for the incorporation of a single proton with the formation of a N-H*-O
bridging motif, see Scheme 3.2."8 The proton was incorporated by addition of Brookhart's acid
[H(OEt,).]|[BArf,] (Arf = 3,5-(F5C).CsHs). The anion introduced in such way, i.e. BArf,, is
noncoordinating, and, thus, this will have a scarce influence on the catalytic properties. For
this reason, it was not considered in the computational studies. Also in this case, complexes
with two different remote substituents on the N-terphenyl distal rings were tested, i.e CH;-
H* and CF;-H*.

It was observed that the presence of a bridging proton in the cationic complexes dramatically
alters the catalytic properties (see supplementary files, Table S3.1 entry 3-5 and 9-u1). This
effect is most pronounced for CF;-H". In fact, while the parent neutral complex CF; affords
HDPE, this protonated complex yields low molecular weight branched oligomers (Mn < 3 kg
mol™ by NMR, 23-27 branches/1000 C atoms by 3C{'"H} NMR). As for CH;-H* vs. CH;, the type
and amount of branches differ significantly with the neutral non-protonated catalyst being
capable of extensive chain walking resulting in hyperbranched structures (Mn < 2 kg mol™ by
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NMR, 94-96 branches/1000 C atoms by 3C{*H} NMR) and the protonated complex producing
oligomers with a rather low degree of branching and exclusively methyl branches (Mn < 1 kg
mol” by NMR, 23-25 branches/1000 C atoms by 3C{'H} NMR)."8

All the experimental results reported herein on the ethylene polymerization catalyzed by
neutral and cationic bis(imino)phenoxy complexes were performed by Dr. Eva Schiebel in the
group of Prof. Stefan Mecking at the University of Konstanz (Germany)."

The DFT approach was used in this study to clarify the role of the non-coordinated imine
donor lying on the new CH; and CF;nickel complexes and the impact of the charge in the
cationic counterpose catalysts CH;-H* and CF;-H* during ethylene polymerization.

The distinctly different catalytic behaviour of the neutral and cationic complexes was further
investigated through detailed mechanistic studies analysing both the steric and electronic
influence of the protonation, i.e. through the comparison of the energies involved along the
linear chain growth, chain transfer and branching formation pathways. An isolated analysis
of the steric impact alone is given by topographic steric maps, whereas a detailed analysis of
the energies of the intermediates and transition states during catalysis captures both the
electronic and steric impact. The computed free energies are expressed as AG in kcal mol?
(the computational details are reported in the supplementary files).

3.2 Results and discussion.

3.2.1 Detailed analysis of the catalyst precursors: Allyl-CH;, Allyl-CF;, Allyl-CH;-H*
and Allyl-CF;-H*.

3.2.1.1 Structural analysis.

At first, to determine the most favored orientation of the second imine arm, a conformational
analysis was performed on Allyl-CHj;, Allyl-CF;, Allyl-CH;-H* and Allyl-CF;-H* pre-catalysts.
For both Allyl-CH; and Allyl-CF; pre-catalysts the conformer with the non-coordinated imine
donor lying away from the nickel centre is lower in energy of about 3 kcal mol~, (see Scheme
3.3). This conformation turns out to be more stable also for all intermediates and transition
states involved in the mechanistic study discussed below.

T R

CH,
R=CH, Allyl-CH, 0.0 - 3.0 kcal/mol
R=CF, Allyl-CF, 0.0 - 3.0 kcal/mol

Scheme 3.3: Model of the two isomeric structures for Allyl-CH; and Allyl-CF; precatalysts. Note that for all
systems, the calculations are performed on the catalysts with a methyl substituent in para position on the phenoxy
ligand rather than the '‘Bu group. The microstructure formed is independent of this substituent (see supplementary
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files, section 3.3.2) which allows the replacement of the ‘Bu group for a methyl group for reduced computational
effort."8

By contrast, the second imine arm points in the direction of the nickel atom for the protonated
complexes (Allyl-CH;-H* and Allyl-CF;-H*) and it is bridged to the phenoxy O-donor.

It this worth noting that the favoured conformations were also observed in the X-ray structure
for all the four allyl pre-catalysts, for more details see section 3.3.3 in supplementary files.

3.2.1.2 Steric analysis.

For the four allyl pre-catalysts, the steric analysis performed by computing the steric maps™
showed that the most sterically hindered area coincides with the position of the nitrogen atom
coordinated to Ni projecting the upper terphenyl group towards the coming substrates (see
north-east quadrant in Figure 3.1), as already observed in presence of the
mono(imino)phenoxy ligands.® On the contrary, the opposite hemisphere around the nickel
is occupied by the non-coordinated N-terphenyl donor that lies more far from the metal
centre. However, in case of Allyl-CH;-H* and Allyl-CF;-H* catalysts, as discussed above, the
second imine ligand is rotated towards nickel centre generating a new hindered area around
the metal (see red spots in the south-west quadrant in Figure 3.1). Finally, in all cases, the
fluorinated complexes are more hindered due to the presence of the -CF; groups.

Figure 3.1: Topographic steric maps and %Vpur divided by quadrants of the Allyl-CH;, Allyl-CF;, Allyl-CH;-H*,
Allyl-CF;-H* systems. The complexes are oriented as shown for Allyl-CH; (above on the left) and Allyl-CH;-H*
(below on the left).

3.2.1.3 Electronic analysis.
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The natural bond population analysis (NBO) performed on the four allyl catalytic precursors
showed that the protonated catalysts exhibit a higher positive charge on Ni due to the weaker
Ni-O bond, as consequence of the incorporation of the proton into the second binding site
giving rise to H~O interaction (for more detail see supplementary files, section3.3.3). These
results agree with the lower electron density on the protonated complexes than on the neutral
ones as experimentally observed by cyclic voltammetry analysis (i.e. the forward peak
potential obtained by cyclic voltammetry analysis reported in supplementary files, Table S3.6).

3.2.2 Mechanistic investigation.

In line with our previous studies on the mono(imino)phenoxy analogue complexes,? the Ni-
propyl species 1-B-T (stabilized by a B-agostic interaction with the metal centre), showing an
alkyl chain in trans position with respect to the oxygen, models the product of the ethylene
insertion into the Ni-growing chain bond. For this reason, it is considered as the zero point
energy reference for all the reaction pathways studied.

For the protonated catalysts, the starting species 1-B-T seems to have a weaker Ni-O bond
(longer Ni-O bond) and a stronger Ni-H interaction (shorter Ni-H bond) than their non-
protonated counterparts as a consequence of the established O-H interaction, see the Figure
3.2 in which the Ni-PH, Ni-PC and Ni-O distances of the neutral CH; catalyst are compared
with the distances of the analogue protonated complex CH;-H*.
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Figure 3.2: Intermediate 1-B-T for CH3 (on the left) and CH3-H* (on the right). The distances are reported in A.

From 1-B-T, the complete mechanism of the linear propagation reaction, the termination and
the branches formation reactions were studied, Scheme 3.4. In detail, the red and green
numbers account for CH; and CF; neutral catalysts and black and blue numbers for CH;-H*
and CF;-H* cationic catalysts, respectively.
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Scheme 3.4: Gibbs free energies (AGrot in kcal mol™) of key species for linear chain growth, chain transfer and branch
formation with CF; (green), CHj (red), CF;-H* (blue) and CH;-H*(black).

3.2.2.1 Linear chain growth pathway.

In the first step during catalysis, ethylene coordinates yielding 2-Coor-T, a complex with the
alkyl chain trans to the oxygen atom. The energies of this intermediate are higher for the
protonated complexes (4.7 kcal mol~ for CF5-H* and 6.4 kcal mol-1 for CH;-H*) compared to
the neutral complexes (1.2 kcal mol™ for CF; and 2.2 kcal mol~ for CH;) reflecting a further
increase of the Ni-O bond length and indicating the relatively less favourable nature of
ethylene coordination (compared to a f-agostic interaction) in the cationic systems. The next
step during catalysis is an isomerization to 2-Coor-C, where the olefin is coordinated trans to
the oxygen atom, an intermediate with overall similar energies for all four complexes. Starting
from 2-Coor-C, either ethylene insertion or chain transfer can take place. Ethylene insertion
occurs via TS-2ins to 2-B-T. The energies for the transition states for the protonated complexes
are significantly higher in this case (14.2 kcal mol™ for CF;-H* and 14.5 kcal mol~* for CH5-H*)
compared to the energies for the neutral complexes (1.9 kcal mol~* for CF; and 13.3 kcal mol™
for CH3;), coinciding with an increased Ni-O bond length as well as higher Ni-olefin distances
in the transition state. It this worth noting that the energies required for the insertion step
arm are similar to those observed for the mono(imino)phenoxy systems (compare the energy
barriers of 1.9 kcal mol™ for CF;and 13.3 kcal mol for CH; with those calculated for analogues
mono(imino) complexes with CF; and CH; groups, respectively) and thus not affected by the
presence of the non-coordinated imine.%>
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3.2.2.2 BHE elimination pathway.

Branch formation and chain transfer starts with the formation of a p-agostic complex, 1-B-C,
followed by BHE giving 1-BHE-C. In the first step, ethylene decoordination can take place
either directly in a single step (via TS-2decoor) O via an intermediate with a Ni-aryl interaction
(1-Pr-C) in a two-step decoordination process. The single-step process is favoured for the
complexes with an electron-poor terphenyl group (CF; and CF;-H*), whereas the two-step
process is viable for the complexes with electron-rich terphenyl groups (CH; and CH;-H*),
similar to mono(imino)phenoxy systems.> The observed difference in catalysis between the
two neutral complexes arises from this step: while for the CHj;, the Ni-aryl interaction opens
a low energy pathway toward branch formation and chain transfer, this pathway is unlikely
for CF; due to a higher energy barrier. Therefore, hyperbranched oligomers are obtained for
CH;, while CF; gives HDPE in pressure reactor experiments. The pathway including a Ni-aryl
interaction via 1-Pr-C is also accessible for the protonated, methyl substituted complex. The
electron-donating properties of the methyl substituted terphenyl groups seem to overrule the
electronic change by protonation. However, the effect of this Ni-aryl interaction is irrelevant
for the protonated complexes, as in the next step toward chain transfer or branch formation,
the BHE itself shows higher energy barriers compared to (Ni-aryl assisted) ethylene
decoordination forming the first intermediate (2-Coor-C to 1-B-C).The intermediate 1-B-C is,
as a 3-agostic complex, more stable for the protonated complexes than for the non-protonated
ones, and in the case of CF;-H* it can be considered as a resting state. For the following BHE,
the higher energies for TS-1gnE-c are attributed to the cationic complexes (13.4 kcal mol~ for
CF;-H* and 13.3 kcal mol for CH;-H*) compared to the neutral complexes (11.0 kcal mol~ for
CF; and 10.9 kcal mol™ for CHj), reflecting the forming Ni-olefin complex 1-BHE-C.

Starting from 1-B-T, BHE could lead to the nickel hydride species 1-BHE-T with a propene
molecule coordinated trans to the oxygen atom. Due to the unfavorable kinetics this
possibility was ruled out for all the complexes. Hence, BHE has to occur from the cis isomer
1-B-C, leading to the sterically less crowded and energetically favored isomer 1-BHE-C. All
potential pathways for a direct cis/trans isomerization of the B-agostic complex were
calculated to involve transition states with extremely high free energies and therefore they
have also been ruled out.

Comparing the two possible pathways starting from 2-Coor-C, either ethylene decoordination
and BHE or linear chain growth, the neutral complexes are more likely to undergo linear chain
growth when compared to the cationic complexes; a measure for that is the energy difference
between the highest energy barrier for each pathway (AAGprop-elim*: calculated from the energy
attributed to TS-2ins for ethylene insertion and the energy for the transition state with the
highest energy toward 1-BHE-C en route to chain transfer and branch formation). Whereas
CF; has the highest tendency for ethylene insertion (AAGprop-clim *= -1.6 kcal mol™), CH;-H*
has the highest tendency toward BHE (AAGyprop-elim *= +1.2 kcal mol™). This agrees with the
experimentally observed high molecular weight polymer for CF;, while for CH;-H* short chain
oligomers are obtained.
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3.2.2.4 Chain transfer pathway.

The chain transfer reaction occurs prevalently through a two steps mechanism consisting in
monomer coordination and then chain decoordination leading to the -agostic complex 1-
Transf-2 that starts a new polymer chain.

From 1-BHE-C the ethylene coordination leads to a five-coordinated intermediate, 1-Transf-
1. For CF; and CH; starting from 1-Transf-1, the following release of propene occurs via TS-
3decoor leading to the 2-BHE-C intermediate with the monomer coordinated in cis position
with respect to the oxygen atom. After displacement of propene, ethylene insertion in the Ni-
H bond via TS-4ins yields to the stable B-agostic complex, 1-Transf-2. Instead for CF3-H* and
CH;-H*, the decoordination of the unsaturated chain is concerted with monomer insertion
and 1-Transf-2 product is obtained through a barrierless mechanism for which it was not
possible to locate the corresponding TS. This difference can be ascribed to the effect of the
bridge and of the species lying trans to the oxygen atom for CH;-H* and CF;-H* systems.
The overall energy barriers (AGtranst *, this is the overall energy barrier for the whole process;
resting states like 1-B-C for CF;-H* must be considered) for this process do not differ
significantly both neutral or cationic complexes. However, compared to the overall energy
barriers of ethylene insertion, chain transfer is less likely for the neutral complexes.

3.2.2.4 Branch formation pathway.

Branch formation from 1-BHE-C proceeds via TS-1.,1-ins (2,1-insertion of the propyl chain) to
form the resting state 3-B-C. Finally, monomer coordination and insertion into the Ni-
isopropyl bond via TS-3ins form the methyl branched product 4-B-T. The overall energy
barriers for branch formation (AGuranch *) are 12.9 and 14.6 kcal mol~* for CH; and CF; and 16.2
and 13.7 kcal mol™ for CH;-H* and CF;-H*, respectively. Comparing these energy barriers to
the ones of chain propagation and chain transfer, it is more likely for CH; and CF;-H* to form
branches than CF; and CH5-H".

3.2.2.5 Comparison of CH;, CF;, CH;-H* and CF;-H* catalysts.

Overall, for the neutral complexes, the second imine donor does not influence catalysis
significantly; it is rotated away from the nickel atom and thus does not interfere in catalysis.
The catalytic properties are similar to those of mono(imino)-phenoxy catalysts. For the
protonated complexes, this imine forms a chelate with the incoming proton thereby slightly
increasing steric pressure. The proton itself reduces the donor properties of the oxygen atom
and decreases the Ni-O bond strength for all modelled transition states and intermediates, as
reflected by higher Ni-O bond lengths. As the most decisive effect, f-agostic interactions are
more favourable relative to olefin coordination. This results in a higher energy of the ethylene
insertion transition state, which ultimately leads to a higher preference of the cationic
complexes to undergo monomer decoordination and BHE compared to the neutral
complexes.
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3.2.2.6 Summary and conclusion.

In this chapter the DFT study performed on the ethylene polymerization mechanism in
presence of the new reported bis(imino)phenoxy complexes was discussed for both the
neutral systems and the cationic ones obtained by addition of a proton. For the protonated
complexes, the additional imine donor in the ligand forms a chelate with the incoming proton.
This interaction slightly raises the steric pressure around the Ni centre respect to the
corresponding neutral systems. On the other hand, the proton itself reduces the charge
donation of the oxygen atom to the metal and consequently the Ni-O bond weakens. In fact,
from calculations it is observed an elongation of the Ni-O bond in all transition states and
intermediates geometries, in agreement with X-ray structural analysis and oxidation
potentials results. In the parent non-protonated complexes, the second imine donor is
directed away from the active site and has little influence on the catalytic properties. This
enables a comparison of the catalytic behaviour of cationic protonated species and reference
neutral species, with otherwise essentially identical coordination environments of the active
site. Studies of two different remote substituents on the N-terphenyl distal rings varying in
their electronic nature, which are known to impact polymer microstructures in neutral
catalysts, further illuminate the role of protonation. The presence of a bridging proton in the
cationic complexes dramatically alters the catalytic properties. This is more pronounced for
CF;-H*. While the parent neutral complex CF; affords HDPE, this protonated complex yields
low molecular weight oligomers (Mn < 1 kg mol™). This indicates a much higher rate for chain
transfer for the protonated complex. For CH;-H* vs CHj;, the type and amounts of branches
differ significantly. The neutral non-protonated catalyst is capable of extensive chain walking,
resulting in hyperbranched structures. In contrast, the protonated complex produces
oligomers with a rather low degree of branching and exclusively methyl branches. Theoretical
studies showed that olefin coordinated intermediates and transition states of protonated
complexes are relatively more destabilized compared to the neutral complexes when
referenced to B-agostic intermediates. Ultimately, this results in a higher tendency for the
cationic complexes to undergo BHE compared to ethylene insertion. More precisely, the
energy barriers of the two steps leading to the BHE product, ethylene decoordination and
BHE itself, compared to the energy barrier for ethylene insertion give a relative tendency of
the system to either undergo BHE or chain propagation. The neutral complex CF; always
favours ethylene insertion, leading to HDPE. For the neutral complex CHj;, ethylene
decoordination and ethylene insertion are similar in energy, but BHE itself is favoured over
ethylene insertion, which consequently leads to frequent chain walking. For both cationic
complexes (CF;-H* and CH;-H*), ethylene decoordination and BHE itself is favoured over
ethylene insertion, which accounts for the similar, low molecular weight products for both
cationic complexes. These findings provide a rationale for the impact of electron density on
the active site on late transition metal catalysed polymerization, an important parameter that
is usually difficult to unravel. This is helpful for understanding catalysts’ behaviour, and for
design of catalysts with unsymmetrical chelating ligands with two different donors.
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3.3 Supplementary files.
3.3.1 Polymerization experiments.
Table S3.1: Ethylene polymerization results for CH;, CF;, CH;-H* and CF;-H* catalysts.®

# pre- T ethylene isolated M. (NMR) M (GPC) [kg PDI Tm | Bk
catalyst [°C] uptake [g] yield [g] [kg mol™]® mol?] }[:’C]

1 CH; 30 L5 1.6 15 2.94 1.74 i 94
2 CH; 50 4.1 4.0 11 2.24 1.64 i 96
3 CH;-H* 30 0.7 0.3 0.76 0.72°¢ 1.4° 30 23
4 CH;-H* 50 2.1 1.8 0.58 0.61° 1.3¢ 50 33
5 CH;-H* 70 1.3 1.4 0.52 0.55° 1.3¢ 50 35
6 CF; 30 3.0 31 /C 126f 4.6f 127 |5
” CF; 50 9.2 9.0 / 37f 1.9f 14 15
8 CF; 70 14.9 14.2 /C 20f Lgf 108 | 20
9 CF;-H* 30 0.8 0.55 2.4 29" 24 F M3 27
10 CF;-H* 50 11 1.27 4.5 5.0‘3'g 5.8 13 23
1 CF;-H* 70 1.2 118 3.6 4.1e'g 21 B 106 24

@ Polymerization conditions: 5 umol precatalyst, t = 30 min, 40 bar C.H,, 100 mL toluene.? From'H NMR; determined
by comparing the olefinic signals to the backbone. ¢ No olefinic end groups detectable. ¢ Determined by gel
permeation chromatography (GPC) at 50 °C in THF vs polystyrene standards. ¢ Determined by GPC at 160 °C in
dichlorobenzene vs linear PE standards.  Determined by GPC at 160 °C, universal calibration against polystyrene.
9 Bimodal molecular weight distribution. " From DSC, second heating cycle, heating rate: 10 K min™." Fully
amorphous material.’ Branches/1000 C atoms. ¥ Determined by 3C{* H} NMR (inverse gated).

3.3.2 Influence of a substituent para to the Phenol-O.
An analogue of complex CF; with a ‘Bu substitution in para position to the phenolic oxygen
atom (CF;-‘Bu; Scheme S3.1) was also prepared.
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Scheme S3.1: Structures of catalysts CF; and CF;-'Bu.

This complex (CF;-‘Bu) was tested in ethylene polymerization experiments using the same conditions
as for CF; (Table S3.2). The productivity, activity and the microstructure of the obtained polymer does
not depend significantly on the substituent para to the phenolic oxygen atom.

Table S3.2: Ethylene polymerization results for CF; and CF;-'Bu.

n Isolated Mn Mn (GPCQ) %
#  Precatalyst (precat) T yield (NMR) [kg mol PDI de Bef Moec
[pmol]  [°C] [g] [kg mol™] 1a [°C]
4.6 | 127
1 CF; 5 30 3.1 /b 126° 5 100
1.9¢ 14
2 CF; 5 50 9.0 / 37° 15 99
b . 1.8° 108
3 CF; 5 70 14.2 / 20 20 97
a° 12
4 CF;-'Bu 10 30 7.5 /b 59.1° 3 7 8 99
. . 1.9¢ 121
5 CF;-'‘Bu 10 50 14.6 1.6 10.9 22 98

Polymerization conditions: 40 bar C.H,, 100 mL toluene, 1000 rpm, t = 30 min; a) from 'H NMR; determined by
comparing the olefinic signals to the backbone; b) no olefinic end groups detectable c) determined by GPC in
dichlorobenzene, universal calibration against polystyrene; d) determined by DSC, second heating cycle, heating
rate: 10 K min™; e) Branches/ 1000 C atoms; f) determined by 3C{'"H} NMR (inverse gated).

3.3.3 Crystal Structure Analysis.

For the complexes, including two of the protonated complexes, crystals suitable for single
crystal X-ray crystallography could be obtained (Figure S3.1, S3.2, S3.3 and S3.4). The nickel
atom is coordinated square planar with a slight distortion in all structures. For the non-
protonated complexes (Allyl-CH; and Allyl-CF;) the non-coordinated imine donor is rotated
away from the nickel centre. By contrast, this imine points in the direction of the nickel atom
for the protonated complexes (Allyl-CH;-H* and Pyr-CF;-H*) and is bridged to the phenoxy
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O-donor by the proton originating from the Brookhart’s acid. For both crystal structures, the
characteristic proton in the N,O-chelate was found by its electron density.

Figure S3.1: Schematic structure and ORTEP-plots of Allyl-CH; (30 % probability ellipsoids, hydrogens are omitted
for clarity) determined by X-ray diffraction from different perspectives.

Figure S3.2: Schematic structure and ORTEP-plots of Allyl-CF; (30 % probability ellipsoids, all hydrogens are
omitted for clarity) determined by X-ray diffraction from different perspectives. For the Ni Allyl group is and some
of the CF; groups disorders are modelled.
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Figure S3.3: Schematic structure and ORTEP-plots of Allyl-CHs-H* (30 % probability ellipsoids, all hydrogens are
omitted for clarity) determined by X-ray diffraction from different perspectives.
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Allyl-CH,-H*

Figure S3.4: Schematic structure and ORTEP-plots of Pyr-CF3-H* (30 % probability ellipsoids, all hydrogens are
omitted for clarity) determined by X-ray diffraction from different perspectives.
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The bridging proton in CH;-H* and CF;-H* is clearly N-bonded, but also interacts with the
oxygen atom. The distances between the N-atom and the proton of d = 0.75(5) A (Pyr-CF;-
H*) and d = 0.88(4) A (Allyl-CH;-H*) are close to the respective covalent radii.

3.3.4 Natural Bond Population Analysis.

3.3.4.1 Complexes CF;, CH;, CF;-H*and CH;-H".

Natural bond population analysis (NBO) was performed for Allyl-CF;, Allyl-CH;, Allyl-CF;-
H* and Allyl-CH;-H*. Due to the protonation, the Ni-O bond is weakened, as indicated by
the increased Ni-O bond distances for the protonated systems respect to the non-protonated
ones, (Allyl-CH;: Ni-O 1.885 A, Allyl-CF;: Ni-O 1.882 A, Allyl-CF;-H*: Ni-O 1.919 A, Allyl-
CH;-H*: Ni-O 1.913 A). These results agree with the structures obtained by X-ray
crystallography. Moreover, the protonated systems exhibit a lower positive charge on Ni and
a greater negative charge on the oxygen atom. The two nitrogen atoms are electronically
different in these complexes. In details, for the non-protonated Allyl-CH; and Allyl-CF;
systems the greater electron density is localized on N1 that coordinates to the metal. On the
contrary, even though N2 is protonated in case of Allyl-CH;-H*and Allyl-CF;-H", a greater
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electron density is present on N2 than on Ni. This unusual result can be ascribed to the
presence of the m-conjugated system that is able to delocalize the iminium positive charge.

Table S3.3: NBO Charges for Allyl-CH;, Allyl-CF;, Allyl-CH;-H*and Allyl-CF;-H".

N1
N2 (0] Ni
(N coordinated to Ni)
Allyl-CH; -0.47939 -0.44514 -0.58414 0.40857
Allyl-CH;-H* -0.45075 -0.48306 -0.60651 0.42562
Allyl-CF; -0.49483 -0.45978 -0.58128 0.39998
Allyl-CF;-H* -0.46028 -0.49156 -0.60716 0.41722

An electronic analysis with a natural bond population analysis (NBO) has been performed on
the discussed intermediates and transition states for the two protonated complexes CH;-H*
and CF;-H*.

Table S3.4: NBO Charges and (O-~H and Ni-O) distances for complexes CH;-H*.

Catalyst Distances Distances Ni—O Charges on Chargeson O Charges on H

CH;-H* O-H (&) (A) Ni (NBO) (NBO) (NBO)

2-Coor-T 1.94339 2.04372 0.43332 -0.61770 0.46153

-0.61148

2-Coor-C 1.87536 1.97887 0.44627 0.46635
TS-2ins 1.93332 2.01371 0.42573 -0.61699 0.45828
1-8-T 1.85939 1.92229 0.43529 -0.63567 0.46884

TS-1gHe-c 1.90752 1.95767 0.28444 061941 0.46490
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1-BHE-C

1.93220

1.96992

0.28031

-0.61778

0.46330

Table S3.5: NBO Charges and (O~H and Ni-O) distances for complexes CF;-H*.

Catalyst Distances Distances Ni—O Chargeson Ni | Chargeson O | Charges on H
CF;-H* O-H (A) (A) (NBO) (NBO) (NBO)
2-Coor-T 1.85645 2.02809 0.43666 -0.62309 0.46279

-0.61181
2-Coor-C 1.84915 1.97380 0.43470 0.46585
TS-2ins 1.98200 2.01420 0.42109 -0.61700 0.46313
1-8-T 1.80895 1.92411 0.42475 -0.63416 0.46984
TS-1gHe-c 1.83693 1.95556 0.27526 -0.61926 0.46483
1-BHE-C 1.85730 1.96900 0.27282 -0.61870 0.46458

NBO performed on protonated and non-protonated complexes showed that, as consequence
of the incorporation of the proton on the second imine arm and of the H-O interaction, the
protonated systems exhibit a higher positive charge on Ni in agreement with the experimental
results obtained by CV.

Table S3.6: Halve-wave potentials of CH;, CF;, CHs;-H* and CF;-H* in DCM referenced against
[Cp*2Fe]/[Cp*2Fe]* (Cp* = C5(CH3)5-), "Bu,PFs as electrolyte and a sweep rate of 100 mV s™.

R=CH; R =CF;
E by CV [mV], 27 283
non-protonated complexes R
E by CV [mV], 508 624

Protonated complexes R-H*

For the non-protonated complexes half wave potentials of E = 27 mV (CH;) and E = 283 mV
(CF;), respectively, were measured. These values differ only slightly from reported values for
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similar Ni(II) salicylaldiminato complexes without a second imine function. The forward peak
potentials for the protonated complexes are significantly higher, E = 508 mV (CH;-H*) and
E = 624 mV (CF5-H*). This clearly shows that protonation reduces the electron density at the
Ni site. The electron densities are not only lower, the difference between the CF;- and CH;-
substituted complexes is also less pronounced. In this sense, protonation dominates the
electronic nature as observed by electrochemistry.

3.3.5 Computational Details
3.3.5.1 General Methods

All the DFT geometry optimizations were performed at the GGA BP86'2>24]evel of theory with
the Gaussian 09 package.?> The electronic configuration of the systems was described with
the 6-31G(d) basis set for H, C, N, F, and O while for Ni the quasi-relativistic LANL2DZ ECP
effective core potential was adopted.’>® All geometries were characterized as minimum or
transition state through frequency calculations. The reported free energies were built through
single point energy calculations on the BP86/6-31G(d) geometries using the Mo6 functional
and the triple-{ TZVP*27129 basis set on main group atoms. Solvent effects (toluene) were
included with the PCM model.3°!' To this Mo6/TZVP electronic energy in solvent, thermal
corrections were included from the gas-phase frequency calculations at the BP86/6-31G(d).
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Chapter 4
Results and discussion

Theoretical study by DFT of the ethylene polymerization
promoted by Neutral Unsymmetrical Coordinated Cyclophane
Polymerization Catalyst: rationalization of the steric
environment.

4.1 Introduction

The steric environment of a catalytically active site experienced by the substrates is key to
determine favorable reaction pathways. Square planar coordinated active sites, as
encountered in innumerable d8-metal catalysts, are particularly challenging in this regard due
to the relatively low coordination number and the consequently large open spaces in the
apical direction. A prominent example are late-TM olefin polymerization catalysts.’3>33
Compared to early-TM catalysts,34 the less electron deficient and less oxophilic nature of such
d®-metal sites results in functional group tolerance. At the same time, the propensity for BHE
reactions enables the formation of unique branching structures,5735 but the BHE pathway also
needs to be controlled as it determines not only the branching microstructure but also the
polymer molecular weights. A sophisticated approach to generate a defined rigid environment
also in those spatial positions remote to the coordination plane and to the donor atoms of
square-planar coordinated catalysts is provided by cyclophanes. Guan devised an elegant
strategy to generate two alkane bridges between the two identical N-terphenyl groups of an
o-diimine catalyst, Scheme 4.1-A.7»3%39 The effective blocking of the axial sites enhanced the
control of molecular weight in ethylene polymerization as well as temperature stability of the
catalysts. However, this approach is restricted to symmetrically coordinated catalysts. Means
to introduce cyclophane motifs also to unsymmetrical coordinated catalysts with different
types of donors are desirable. This can unlock a large diversity of possible structures in
principle, which can provide unique properties. For example, polymerization catalysts with
an unsymmetrical k>-N,O-chelate are known to stand out in their tolerance towards polar
reaction media.5'4°742 [n this chapter, the polymerization mechanism of ethylene in presence
of the Ni catalyst bearing an asymmetrically coordinated cyclophane motif (see Scheme 4.1-
B) will be discussed and how the cyclophane environment affects the reaction pathways will
be shown.

45



Scheme 4.1: A) Cyclophane structure in symmetrical x*-N,N-coordinated catalyst, B) Cyclophane structure in
unsymmetrical k*-N,O-coordinated Ni(Il) complex, cyclophane-Ni , C) Bis(imino)phenoxy k>-N,O-coordinated
Ni(II) complex, CH.

In order to exploit this elegant and proven ring closing chemistry to realize an
unsymmetrically coordinated complexes, a second catalytically inert imine function on the
salicyl ring of k2-N,O-coordinated Ni(II) salicylaldiminato complexes was introduced.'3
Finally, the cyclophane ligand has been obtained introducing two alkane bridges between
these two imine functions on the salicyl ring of bis(imino)phenoxy catalyst, yielding the
desired complex, named cyclophane-Ni see Scheme 4.1-B. A non-bridged reference complex
CH; already discussed in the Chapter 3, was reported here for comparison (Scheme 4.1-C).

It was observed that in pressure reactor polymerization experiments (see supplementary files,
Table S4.1), the cyclophane-Ni catalyst is considerably more temperature stable than the
reference CHj. For all temperatures, branching density of the products obtained with
cyclophane-Ni as catalyst are significantly lower compared to those obtained in presence of
the reference catalyst CHj;, which produced hyperbranched oligomers (Mn 1.7 kg mol™ by 'H
NMR, 48 branches/1000 C atoms by 3C{*H} NMR for cyclophane-Ni, whereas Mn = 1 kg mol-
1 97 branches/1000 C atoms by BC{'H} NMR for CH; when T= 50°C, see Table S4.1 entry 2 and
5).143

All the experimental results reported herein for the cyclophane-Ni and the CH; complexes
and experimental studies of their catalytic properties in ethylene polymerization were
performed by Dr. Eva Schiebel in the group of Prof. Stefan Mecking at the University of
Konstanz (Germany).

The DFT approach was used here to clarify the effect of the cage around the active centre on
the product microstructure for this new complex, cyclophane-Ni, Scheme 4.1-B, comparing
its behavior with that of the CH; complex, Scheme 4.1-C.

The impact of the cyclophane structure on catalysis was elucidated by detailed DFT
mechanistic studies. An isolated analysis of the steric impact alone is given by topographic
steric maps, whereas a detailed analysis of the energies of the intermediates and transition
states during catalysis captures both the electronic and steric impact. The computed free
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energies are expressed as AGro in kcal mol™ (the computational details are reported in the
supplementary files).

4.2 Results and discussion.
4.2.1 Structural properties and steric analysis of the Ni-cyclophane catalyst.

Conformational analysis of both pre-catalysts showed that the conformers with the non-
coordinated imine rotated away are about 3 kcal mol® more stable compared to the
conformers with the imine rotated towards the nickel atom, due to a lower steric pressure of
the terphenyl group on the second imine, and an attractive imine-CH---O interaction.
Therefore, the most sterically hindered area is in the left hemisphere of topographic steric
maps' (Figure 4.1). Notably, the cyclophane structure also introduces steric pressure in the
apical positions and in the right hemisphere.

The geometries showing this preferred orientation of the non-coordinated imine are lower in
energy for all intermediates and transition states (see mechanistic investigation section 4.2.2).

cyclophane-Ni CH

Figure 4.1: Topographic steric maps and %V5ur divided by quadrants of cyclophane-Ni (centre) and CHj (right).
The complexes are oriented as shown for CH;on the left. Distance in the colour scale is in A.

It is worth to note that this favoured conformation was also observed in the X-ray structure
of the cyclophane-Ni catalyst, for more details see section 4.3.2 in supplementary files. For
CHj; it was already reported in chapter 3, see Figure 3.1.

4.2.2 Mechanistic investigation.

In line with our previous studies on the mono(imino)phenoxy analogue complexes® and on
the bis(imino)phenoxy complexes previously reported, the Ni-propyl species 1-B-T (stabilized
by a B-agostic interaction with the metal centre) with the alkyl chain in trans position with
respect to the oxygen, models the product of the ethylene insertion into the Ni-growing chain
bond. For this reason, it is considered as the zero point energy reference for all the reaction
pathways studied, Scheme 4.2. From 1-B-T, the complete mechanism of the linear propagation
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reaction, the termination and the branches formation reactions were studied, Scheme 4.2. In
detail, the red and green numbers account for CH; and cyclophane-Ni catalysts, respectively

TS-2; TS-2; <:: ; | ; i AAG prop.elim
e isom Q /\\ ins Ni i Linear |
—_— _Ni - Ni —_— RN hai ! +0.1
C: b 12.5 13.4 h

‘chain growth | 04
2.coorT 2B 2. Coor-C 2-p-T
2.3 3.0 -12.5
22 TS8-2gpen 4.4 1.5
4
. ! Branch
TS-2gecoor f.‘!![;??.‘!?!!;
13.3 AG'=14.6
15.7 AGY=129
. P TS-3;
TS-15.1:ins @:""‘\5 %ﬁ C: A T30 C:)N'/\_<
TS-2gecoorar 8.5 7 7’4 138
21.5 9.5 3pCc 123 3-Coor-C 4-p-T
13.7 23 10.2 4.4 136
1.1 71 -12.9
‘Ni’\'g‘ TS-1gHec H
) _2-7BHE- C::Ni,
1-p-C 9.4 Sy
10.9
%8 1 BHE-C
Cyclophane-Ni !S 1 ransf-1 Q NI H Ts'zdecnor <§ iH TS-4i,s C: Nk\)
CHs +p A \/ 10.0
17.9 19 5 2.BHE-c 119 -T1ra3nsf -2
16.5 1-Transf-1 45'7 7.4
19.8 8 9.5 [ 0.8
18.0 . Chain |
| transfer i
AG*= 19.5
c*=18.7

48



, o . AAGH ’
!:/-N;Ni_’ TS-2s G,NL,\'_\_ I_.|near 0.1 prop-elim
0 H | 134 H chain growth| 04
13.3 -0.
18T 2-p-T
0.0 2.5
0.0 1.5
fo
‘ Sy
R [ ‘._ ] X PR
8.5 O -7 4\’\»*‘{‘%""2 éfBranr:h
20 My TS-2decoor 4 formation
SO 13.3 &x AG'=14.6
- 15.7 Ve, 4 AG¥=12.9
. LN TS3 -
Ts'12,1-ins C;Ni--H TS-3co0r Q'Ni \\ ins dr“'-/,\—<
\( Y T 12 H
8.5 11.8
9.5 3-C 123  3-Coor-C 4-p-T
-2.3 10.2 4.1 136
A1 7.1 -12.9

10.9

TS-1guec N. H
Toa . So™N
“ {

1-BHE-C

6.4
7.5
=
Cyclophane-Ni S-11ranst-1 C;mH TS-3decoor Q'Ni'H _TS4ps, (E‘Ni;ﬂ“

CHa +7 Y 7 Y 100
17.9 195 2-BHE-c 119 1-T1ra3nsf-2
16.5 1-Transf-1 ; 7.4 -1,
19.8 18.7 9.5 R : 0.8
18.0 ! Chain |
. transfer !

f‘*-\ .
VA, __ AGH=18.7
q: ‘\-'—!E’”'u,fﬂ

Sy o <

Scheme 4.2: Gibbs free energies (AGroiin kcal mol *) of key species for linear chain growth, chain transfer and branch

p &

formation with cyclophane-Ni (green) and CH; (red). Optimized geometries of TS-2decoorar, TS-3decoor, and for TS-
3coor for cyclophane-Ni are shown. For more detail on these TSs and the related distances see section 4.3.4 in

supplementary files.

4.2.2.1 Linear chain growth pathway.

The first step is an ethylene coordination to 2-Coor-T, followed by isomerization to 2-Coor-
C. The energies for the intermediates and the rds for this process are similar for both catalysts
(cyclophane-Ni and CHj;), and do not differ from mono(imino)phenoxy catalysts.85 Starting
from 2-Coor-C, either chain propagation (ethylene insertion to 2-B-T) or branch formation
and chain transfer (through ethylene decoordination and BHE to 1-BHE-C) are possible.
Ethylene insertion via TS-2ins to 2-B-T is attributed with similar energies for both systems
(cyclophane-Ni and CH;). The entire ethylene insertion process is not influenced by the C,
bridges or the non-coordinating imine donor.
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4.2.2.2 BHE elimination pathway.

The energy barriers associated with BHE (overall: going from 2-Coor-C via 1-3-C to 1-BHE-C)
are similar for the cyclophane and reference catalyst. In detail, ethylene decoordination from
2-Coor-C to 1-B-C can proceed either directly via TS-2decoor, O in a two-step pathway as
assisted ethylene decoordination with a Ni-aryl complex (1-Pr-C) as an intermediate (a typical
process for electron-rich mono(imino)phenoxy catalysts)®. The direct isomerization from 1-
B-T to 1-B-C and the direct BHE elimination to 1-BHE-T are not favoured as previously
reported. For complex CHj;, the two-step pathway is 2.0 kcal mol™ lower in energy compared
to the direct pathway. For the cyclophane complex, the transition state to reach 1-Pr-C via TS-
2decoorar 1S very high in energy (21.5 kcal mol™?) due to a high steric pressure between the rigid
terphenyl group and the released ethylene. The direct ethylene decoordination via TS-2decoor
is significantly lower in energy (13.3 kcal mol™®) and thus preferred for complex cyclophane-
Ni. The energy barriers for ethylene decoordination, are comparable for both catalyst systems,
despite the different pathways. The energy barriers for the next step yielding 1-BHE-C are
similar for both catalysts.

4.2.2.3 Branch formation pathway.

The rigid cyclophane ligand impedes branch formation. This pathway starts with the
formation of a $-agostic complex 3-B-C via TS-1.,.-ins followed by ethylene coordination via
TS-3coor yielding 3-Coor-C. Then, ethylene is inserted via TS-3ins to give 4-B-T. Here, the
energy barrier for the cyclophane-Ni (14.6 kcal mol?, see difference from 3-B-C to TS-3coor)
is 1.7 kcal mol™ higher compared to the not-bridged catalyst CH; (12.9 kcal mol?, see difference
from 3-B-C to TS-3ins), explaining the lower branching density of the products obtained by
CH; in the experimental studies.

4.2.2.4 Chain formation pathway.

The rds of the chain transfer pathway (which occurs via two steps consisting of monomer
coordination followed by chain decoordination) is sterically demanding and, again, higher in
energy for the cyclophane complex (19.5 kcal mol™ for cyclophane-Ni vs. 18.7 kcal mol™ for
CH;). The ethylene molecule and the leaving propyl group are close to the left terphenyl
group, which cannot rotate away due to the C, bridges. Ultimately, the energy barriers for this
transition state can account for the higher molecular weights obtained with cyclophane-Ni
when compared to CHj, as chain transfer becomes slightly less favored compared to ethylene

insertion (AAG*transt-prop = 6.1 kcal mol™ for cyclophane-Ni and AAG*ransf-prop=5.4 kcal mol™ for
CH;).

4.2.2.5 Summary and conclusion.

In this chapter the DFT study performed on the ethylene polymerization in presence of new
square-planar cyclophane complexes with two different chelating donors (N,O) was discussed
and the results compared with those obtained with the corresponding acyclic complex. In
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agreement with the experimental results, the theoretical studies show that the second imine
moiety is directed away from the active sites and consequently it does not significantly affect
the reaction. The distinct effect of the cyclophane motif on product molecular weight and
branching microstructure can be traced to the increased energy of sterically demanding
transition states. This affects the rds towards chain transfer and branch formation, while chain
propagation remains highly effective.

4.3 Supplementary files.

4.3.1. Polymerization reaction.

Table S4.1: Ethylene polymerizations with cyclophane-Ni and CH;.

Produc M
tivity ;
T Nprecat t . (NMR) Mn (GPC) Mw fg %
# | precatalyst [°C] [pumol] | [h] yleld [g] [TON] kg [kg mol™] | /Mn B Mes?
b mol™]¢
cyclophane- 4.5 d d
1 Ni 30 5 7.0 | 63 1.8 5.8 4.4° | 26 99
cyclophane- 1.4 d d
2 | Ni 50 10 1.0 4.0 1.7 1.9 4.4° | 48 94
3 chiclophane— 70 5 1o |29 2 11 1.5¢ 3.0° [ 61 |92
4 | CH; 30 5 20 |2 /2 /2 /2 2 2 ?
5 | CH; 50 5 1.0 | 0.6 0.4 1.3 3.0¢ 1.6° | 97 82
6 | CH; 70 5 1.0 | 0.7 0.5 1.0 2.1¢ 1.5° | 95 75

Polymerization conditions: 40 bar C.H,, 100 mL toluene. a) No product obtained. b) 10#x mol [C.H,] x mol * [Ni].
¢) From'H NMR; determined by comparing the olefinic resonances to the backbone resonance intensity.
d)Determined by gel permeation chromatography (GPC) at 160 °C in dichlorobenzene, universal calibration
(with polystyrene). e) Determined by GPC at 50 °C in THF, linear calibration against PS. f) Branches per 1000 C
atoms. g) Determined by 3C{'H} NMR (inverse gated).

4.3.2 X-ray structure.

Figure S4.1: Schematic structure and ORTEP plot (20% probability ellipsoids, hydrogen atoms omitted for clarity)

of Pyr-cyclophane-Ni. Note: The complex crystallized as two isomers, with a disorder of the pyridine and toluoyl

group.
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Pyr-cyclophane-Ni

4.3.3 Computational details.

All the DFT geometry optimizations were performed at the GGA BP86'*>"24 level with the
Gaussianog package.’> The electronic configuration of the systems was described with the 6-
31G(d) basis set for H, C, N, F, and O while for Ni the quasi relativistic LANL2DZ ECP effective
core potential was adopted.'?® All geometries were characterized as minimum or transition
state through frequency calculations. The reported free energies were built through single
point energy calculations on the BP86/6-31G(d) geometries using the Mo6 functional and the
triple-¢ TZVP*27129 basis set on main group atoms. Solvent effects were included with the PCM
model using toluene as the solvent. 3°' To this Mo6/TZVP electronic energy in solvent,
thermal corrections were included from the gas-phase frequency calculations at the BP86/6-

31G(d).

4.3.4 Mechanistic insight.
4.3.4.1 Structures of selected transition states.

Figure S4.2: Optimized geometries of TS-2decoorar, TS-3decoor, and for TS-3coor for Cyclophane-Ni are shown,

relevant distances are included.
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Chapter 5

Results and discussion

Theoretical study by DFT of the ethylene polymerization
promoted by Neutral Ni(II) Phosphine Phenolate Complexes:
rationalization of the role of the weak and apical metal-ligand
interaction.

5.1 Introduction

Considering possible approaches for the synthesis of different polymeric materials, the known
capability of late-TM catalysts to produce a wide range of products appears attractive. As
mentioned in Chapter 1, one of the most recognized pioneer in late-TM catalysts for olefin
polymerization was Brookhart’s reports on Pd(II) and Ni(II) diimine complexes.'44'4¢ Owing
to the relatively low coordination number and the consequently large open space in the apical
direction of the square planar coordinated active sites, these catalysts showed a great trend
for BHE reaction which determines not only the branching microstructure but also the low
molecular weights. As previously mentioned, the introduction of bulky substituents on the
aryl groups of the diimine ligand to block the axial sites and thus effectively retard chain
transfer was revealed as the most efficient way to unfavour BHE reaction.®¢7°4347 Similar to
Brookhart’s catalyst, also SHOP catalysts43'49 and other [P,O] catalysts's° gave PE with low
molecular weights of several 103 g mol™ due to the propensity for BHE reaction. The catalyst
structures have been adjusted through steric and electronic variations to enhance the catalytic
performance. For the ortho-phosphinobenzenesulfonate Pd(II) catalyst, the substitutions of
naphthyl, anthracenyl, or 1-methoxynaphthalene moieties appeared to reduce the
polymerization activity and molecular weight.’>5* In contrast, the catalytic activities and
molecular weight of the obtained polyethylene were boosted significantly by the
incorporation of very bulky 2-{2’,6’-(Me0O).CsH;}CsH, moieties.’s3 Nozaki’s group synthesized
a series of alkylphosphine-sulfonate ligands and correlated the steric bulk of the ligands with
the molecular weight of (co)polymers, highlighting the need of blocking the axial position for
the inhibition of chain transfer and the production of high-molecular weight polymers.’s+
With respect to phosphinophenolato Ni(II) complexes, by Shimizu'> and Li% reported the
introduction of 2-Cs¢Hs-CsH, or 2-{2,6’-(MeO).CsH;}CsH, (Scheme 5.1-A)%8 substitution as
strategy to increase remarkably the catalyst activity and ethylene molecular weights, up to 107
g molni? h™ and 6.53 x 105, respectively. Very recently, Agapie reported a series of Ni(II)
complexes derived from phosphine enolate SHOP catalyst to highlight the importance of axial
steric hindrance for improve the catalyst activity, thermal stability, and polyethylene
molecular weight.’>® A similar behaviour was also found for phosphinobenzenesulfonate Ni(II)
catalyst,>” in which a weak interaction between Ni and the aryl Ci,o was proposed to
contribute to the increase of the polymer molecular weight in analogy to
dialkyl(biaryl)phosphine ligands in Pd-catalyzed coupling catalysts where metal-arene
interactions are observed.'s816°
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These reports asked for more mechanistic elucidations. As already reported in this thesis, the
combined theoretical and experimental study on salicylaldiminato Ni(II) catalysts®56,
revealed that a weak n? coordination of the electron-rich distal aryl rings with the Ni(II) centre
in the equatorial direction can promote decoordination of ethylene and hereby favour BHE
and consequently chain transfer and branch formation.854°1¢ In this chapter a conclusive
picture elucidating, the impact of this weak interaction between aryl and Ni centre in P,O
Ni(IT) catalysts on chain transfer reactions for ethylene polymerization reactions was
reported. This study was conducted for two new catalysts, namely 2-CF; and 2-CH; in Scheme
5.1-B and C, bearing an electron-withdrawing 3,5-bis(trifluoromethyl)phenyl substitution for
2-CF; (Scheme 5.1-B) and an electron-donating 3,5-bis(methyl)phenyl substituent for 2-CHj;
(Scheme 5.1-C).

Bape O e
|
O"—l\lji-Me O__I\IH.-MB O’[\i"..-Me

P P

Bu
Py

2-OMe 2-CF 2-CH

Scheme s.1: Structures of phosphinophenolato Ni(Il) complex 2-OCH3% compared to phosphinophenolato Ni(Il) 2-
CF; and 2-CH; complexes.

Experimentally, depending on the electronic nature of the remote substituents on the
bidentate ligand, products with different microstructure were obtained with these two
catalysts. In detail, it is worth to note that, differently from the Ni(Il) salicyilaldiminate
complexes,?® catalyst 2-CH; with electron-donating substituents produces higher molecular
weight polymers (Mn > 800 kg mol™ at 30 °C by GPC) than 2-CF; catalyst. Furthermore, it is
evidenced by a relatively low number of chains formed per nickel atom also at high
temperatures for 2-CHj as a catalyst (switching from = 5 to 15 chains for nickel at 30°C and 70°
respectively, Table Ss.1: entry 4-6). By contrast catalyst 2-CF; gives polymers with lower
molecular weight (Mn = 60 kg mol™ at 30 °C by GPC and a number of chains that switch from
= 8 to 124 chains respect to nickel from 30°C to 70°, respectively), see Table Ss.1: entry 1-3.

All the experimental results reported herein on the 2-CF; and 2-CH; complexes and on their
catalytic properties in ethylene polymerization were obtained by Dr. Fei Lin in the group of
Prof. Stefan Mecking at the University of Konstanz (Germany).

The impact of the ligand modification on the mechanistic pathways was elucidated by DFT
calculations. An isolated analysis of the steric impact of the ligand is given by topographic
steric maps, whereas a detailed analysis of the energies of the intermediates and transition
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states during catalysis captures both the electronic and steric aspects. The computed free
energies are expressed as AGro in kcal mol™ (the computational details are reported in the
supplementary files).

5.2 Results and discussion.

5.2.1 Structural properties of the catalyst precursors.
5.2.1.1 Steric analysis.

Analysis by SambVca 2.1 program' provided topographical steric maps and percent buried
volume data (%Vsur) related to ligands space filling properties (see Figure 5.1). The most
sterically hindered areas for both the complexes are in the axis position of nickel centre, which
come from the ortho-aryl groups. The comparable %V reveals that the variation of
substitutions on ortho-aryl groups gives insignificant influence on the steric environment of
nickel centre. Remarkably, the distance between the aryl ipso-carbon and nickel centre in the
complex with electron-donating axis aryl group (3.301, A for 2-CH,) is smaller than or close to
the sum of van der Walls radii (rw, 3.33 A) of carbon and nickel atom,? indicating there is a
weak interaction between the ipso-carbon and nickel centre (as reported in Figure 5.1). This
weak interaction can be unfavoured by the electron-withdrawing substitutions on the axis
aryl groups, which is evidenced by the larger distances of ipso-carbon to Ni in complexes 2-
CF; (3.406 A). In addition, the presence of a stronger weak interaction in complexes 2-CHj is
also verified by the smaller distance between centre of axis aryl group and nickel atom (3.545
A) respect to that present in complex 2-CF; (3.627 A), see Figure 5.1.

CFy Me

3.406" 3.627" | 3301\ 13545

\

Ni Ni

2-CF, 2-CH,

Figure s5.1: Topographical steric maps with %Vpur of complexes 2-CF; and 2-CHj, distance in the colour scale is in

A, H atoms were included in the calculations.

5.2.2 Mechanistic investigation.
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In line with the previous studies on Ni(II) salycilaldiminate complexes,®"® modelling starts

with 1-B-T (referenced as the zero point energy, Scheme s5.2), with the growing alkyl chain
trans to the oxygen atom and a stabilizing n? interaction of the aryl ring with the metal centre.
From 1-B-T, the complete mechanisms of the linear propagation reaction and chain transfer
reactions were studied, as reported in Scheme 5.2. In detail, the blue and red values account
for 2-CF; and 2-CHj catalysts, respectively.
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Scheme 5.2: Gibbs free energies (AGrorin kcal mol *) of key species along the linear chain growth and chain transfer
reactions with catalysts 2-CF; (blue) and 2-CHj (red).

5.2.2.1 Linear chain growth pathway.

From 1-B-T, the coordination of ethylene to form 2-Coor-T occurs by opening of the f-agostic
interaction through TS-2coor with a similar free energy barrier for both 2-CF; and 2-CH;
complexes, i.e. 7.0-8.0 kcal mol™. The following intermediate is slightly higher in energy
relative to 1-B-T + C.H, and isoenergetic for both catalysts. From 2-Coor-T, the favoured
linear chain growth pathway consists in the isomerization via TSisom to the less stable 7-
complex 2-Coor-C, followed by the monomer insertion via TS-2ins leading to 2-B-T. The two
catalysts behave similar along the whole linear chain growth pathway, with the determining
isomerization energy barrier of about 15 kcal mol?, in conformity with the comparable
polymerization activities, for more details see Table S5.1 in the supplementary files.

5.2.2.2 BHE elimination.

From the key intermediate 2-Coor-C (see Figure S5.1), the monomer decoordination reaction
competes with the monomer insertion reaction leading to the [-agostic intermediate 1--C
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which still features the Ni-aryl interaction mentioned above. Ethylene dissociation takes place
via a single step (TS-2decoor) process with a similar energy barrier for the two catalysts (16.2 and
16.7 kcal/mol for 2-CF; and 2-CHj, respectively).

As consequence, the ethylene decoordination step is no longer the decisive step for the
microstructure and molecular weights of the polyethylene obtained.'®3

From 1-B-C, BHE occurs with an energy barrier of about 6 kcal mol™ for both catalysts leading
to the Ni-H intermediate 1-BHE-C. All the competitive pathways to reach 1-B-C and 1-BHE-T
were ruled out for kinetic reasons, as already observed for the Ni-salicylaldiminate complexes.

5.2.2.3 Chain transfer pathway.

Starting from 1-BHE-C, the favoured chain transfer pathway consists in the coordination of a
new monomer via TS-1Transt1 With the formation of a pentacoordinate intermediate 1-Transf-1
that quickly releases propene, via TS-3pecoor, Yielding complex 2-BHE-C. The first step is rds
along the chain transfer pathway for both catalysts with an energy barrier 4.2 kcal mol™ higher
for 2-CF; than for 2-CHj; (Scheme 5.2). In TS-1Transt the new monomer coordinates in the apical
position above the metal displacing the aryl ring-Ni interaction present in all the main species
along the considered pathways. As consequence, the stronger Ni-aryl interaction in 2-CHj;
ascribed to the presence of electron donating groups on the ring (as evidenced also by the
shorter Ni-aryl distances in 2-CHj; than in 2-CF;) is more difficult to break with the energy of
TS-1Transt: increasing, in agreement with the higher PE molecular weight obtained
experimentally in presence of 2-CHj3, for more details see Table S5.1 in supplementary files.

In conclusion, it is worth to note that the strength of the Ni-aryl interaction increases with the
electron density on the aryl ring, that is higher for 2-CH; than 2-CF;, with a consequent
suppression of the chain transfer reaction to a greater extent, in agreement with the
experimental results.

5.2.2.4 Summary and conclusion.

A DFT study on the ethylene polymerization mechanism in presence of the two new Ni(II)
phosphinophenolate catalysts was performed with the aim of understanding how a suitable
axial shielding of the catalytic site can influence the polymerization behavior. Surprisingly,
differently from the common idea that an axial shielding is sufficient to suppress chain
transfer reaction to produce high molecular weight polyethylene, despite both the catalysts
in this study were adequately shielded in the axial direction, only catalyst 2-CH;, bearing
electron-donating substituents, can lead to high molecular weight polyethylene. These DFT
calculations showed how the combination of the peculiar geometry with the right electronic
and steric nature of the ligands for the phosphinophenolato Ni(II) catalysts affects the chain
transfer reaction, providing a rationalization of the different microstructure of the
polyethylene obtained: the more electron donating are the substituents on the aryl ring of the
ligand, the more energetically costly is the releasing of the favorable Ni-aryl apical interaction
along the chain transfer reaction and, as a consequence, the higher are the molecular weights
of the PE produced. This work sheds new light on polymerization catalyst design to well
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control the polymerization performance, the deeper works on living polymerization and
copolymerization are currently in progress.

5.3 Supplementary files.

5.3.1. Polymerization reaction.

Table Ss.1 Ethylene polymerization by complexes 2-CF; and 2-CHj3.? All the experimental results reported herein
for these complexes and experimental studies of their catalytic properties in ethylene polymerization were
performed by Dr. Fei Lin in the group of Prof. Stefan Mecking at the University of Konstanz (Germany).

T Yield o Mi¢ . | chains per T cryst.?
Entry | Complex (°C) (a) Activity' (x 10%) Myw/Mn nickel (°C) (%)
1 2-CF; 30 0.47 0.94 57 2.00 8.2 135 66
2 2-CF; 50 2.43 4.86 49 1.66 49.6 136 76
3 2-CF; 70 3.36 6.72 27 1.77 124.4 135 76
4 2-CH; 30 4.38 8.76 816 1.96 5.4 139 50
5 2-CH; 50 4.96 9.92 430 2.03 11.5 141 54
6 2-CH; 70 2.87 5.74 187 211 15.3 138 55

a) Polymerization conditions: 1 umol of complex in 100 mL of toluene, 10 bar ethylene pressure, 30 min
polymerization time, 1000 rpm. b) Given in 10° gpe molni® h™. ¢) Determined via GPC at 160 °C in 1,2-
dichlorobenzene. d) Determined by DSC with 10 K min™ heating/cooling rate (data from second heating cycle),
crystallinities were determined assuming a melt enthalpy of 293 J g™ for 100% crystalline polyethylene.

5.3.2 Mechanistic investigation.

5.3.2.1 Selected Intermediates and Transition States.

Figure S5.1: Optimized geometries of 2-Coor-C for 2-CF; and 2-CHj (top), TS-2decoor and TS-2decoorar for 2-CHj
(middle), and TS-11ransf1 for 2-CF; and 2-CHj (bottom) are shown, relevant distances are included.
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z-CF3

5.3.3 Computational details

5.3.3.1 General Methods

2-Coor-C

1-BHEC TS-1;,,.5
0.0 10.3
0.0 143
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All the DFT geometry optimizations were performed at the GGA BP86>"*4level with the Gaussian o9
package.””> The electronic configuration of the systems was described with the 6-31G(d) basis set for
H, C, N, F, P and O while for Ni the quasi-relativistic LANL2DZ ECP effective core potential was
adopted.”® All geometries were characterized as minimum or transition state through frequency
calculations. The reported free energies were built through single point energy calculations on the
BP86/6-31G(d) geometries using the Mo6 functional and the triple-{ TZVP*7">9 basis set on main group
atoms. Solvent effects (toluene) were included with the PCM.3°3' To this Mo6/TZVP electronic energy

in solvent, thermal corrections were included from the gas-phase frequency calculations at the
BP86/6-31G(d).
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Chapter 6

Results and discussion

Theoretical study by DFT of the ethylene-CO copolymerization
promoted by Neutral Ni(II) Phosphine Phenolate Complexes:
rationalization of the steric and electronic effects.

6.1 Introduction.

An access to polyethylenes with in-chain keto units by incorporation of small amounts of
carbon monoxide CO during ethylene polymerization has been long sought after. As
anticipated in chapter one, small amounts of these keto units can impart the material with
desirable photodegradability to reduce the problematic environmental persistency of
mismanaged polyethylene waste.’®* Due to the strong relative binding and low insertion
barriers of carbon monoxide relative to ethylene, catalytic copolymerizations usually afford
strictly alternating copolymers.’®> These are high melting materials with entirely different
properties and application profiles than polyethylene. Note that copolymerizations of other
functionalized vinyl monomers with CO are also found to occur by an alternating
mechanism.'%%%7 Until a few years ago, the only known catalytic systems capable of
introducing several consecutive ethylene units in addition to alternating motifs were neutral
phosphinesulfonato Pd(II) complexes, the Drent catalyst in Scheme 6.1;'°® these are only
recently complemented by cationic diphosphazane monoxide Pd(II) catalysts.®® However,
either very high carbonyl contents resulting in material properties similar to alternating
polyketones (Tm ~ 200 °C) are obtained,'7° or low molecular- weight wax-like materials (Mn
< 3.000 g/mol) are formed, which impedes any study of material properties.”*'75> Note this
picture was altered only most recently by Nozaki, who succeeded in generating higher
molecular weight linear polyethylene with isolated in-chain keto units employing metal
carbonyls as a source of carbon monoxide in combination with advanced phosphinesulfonato
Pd(II) catalysts.'76
Considering the possible alternative catalysts, neutral Ni(II) catalysts have long been known
to be capable of ethylene chain growth reactions,'”” and recent developments pioneered by
Shimizu afforded catalysts that generate high molecular weight materials.'5598178-179
Concerning the reactivity of neutral Ni(IT) catalysts toward carbon monoxide, previous studies
suggest that the phosphineenolato Ni(II) complexes investigated are sensitive for irreversible
deactivation and form alternating polyketones at the most.®® With this background, it is all
the more notable that the long-sought non-alternating copolymerization is enabled by
advanced phosphinephenolato Ni(II) complexes. New phosphinophenolato catalytic
precursors were synthetized and the related catalytic properties tested in E-CO
copolymerization by the experimental group of Prof. Mecking at the University of Konstanz
(Germany), i.e. 1-OCH;, 2-OCH;, 3, 3’ and 4 (see Scheme 6.1).99'8" All these systems at 10 bar
overall reaction pressure with low concentration of carbon monoxide ( 0.02 bar of 3CO) yields
polyethylenes with isolated keto groups, with the exception of 4 that produces in the same
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reaction conditions prevalently alternating copolymers, for more details see Table S6.1 in the
supplementary files. The amount of alternating vs non-alternating keto groups motifs (i.e.
motif that have at least two consecutive ethylene units after a CO unit in the chain) varies
distinctly among the polymers produced with these systems, for more details see the
copolymer analysis in the supplementary files.

R F
MeO
Q=4 ) " Q¢
MeO

PNl FF P=paMe Pri©

O M Py ,O’ “py Me~"~"~py
OMe Vs OMe

MeO o ‘o MeO Q 2
I'OCHs Drent >-OCH

Scheme 6.1: Ni(1I) Phosphinephenolate Catalysts Studied, and Phosphinesulfonato Pd(Il) Reference System.

These findings prompt the question of how non-alternating ethylene-CO chain growth occurs
in presence of this class of catalysts, i.e phosphine phenolate complexes reported in Scheme
6.1.

In this chapter relevant pathways and barriers identified by extensive theoretical studies are
reported. This study also provides the first insights into how the active sites properties are
determined by their coordination environment of the metal during this kind of reaction, in
agreement with the experimental observations reported in Table S6.1 in the supplementary
files.

At first, the results obtained from the in-depth mechanistic DFT study in presence of the
neutral Ni(II)-phosphinephenolate catalyst 1-OCH; and the phosphinesulfonato Pd(II)
reference system, i.e. Drent catalyst, are reported, see Scheme 6.1. Then, several different
phosphinephenolato Ni(II) catalysts with different substitution patterns were explored (2-
OCH;, 3, 3’ and 4 see Scheme 6.1). The computed free energies are expressed as AGro in kcal
mol™ and reported in Scheme 6.2 (the computational details and the alternative pathways are
reported in the supplementary files).

6.2 Results and discussion

6.2.1 Structural properties of the catalyst.
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6.2.1.1 Structural analysis of the intermediate 1-cycles-T.

Since 1-cycles-T intermediate is the starting point of both pathways giving access to the
formation of non-alternating keto polyethylene and alternating polyketone segments,
respectively, we performed an in-depth structural analysis of this species to determine the
stability and the strength of the metal---O interaction depending on the nature of the metal
as well as on the chelating ligand structure.

As expected, for Drent complex, the Pd-O interaction is weaker compared to the nickel
complex 1-OCHj, as reflected by a longer Pd~O distance in 1-cycles-T for Drent, comparing
the distances reported in Scheme 6.2. This effect is ascribed to the greater electron density on
the palladium centre compared to the nickel site.

1—OCH3 Drent

Figure 6.2: Geometries of the catalysts 1-OCH; and Drent and the corresponding chelate 1-cycles-T intermediate
for catalysts 1-OCHj; (left) and Drent (right), distances are in A.

Furthermore, it is worth noting that in the case of 1-OCH; complex an n* interaction of the
aryl ring of the bis-phenyl moiety with the metal is observed.

6.2.2 Mechanistic investigation.

For all catalysts explored (see Scheme 6.1), the intermediate 1-cycles-T with the alkyl chain in
the trans position to the oxygen atom models the growing polymer chain formed after the
migratory insertion of an ethylene unit into the metal-acyl bond (Scheme 6.2 and 6.3).

This stable five membered chelate is set as zero point energy for the entire ethylene and CO

copolymerization pathway,®>

in line with previous calculations reported by Ziegler®7°8 on
the competition between the alternating and non-alternating E-CO copolymerization
catalysed by the reference Drent complex. Here, these mechanisms were re-evaluated at a

higher level of theory to use Drent catalyst as a reference for the nickel-based catalysts, taking
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into account a more complete reaction scenario (for more details on the competitive studied
pathways, see the supplementary files).

Starting from 1-cycles-T, all intermediates and transition states (TSs) were calculated along
the catalytic pathways involved in the formation of alternating (alt) and non-alternating

(non-alt) polymer motifs for complex 1-OCH; and for the reference Drent complex (see
Scheme 6.3).
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Scheme 6.3: Free energies (AGrol in kcal mol*) of the key steps for non-alt and alt carbon monoxide incorporation
with catalysts 1-OCHj (blue) and Drent (red). The labels of the species in black (intermediates and TSs) refer to 1-

* for species involved in monomer incorporation (E or CO) from 1-cycles-T, 2-* for the next second) monomer (CO
+ E) incorporation.

6.2.2.1 Non-alternating chain growth (not-alt) pathway.

The results of the non-alt pathway are reported from 1-cycle-5-T to the left in Scheme 6.3.
Starting from the 1-cycle-5-T intermediate, this catalytic pathway is initiated by the concerted
ethylene coordination and opening of the metal--O interaction via TS-1coor-E-T, requiring a free
energy barrier of 12.8 and 7.3 kcal mol™ for 1-OCH; and Drent catalysts, respectively, see
Scheme 6.3.

The greater electron density present on the metal centre for Drent clearly facilitates this step.
For both complexes, the resulting 1-Coor-E-T intermediate with the alkyl chain trans to the
oxygen is higher in energy relative to 1-cycles-T + C,H, considered at infinite distance, and
this is more pronounced for 1-OCHj; than for Drent (7.6 kcal mol™ for 1-OCH; and 3.9 kcal
mol™ for Drent). This is likely due to the lower electron density present at the nickel centre
in the neutral (P, O) Ni complex, which causes a weaker binding of the ethylene as a result of
a reduced back-donation from the metal to the olefin.

Both complexes prefer to isomerize from 1-Coor-E-T to the less stable 1-Coor-E-C
intermediate via TSisom before inserting the monomer via TS-1ms-k-c, for more details see
supplementary files. This pathway is preferred to direct ethylene insertion from 1-Coor-E-T,
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which goes along with a significantly higher energy barrier (10 kcal mol™* higher than insertion
from the isomer 1-Coor-E-C, for details see the supplementary files).

The isomerization step via the transition state TSisom requires a significantly higher energy
barrier for the nickel complex compared to the palladium complex (24.5 and 16.6 kcal mol™
for 1-OCH; and Drent catalysts, respectively) due to a much higher steric hindrance caused
by the n? coordination of the aryl ring to the metal in 1-OCHj, as evidenced by the topographic
steric maps reported in Figure 6.1 (compare NE and NW quadrants for 1-OCH; and Drent
complexes).

Figure 6.1: Topographic steric maps of the transition state TSisom for catalysts 1-OCHj (top left) and Drent (top
right). The complexes are oriented as shown below (bottom left and right).”

Following the formation of 1-Coor-E-C, the monomer insertion occurs via TS-1ms-k-c to yield
the stable B-agostic complex, 2-B-T. The overall free energy barrier from 1-cycles-T to TS-
1ins-E-c amounts to 20.8 and 20.2 kcal mol® for 1-OCH; and Drent catalysts, respectively.
Notably, the monomer insertion barrier is similar for both complexes; however, for Drent
catalyst, it represents the rds of the non-alt pathway, while for 1-OCH;, it is lower than the
cis/trans isomerization that becomes the rds for the non-alt chain growth pathway due to
steric impediments.

6.2.2.2 Alternating chain growth (alt) pathway.

The results of the alt pathway are reported from 1-cycle-5-T to the right in Scheme 6.3.
Starting from 1-cycles-T, alternatively to ethylene coordination, CO coordination can take
place, leading to the isoenergetic 1-Coor-CO-T intermediate. The overall energy barrier for
this process is, also in this case, higher for the nickel complex (12.3 kcal mol™ for 1-OCH; vs
9.0 kcal mol* for Drent), in line with the greater strength of the Ni---O interaction with
respect to the Pd---O one. From 1-Coor-CO-T, CO insertion occurs via TS-11ns-co-1, yielding
the six-membered chelate species, 1-cycle6-C.'83 The overall free energy barriers from 1-Coor-
CO-T to TS-1ms-co-r amount to 13.8 and 18.0 kcal mol™ for 1-OCHj; and Drent, respectively.
This difference is ascribed to a weaker o-donation from the coordinated CO to a more
electron-rich palladium centre with respect to the nickel case, as confirmed by the increased
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metal-CO bond length in TS-1ms-co-r for Drent with respect to 1-OCHj;, comparing the
distances reported in Figure 6.2.%4

1-OCH, Drent

X
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{
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Figure 6.2: Geometry of TS-1ms-co-rfor catalysts 1-OCHj (left) and Drent (right). Distances are reported in A.

Notably, for 1-OCHj, the resulting chelate 1-cycle6-C is unfavored by 8.1 kcal mol™, whereas
for Drent catalyst, it is unfavored only by 4.7 kcal mol™. This difference is related again to the
greater electron density on the Pd centre that stabilizes the metal-acyl bond in the trans
position to the phosphorus atom to a greater extent than that for 1-OCH;. From 1-cycle6-C,
ethylene coordinates trans to the oxygen atom (2-Coor-E-C) through TS-2coor-E-c that is about
7 kcal mol™ higher in energy for 1-OCHj; than for Drent (compare barriers of 19.4 and 12.3 and
for 1-OCHj; and Drent catalysts, respectively). This difference is related once again to the
greater electron density present at the palladium centre, which favours the opening of the
chelate required for ethylene coordination. For catalyst 1-OCHj, the resulting 2-Coor-E-C
intermediate is 12.2 kcal mol™ less stable than the corresponding Pd intermediate (compare
7.8 kcal mol™ for 1-OCHj; and —4.4 kcal mol™ for Drent, respectively). This is likely due to both
the higher steric hindrance of the phosphine-bound aryl substituents and the reduced
electron density on the metal centre for 1-OCHj;. From 2-Coor-E-C, the following ethylene
insertion occurs via TS2msE-c (at 8.6 and 8.5 kcal mol™ for 1-OCH; and Drent catalysts,
respectively), yielding the stable five-membered chelate complex 2-cycles-T at —-8.6 and -10.7
kcal/mol for 1-OCHj; and Drent, respectively.

Notably, in the case of Drent catalyst, the rds is the CO insertion with an energy barrier of
18.0 kcal mol™, whereas in the case of catalyst 1-OCHj, the rds is ethylene coordination with
an energy barrier of 19.4 kcal mol™.

6.2.2.3 Comparison of 1-OCH; and Drent catalysts.
The pathways elucidated above underline that the five membered chelate complex 1-cycles-

T is the key intermediate of this copolymerization catalysis, opening the route to both the
non-alt and alt chain growths. The competition between these pathways determines the
polymer microstructure. Starting from 1-cycles-T, for both catalysts considered, the two
pathways are feasible and competitive with one another. Comparing the rate determining
energy barriers along the two pathways, i.e., AAG* (non-alt)-(alt) of 5.1 kcal mol™ for 1-OCH;
and 3.8 kcal mol™ for Drent, it emerges that overall complex 1-OCH; is similar to Drent
complex showing a AAG* (non-alt)-(alt) higher by only 1.3 kcal mol™. This result agrees with
the experimental finding of non-alternating keto groups and alternating motifs formed in
pressure-reactor copolymerizations with these catalysts, for more details see the Table S6.1 in
the supplementary files. The slight preference for alternating incorporation found by
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theoretical methods is offset by the high ethylene-CO monomer ratio employed in the
copolymerization experiments. The experimentally observed slightly higher portion of
isolated keto units in the polymer obtained with Drent catalyst compared to 1-OCHj; agrees
with the slightly lower AAG* (non-alt)-(alt) determined theoretically for Drent; for the
detailed discussion on the comparison between the theoretical and the experimental ratio of
non-alt propagation to alt propagation segments, see the section S6.3.2 in the supplementary
files.

The results outlined show the following: (I) Steric factors affect the non-alt pathway. The n?
coordination of the aryl ring to the metal causes a greater steric hindrance for complex 1-
OCHj; increasing the energy of the transition state with higher steric demand, i.e., the
cis/trans isomerization. (II) Electronic factors affect the alt pathway. The lower electron
density at the Ni centre favours the CO migratory insertion into the metal-alkyl bond and
reinforces the Ni--O interaction increasing the energetic barrier of ethylene coordination,
which consequently becomes the decisive step.

6.2.2.4 Impact of the Structure of Chelating Phosphinephenolates on Catalysis:
Phosphine Donor Substituents.

To elucidate the impact of the electronic and steric nature of chelating phosphine phenolate
on the two competing pathways, catalysts 3 and 4 (see Scheme 6.1) were investigated. Since
the AAG* (non-alt)-(alt) determined for 1-OCHj; and Drent was found to correlate with the
experimentally observed copolymer microstructures, these further calculations were focused
on the two crucial transition states. Starting from 1-cycles5-T, by comparing the rate-
determining energy barriers along the two pathways, it emerges that AAG* (non-alt)—(alt) is
6.5 kcal mol™ for 3 and 9.2 kcal mol™ for 4, which are 1.4 and 4.1 kcal mol™ higher for 3 and 4,
respectively, compared to that for 1-OCHj;. This trend qualitatively agrees with the
experimentally observed microstructures (see the Table S6.1 in the supplementary files).

For 3, the non-alt pathway suffers from the increased steric hindrance of the P-bound
substituents, i.e., the additional aryl ring in the axial plane perpendicular to the coordination
plane (compare SE quadrants in the steric maps of TSisom for 1-OCHj; and 3 in Figure 6.3).
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Figure 6.3: Topographic steric maps of transition state TSisom for catalysts 1-OCHj3 (left), 3 (in the centre) and 4
(right). The Ni---Cipso distances are reported in A.

Moreover, the absence of the methoxy groups on the aryl moiety allows the ring to be in closer
proximity to the Ni in 3 than in 1-OCH; (compare Ni-aryl distances in Figure 6.3). As a
consequence, the energy barrier for the cis/trans isomerization increases. On the other hand,
despite the shorter Ni---aryl ring distances for 3 than that for 1-OCH;, the lack of the electron-
donating groups on the aryl ring of the bis-phenyl moiety reduces the electron density
transferred to the metal for 3 compared to that for 1-OCH;. As result, for 3, the Ni---O
interaction in the chelate is stronger, increasing the energy barrier for ethylene coordination,
i.e., TS-2coor-k-c (for the electronic analysis, see the section 6.3.3 in the supplementary files).
Overall, catalyst 3 favours the non-alt pathway to a lower extent with respect to 1-OCHj;.
Moving to 4, the aromatic ring on the naphthyl ligand interacts even more closely with Ni
(compare the aryl-Ni distance in Figure 6.3), increasing both the steric hindrance around the
catalytic centre and the electron density on the metal due to the presence of the less
encumbered and electron-donating methyl substituents on catalyst 4 compared to the larger
methoxy groups on catalyst 1-OCHj; (see electronic analysis in the section 6.3.4 in the
supplementary files). As a result, the Ni---O interaction in the chelate intermediates (i.e., 1-
cycles-T and 1-cycle6-C) weakens, lowering the ethylene coordination TS (TS-2coor-E-c) to
such an extent that the CO migratory insertion (TSims-co-r) becomes the rds along the alt
pathway. Moreover, for steric reasons (compare the Ni---Cipso aryl ring distances reported in
Figure 6.3 for catalysts 1-OCHj; and 4), the cis/trans isomerization rds along the non-alt
pathway is even more penalized. Consequently, the AAG¥ (non-alt)-(alt) is higher for 4 than
that for 3 and 1-OCH;, in line with the experimentally observed preference for alternating
chain growth (for more details see Table S6.1 in the supplementary files).

6.2.2.5 Impact of the Structure of Chelating Phosphinephenolates on Catalysis:
Phenolate Substituents.
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As regards the impact of the substituent in the o-position on the phenolate moiety, for
comparison to the pentafluorophenyl-substituted catalysts 1-OCH; and 3 their tert-butyl
substituted analogues (2-OCHj; and 3’, see Scheme 6.1) were also explored. From a steric point
of view, 2-OCHj3; and 3’ are similar to their C¢F5 analogues 1-OCHj; and 3 as suggested by the
topographic steric maps and have similar values of the buried volume (%Vgur) of the quadrants
(see Figure 6.4 for 1-OCH; vs 2-OCHj; and Figure S6.4 in the supplementary files for 3 vs 3’).
Moreover, from an electronic analysis (for more details see the section 6.3.3 in the
supplementary files), the nature of the substituent does not alter the charge on the metal
dramatically. Indeed, the calculated AAG* (non-alt)-(alt) of 5.7 kcal mol™ for 2-OCHj; and
6.4 kcal mol™ for 3' are similar to those of 5.1 and 6.5 kcal mol™ for the respective CgF;
analogues 1-OCHj; and 3, respectively. This is well in agreement with the experimentally
observed smaller effect of the phenolate substitution compared to the phosphine substituents
on the polymer microstructures (see Table S6.1 in the supplementary files).

Figure 6.4: Topographic steric maps of TSisom for catalysts 1-OCHj (left) and 2-OCHj (right).

6.2.2.6 Summary and conclusion.

The non-alternating copolymerization of ethylene with carbon monoxide to obtain
polyethylene materials with in-chain ketone moieties was achieved recently by means of
customized Ni(IT) phosphinephenolate catalysts. In this chapter the DFT study on the E- CO
copolymerization mechanism was discussed. The theoretical study combined with the
experimental one done by the group of Prof. Stefan Mecking reveals the mechanism of chain
growth of this reaction. The rds of the pathway leading to the non-alternating incorporation
of the two monomers is the cis/trans isomerization of the alkyl-olefin-intermediate. The
formation of alternating motifs, instead, is determined by the opening of the six-membered
chelate by ethylene coordination. The nature of the rds of either pathway differs from that of
a phosphinesulfonate Pd(II) Drent complex, which is studied here as a reference at the same
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level of theory. The pathways and barriers identified for non-alternating vs. alternating
incorporation of ethylene and carbon monoxide agree qualitatively with experimentally
observed microstructures from pressure-reactor copolymerizations with catalysts varying in
the phosphinephenolates’ structure. In the Ni(II) phosphinephenolate catalysts studied, the
desired non-alternating incorporation is the result of a favorable combination of electronic
and steric factors. (1) A moderate steric hindrance of the phosphine moiety on the ligand
facilitates the non-alt path. (2) A balanced electronic donation to the electron-poor Ni centre
is desirable to avoid the formation of a too stable five-membered chelate resting state that
would reduce the catalytic activity, while an increase in the stability of the six-membered
chelate disfavours the undesired alt path. The aromatic rings on the phosphine moieties may
provide a suitable electronic contribution when apically coordinated to the metal centre, and
easily clear out the catalytic site by moving away from the metal in the transition states with
higher steric demand, i.e., the cis/trans isomerization and the ethylene coordination steps. In
fact, the P-bound 2’,6’-dimethoxybiphenyl moiety in catalysts 1-OCH; and 2-OCHj increases
the energy barrier for ethylene coordination but does not impede the linear growth of the
polyethylene chain. These insights will also promote the discovery and the design of novel
catalysts for this unique co-polymerization reaction, which provides in-chain-functionalized
polyethylenes with a desirable property profile including lower environmental persistence.

6.3 Supplementary files.

6.3.1 Polymerization experiments.

Table S6.1: Polymerization Results.? All the experimental results reported herein for these complexes and
experimental studies of their catalytic properties in ethylene-CO copolymerization were performed by Dr. Lukas
Odenwald, Dr. Maximilian Baur and Dr. Fei Lin in the group of Prof. Stefan Mecking at the University of
Konstanz (Germany).

ield ¢ | Microstr. | Insertions
Cat. {m] TOF® [ﬁfl‘; | |1/NA/AY | na/alee
g ? [mol-%]
Drent | 34 1.46 7.3 82/17/1 92/8
O(lf_H3 1 0.47 10.3 34/51/15 60/40
OE_H3 25 | o7 8.4 56/39/5 75/25
3 37 | 159 10.8 19/51/30 45/55
3 3t | 133 14.4 19/53/28 46/54
4 12 0.51 36.7 0/18/82 9/91

aReaction conditions: 10 pmol catalyst precursor, 200 mL of toluene go °C, 0.02 bar CO, 5 min reaction time, 10
bar reaction pressure, and 1000 rpm. ® TOF given in units of 103 mol [C.H,] mol™ [Ni] h™. ¢ Determined by * H-
NMR spectroscopy. ¢ I: isolated carbonyl, NA: nonalternating motifs, A: alternating motifs. Determined by 3C
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NMR spectroscopy (Figure S6.3). ¢ Relative ratio of non-alternating and alternating carbon monoxide
incorporation events, derived from the microstructure ((I + 0.5 NA)/(0.5 NA + A)).

6.3.2 Copolymer analysis.
6.3.2.1 Determination of CO incorporations from 'H NMR spectra.
Compositions of ethylene-CO copolymers were determined from 'H NMR spectra according

to equation (1).
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Figure S6.1: Exemplary 'H NMR spectrum of an ethylene-CO copolymer produced with catalyst 1-OCH; with
assignment of typical motifs.
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Figure S6.2: Exemplary 3C NMR spectrum of an ethylene-CO copolymer produced with catalyst 1-OCH; with
assignment of typical motifs.
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Figure S6.3: Exemplary 3C{"H} NMR spectrum of a copolymer (obtained with catalyst catalyst 1-OCHj, Table S6.1,
entry 2) with assignments of repeat unit motifs. In terms of CO incorporation events during polymerizaton,
isolated motifs (I) correspond to an incorporation along the non-alternating pathway, alternating motifs (A)
correspond to an incorporation along the alternating pathway, and non-alternating motifs (NA) correspond to
a combination of an alt-pathway and a subsequent non-alt pathway. Thus, the relative ratio of non-alternating
and alternating carbon monoxide incorporation events can be derived from the microstructure as (I + 0.5 NA) /
(0.5 NA +A).

6.3.2.2 Comparison of propensity to non-alternating vs. alternating chain
propagation determined by DFT methods and from experimentally observed
microstructures.

In agreement with the equations reported by Ziegler®° the theoretical ratio of non-alternating
propagation to alternating propagation (fp,,) can be evaluated as:

- -1
fo = Tna _ (kg2H4 [C2H4] ﬁ) 1— kco =F.XF
na Ta kco [CO] K> Ky ¥kcoH4a * [C2H4]+ kEé 5 cor

In detail, 7,, is the probability to obtain non-alternating segments, whereas 7, is the
probability to obtain alternating segments.

The equilibrium and kinetic constants of the equation refer to the following scheme:
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2-8-T 1-Coor-E-T 1-cycle5-T 1-Coor-CO-T 1- cycleﬁ -T 2-Coor-E-T 2-cycle5-T

K4

[Ml

[M

CO
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Since the CO pressure of 0.02 bar is estimated to correspond to a concentration of [CO] = 1.7 x 10 mol
L* (at 90°C in toluene)" and the ethylene (10 bar) concentration is estimated to [E] = 0.67 mol L™ (from
data at 95 °C),** the calculated f;, value for catalyst Drent is 20.0.

It worth to note that the contribution of F ., to f,, is negligible because kg is << K4 * Keapa [CH,)
(indeed F,, is1).

In other words, the value of f,,, corresponds to Brookhart's equation®":

fou = Tna _ (k(l:zm [C2H4] ﬁ)
na o kco [CO] K,

Moving to the Ni catalysts, from calculations it emerges that the TSisom shows the highest barrier along
the non-alt path and the overcoming of the barrier that corresponds to the opening of the six
membered chelate by ethylene is demanded for the formation of the alternating sequences (k’c,m4 <<
Kkcsny see the scheme below). For this reason, the f,,, theoretical value can be calculated based on the
following equation:

_ -1
f =rn_a:(@Mﬁ)(1_ kb ) (kczm 1 Kl)
na Ta kco [CO] K, k{ops * [C2HA+ k) k{opa [COIK

where K, is the equilibrium constant between of 1-cycles-T and 1-cycle6-T.

This corresponds to the scheme:

K'2

//_\

O K'czma k : L czm \\ k -
C(p) [M]/y\/\ C;;) /\/\ = C le]/ 2 ﬂ@'[w%
o N o7
+CO - s}
o (o]
2-8-T 1-Coor-E-T 1-cycle5-T 1-Coor-CO-T 1- cycleG -T 2-Coor-E-T 2-cycle5-T

The f,, value obtained for catalyst 1-OCHj3, 3 and 4 are 4.9 (mol L*)*,0.69 (mol L*)"and o0.15 (mol L)
respectively.

Comparison of these theoretical value f;,, to experimental values from microstructure analysis (Table
1) agrees reasonably (Table S6.2).

Table S6.2: Comparison of DFT results and experimental values derived from polymer microstructures of
propensity for non-alternating vs. alternating CO incorporation.

Species Experimentally Computed f,,
determined f,,, *(mol L)

Catalyst Drent 1.5 20.0

Catalyst 1-OCH; 15 (4.9)°

Catalyst 3 0.8 (0.69)°

Catalyst 4 0.1 (0.15)°
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6.3.3 Steric analysis.

From a steric point of view, 2-OCH; and 3’ are similar to their C¢Fs-analogues 1-OCH; and 3 as
suggested by the topographic steric maps and the similar values of the buried volume (%Vbur) of the
quadrants, (see Figure 6.4 for 1-OCH; vs. 2-OCHj; and Figure S6.4 for 3 vs. 3').

Figure S6.4. Topographic steric maps of the transition state TSisom for catalysts 3 (top left) and 3’ (top right).
Thecomplexes are oriented as shown below (bottom left and right).

6.3.4 Electronic analysis.

Table S6.3: Natural bond orbital analysis on Nickel for TS-2coor-E-c 0n catalysts 1-OCHj; and 3 catalysts and for
TS-1ms-co-Ton catalysts 1-OCHj; and 4.

Charge on Ni atom 1-OCH; 3 4
TS-2co0r-E-C 0.19264 0.19407
TS-1ms-co-r 0.15441 0.08933

Table S6.4: Natural bond orbital analysis on Nickel for TS-2coor-E-c 0n catalysts 2-OCH; and 3.

Charge on Ni atom 2-OCH; 3
TS-2¢oor-E-C 0.18447 0.18728

6.3.5 Computational details

We performed calculations of all important intermediates and transition states involved in
the competitive linear chain growth alternating and non-alternating pathways during the
ethylene and CO copolymerization (the 1-cycles-T intermediate was set as a reference point).
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All the DFT geometry optimizations were performed at the GGA BP86'>>"24 level with the
Gaussianog package. >5 The electronic configuration of the systems was described with the 6-
31G(d) basis set for H, C, N, F, and O while for Ni the quasi relativistic LANL2DZ ECP effective
core potential was adopted.?® All geometries were characterized as minimum or transition
state through frequency calculations. The geometry optimizations were performed without
symmetry constraints. All transition-state structures were confirmed to connect
corresponding reactants and products by intrinsic reaction coordinate (IRC) calculations. The
reported free energies were built through single point energy calculations on the (BP86/6-
31G(d)/LANL2DZ ECP) geometries using the Mo6 functional and the triple-{ TZVP basis set
on main group atoms while for Ni the quasi relativistic LANL2DZ ECP effective core potential
was adopted.?729 Solvent effects were estimated with the PCM model using toluene as
solvent.3°3' To this (Mo6/TZVP/LANL2DZ ECP) electronic energy in solvent, thermal
corrections were included from the gas-phase frequency calculations at the gas-phase level of
theory (BP86/6-31G(d)/LANL2DZ ECP). The percent buried volume calculations and the
steric maps were performed with the SambVca 2.1 package.”” The radius of the sphere was
fixed in the origin of the metal centre, while for the atoms, we adopted the Bondi radii scaled
by 117, and a mesh of 0.1 A was used to scan the sphere for buried voxels.

6.3.6 Energetic profile and Gibbs free energies for Drent and 1-OCH; catalysts.
6.3.6.1 Energetic profile with the alternative pathways for Drent and 1-OCH;
catalysts.

Figure S6.5: Gibbs free energies (AGrol in kcal mol”) of the competitive pathways for non-alternating and alternating
carbon monoxide incorporation with catalysts Drent (red, top) and 1-OCHj; (blue, bottom).
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6.3.6.2 Gibbs free energies of competitive species for catalysts 3, 4, 2-OCH; and

Table S6.5: Gibbs free energies in Toluene (kcal/mol) of competitive species for catalysts 3 and 4, with the
same computational protocol (M06/ triple-{ TZVP).

Catalyst 3 Catalyst 4
1-cycles-T 0.0 0.0
TSisom 27.1 23.8
TS-2coor-E-C 20.6 ---
TS-11ns-co-t --- 14.6
AAG* (non-alt)-(alt) 6.5 9.2

Table S6.6: Gibbs free energies in Toluene (kcal/mol) of competitive species for catalysts 2-OCHj; and 3’, (Mo6/

triple-{ TZVP).

Catalyst 2-OCH; Catalyst 3’
1-cycles-T 0.0 0.0
TS1som 24.5 25.9
TS-2¢oor-E-C 18.8 19.5
AAG* (non-alt)-(alt) 5.7 6.4
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Chapter 7

General conclusions

The main objective of this PhD thesis has been to provide a computational mechanistic
framework in the development of advanced catalysts based on late transition metals for
polymerization of ethylene and copolymerization of ethylene with CO. This in turn enables
the synthesis of new materials based on polyethylene through a rational design approach.

In this context, it is important to keep in mind that in general catalysis, because of its huge
influence on processes that affect daily life, is a subject of major interest in both academia and
industry.

Selecting the best catalyst in a disorganized catalytic space is a challenging task often driven
by trial and error, or intuition, rather than a rational science.

To this end, the role of calculations is crucial to correlate the properties of the catalytic pocket
(defined as the space around the active centre) to how it behaves experimentally in order to
have the tools to rationally progress towards advanced catalysts.

In this PhD project, the attention was focused on the rationalization of the catalysts'
behavioursand on the design and developing of new catalysts for polyethylene-based
materials, in a close collaboration with the experimental group of Professor Stefan Mecking.
In homogeneous catalysis, the steric and electronic environment of the metal centre are the

fundamental parameters that define the properties of any catalytic pocket. In detail, in the
field of polymerization, the properties of the products obtained such as polymer molecular
weight and branching degree are strongly determined by the catalyst in use.

This thesis focused on two classes of systems, i.e. Ni(Il) salicyaldiminato and Ni(II)
phosphine-phenolate complexes.
In the first part of the thesis, the catalysts investigated represent an advanced and instructive

version of Ni(II) salicylaldiminate motif in which the ligand skeleton was modified by means
of an ancillary imine donor creating a new binding site for ethylene polymerization reactions.
From these studies it emerged that:

e the second imine donor of the neutral bis(imino)phenoxy complexes does not
interfere in catalysis and thus can regarded as an innocent spectator. Catalyst with
electron withdrawing substituents produces high molecular weight polymers, whereas
catalyst with electron donating groups gives hyperbranched oligomers. The chain
walking is promoted by a weak n*-coordination of the distal aryl rings to the metal
center, operative only for the case of sufficiently electron-rich aryls.

e the added charge by incorporating a single proton into the N~H*~-O bridging motif
right next to the active site dramatically alters catalytic properties, yielding low
molecular weight oligomers.

o the shielding of the apical sites by means of a sterically hindered ligand influences the
catalytic behaviour for the neutral cyclophane complex yielding to low branched
oligomers.

78



In the second part of the thesis, the behaviour of new complexes of the Ni(II) phosphine
phenolate class was studied both in ethylene polymerization and in ethylene-CO
copolymerization.

A tailored modification of the ligand structure by means of a bis phenyl group on the
phosphine moiety was revealed as an effective strategy to block the apical position in order to
a) suppress chain transfer reactions for obtaining linear polyethylene and b) synthesize in-
chain-functionalized polyethylene with the desirable low content of CO for materials with
improved properties like for example the lower environmental persistence.

From these studies it emerged that:

e the axial shielding of the catalytic site influences the polymerization behavior in the
homopolymerization of ethylene, yielding linear polymers with high molecular weight
in presence of electron donating remote substituents on the ligand.

¢ the aromatic rings on the phosphine moieties may provide both a steric and electronic
contribution when apically coordinated to the metal centre affecting the catalytic
behaviour of all the investigated phosphinophenolato Ni(II) catalysts in the ethylene-
CO copolymerization, leading to the formation of both non-alternating and alternating
copolymers.

Overall the detailed mechanistic studies performed in this thesis have offered a
comprehensive understanding of the chemical reactivity beyond the (co)polymerization
processes considered, an achievement almost impossible to reach only with experimental
techniques. The studies described in this work demonstrated that computational techniques
can be of enormous value to obtain insights that can promote the discovery and the design of
novel successful catalyst architectures more rapidly and effectively.
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