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ABSTRACT 

Polyolefins account for over half of global plastic production. The incorporation of 

polar functionalities can provide value-added polyolefins with desirable material 

properties and potential degradability. To achieve this, coordination copolymerization 

of ethylene and fundamental polar comonomers by transition-metal catalysts is the most 

direct, economical, and environmentally friendly method. Though it has been pursued 

for decades, the catalyst performance (e.g. activity, thermal stability) is still far below 

practical thresholds. The major issue is the "polar monomer problem": coordination of 

the polar group in the comonomer to the metal center competes with vinyl coordination, 

a prerequisite for the monomer enchainment (chain propagation). 

This thesis describes mechanism-driven developments of industrially applicable 

molecular catalysts toward addressing the "polar monomer problem", with a focus on 

nickel catalysts for ethylene/acrylate copolymerization. A general introduction is 

provided in Chapter 1. 

Chapters 2~3 present the systematic studies of olefin insertion reactions, elementary 

steps of this copolymerization, with newly developed and high-performing nickel 

phosphine phenoxide catalysts. Nickel alkyl complexes generated after tBA insertion 

that are key intermediates representing the catalyst resting states were identified, isolated, 

and for the first time, crystallographically characterized, including a novel four-

membered chelate, one elusive intermediate that has been pursued for decades. Further, 

isolation of these intermediates allowed the establishment of kinetic profiles of olefin 

insertion reactions involved in catalyst initiation and chain propagation, and further 



 xii 
investigations of elementary steps of chain propagation, such as olefin coordination 

and complex isomerization. 

A major issue of current Ni catalysts is their low thermal stability. Most of them are 

operated at temperatures < 70 ºC. However, thermally robust catalysts are preferred in 

industry as they do not require precise temperature control during polymerization that 

is highly exothermic. In addition, chain propagation is faster at higher temperatures, 

potentially leading to higher activity. Based on knowledge obtained from 

aforementioned mechanistic studies, a new type of highly active, thermally robust Ni 

enolate catalyst for ethylene/acrylate copolymerization was rationally designed and 

developed (Chapter 4). Specifically, they remain highly active at 110 ºC, notable for this 

preparation. Chapter 5 describes subsequent catalyst modifications that led to significant 

enhancements in catalyst initiation and chain propagation, and consequent 

improvements of catalyst activity by nearly one order of magnitude. 

While nickel enolate catalysts described in Chapter 5 feature remarkably high activity 

and thermal stability, the molecular weight (Mw) of resulting copolymers are too low for 

material applications. Chapter 6 presents an iterative catalyst design that applies 

strategies demostrated in Chapters 4 and 5 to nickel phosphine phenoxide catalysts 

studied in Chapters 2 and 3. Resulting nickel complexes are extremely active (~37000 

kg/(mol*h)) and producing high Mw (~50000) ethylene/acrylate copolymers. In 

addition, fully blocking axial positions from the "top" of the nickel center also allows 

the isolation of a novel Ni alkyl complex directly relevant to β-H elimination, as well as 

mechanistic investigations of related reactions. These elementary steps have been little 



 xiii 
explored but are key to control the polymer Mw, chain-end structure, and chain 

walking behavior in polar polyolefin synthesis. 

Partially inspired by multiple metal centers in enzymes, multinuclear transition-metal 

catalysts have been developed and showed promise in copolymerization of non-polar 

monomers. However, unexpected challenges appeared while applying similar strategies 

in solving the "polar monomer problem". Chapter 7 examines potential effects of 

secondary metal additives that are proximal to the nickel and reveals how ligands binding 

to the secondary metal center could also significantly affect catalysis. Chapter 8 presents 

a systematic mechanistic study of cation shuttling and monomer insertion with a 

dinickel-based multimetallic system and proposes a "cation shuttling polymerization" 

strategy for addressing the "polar monomer problem". 

Overall, Chapters 1 through 8 present: 1) detailed mechanistic profiles of elementary 

steps of nickel-catalyzed ethylene/acrylate copolymerization including catalyst initiation, 

chain propagation (monomer insertion) and chain elimination, as well as elementary 

transformations for monomer insertions such as olefin coordination and complex 

isomerization, with both mono-nickel and nickel-based multimetallic catalysts; 2) 

consequent iterative catalyst developments that have enabled the efficient synthesis of 

polar-functionalized polyolefins with significantly improved catalyst activity and stability, 

polar monomer incorporation, and control over copolymer structures.  
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1 Background 

Polyolefins account for over half  of  global plastic production, partly due to their 

low cost and desirable properties such as innocuousness, chemical stability, and 

resistance to corrosion.1-5 However, the non-polar nature of  hydrocarbon chains limits 

the applications of  this indispensable class of  materials.6 Incorporation of  polar 

functionalities can significantly improve polyolefins' physical and material properties 

such as wettability, adhesion, and printability, and potential degradability, thus 

expanding the range of  potential applications.7-13 

 

Figure 1.1. Methods for synthesis of  functional polyolefins. 

Industrially, polar-functionalized polyolefins are produced via post-polymerization 

or radical copolymerization (Figure 1.1a,b).14-16 Both methods are poorly controllable 

and energy intensive as they require high temperature and high ethylene pressure. In 

contrary, metal-catalyzed coordination copolymerization of  polar and non-polar 

olefins (Figure 1.1c) is performed under relatively mild conditions and via machinery 

and process compatible with current industrialized preparation of  non-polar 

m nm
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polyolefins (polyethylene, polypropylene, etc), thus being of  high interest as an 

alternative method.17-20 

Among functional polyolefins, ethylene-acrylate copolymers (EAcP) are of  special 

interest as they combine excellent filler acceptance, toughness, thermal stability, 

flexibility, and adhesion across a wide temperature range.8, 16, 21-28 EAcP by industrial 

radical preparations have been widely used as commodity materials in food and 

medical packaging, composite films, wires/cables/hoses, and toys.8, 16, 21-24, 29-30 They are 

also potential precursors for ethylene/acid ionomers, another type of  well-known 

commercial products (e.g. Surlyn@ from DuPont, PrimacorTM from SK). Transition-

metal-catalyzed coordination copolymerization of ethylene and acrylates is not only a 

controlled, atom- and energy-efficient alternative for the preparation of aforementioned 

polymer products, but also provides new possibilities regarding copolymer structures 

and properties.31-34 For example, it can provide linear high Mw EAcP as the next 

generation of high-density-polyethylene (HDPE) that is not accessible by industrial 

radical preparations.15, 35-36 

In this regard, metal-catalyzed ethylene/acrylate copolymerization has been 

extensively studied.1, 11, 21, 37-39 Further, catalysts showing promise in this 

copolymerization have also been widely employed in copolymerization of  ethylene and 

other types of  polar comonomers.8, 11, 21, 37-41 However, the low catalyst performance 

(typically <100 kg/(mol*h)) prevented any potential industrial applications for a long 

period of  time.36, 38, 41 It is notable that the last 5 years have seen emerging new, high-

performance Pd and Ni catalysts that show significantly improved activity or ability to 
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produce EAcP with novel, controlled microstructures.38, 40, 42 Such encouraging results 

are also triggering revisiting mechanistic details of  this copolymerization process, as 

well as investigations of  material properties of  resulting copolymers.12, 43-44 In this 

chapter, we first discuss mechanistic pathways of  metal-catalyzed ethylene/acrylate 

copolymerization, challenges of  this catalysis, and catalyst design strategies (Section 

2). Recent advances in catalyst developments are discussed subsequently, with 

emphasis on single-component catalysts and mechanistic understanding of  this 

copolymerization that promotes iterative catalyst design (Section 3~5). The next 

session is focused on material properties of  EAcP and EAcP-based polymers (Section 

6). Introduction to the following chapters is included throughout the discussion and 

at the end. 

 
2 Copolymerization Mechanism and Catalyst Design Strategies 

In olefin polymerization, a single-component catalyst typically features a metal 

center supported by a multidentate ligand and at least one initiating alkyl and one labile 

ligand L (Figure 1.2, A).20, 45 Replacing the ligand L by olefinic monomers (B) allows 

subsequent migratory insertion (C). β-H elimination (D) may happen after insertion 

of  several monomers, and subsequent replacement of  the long-chain olefin by an 

olefinic monomer (E) results in chain termination. Insertion of  ethylene into metal 

hydride species is generally fast, which initiates propagation of  another polymer chain.  

The complexity of  ethylene/acrylate copolymerization mechanism includes several 

aspects.33, 46-47 First, the presence of  a large amount of  the ester group that can 



 C h a p t e r  1  
 
 

 
5 

coordinate to the metal center can significantly suppress catalytic activity. Second, 

cross polymerization happens (Figure 1.2, blue steps), and one monomer insertion can 

affect subsequent monomer insertion. For example, polar group coordination may 

happen after acrylate insertion, inhibiting subsequent insertion. Overall, the existence 

of  multiple cases of  monomer enchainment and activity suppression makes it hard to 

generalize the rate-determining step or catalyst design strategies. Moreover, 

mechanistic details of  different catalyst systems may differ, as changes in nature of  the 

metal and the supporting ligands can significantly alter the catalyst behavior. Notably, 

a detailed mechanistic profile has been established for ethylene/acrylate 

copolymerization by P,O-Ni catalysts (Section 4, and Chapter 2-3, 5~6). 

Figure 1.2. Mechanism of  copolymerization of  ethylene and polar monomers (red sphere: 
polar group).  

Despite these challenges, several aspects that are important for catalyst design have 

been identified after trial and error.1, 33, 46 First, late transition metals are less oxophilic 

and thus are more tolerant toward polar group coordination. To date, late-transition-
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metal catalysts are the only catalysts that are capable of copolymerizing ethylene and 

fundamental polar monomers with polar groups directly attached to vinyl, including 

acrylate).38 In addition, strategies such as proximal steric hindrance,48-51 ligand 

asymmetry,36, 40 secondary coordination sphere52-54 have shown promise in many 

examples, which is also discussed in chapters 2, 4, 6. Inspired by nature, it has been 

proposed that introducing a secondary Lewis acidic metal may prevent the polar group's 

inhibitory coordination to the active metal center. However, it is challenging to develop 

multimetallic catalysts with tailored proximity. More details are included in Chapters 7 

and 8.  

 
3 Palladium Catalysts 

In the field of  functional polyolefin synthesis via transition-metal catalysis, acrylates 

are among those polar comonomers attempted first, with literature dated back to the 

1980s.55 Brookhart's α-diimine Pd catalysts (Figure 1.3, i) are the first literature example 

that produce ethylene/acrylate copolymers (EAcP).31 Resulting copolymers are highly 

branched and acrylate units are primarily located at the end of  branches. Mechanistic 

studies revealed that acrylate inserts in a 2,1-mode and fast isomerization happens to 

generate a six-membered chelate.56-57 Corresponding rearrangement is thought to 

account for the branch-end "insertion" of  acrylates. It is notable that chain-walking is 

a characteristic behavior for such symmetric α-diimine catalysts in olefin 

polymerization.17, 39, 58 Detailed mechanistic profiles have been established for this 

phenomenon.56, 59-61 
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A major limitation of  the original Brookhart catalysts is low copolymerization 

activities. In addition, the highly branched microstructures limit many applications that 

require high-density-polyethylene (HDPE) type copolymers. Extensive structure-

performance studies have thus been conducted to improve catalyst performance, with 

a focus on steric hindrance proximal to Pd center.48, 60, 62-78 Initially employed for tuning 

catalytic behavior in ethylene homopolymerization, this approach has also shown 

promise in ethylene/acrylate copolymerization over the last few years. Chen and 

coworkers have shown that extremely bulky substituents enable the synthesis of  EAcP 

with high molecular weight (Mw) and low branching (Figure 1.3, ii).27-28, 48 Jian and 

Mecking reported catalysts with Cs-symmetry that produce branched EAcP with 

main-chain insertion of  acrylates (iii).79 In addition to modifying substituents on α-

diimine ligands, analogous ligands have also been developed (iv-v),80-81 but they mainly 

show similar or lower performance in ethylene/acrylate copolymerization compared 

to classical Brookhart catalysts. 

Figure 1.3. Representative Pd catalysts for ethylene/acrylate copolymerization.  
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Drent-type phosphine-sulfonate (PSO) Pd catalysts represent another important 

class. They produces linear EAcP with in-chain insertion of  acrylate units (Figure 1.3, 

vi), which is potentially originated from the neutral net charge and ligand asymmetry 

as revealed by mechanistic studies by Nozaki, Mecking, and others.35-36, 46-47, 82-91Acrylate 

oligomerization is also feasible with this type of  catalysts.33 It is also notable that they 

are also capable of  copolymerizing ethylene and a variety of  other monomers.9, 34-35, 47, 

88, 92-105  

The major limitations of  PSO-Pd catalysts are their low activities and low copolymer 

Mw. Nozaki has quantified the steric influence of  PSO ligands and found that the 

copolymer Mw can be significantly increased using a menthyl substituent on 

phosphine (Figure 1.3, vii).89, 106 Other substituents have also been extensively 

investigated by several groups.53, 107-115 In addition, replacing either the phosphine or 

sulfonate moieties by other ligand donors has also shown promise.13 Recent advances 

in this direction include bisphoshpine monoxide (BPMO),116-118 IzQO-type ligands,119-

120 diphosphazane monoxide,108, 121-123 phosphonic diamide-phosphine (PDAP) 

ligands,124 and N-bridged phosphine carbonyl ligands125-127 (Figure 1.3, viii-xii). 

Notably, cationic PDAP-Pd catalysts reported by Carrow and coworkers can produce 

EAcP with Mw up to 220*103 kg/mol.124 Until now, catalyst performance of  PSO-Pd 

and analogous catalysts is still too low for commercial viability, however the knowledge 

of  PSO ligand design has inspired the development of  a variety of  novel ligands 

including PO ligands for Ni catalysts, which is discussed in the following sections. 
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4 Nickel Catalysts 

Despite aforementioned progresses, Pd catalysts hold little industrial interest due to 

the high cost of palladium and the low activities of reported catalysts.38, 60 In this regard, 

Ni catalysts are potential alternatives as nickel is electronically similar to palladium but 

more earth abundant.40-41 Ni catalysts supported by ligands that were previously 

employed in active Pd catalysts were developed first.52-53, 66, 109-110, 113, 128-133 However, they 

are generally only capable of copolymerizing ethylene and comonomers with the polar 

group not directly attached to the vinyl. Notably, a few examples reported in the last few 

years showed promise in ethylene/acrylate copolymerization (Figure 1.4, i-iv), though 

with limited activity (<30 kg/(mol*h)).121-122, 126-127, 134-136 Separately, a few Ni complexes 

also show activity in this copolymerization upon addition of  a large excess of  MAO 

or AlR3 (c.a. 500 equiv.), which is included in Section 5. 

Ni phosphine-phenoxide catalysts represent a major advance in this field. Initially 

reported by Shimizu in 2017, metalation of  phosphine-phenol proligands and 

Ni(COD)2 generates single-component catalysts showing an activity of  390 kg/(mol*h) 

in producing EAcP with a acrylate incorporation of  1.1% (Figure 1.4, v).50 

Introduction of  bulkier substituents on phosphine leads to higher activity but lower 

acrylate incorporation. Later, Li and coworkers significantly expanded the catalyst 

scope to Ni(py)Me type complexes based on air-stable proligands (vi).137-138 It is also 

notable that many of  these proligands were synthesized from bisaryl phosphine 

chlorides that have previously been employed in synthesis of  PSO ligands. Also similar 



 C h a p t e r  1  
 
 

 
10 

to PSO-Pd catalysts, these asymmetric Ni catalysts generally produce highly linear 

copolymers (Branching <1/1000C).50 As most other neutral Ni catalysts, these 

catalysts suffer from relatively low thermal stability and are typically operated at 10-

70 °C. However, thermally robust catalysts are preferred in industry as they do not 

require precise temperature control during polymerization that is highly exothermic. 

In addition, chain propagation is faster at higher temperatures, potentially leading to 

higher activity. Toward this, we reported Ni(py)CH2SiMe3 catalysts with steric shielding 

on the O side that remain highly active at temperatures ~100 °C (vii-viii).43-44, 51 Higher 

acrylate incorporation (up to 12%) was also observed with a Ni bisphosphine 

phenoxide catalyst (Chapter 2). 

 
Figure 1.4. Representative Ni catalysts for ethylene/acrylate copolymerization. 
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Very recently, we reported bulky Ni phosphine-enolate complexes that are high-

performance catalysts for EAcP synthesis (Chapter 4).51 The key is the extremely bulky 

bisphenoxyphenyl group on phosphine, which provides steric shielding from the 

phosphine (P) side extending to the enolate (O) side (Figure 1.4, ix). In batch reactors, 

activity up to 5000 kg/(mol*h) (efficiency up to 35000 g copolymer/(g Ni*h)) was 

achieved at 110 °C, representing a new level of  activity and thermal stability. Slightly 

higher amount of  branching (1~3/1000C) was observed in resulting copolymers than 

that by Ni phenoxide catalysts mentioned above, highlighting the impact of  chelating 

frameworks. 

The aforementioned remarkable performance of  P,O-Ni catalysts leads to 

significant efforts in mechanistic studies. Though acrylate insertion reactions have 

been studied with NO-Ni catalysts,139 for a long-time mechanistic studies of  Ni-

catalyzed ethylene/acrylate copolymerization have been hindered by the lack of  

efficient catalysts and difficulties in isolation of  key intermediates. In this regard, the 

first isolation and characterization of  pyridine-coordinated and four-membered 

chelated species generated after acrylate insertion are remarkable (Figure 1.5, also 

included in Chapter 2).43-44 It is also notable that these intermediates are also highly 

active catalysts by themselves. Based on these compounds, combination of  

experimental and DFT studies (Chapters 2, 3) reveals that: 1) catalyst initiation starts 

with ethylene; 2) ethylene insertion after acrylate insertion is the overall limiting step 

for copolymerization; 3) back-to-back acrylate insertion is unlikely to happen; 4) a cis-

trans isomerization via a five-coordinate transition state occurs prior to migratory 
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insertion; and 5) olefin's coordination is >6 orders of  magnitude weaker than ligand 

L (e.g. PEt3, pyridine) coordination (Figure 1.5). 

 
Figure 1.5. A mechanism profile of  EAcP synthesis by PO-Ni catalysts.  

Notably, the above mechanistic details indeed provide insights in subsequent catalyst 

design. For example, the weak olefin coordination observed with P,O-Ni system 

implies that ligand L (e.g. PEt3) may also be involved in chain propagation. Indeed, 

faster catalyst initiation and higher rates of  chain propagation were observed with 

pyridine-coordinated species than PEt3 coordinated species, which leads to significant 

increase in activity for Ni enolate catalysts. Consequently, an activity reaching 24000 

kg/(mol*h) was achieved (Chapter 5). 
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conditions, and investigate material properties of  EAcP produced by these catalysts. 

 
5 Other Catalyst Systems 

The above two sections mainly focused on single-component, homogenous Pd and 

Ni catalysts. They represent state-of-art performance in EAcP synthesis, and their 

single-component nature allows detailed mechanistic studies and structural-

performance benchmarking those are vital for iterative catalyst developments. Notably, 

knowledge obtained from these studies may also be applied in designing in-situ 

generated or heterogenized catalysts, which is the focus of  this section. 

For Fe or Ni-based systems, single-component active species is highly oxygen 

sensitive, and thus in-situ activation of  MX2 type precatalysts (M: metal, X: halide) by 

alkylation reagents has been a common protocol.76, 140-142 Several Ni precatalysts have 

shown activity in ethylene/acrylate copolymerization upon activation of  a large excess 

of  MAO or AlR3 (c.a. 500 equiv. to Ni).52, 143-144 On the contrary, Fe-based systems to 

date only produce polyethylene/polyacrylate blends under copolymerization 

conditions.142 Separately, Stibrany have reported a Cu/MAO system that produces 

acrylate-based EAP with 55~72% acrylate incorporation.145 It is notable that the 

amount of  MAO or AlR3 used in these systems is comparable to the amount of  polar 

monomer (typically 500~2000 equiv. to Ni). Utilizing these reagents compromises 

atom efficiency and increases cost. It's well established that these Lewis acidic Al 

alkyl/alkoxide can act as masking reagent for polar monomers.146-148 They may also 

promote chain transfer, which compromises copolymer Mw and inhibits mechanistic 
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studies.149-151 

Heterogeneous olefin polymerization catalysts have dominated industrial polyolefin 

production.152 Immobilization of  high-performance homogeneous Pd or Ni catalysts 

potentially provides heterogeneous catalysts suitable for EAcP synthesis and thus 

became an emerging area recently.38 Several supported Pd catalysts have shown 

promise in EAcP synthesis (Figure 1.6), such as polystyrene supported PSO-Pd 

catalysts by Mecking (i),153 sulfated zirconia supported α-diimine Pd catalysts by Conely 

(ii),154-155 and SiO2-supported anilinonaphthoquinone Pd catalysts by Chen and Cai 

(iii).156 However, these catalysts suffer from low catalyst activity (<50 kg/(mol*h)) and 

limitations in acrylate incorporation (typically <0.5%). These issues have been resolved 

in a recent example by Chen, in which P,O-Ni catalysts were heterogenized via an ionic 

anchoring strategy.157 Resulting supported catalysts show showed performance 

superior to their homogenous counterparts (Figure 1.6, iv). 

 

Figure 1.6. Heterogenous catalyst system for EAP synthesis.  
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derived from intrinsic properties of  the functional groups in the polymer chain instead 

of  additives. Therefore, additive-induced poisoning effects on mechanical properties 

and environmental and health concerns related to additive release can be prevented.158 

Among all properties, hydrophilicity, typically estimated by the water contact angle 

(WCA), is one of  the most commonly studied properties for EAcP produced by 

transition metal catalysis. Acrylate incorporation can significantly decrease the WCA 

and potentially increase adhesion properties. For example, WCA of  ethylene/MA 

copolymers produced by α-dimine Pd catalysts decreases from 104° to 54° as the MA 

incorporation increases from 0% to ~7%.27-28, 159 Converting the ester functionalities 

to carboxylic acids leads to further decrease in WCA to ~40°.28 Carboxylic acid-

functionalized polyolefins also showed significantly improved dyeability.159 

It is also notable that these properties can be precisely controlled by tuning catalyst 

structure and polymerization conditions, and moreover, the tunability of  transition 

metal catalysis provides possibilities of  introducing custom-made properties in EAcP 

or EAcP-based polymers. For example, Mecking reported vitrimer synthesis starting 

from Pd-catalyzed copolymerization of  ethylene and ketal-functionalized acrylates.99 

Subsequent reaction of  copolymers with phenyl-oxoborolanes and diboronic esters 

leads to molecularly defined functional polyolefin vitrimers that combines the 

advantageous properties of  cross-linked materials with thermoplastic processability.160 

Another desired property for next generation polyolefins is degradability. Towards this, 

Mecking reported synthesis of  photodegradable EAcP via terpolymerization of  

ethylene, CO and acrylate by Ni phosphine phenoxide catalysts.161 
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7 Summary 

Controlled functional polyolefin synthesis by coordination copolymerization of 

ethylene and polar monomers have been one of the most significant and profound 

challenge for in the field of polyolefin catalysis for decades. Catalytic synthesis of EAcP 

is one specific target that have been intensively studied, with numerous efforts from 

both academia and industry. However, its applications have been hampered by low 

catalyst performance. Over last 5~6 years, significant advances have been made in both 

aspects. EAcP with more diverse, but controlled and custom-made microstructures and 

material properties have been rationally synthesized. Further, recently developed highly 

active, thermally stable Ni catalysts have rapidly revolutionized this field that were 

dominated by Pd catalysts and brought up possibilities of  practical applications in the 

near future. 

This thesis is focused on mechanistic studies and catalyst development of Ni-catalyzed 

EAcP synthesis, with a specific emphasis on insertion of olefins into Ni alkyl complexes, 

the elementary organometallic transformation in olefin (co)polymerization. Chapter 2 

outlines a catalyst design strategy that leads to thermally stable Ni catalysts with 

significant improved acrylate incorporation or resistance to acrylate induced chain 

transfer. This chapter also provides mechanistic details of chelate formation, as well as 

a kinetic profile of catalyst initiation and chain propagation. Chapter 3 elucidates specific 

mechanistic details related to olefin coordination and ligand isomerization. Chapter 4 

demonstrates how knowledge from these studies can promote development of a new 
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type of EAcP catalyst, while Chapter 5 is an example of how such knowledge can 

promote iterative catalyst design. Chapter 6 is focused on β-H elimination, one step 

controls chain-termination but has been little explored. Inspired by nature, it have been 

proposed that introducing a secondary Lewis acidic metal may prevent polar group's 

inhibitory coordination to active metal center. Toward this, Chapters 7 and 8 include 

two types of multimetallic catalysts for EAcP synthesis. 
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 (82)  Neuwald, B.; Ölscher, F.; Göttker-Schnetmann, I.; Mecking, S., Limits of  activity: weakly coordinating 
ligands in arylphosphinesulfonato palladium (II) polymerization catalysts. Organometallics 2012, 31 (8), 3128-3137. 

 (83)  Wucher, P.; Roesle, P.; Falivene, L.; Cavallo, L.; Caporaso, L.; Göttker-Schnetmann, I.; Mecking, S., 
Controlled acrylate insertion regioselectivity in diazaphospholidine-sulfonato palladium (II) complexes. 
Organometallics 2012, 31 (24), 8505-8515. 

 (84)  Wucher, P.; Goldbach, V.; Mecking, S., Electronic influences in phosphinesulfonato palladium (II) 
polymerization catalysts. Organometallics 2013, 32 (16), 4516-4522. 

 (85)  Neuwald, B.; Falivene, L.; Caporaso, L.; Cavallo, L.; Mecking, S., Exploring electronic and steric effects on 
the insertion and polymerization reactivity of  phosphinesulfonato pdii catalysts. Chem. - Eur. J. 2013, 19 (52), 17773-
17788. 

 (86)  Noda, S.; Nakamura, A.; Kochi, T.; Chung, L. W.; Morokuma, K.; Nozaki, K., Mechanistic studies on the 
formation of  linear polyethylene chain catalyzed by palladium phosphine− sulfonate complexes: experiment and 
theoretical studies. J. Am. Chem. Soc. 2009, 131 (39), 14088-14100. 



 C h a p t e r  1  
 
 

 
22 

 (87)  Kanazawa, M.; Ito, S.; Nozaki, K., Ethylene polymerization by palladium/phosphine–sulfonate catalysts in 
the presence and absence of  protic solvents: structural and mechanistic differences. Organometallics 2011, 30 (21), 
6049-6052. 

 (88)  Nozaki, K.; Kusumoto, S.; Noda, S.; Kochi, T.; Chung, L. W.; Morokuma, K., Why did incorporation of  
acrylonitrile to a linear polyethylene become possible? Comparison of  phosphine− sulfonate ligand with 
diphosphine and imine− phenolate ligands in the Pd-catalyzed ethylene/acrylonitrile copolymerization. J. Am. Chem. 
Soc. 2010, 132 (45), 16030-16042. 

 (89)  Nakano, R.; Chung, L. W.; Watanabe, Y.; Okuno, Y.; Okumura, Y.; Ito, S.; Morokuma, K.; Nozaki, K., 
Elucidating the key role of  phosphine− sulfonate ligands in palladium-catalyzed ethylene polymerization: Effect 
of  ligand structure on the molecular weight and linearity of  polyethylene. ACS Catal. 2016, 6 (9), 6101-6113. 

 (90)  Zhou, X.; Lau, K.-C.; Petro, B. J.; Jordan, R. F., cis/trans Isomerization of  o-Phosphino-Arenesulfonate 
Palladium Methyl Complexes. Organometallics 2014, 33 (24), 7209-7214. 

 (91)  Conley, M. P.; Jordan, R. F., cis/trans isomerization of  phosphinesulfonate palladium (II) complexes. Angew. 
Chem. Int. Ed. 2011, 50 (16), 3744-3746. 

 (92)  Ito, S.; Munakata, K.; Nakamura, A.; Nozaki, K., Copolymerization of  vinyl acetate with ethylene by 
palladium/alkylphosphine− sulfonate catalysts. J. Am. Chem. Soc. 2009, 131 (41), 14606-14607. 

 (93)  Ito, S.; Kanazawa, M.; Munakata, K.; Kuroda, J.-i.; Okumura, Y.; Nozaki, K., Coordination− insertion 
copolymerization of  allyl monomers with ethylene. J. Am. Chem. Soc. 2011, 133 (5), 1232-1235. 

 (94)  Leicht, H.; Göttker-Schnetmann, I.; Mecking, S., Incorporation of  vinyl chloride in insertion polymerization. 
Angew. Chem. Int. Ed. 2013, 52 (14), 3963-3966. 

 (95)  Jian, Z.; Baier, M. C.; Mecking, S., Suppression of  chain transfer in catalytic acrylate polymerization via rapid 
and selective secondary insertion. J. Am. Chem. Soc. 2015, 137 (8), 2836-2839. 

 (96)  Ota, Y.; Ito, S.; Kobayashi, M.; Kitade, S.; Sakata, K.; Tayano, T.; Nozaki, K., Crystalline Isotactic Polar 
Polypropylene from the Palladium-Catalyzed Copolymerization of  Propylene and Polar Monomers. Angew. Chem. 
Int. Ed. 2016, 55 (26), 7505-7509. 

 (97)  Jian, Z.; Falivene, L.; Boffa, G.; Sánchez, S. O.; Caporaso, L.; Grassi, A.; Mecking, S., Direct synthesis of  
telechelic polyethylene by selective insertion polymerization. Angew. Chem. Int. Ed. 2016, 55 (46), 14378-14383. 

 (98)  Na, Y.; Chen, C., Catechol Functionalized Polyolefins. Angew. Chem. Int. Ed. 2020. 
 (99)  Odenwald, L.; Wimmer, F. P.; Mast, N. K.; Schußmann, M. G.; Wilhelm, M.; Mecking, S., Molecularly 
Defined Polyolefin Vitrimers from Catalytic Insertion Polymerization. J. Am. Chem. Soc. 2022, 144 (29), 13226-
13233. 
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ABSTRACT 

 
The efficient copolymerization of acrylates with ethylene using Ni catalysts remains a 

challenge. Herein, we report two neutral Ni(II) catalysts (POP-Ni-py (1) and PONap-

Ni-py (2)) that exhibit high thermal stability, significantly higher incorporation of polar 

monomer (for 1) or improved resistance to tBA-induced chain transfer (for 2), compared 

to previously reported catalysts. Nickel alkyl complexes generated after tBA insertion, 

POP-Ni-CCO(py) (3) and PONap-Ni-CCO(py) (4), were isolated and for the first time, 

characterized by crystallography. Weakened lutidine vs pyridine coordination in 2-lut 

facilitated the isolation of a N-donor-free adduct after acrylate insertion PONap-Ni-

CCO (5) which represents a novel example of a four-membered chelate relevant to 

acrylate polymerization catalysis. Experimental kinetic studies of six cases of monomer 

insertion with aforementioned nickel complexes indicate that pyridine dissociation and 

monomer coordination are fast relative to monomer migratory insertion and that 

monomer enchainment after tBA insertion is the rate limiting step of copolymerization. 

Further evaluation of monomer insertion using density functional theory studies 

identified a cis-trans isomerization via Berry-pseudorotation involving one of the 

pendant ether groups as the rate-limiting step for propagation, in the absence of a polar 
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group at the chain end. The energy profiles for ethylene and tBA enchainments are in 

qualitative agreement with experimental measurements. 
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GENERAL INTRODUCTION 

Polyolefins account for over half  of  global plastic production.1 Incorporation of  

polar groups can improve desirable properties such as wettability, adhesion, and 

printability, expanding the potential applications of  polyolefins.2-4  Coordination 

copolymerization circumvents limitations of  industrially practiced free radical 

preparations and provides a high degree of  control of  the polymer microstructure 

under mild conditions, as demonstrated for non-polar polyolefins. 5-8 Late transition 

metal catalysts have demonstrated promise in the coordination polymerization of  non-

polar and polar olefins, due to lower inhibition by heteroatoms.2, 9-11 Early 

developments with cationic !-diimine Pd complexes highlighted the promise of  group 

10 metals for the copolymerization of  ethylene and polar olefins, in particular 

monomers with polar groups not directly attached to the olefinic carbons. 12-16 More 

recently, phosphine-sulfonate Pd catalysts were reported to generate linear 

copolymers/cooligomers with significant in-chain incorporation of  various vinyl 

monomers.17-23 Mechanistic studies indicate that the improved reactivity of  the 

phosphine-sulfonate system is derived from the less electrophilic Pd center and the 

electronic asymmetry of  the ligand.19, 24-26 Other [P,O]-type Pd complexes have since 

been developed generating copolymers with higher molecular weights, tunable 

branching density, and enhanced functional group incorporation.27-34 

Despite their tunability and tolerance of  various functional groups, these Pd catalysts 

are not suitable for industrial applications due to the high cost of  palladium and their 
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relatively low performance. Implementation of  Ni-based catalysts can potentially offer 

a significant economic and environmental advantage; however, nickel polymerization 

catalysts typically suffer from poor thermal stability (operation temperature < 70 ºC), 

severe activity suppression by polar groups and either produce copolymers with low 

molecular weights or limited polar group incorporation.2, 29, 35-38 Therefore, the 

development of  thermally robust nickel catalysts for the production of  high Mw 

polyolefins with higher levels of  polar group incorporation, remains a significant 

challenge.  

 
Figure 2.1. Design and development of nickel catalysts with bulky phosphine-phenoxide 
ligands: a) rationale of ligand design; b) preparation of nickel complexes; c) solid-state structures 
of 1 (left) and 2 (right). 

Increasing steric bulk close to the metal center has been hypothesized to inhibit 

chain transfer, polar groups' coordination, and potential catalyst decomposition during 

copolymerization.14, 25-26, 39 However, this strategy can also hinder polar olefin 

coordination to the metal center in copolymerization. For example, bulky, electron-

rich phosphine substituents are important for the high activity of  SHOP (Shell Higher 

Olefin Process) type [P,O]-Ni catalysts, but also detrimental for polar monomer 

incorporation.37, 40 In contrast, a strategy less explored focuses on tuning steric bulk 
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from the “O”-side rather than from the “P”-side (Figure 2.1a). Based on previous 

reports with [P,O]-Pd complexes32 and limited studies with [P,O]-Ni complexes37, 40 we 

hypothesized that pendant steric hindrance from the “O”-side of  SHOP-type nickel 

catalysts may also be sufficient to prevent bulky polar groups’ inhibitory coordination, 

but not significantly hinder coordination of  the smaller olefin group. To this end, we 

report nickel catalysts supported by [P,O] ligands featuring an additional bulky 

phosphorus (III) substituents ortho to the phenoxide (POP) and with a rigid aryl 

substituent (PONap) (Figure 2.1a). Nickel catalysts (1 and 2) supported by these 

ligands show high thermal stability (highly active under temperatures up to 100 ºC). 

Furthermore, enhanced tBA incorporation (for 1) and better resistance to tBA-induced 

chain transfer (for 2) was observed.  

Despite the recent success of  SHOP-type nickel catalysts in ethylene/acrylate 

copolymerization, detailed mechanistic studies are lacking. We present here 

mechanistic insights of  ethylene/acrylate copolymerization with 1 and 2. A 

combination of  bulk copolymerization data, spectroscopic and crystallographic 

characterization of  isolated intermediates, experimental kinetics studies of  monomer 

insertions, and DFT calculations provide a detailed profile of  the chain 

initiation/propagation processes. This includes the structural characterization of  the 

first isolated intermediates relevant to nickel catalyzed copolymerization in these 

systems. Additionally, an associative isomerization process involving the pendant ether 

groups is identified as a required step prior to monomer migratory insertion via the 

lowest energy pathway. These investigations highlight how ligand structure affects 
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catalytic activity and polar group incorporation, and thereby provide insight towards 

future catalyst design. 

 
RESULTS AND DISCUSSION 

Synthesis and Characterization of  Nickel (Trimethylsilyl)methyl Pyridine 

Complexes Supported by POP and PONap 

The phenol proligands (POPH and ONapH) were synthesized in a fashion similar 

to known diarylphosphine phenols (see SI).40-42 Metalation of  POPH and PONapH 

with 1 equiv. of  nickel bis(pyridine) bis((trimethylsilyl)methyl) in benzene allowed for 

the isolation of  the corresponding nickel (trimethylsilyl)methyl complexes (1 and 2, 

Figure 2.1b). The 1H NMR spectra of  the isolated nickel complexes each display a 

doublet near -0.6 ppm, diagnostic for the Ni-CH2-Si moiety. Additionally, peaks in the 

aromatic region are indicative of  a bound pyridine.  

Single crystal X-ray diffraction (XRD) studies provided structural confirmation of  

the identity of  these complexes (Figure 2.1c).40, 42-43 Notably, the Ni(1)-N(1) distance 

of  2 (1.997(2) Å) is significantly longer than that of  1 (1.938(3) Å), suggesting a weakly 

bound pyridine in 2, likely due to the rigidity of  the bulky aryl group on the phenoxide 

side of  the ancillary ligand. In addition, the C(2)-C(3)-C(4) angle in 2 (125.0(2)°) is 

considerably larger than expected (120°), indicating a distortion due to the steric  

repulsion between the 3,5-di-tertbutylphenyl and the pyridine. The ether groups 

pendant to the bound phosphine ligand are close to Ni, with a Ni(1)-O(2) distance of  
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2.837(3) Å for 1 and 2.691(1) Å for 2, both of  which are shorter than the sum of  van 

der Waals radii of  Ni and O and thus indicating potential interactions. 

Catalytic Production of  Ethylene/tBA Copolymers  

To evaluate the catalytic performance of  the new ligand designs, efforts were 

focused on the production of  ethylene/tBA copolymers with 1 or 2. Copolymerization 

trials were carried out in toluene at 400 psig of  ethylene under different temperature 

and tBA concentration to examine their effects on catalytic activity and properties of  

the copolymers (Tables 1, S5.1-S5.4). High activity (321 kg/(mol·h), 70 ºC, entry 1, 

Table 2.1) was observed even with in-situ formation of  1, using proligand (POPH) 

and 1 equiv. of  the nickel precursor (Nipy2(CH2SiMe3)2). The molecular weight, Mw, 

of  copolymer produced reached 94,200 g/mol and the incorporation of  tBA was 2.52 

mol%. Compared to the reported monophosphine [P,O] catalyst, under similar 

conditions, more than a two-fold increase in tBA incorporation was observed for 1, a 

significant increase while maintaining similar catalytic activity (Act.=390 kg/(mol·h), 

Mw=185,000 g/mol, incorp.(tBA)=1.1 mol%, entry 2, Table 2.1 in ref  81).37  

Notably, higher activity was observed upon increasing the temperature to above 90 

ºC (entry 1 vs 2, Table 2.1). Previously reported nickel catalysts typically display 

significantly decreased activity in copolymerization of  ethylene and polar monomers 

at temperatures higher than 50 ºC, with few exceptions exhibiting high activity up to 

70 ºC.40, 44 Both 1 and 2 are highly active at temperature up to 100 ºC (Table 2.1, entry 

5 and 14), representing a record level of  thermal stability of  nickel catalysts for 

ethylene/acrylate copolymerization. This unique behavior may result from cumulative 
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stabilizing effects of  the proximal methoxy groups and bulky substituents ortho to the 

phenoxide. While 1 shows similar activity at 90 ºC and 100 ºC, a ~40% increase of  

activity is observed for 2, suggesting the substituent rigidity in 2 serving a role for 

better thermal stability. 

Table 2.1. Ethylene/tBA copolymerization. 

Entry Cat. [tBA]/M T (°C) A.[b] Mw[c] PDI %Mol tBA Tm/°C 

1 POPH + Nib 0.05 70 321 94.2 2.3 2.5 108 

2 POPH + Nib 0.05 90 598 59.4 2.2 2.2 111 

3 POPH + Nib 0.1 90 245 40.8 2.3 5.1 95 

4 POPH + Nib 0.15 90 118 28.9 2.3 8.2 82 

5 POPH + Nib 0.15 100 113 22.7 2.2 7.8 82 

6 POPH + Nib 0.2 100 82 19.1 2.2 12.0 68 

7 1 0.05 90 661 55.1 2.2 2.1 111 

8c 1 0.12 90 460 44.9 2.4 3.7 106 

9c 1 0.23 90 290 31.1 2.2 8.7 82 

10 2 0.05 70 206 16.5 2.3 0.75 121 

11 2 0.05 90 481 10.1 2.2 0.73 121 

12d 2 0.1 90 262 9.0 2.0 1.4 115 

13d 2 0.15 90 205 7.6 2.2 2.0 111 

14 2 0.05 100 637 8.1 2.1 0.70 121 
[a] Unless specified, V=5 mL, [catalyst]=0.25 µmol, ethylene pressure=400 psi, toluene solvent, each entry 
represents multiply replicated runs (see section S5 for detailed procedures and original data). [b] Two stock 
solution (1mM in toluene) of proligand POPH and the nickel precursor Ni (py2Ni(CH2SiMe3)2) were 
mixed in situ and stirred for 30 min prior to polymerization. [c] V(total)=640 mL, [Ni]=59.2 µmol, ethylene 
pressure=400 psi, time=75 min, toluene solvent. [d] [2]=0.5 µmol. 
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Increasing the tBA concentration leads to a proportional increase of  tBA 

incorporation (Table 2.1, entries 2-4), but results in lower catalytic activity. At the same 

time, the Mw of  the copolymers decreased substantially with increased polar monomer 

concentration (Table 2.1, entries 2-4). The decrease in activity is likely a consequence 

of  slower subsequent insertions after the incorporation of  a polar olefin.37 The 

decreased molecular weight may result from slower propagation due to higher level of  

polar olefin insertion or a higher propensity for chain transfer or termination. 26, 40, 45 

Access to similarly active precatalysts, 1 and 2, provides an opportunity to evaluate 

the impact of  catalyst structure on catalytic performance. Higher Mw copolymers 

featuring high tBA incorporation are produced by 1 compared to 2, for example, 

comparing entry 7 (2.11 mol% incorporation, Mw 55,100 g/mol, act.=661 

kg/(mol·h)) to entry 11 (0.73 mol% incorporation, Mw 10100 g/mol, act.=481  

kg/(mol·h)). Though lower molecular weights are observed for all copolymers 

produced by 2, only a small effect of  tBA concentration on copolymers’ molecular 

weights is observed. For example, doubling the concentration of  tBA leads to ~30 % 

decrease in the molecular weight of  copolymers produced by 1 (Table 2.1: entry 2 vs 

3) while only a 10% decrease in the molecular weight was observed for copolymers 

produced by 2 (Table 2.1: entry 11 vs 12). These differences suggest factors not simply 

related to tBA, such as the ancillary ligand rigidity or size, may have a more significant 

effect in controlling Mw of  the copolymer produced by 2 than by 1. 

The analysis of  the copolymers as a function of  comonomer concertation provides 

insight into the relative overall rates of  insertion of  the two monomers. 
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Concentrations of  tBA from 0.05 M to 0.23 M have been tested, while the ethylene 

concentration in solution is roughly 2 M.46-47 For 1, the mol percent incorporation of  

tBA varies from 2.1% to 12% as the ratio of  the concentration of  tBA to ethylene 

varies from 1:40 to 1:10, respectively. These results indicate that overall propagation 

rates of  ethylene and tBA are roughly within the same order of  magnitude. Under the 

same conditions, the incorporation ratio of  tBA with 1 is 3 to 4 times higher than with 

2. Additional mechanistic studies were conducted to determine the reaction steps that 

control the differences in performance between 1 and 2 (vide infra). 

Isolation and Characterization of  tBA Insertion Products  

The notably high tBA incorporation observed with 1 along with the differences in 

catalytic performance when comparing 1 and 2 led us to investigate the mechanistic 

basis of  these observations. Microstructure analysis and/or tBA insertion studies have 

revealed that tBA insertion proceeds in a 2,1 fashion for both Pd48-49 and Ni50 catalysts. 

One of  the postulated deactivation pathways in acrylate and ethylene copolymerization 

is coordination of  the carbonyl moiety of  the inserted acrylate to the metal center 

forming a 4-membered chelate;51 however, direct evidence supporting this claim is 

lacking. Structurally characterized acrylate insertion species with Pd exhibit a six-

membered or eight membered chelate.48-49 To date, examples of  structurally 

characterized products of  acrylate insertion with Ni are lacking in the literature. One 

report outlines an NMR characterized example of  2,1 insertion of  methyl acrylate into 

a Ni-alkyl with the product showing no interaction between the ester group and the 

Ni center.50 Though extensive NMR and DFT studies were conducted on this species, 
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no solid-state structure was reported. Structures resembling the chelated 2,1 insertion 

products of  acrylates have been generated through oxidative addition by Ni(0) sources, 

though not in the context of  olefin polymerization.52-54 

Given the dearth of  examples of  Ni promoted acrylate insertion, the reactivity of  1 

and 2 with tBA was studied. Addition of  excess tBA to 1 or 2 causes a color change 

from light orange to red. Analysis of  the 31P{1H} and 1H NMR spectra confirms the 

disappearance of  the starting complexes and the appearance of  a single new species 

with broad peaks in each case. Addition of  excess pyridine results in sharpening of  

resonances not assigned to pyridine. The growth of  a new tBu resonance in 1H NMR 

and the absence of  a signal in the upfield region corresponding to Ni-CH2 suggest 

insertion of  acrylate into the Ni-CH2SiMe3 bond. Resonances in the aromatic region 

are indicative of  pyridine coordination and suggest the generation of  species similar 

to the previously reported acrylate insertion product,49-50 POP-Ni-CCO-py (3) and 

PONap- Ni-CCO-py (4), respectively (Figure 2.2a). The broad peaks in both 1H and 

31P{1H} NMR spectra of  3 and 4 and the effect of  excess pyridine in the NMR spectra 

are indicative of  a fluctional process that involves pyridine dissociation. The bulkier 

alkyl group resulting upon insertion may weaken the metal-pyridine interaction and 

lead to significant dissociation on the NMR time scale. Either a 3-coordinate species 

or a chelate through binding of  the carbonyl group to the metal could be generated in 

solution. 

High quality single XRD data was obtained for 4, while moderate quality data was 

obtained for 3 (Figure 2.2b). Both confirmed the assignment of  3 and 4 as the products 
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of  2,1-insertion of  tBA. Pyridine coordination is observed in both compounds 

consistent with solution NMR data. The long metal-oxygen distance of  the carbonyl 

group from the inserted tBA (3.733(2) Å) indicates no bonding interaction in the solid-

state, in contrast with the calculated structure of  the previously reported acrylate 

insertion product supported by a phenoxyimine ligand that has a Ni-O distance of  

3.18 Å suggestive of  a weak interaction.50  

 

Figure 2.2. a) Preparation of  3~5 and b) solid-state structures of  4 (left) and 5 (right).  

Toward accessing a pyridine-free version of  2 to determine the propensity for four-

membered chelate formation, a variant with the weaker binding lutidine ligand (2-lut) 

was synthesized from the reaction of  PONapH and NiMe2(TMEDA) in the presence 
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of  excess of  2,6-lutidine. Upon in situ generation of  this species, 25 equivalents of  

tBA were added. After 0.5 h, a color change from light orange to red was observed. 

Upon removal of  volatile materials, both 1H and 31P{1H} NMR spectra indicate 

consumption of  2-lut and the formation of  a new species. Though many resonances 

are similar to those of  4, lutidine resonances are not observed upon workup, indicating 

loss of  this ligand to generate compound 5. The NMR resonances in the 1H and 

31P{1H} NMR spectra are broad, suggesting a fluxional process independent of  

pyridine. Interconversion between two isomers such as a three-coordinate and a 

chelated species is consistent with these data.  

Single crystal X-ray diffraction studies determined the identity of  5 as the chelate in 

the solid-state. Notably, this is first structural characterization of  the chelate resulting 

from a single insertion of  acrylate in systems competent in catalysis. The carbonyl 

oxygen’s distance to the Ni center of  1.940(5) Å indicates a bonding interaction, 

slightly elongated when compared to reported nickel complexes featuring 

“NiCR2C(OR)O” chelates (1.900-1.905 Å).52-54 The C(2)-O(2) distance (1.285(9) Å) in 

5 is elongated in comparison to 4 (1.227(4)Å) due to coordination to Ni.54-57 Other 

structural parameters in the coordination sphere of  Ni are similar to 4. A suite of  

NMR experiments was performed to determine the solution structure of  5. Although 

these data do not rule out a solution structure with the carbonyl dissociating, they 

provide conclusive support for the Ni-alkyl group connectivity observed in the solid-

state (see SI, section S3 for detailed NMR analysis). 

Kinetics of  Monomer Enchainment 
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In the ethylene/tBA copolymerization, chain initiation and propagation occur via 

ethylene or tBA enchainment (as a combination of  ligand substitution and olefin 

migratory insertion) each from three distinct precursors (Figure 2.3; left): Ni-alkyl of  

catalyst precursor, Ni-alkyl after ethylene insertion and Ni-alkyl after acrylate insertion. 

Further differentiation in behavior is possible if  two monomer insertions are 

considered (e.g. ethylene insertion after ethylene insertion vs tBA insertion after 

ethylene insertion). To elucidate kinetic details of  monomer enchainment, kinetics 

experiments monitored by NMR have been conducted as discussed below. 

 
Figure 2.3. Six cases of  ethylene and tBA insertion (left) and double reciprocal plot (1/kobs-1 
vs [py]/[tBA]) of  case a1 (right, Measurements for 1 are shown in red and for 2 in purple. 
Conditions: [Ni] = 0.0157 M, Solvent PhCl, T = 50 ºC). 

Enchainment of  tBA with Nickel (Trimethylsilyl)methyl Species (a1). As 

discussed above, the addition of  excess tBA to 1 or 2 at room temperature results in 

consumption of  1 and 2 and quantitative formation of  the corresponding insertion 

products (Figure 2.2a). Kinetic measurements under pseudo-1st order conditions of  

excess tBA were employed to experimentally evaluate mechanistic possibilities for tBA 

enchainment. The decrease of  the concentration of  the nickel (trimethylsilyl)methyl 

complexes over time was monitored by 31P{1H} NMR spectroscopy. Decay of  1 and 

2 in the tBA enchainment corresponds to the initiation of  the precatalyst and may not 
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be representative of  propagation through tBA enchainment. The use of  excess 

pyridine (2 equiv. for 1 and 10 equiv for 2) was necessary for linear pseudo-1st order 

behavior (see SI section S8.2). 

To investigate the influence of  the leaving pyridine (denoted as “L”) and incoming 

tBA, the rate of  monomer enchainment (overall rate of  ligand substitution and 

migratory insertion) for 1 was measured at varying tBA and pyridine concentrations 

(10~75 equiv. of  tBA, 2~6 equiv. of  pyridine). NMR monitoring was conducted at 50 

ºC in chlorobenzene, for better solubility compared to C6D6. Data is summarized in a 

double reciprocal plot (Figure 2.3; right). The linear dependence indicates that pseudo-

1st order rate constant (kobs1, where rate=kobs1[Ni] and kobs1 = ka1[tBA]/[py]) is 

proportional to the concentration of  tBA and inversely proportional to the 

concentration of  pyridine in the range of  concentrations studied. The fitted linear 

relationship between 1/kobs1 and [py]/[tBA] has a slope of  303(5) min and an intercept 

near zero (1.3(6) min). This scenario indicates that migratory insertion of  tBA is slower 

than ligand substitution (Detailed discussion: SI S11.1). Notably, a tBA bound species 

has not been observed with 1 or 2 under a wide range of  temperatures from -80 ℃	to 

50 ℃, indicating the potential pre-equilibrium between pyridine- and tBA-bound 

species is shifted far to the left. Nevertheless, more information is necessary to 

distinguish mechanistic pathways for the substitution of  pyridine by tBA.  

Based on aforementioned linear relationship, an observed rate constant for the a1 

process (ka1, rate=ka1[Ni][tBA]/[py]) can be derived, ka1=0.0033 min-1 for 1. Analogous 

measurements with 2 with 100 equiv. of  tBA and 10 equiv. of  pyridine results in 
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ka1=0.00082 min-1. This indicates that tBA enchainment into 1 is roughly four times 

faster than tBA enchainment into 2. Notably this difference is comparable to the 

difference of  tBA incorporation in copolymerization (3.1 times, entry 7 vs entry 11, 

Table 2.1). This may suggest that other processes involved in the copolymer 

generation, such as the rates of  ethylene enchainment, are similar. Indeed, the catalytic 

activities are roughly equivalent. 

Enchainment of  Ethylene: Rate of  Initiation and Propagation with Ethylene 

(e1&e2). The addition of  excess ethylene to 1 or 2 results in more rapid consumption 

of  the Ni (trimethylsilyl)methyl complex compared to tBA. In contrast with a1, decay 

of  [1] or [2] over time upon exposure to ethylene does not fit a pseudo-1st order 

approximation. For example, under a set of  conditions tried (See SI section S8.3), only 

75% of  1 or 2 is converted by the time 90% of  ethylene is consumed, indicating a 

competition between ethylene insertion into 1 or 2, as catalyst initiation, vs insertion 

into the products of  ethylene insertion 1-C2nH4n or 2-C2nH4n (where n is the number 

of  ethylene molecules inserted), as propagation. This behavior is distinct from 

reported cases of  “slow-initiation” or “slow-propagation”. 15, 45, 58 Additionally, a linear 

dependence of  ln[C2H4] vs time is observed, as determined by the decay of  ethylene 

in solution over time, starting with 15 equiv. of  C2H4 relative to the Ni complex, in the 

presence of  excess pyridine. This scenario indicates that initiation (e1) and propagation 

(e2) have similar overall rates. It is worth noting that the similar enchainment rates 

could arise from appropriately matched ligand substitution and ethylene insertion 
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(larger and smaller, respectively, for example), not necessarily from the same rates for 

the elementary step of  ethylene insertion. 

The measured values for the observed rate constants (kobs1', rate=kobs1'[ethylene], 

where kobs1’=ke1[Ni]/[py])) for ethylene consumption are 0.0194(2) min-1 for 1 and 

0.0214(2) min-1 for 2. Notably, 1/1-C2nH4n and 2/2-C2nH4n feature similar rates of  

ethylene enchainment, which is consistent with their similar copolymerization activity. 

This is also in agreement with the similar rates of  ethylene insertion implicated by the 

finding that the relative rates of  acrylate insertion match the polar monomer 

incorporation (vide supra). Assuming the rate law of  ethylene insertion is similar to that 

of  tBA insertion (rate=ka1[Ni][tBA]/[py]), the rates of  initiation can be compared (ke1 

vs ka1) as a direct comparison between ethylene and acrylate enchainment (Table 2.2 

case e1/e2 vs a1). For both 1 (ke1=0.194 min-1 vs ka1=0.0033 min-1) and 2 (ke1=0.21 min-

1 vs ka1=0.00082 min-1), the enchainment of  ethylene is roughly two orders of  

magnitude faster than acrylate. This is significantly different from the relative rates 

estimated from copolymerization data, indicating that the measured rates of  

incorporation into the Ni (trimethylsilyl)methyl complexes cannot be used as models 

for propagation. To address this issue, attempts were made to measure the rate of  tBA 

insertion after ethylene insertion. 

Rate of  tBA Enchainment into Ethylene Inserted Species (a2). As shown above, 

consecutive ethylene insertion limits the possibility of  isolation of  single ethylene 

inserted species; however, all the ethylene inserted species overlap in 31P{1H} NMR. 

Therefore, experiments monitoring the decay of  the resonance corresponding to all 
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ethylene inserted species (1-C2nH4n) in 31P{1H} NMR were designed and employed to 

measure the rate of  tBA enchainment after ethylene. Excess ethylene (25 equiv.) was 

added to a solution of  1 and pyridine (10 equiv.) of  in chlorobenzene. Residual ethylene 

was removed after ~55% of  1 was converted to 1-C2nH4n. Subsequently, 15 equiv. of  

tBA were added and the consumption of  1-C2nH4n over time was monitored by 

31P{1H} NMR. First order kinetics were observed. The rate constant (ka2, 

rate=ka2[Ni][tBA]/[py]) for the decay of  1-C2nH4n is roughly 200 times faster than 

initiation (Table 2.2 case a1 vs a2, both for 1). This corresponds to acrylate 

enchainment after ethylene, therefore being a model of  propagation. Such a change 

of  insertion rates indicates that tBA enchainment is significantly faster when a smaller 

alkyl chain is bound to nickel, which is in contrast with the ethylene behavior. This 

difference in reactivity may be a consequence of  the significant difference in size 

between the two olefins, the binding and insertion of  the larger acrylate being more 

drastically disfavored when the alkyl group on Ni is larger. Comparing to the 

copolymerization data, ka2 is similar to ke2, in agreement with the measured ratio of  

tBA and ethylene in the polymer being proportional to the ratio of  their concentration 

in solution.  

Ethylene and tBA Enchainment into tBA Inserted Species: A Shift of  Rate-

Determining Step (e3&a3). The species generated after polar monomer insertion are 

typically implicated in the propagation limiting step because of  the deactivating effect 

of  the chelates.37, 50 To gain mechanistic insight into the behavior of  these species with 

the present catalysts, we performed  kinetics studies starting with 3. 
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Ethylene insertion after tBA insertion (e3) was explored by monitoring consumption 

of  3 and ethylene over time. Ethylene insertion occurs competitively into 3 and its 

insertion product. Decay of  3 over a first half  time corresponds to only 15 % 

consumption of  ethylene, therefore pseudo-1st order conditions were assumed. 

Indeed, the plot of  ln[3] vs time is linear, and the enchainment rate constant (ke3, 

excluding the concentration of  pyridine and ethylene, rate=ke3[Ni][ethylene]/[py]) 

equals 0.0108(5) min-1, though only partial monitoring of  decay was possible under 

these conditions. Notably, ke3 is smaller than ke1, ke2 and ka2 (Table 2.2 for complex 1), 

indicating that ethylene enchainment after tBA insertion is the rate-determining step 

for propagation during copolymerization.  

To investigate back-to-back tBA insertion (a3), the kinetics of  the reaction of  tBA 

with 1 were further analyzed. Over extended periods, an additional peak was observed 

in the 31P{1H} NMR spectrum at ～-7.4 ppm. This peak is close to that of  3 (-6.8 

ppm) and is assigned to the double insertion product. Since the SiMe3 group is three 

carbons away from nickel in 3, we propose that the nickel alkyl chain in 3 is sterically 

and electronically similar to that in the tBA inserted species that features a long alkyl 

chain. At the same time, additional low-intensity peaks are observed in the same region 

and are assigned to the products of  subsequent insertion. The presence of  these 

species has hindered the isolation of  the double inserted species. The rate of  the 

formation of  the double-inserted product was extracted based on a non-linear 

approximation of  the change of  [1] and [3] over time. Comparing ka3 to ke3 under 

similar concentrations of  pyridine (Table 2.2 case e3 vs a3) indicates that double 
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insertion of  tBA is unlikely under the copolymerization conditions. This is consistent 

with microstructural analysis of  the ethylene/tBA copolymers produced by 1 and 2 

(Figure S2.6.1~6.4).37 Additionally, >99% of  tBA units are located at the internal 

positions of  the polymer chain consistent with ethylene rather than tBA inducing chain 

initiation. 

Table 2.2. Comparison of  rate constants. These correspond to the overall olefin 
enchainment process involving ligand substitution to bind the olefin and olefin insertion.  

Case (xi) Ni complex kxi (min-1)a 

e1/e2 1/1-C2nH4n 0.19 
e1/e2 2/2-C2nH4n 0.21 

e3c 1 (3) 0.011 
a1 1 0.0033 
a1 2 0.00082 
a2 1 (1-C2nH4n) 0.6 
a3d 1 (3) 0.0004 

aUnless specified, [py]=0.157 M. bkxi: rate constant excluding the concentration of pyridine and the 
monomer, xi: e1/e2/e3/a1/a2/a3, rate=kxi[Ni][Monomer]/[py]. c[py]=0.099 M. d[py]=0.033 M. 

In summary, the following mechanistic aspects of  monomer enchainment were 

elucidated experimentally: (1) ligand substitution is relatively fast comparing to olefin 

insertion, though further investigation is necessary to understand the energetics and 

mechanistic pathways for this process. (2) Enchainments of  acrylate and ethylene have 

similar rate constants, consistent with the polymerization data; this is the basis of  the 

high level of  incorporation with catalyst 1. (3) The propagation limiting step of  

ethylene-tBA copolymerization with this catalyst system is monomer insertion after 

tBA insertion. Ethylene incorporation after tBA is about one order of  magnitude 

slower than after ethylene. (4) tBA induced chain initiation and back-to-back tBA 

insertion are significantly slower than the other four cases of  monomer enchainment, 

therefore less favorable during copolymerization, consistent with reported 
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microstructure analysis of  copolymers generated by P,O-nickel catalysts.37(5) The 

relative rate constants of  ethylene and tBA enchainment with 1 and 2 are in agreement 

with copolymerization data. 

DFT Calculations 

Density functional theory (DFT) calculations were performed to understand the 

energetics and mechanism of  the present Ni-catalyzed co-polymerization of  ethylene 

and tBA. Geometry optimizations were performed with M06 functional59 with 

Karlsruhe-family basis set of  double-ζ valence def2-SVP60-61 for all atoms. Single-point 

(SP) corrections were carried out at M06/def2-TZVP60 level with SMD model62 to 

account for the solvent effect of  chlorobenzene (see SI for full details).  

Ethylene and tBA Enchainment into Nickel (Trimethylsilyl)methyl Species (e1 & 

a1) 

We first investigated the first insertion of  ethylene vs tBA into catalyst 1. Two 

geometric isomers of  the square planar Ni catalyst were considered, with the alkyl 

group trans to O, as experimentally observed, and with the alkyl trans to P (1’). The 

reaction paths and the associated energy profile are shown in Figure 2.4 (see SI section 

9.4 and 9.9 for full profiles). Starting from isomer 1 (reaction path 1), the 2,1-insertion 

of  tBA has the lowest activation barrier (ts1-ac) at 30.5 kcal mol-1; the regioisomeric 

1,2-insertion of  tBA (ts1-ac-r) has a significantly higher barrier at 41.5 kcal mol-1. This 

is in agreement with the observation that the migratory insertion occurs at the β-

carbon site of  an α,β-unsaturated carbonyl, akin to conjugate addition as the growing 

polymer chain adds into the conjugated C=C double bond.10, 18, 24, 26, 63 The insertion of  
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ethylene (ts1-et) has a barrier of  33.1 kcal mol-1. This implies that reaction proceeding 

through path 1 favors the insertion of  tBA over ethylene by roughly 60 times, which 

is contradictory to the experimental observation that the first insertion of  ethylene 

proceeds ca. 2 orders of  magnitude faster than the tBA insertion. 

 
Figure 2.4. Gibbs energy profile computed at SMD(chlorobenzene)-M06/def2-
TZVP//M06/def2-SVP level of  theory for the first insertion of  ethylene vs tBA into two 
geometric isomeric forms of  POPNi-py catalyst, 1 and 1’. 

It is known that cis/trans isomerization of  coordinatively asymmetric catalysts (Pd24, 

26, 64-65 and Ni65) play crucial roles in polymerization. The geometric isomer 1’ is less 

stable (by 4.4 kcal mol-1) than isomer 1 but has lower barriers for the first insertion of  

monomers (reaction path 2, Figure 2.4). Specifically, the insertion of  ethylene into the 

isomeric Ni-catalyst 1’ has the lowest activation barrier (ts1’-et) at 20.5 kcal mol-1. The 

insertion of  tBA in either regioselective ways (ts1’-ac, at 23.7 kcal mol-1 and ts1’-ac-r, 

at 27.7 kcal mol-1) are both less favorable. In particular, the insertion of  ethylene is 3.2 

kcal mol-1 more favorable than the 2,1-insertion of  tBA, translating to a selectivity in 

favor of  ethylene insertion by about 150-fold using simple TST. This chemical 
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selectivity of  monomer insertion is in agreement with the experimental observation 

that the first insertion of  ethylene occurs roughly two orders of  magnitude faster than 

that of  tBA when concentration of  these two monomers are similar. Despite a better 

second-order perturbative stabilization energy (ΔE(2)) from the forming C–C bond to 

Ni d-orbital in ts1’-ac than in ts1’-et, by 12.3 kcal mol-1 (Figure S2.9.15), poorer steric 

interactions  in ts1’-ac due to the additional ester group of  tBA than in ts1’-et (NCI 

plot, Figure S2.9.14) give rise to a greater barrier for insertion of  tBA as opposed to 

ethylene. Comparing reaction paths 1 and 2, the insertion TSs in reaction path 2 benefit 

from the trans effect where the growing polymer chain trans to the more electron-

donating P-atom (more diffuse electron cloud) undergoes migratory insertion more 

kinetically favorably, by ca. 10 kcal mol-1. Comparing to TSs in path 2 (favored path), 

the Ni-centers in TSs in path 1 are more electrophilic (NBO charge of  0.450 in ts1-et 

and 0.498 in ts1-ac, compared to 0.036 in ts1’-et and 0.427 in ts1’-ac) and have less 

stable ΔE(2) vales (by ~20 kcal mol-1), making migratory insertion slower in path 1 than 

in path 2 (Figure S2.9.14-15).  

The mechanism for the isomerization of  the two geometric isomeric forms of  the 1 

was investigated (see SI section S10). Of  the dissociative, intermolecular associative, 

and pendant ether associative paths evaluated, the last one has the lowest energy via a 

penta-coordinate structure followed by a pseudorotational TS (ts-5coord shown in 

Figure S2.9.13) at 27.1 kcal mol-1. This TS is higher than the olefin insertion TS, which 

is in contrast to previous studies of  isomerization in square planar complexes.24 While 

the overall energy profile of  chain enchainment with isomerization via a penta-
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coordinate species is consistent with experimental kinetic analysis (SI section 11.2), we 

cannot rule out an alternate mechanism for isomerization that has a lower barrier. 

 
Figure 2.5. Gibbs energy profile computed at SMD(chlorobenzene)-M06/def2-
TZVP//M06/def2-SVP level of  theory for the second insertion of  ethylene vs tBA into first 
ethylene inserted product int2'-et-py from Figure 2.1. 
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(again by ca. 10 kcal mol-1) than their geometric isomers (not shown). Therefore, 

isomerization is again required to access the lowest energy reaction path, placing the 

growing polymer chain trans to P-atom, so that the insertion step can benefit from the 
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barrier, by 0.5 kcal mol-1, than that of  tBA (ts3-et-ac, at 13.1 kcal mol-1). This energetic 

difference is rather small and typically falls within the numerical accuracy of  DFT, 

implying that the rate of  second insertion of  ethylene into first ethylene-inserted 

product is comparable to that of  tBA into first ethylene-inserted product, consistent 

with experimental measurements. The similarity of  the tBA and ethylene enchainment barriers 

here is a significant aspect of  1 that drives the high levels of  acrylate incorporation. 

 
Figure 2.6. Gibbs energy profile computed at SMD(chlorobenzene)-M06/def2-

TZVP//M06/def2-SVP level of  theory for the second insertion of  ethylene vs tBA into first 
acrylate inserted product int2'-ac-py. 
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lower than the insertion of  tBA (ts3-ac-ac, barrier of  20.5 kcal mol-1), suggesting that 

ethylene incorporation into tBA-insertion product occurs ~6x faster than tBA 

incorporation into tBA-insertion product when concentrations of  these two 

monomers are similar. The relative rates of  insertion can be further influenced by the 

relative ratios of  olefins in a linear dependency (Equation G and H in SI 11.2).66 

Although the barriers of  insertion of  ethylene vs tBA after tBA insertion are closer 

than observed experimentally and inferred from microstructures of  ethylene/tBA 

copolymers, computations reproduce qualitatively the relative rates of  insertion of  

either olefin after ethylene vs after acrylate. Both monomers have a higher barrier of  

insertion after acrylate (19.3–22.3 kcal mol-1) than after ethylene (9.4–9.9 kcal mol-1), 

by ca. 10 kcal mol-1.  

DFT results: Discussion  

We can similarly compare the rates of  enchainment of  either olefin after the first 

enchainment of  ethylene vs tBA. There are barrier differences in the first 

incorporation of  ethylene vs tBA due to i) the first enchainment barrier, which is lower 

for ethylene than for tBA by 3.2 kcal mol-1 (ts1’-et vs ts1’-ac, barriers of  16.1 kcal mol-

1 vs 19.3 kcal mol-1, Figure 2.4); ii) relative concentrations of  olefins and ethylene/tBA-

inserted products; iii) the isomerization barrier for the first insertion product vs for 

first tBA-insertion product. Comparing the enchainment of  ethylene into first 

ethylene-inserted product vs first tBA-inserted product, there is a barrier difference of  

9.9 kcal mol-1 disfavoring the later (ts3-et-et, with a barrier of  9.4 kcal mol-1 vs ts3-

ac-et, with a barrier of  19.3 kcal mol-1). In actual copolymerization, the concentration 
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of  ethylene-insertion products will be much higher than that of  tBA-insertion 

products considering that the barrier of  first ethylene is 3.2 kcal mol-1 lower than first 

tBA insertion (approximately by 150x) and the concentration of  ethylene is higher 

than that of  tBA (by 10 - 40 times). Taken together, this implies that the enchainment 

of  ethylene into ethylene-inserted product is orders of  magnitude faster than into tBA-

inserted product. 

 
Figure 2.7. Overall Gibbs energy profile computed at SMD(chlorobenzene)-M06/def2-

TZVP//M06/def2-SVP level of  theory. Note: 1) Ethylene: A=H, tBA: A=C(O)OtBu; 2) L: 
pyridine or oxygen of  tBA; 3) R: SiMe3 or polymer chains. 
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has a much higher barrier of  20.5 kcal mol-1. This difference of  10.6 kcal mol-1 is very 

similar to the difference in the second enchainment of  ethylene into first ethylene vs 

tBA insertion product above (9.9 kcal mol-1). This implies that the enchainment of  

either olefin into ethylene-inserted product occurs much more rapidly than into tBA-

inserted product. 

DFT computations thus suggest that isomerization is essential in accessing the 

reaction pathway with lower insertion barriers by placing the growing polymer chain 

trans to the P-atom (trans effect). Reaction kinetics are in agreement with experimental 

observations that insertion of  tBA or ethylene after an acrylate insertion is much 

slower than after ethylene. Therefore, the resting state of  the catalyst is the species 

generated after acrylate insertion. In terms of  rates of  insertion, the first enchainment 

of  ethylene is computed to be about 150 times faster than the first insertion of  tBA, 

in quantitative agreement with experimental measurements. After the first ethylene 

insertion, the enchainment of  either ethylene and tBA have approximately equal barriers, making 

this catalyst an attractive candidate for polar olefin copolymerization. Comparing these relevant 

TSs (ts3-et-et and ts3-et-ac), we envision that this property is likely a feature of  the 

phosphine phenoxide ligand where the flexible, albeit bulky O-side allows the 

ethylene-inserted growing polymer chain to extend without steric hinderance while the 

P-side allows for efficient interactions with either olefin. On the other hand, the 

enchainment of  either olefin after tBA insertion (ts3-ac-et, ts3-ac-ac) is orders of  

magnitude slower than after ethylene insertion (ts3-et-et and ts3-et-ac), likely due to 
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the unfavorable sterics between the tBA-inserted growing polymer chain and the bulky 

O-side groups of  the ligand. 

 
CONCLUSION 

Complexes 1 and 2 serve as thermally robust, high-performance catalysts for the 

copolymerization of  ethylene and tBA. The two catalysts display steric bulk on the 

oxygen side of  the phosphinophenoxide ligand as a rotationally flexible phosphine 

substituent (POP ligand) and a rigid aryl derivative (PONap ligand). Complex 1 

produce high molecular weight copolymers (Mw>40000) with record levels of  tBA 

incorporation (5.05 mol %) and high activity. Complex 2, though similarly active, 

produces lower molecular weight polymer with lower incorporation of  tBA (0.75 %), 

under the same conditions, potentially due to the rigid steric profile adjacent to the 

phenoxide donor, hindering tBA coordination, and therefore enchainment. Both 

catalysts are highly active at elevated temperatures. These studies clearly demonstrate 

that the substituents on the oxygen side of  the phosphinophenoxide ligand can tune 

catalytic behavior to achieve state-of-the-art performance.  

Detailed mechanistic studies were performed to gain mechanistic insight into this 

class of  catalysts. Upon exposure to an excess of  tBA, complexes 1 and 2 produced 

the single insertion products, in 2,1 fashion, both with pyridine bound to the Ni center. 

Furthermore, using a derivative of  2 with a weaker lutidine donor, 2-lut, the acrylate 

insertion product was isolated as a four-membered chelate, 5. These complexes 
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represent intermediates of  copolymerization and demonstrate the regioselectivity of  

insertion and the propensity to form chelates.  

Kinetics were performed with a focus on the best performing catalyst, 1. Important 

for the high levels of  acrylate incorporation, enchainment of  acrylate and ethylene 

have similar rate constants. tBA induced chain initiation and back-to-back tBA 

insertion are significantly slower than the other four cases of  monomer enchainment, 

therefore less favorable during copolymerization. The propagation limiting step of  

ethylene-tBA copolymerization with this catalyst system is ethylene incorporation after 

tBA, which is about one order of  magnitude slower than after ethylene.  

DFT calculations support the finding that the enchainment after acrylate is slower 

than after ethylene. Moreover, computations reveal that migratory insertion is 

substantially more facile if  the alkyl group is trans to the phosphine donor. However, 

computations also reveal that isomerization within the coordination sphere of  Ni, to 

transfer the alkyl substituents from trans to O to trans to P has the highest transition 

state energy in the entire reaction profile. The isomerization process is facilitated by 

the methoxy-O moieties. Taking into account the experimental and computational 

data, the mechanism of  monomer enchainment involves catalyst isomerization to 

move the alkyl chain trans to phosphine, ligand substitution to coordinate olefin, and 

migratory insertion in 2,1-fashion (Figure 7).  

In conclusion, this study reports a Ni catalyst for ethylene-acrylate copolymerization 

that shows increased amounts of  acrylate incorporation while maintaining high levels 

of  activity as compared to state-of-the-art Ni based catalysts. Synthetic, mechanistic 
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and DFT studies provide insights into the structural features that affect the behavior 

of  this catalyst. Large and flexible steric bulk at the phenoxide substituent and ether 

groups capable to transiently coordinate is beneficial. Further structure-reactivity 

studies are in progress.  
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EXPERIMENTAL SECTION 

1. General Considerations 

All air- and water-sensitive compounds were manipulated under N2 or Ar using standard 

Schlenk or glovebox techniques. The solvents for air- and moisture-sensitive reactions were 

dried over sodium benzophenone ketyl or calcium hydride or by the method of  Grubbs.67 

Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; C6D6, and C7D8 was 

dried over a purple suspension with Na/benzophenone ketyl and vacuum transferred; C6D5Cl 

was dried over CaH2 for greater than 24 h, vacuum transferred, and passed over an activated 

alumina plug. Ethylene (99.999%) for kinetic experiments was purchased from Matheson Tri-

Gas and used without further purification. 2,6-lutidine was dried with sieves and distilled over 

AlCl3 to remove 3-picoline and 4-picolline. t-Butyl acrylate were dried over 4 Å sieves for 

greater than 72h, vacuum transferred, and passed over an activated alumina plug. Acrylates 

used in kinetic studies contain 200~300 ppm of  monomethyl ether hydroquinone as inhibitor. 

Dimethoxybenzene, 1-methoxynaphthalene, and pyridine were dried over calcium hydride and 

vacuum-transferred or distilled prior to use. 3,5-ditertbutylbromobenzene was dried by heating 

at 70 °C under vacuum for 16 hours. 2.5 M nBuLi, BBr3, Br2, ZnCl2, and palladium-

tetrakistriphenylphosphine were purchased from Sigma-Aldrich and used without further 

purification. Bis(dimethoxyphenyl)phosphine chloride,68 1,3-dibromo-5-(tert-butyl)-2-

(methoxymethoxy)benzene,69 NiMe2TMEDA,70 and Nipy2(CH2Si(CH3)371 were synthesized 

according to literature procedures. All 1H, 13C, and 31P spectra of  organic and organometallic 

compounds were recorded on Varian Mercury 300, Varian INOVA-400, or 500, or Bruker 

Cryoprobe 400 spectrometers. 1H and 13C chemical shifts are reported relative to residual 

solvent resonances.  
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2. Synthesis of ligands and metal complexes  

 

POPH: A Schlenk flask fitted with a screw-in Teflon stopper was charged with a solution of 

1,3-dibromo-5-(tert-butyl)-2-(methoxymethoxy)benzene (3.52 g, 10.0 mmol) in THF (40 mL) 

and cooled to -78 ℃ under nitrogen. A hexane solution of n-butyllithium (4 mL, 2.5 M, 10.0 

mmol) was added dropwise via syringe. After stirring for an additional 30 min at -78 ℃, a solution 

of bis(2,6-dimethoxyphenyl)phosphine chloride (3.41 g, 10.0 mmol) in THF (20 mL) was added 

dropwise via cannula. After complete addition, the reaction was allowed to warm up to room 

temperature and stirred for an additional 3 h, yielding a yellow solution. The reaction was then 

cooled to -78 ℃ and a hexane solution of n-butyllithium (4 mL, 2.5 M, 10.0 mmol) was added 

dropwise via syringe. After stirring for an additional 30 min at -78 ℃, a solution of bis(2,6-

dimethoxyphenyl)phosphine chloride (3.41 g, 10.0 mmol) in THF (20 mL) was added dropwise 

via cannula. After complete addition, the reaction was allowed to warm up to room temperature 

and stirred for an additional 3 h, yielding a bright orange solution. The volatiles were then 

removed under vacuum. The pale yellow residue was dissolved in degassed CH2Cl2 (20 mL) and 

degassed MeOH (10 mL) followed by the addition of concentrated aqueous HCl (5 mL). The 

resulting mixture was degassed immediately via three freeze-pump-thaw cycle with a liquid 

nitrogen bath. After stirring for 4 h under room temperature, volatiles were removed under 

vacuum. In a N2-filled glovebox (no exclusion of water), the resulting pale-yellow residue was 

taken up in CH2Cl2 (40 mL), washed with saturated aqueous solutions of K2CO3 (3 x 10 mL) 
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and NH4Cl (3 x 10 mL), dried over MgSO4, and filtered through Celite. The volatiles were 

removed under reduced pressure. In a glovebox (exclusion of water and oxygen), the resulting 

pale-yellow solid was dissolved in ether and filtered through Celite. The volatile materials were 

removed once more under vacuum and the resulting mixture was washed by hexanes (10 mL) 

and the solid was collected via vacuum filtration, yielding 2,6-bis(bis(2’,6’-

dimethoxyphenyl)phosphino)-4-tert-butylphenol (POPH) (1.68g, 22% yield) as a white powder. 

1H NMR (400 MHz, C6D6): δ 7.56−7.54 (d, 3JHH = 8.4 Hz, 2H, PhH), 7.50 (s, 1H, OH), 

7.03−6.99 (t, 4JHH = 8.4 Hz, 4H, PhH), 6.26-6.23 (dd, 3JHH = 8.4 Hz, 3JHH = 2.6 Hz, 8H, PhH), 

3.13 (s, 24H, OCH3), 1.17 (s, 9H, C(CH3)3); 13C{1H} NMR (101 MHz, C7D8): δ 162.88 (d, 2JCP 

= 8.7 Hz, 8C, aryl-C), 159.45 (t, 2JCP = 13.1 Hz, 2C, aryl-C), 139.30 (t, 3JCP = 6.1 Hz, 2C, aryl-C), 

131.18 (d, JCP = 21.7 Hz, 2C, aryl-C), 129.27 (s, 4C, aryl-C), 122.32 (d, 2JCP = 13.1 Hz, 2C, aryl-

C), 115.57 (d, JCP = 27.3 Hz, 4C, aryl-C), 104.55 (s, 8C, aryl-C), 55.48 (s, 24C, OCH3), 34.31 (s, 

1C, C(CH3)3), 32.01 (s, 9C, C(CH3)3); 31P{1H} NMR (121 MHz, C6D6): δ -55.61 (s). 

 

8-(3,5-di(tert-butyl)phenyl)-1-methoxynaphthalane: To a solution of 1-methoxy-

naphthalene (7.21 g, 45.60 mmol) in n-pentane (75 ml) in a  Teflon-fitted Schlenk tube was added 

tert-butyl lithium (2.87 g, 45.30 mmol). The solution was stirred in the glovebox for 36 h and 

the resulting yellow suspension was passed through a frit. The collected yellow solid was washed 

with n-pentane (2 x 50 mL) and dried under vacuum. The lithium salt was then collected (7.20 

g, 96.2% yield) and used without further purification. The lithium salt (5.25 g, 32.0 mmol) was 



 C h a p t e r  2  
 
 

 
63 

dissolved in THF (100mL). ZnCl2 (3.04 g, 22.4 mmol) was then added as a solid to the stirring 

solution over the course of 15 minutes. The resultant cloudy pale-yellow solution was stirred for 

an additional 0.5 h. Palladium-tetrakistriphenylphosphine (740 mg, 0.64 mmol) and 3,5 di-

tertbutyl-bromobenzene (8.61 g, 32.0 mmol) were then added as solids to the stirring solution. 

The Schlenk tube was then sealed and transferred to the Schlenk line and equipped with a reflux 

condenser. The solution was heated at 75 °C for 36 hours, under an N2 atmosphere, and then 

cooled to room-temperature at which point distilled water (25 mL) was added. The suspension 

was transferred to a round bottom flask and the THF was evaporated on a rotary evaporator. 

The crude material was then extracted with dichloromethane (3 x 100 mL), washed with H2O (3 

x 40 mL), and then dried with MgSO4. After filtering, the volatiles were removed and the crude 

pale-yellow oil (9.65g, 87.1 % yield) was used without further purification. Confirmation of 

product assignment was determined by 1H NMR spectroscopy. 1H NMR (400 MHz, CDCl3): δ 

7.80 (dd, 3JHH = 8. Hz, 4JHH = 1.3  Hz, 1H, PhH), 7.50 (d, 3JHH = 8.3 Hz, 1H, PhH), 7.47 (dd, 3JHH 

= 8.3 Hz, 3JHH = 7.3 Hz, 1H, PhH), 7.38 (apparent t, 3JHH = 8.0 Hz, 1H, PhH), 7.36 (t, 4JHH = 1.9 

Hz,  1H, PhH), 7.33 (dd, 3JHH = 7.2 Hz, 4JHH = 1.3  Hz, 1H, PhH), 7.17 (d, 4JHH = 1.9 Hz, 2H, 

PhH), 6.77 (d, 3JHH = 7.8 Hz,  1H, PhH), 3.45 (s, 3H, OCH3), 1.36 (s, 18H, tBu). 

 

8-(3,5-di(tert-butyl)phenyl)-1-naphthol: To a two-neck round bottom flask equipped with 

a reflux-condenser, and solid A (9.65 g, 27.9 mmol) was added anhydrous dichloromethane (200 

mL) via cannula transfer. The round bottom was then cooled to – 78 °C and BBr3 (3.43 mL, 
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36.3 mmol) was added to the stirring solution using two separate syringes. The solution was then 

warmed to room temperature and then heated to 40 °C and stirred for an additional 8 hours. 

The light brown solution was then cooled to 0 °C and distilled water was carefully added to 

quench the excess BBr3. The organic fraction was then separated, and the aqueous fraction was 

further extracted with dichloromethane (2 x 50 mL). The organic fractions were combined and 

washed with water (3 x 30 mL), and then dried with MgSO4. After filtration, the solution was 

filtered through a plug of silica and washed with additional dichloromethane. All volatiles were 

then removed and the crude pale-yellow solid E (8.50 g, 91.5 % yield) was used without further 

purification. Confirmation of product assignment was determined by 1H NMR spectroscopy. 1H 

NMR (400 MHz, CDCl3): δ 7.86 (dd, 3JHH = 8.2 Hz, 4JHH = 1.3  Hz, 1H, PhH), 7.56 (t, 4JHH = 1.9 

Hz,  1H, PhH), 7.35-7.52 (overlapping multiplets, 3H, PhH), 7.34 (d, 4JHH = 1.9 Hz, 2H, PhH), 

7.24 (dd, 3JHH = 7.0 Hz, 3JHH = 1.3 Hz, 1H, PhH), 6.91 (dd, 3JHH = 7.5 Hz, 4JHH = 1.3  Hz, 1H, 

PhH), 5.90 (s, 1H, OH), 1.37 (s, 18H, tBu).  

 

8-(3,5-di(tert-butyl)phenyl)-2,4-dibromo-1-mnaphthol: A solution of B (8.50 g, 25.5 

mmol) in dichloromethane (250 mL) and transferred to a two-neck round bottom flask equipped 

with a pressure equalizing dropping funnel.  To the dropping funnel was added 2 equivalents of 

bromine (2.62 mL, 50.9 mmol) as a solution in dichloromethane (10 mL). Connected through 

tubing, is an oil bubbler and a saturated aqueous solution of NaOH. Compressed air was pushed 

through the apparatus to allow for efficient quenching of the formed HBr. The reaction vessel 
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was cooled to 0 °C and the solution of bromine was slowly added via dropping funnel over the 

course of 0.5 hours. After complete addition of bromine, the cooling bath was removed, and the 

reaction was stirred at room temperature for an additional 0.5 hours. A saturated solution of 

sodium thiosulfate was then added to the stirring solution and the organic layer was separated. 

The aqueous layer was further extracted with dichloromethane (2 x 150 mL) and the organic 

layers were combined and washed with water (3 x 100 mL). After collecting the organic layer, 

the solution was filtered through a plug of silica which was washed with additional 

dichloromethane. All volatiles were then removed from the solution and the pale-yellow solid C 

(9.06 g, 70.5 % yield) was used without further purification. Confirmation of product assignment 

was determined by 1H NMR spectroscopy. 1H NMR (400 MHz, CDCl3): δ 8.28 (d, 3JHH = 8.5 

Hz, 1H, PhH), 7.95 (s, 1H, PhH), 7.59 (dd, 3JHH = 8.5 Hz, 3JHH = 8.0 Hz, 1H, PhH), 7.57 (t, 4JHH= 

1.9 Hz, 1H, PhH), 7.34 (d, 3JHH = 7.0 Hz, 1H, PhH), 7.28 (d, 4JHH = 1.9 Hz, 2H, PhH), 6.34 (s, 

1H, OH), 1.36 (s, 18H, tBu). 

 

8-(3,5-di(tert-butyl)phenyl)-2-bromo-1-naphthol: A solution of C (9.06g, 18.5 mmol) in 

anhydrous THF (150 mL) in a two-neck round bottom equipped with a stir bar is cooled to -78 

°C. To this stirring solution is added 2 equivalents of n-butyl-lithium (13.3 mL, 2.5 M.  37.0 

mmol) dropwise, via syringe. The solution was left stirring at -78 °C for 0.5 h, at which point the 

solution was quickly transferred to a stirring solution of 1M HCl (50 mL). The resulting solution 

was allowed to warm to room temperature and was stirred for an additional 0.5 hours. The 
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solution was extracted with dichloromethane (3 x 200 mL), and the combined organics were 

washed with water (3 x 100 mL). The combined organics were then dried with MgSO4, filtered, 

and evaporated to afford the crude product D which was further purified by column 

chromatography in hexanes (5.3 g, 69.7 % yield) to obtain a white solid. 1H NMR (400 MHz, 

CDCl3): δ 7.82 (dd, 3JHH = 8.3 Hz, 4JHH = 1.3  Hz, 1H, PhH), 7.60 (d, 3JHH = 8.70 Hz, 1H, PhH), 

7.55 (t, 4JHH = 1.8 Hz,  1H, PhH), 7.47 (dd, 3JHH = 8.1 Hz, 3JHH = 7.0 Hz, 1H, PhH), 7.38 (d, 3JHH 

= 8.70 Hz, 1H, PhH), 7.30 (d, 4JHH = 1.8 Hz, 2H, PhH), 7.27 (dd, 3JHH = 7.0 Hz,  4JHH = 1.3 Hz, 

1H, PhH), 6.33 (s, 1H, OH), 1.38 (s, 18H, tBu); 13C{1H} NMR (101 MHz, C6D6): δ 151.79 (s, 

2C, Aryl-C), 150.61 (s, 1C, Aryl-C), 141.38 (s, 1C, Aryl-C), 138.11 (s, 1C, Aryl-C), 135.31 (s, 1C, 

Aryl-C), 132.41 (s, 1C, Aryl-C), 130.86 (s, 1C, Aryl-C), 129.44 (s, 1C, Aryl-C), 128.74 (s, 1C, Aryl-

C), 125.53 (s, 1C, Aryl-C), 124.19 (s, 2C, Aryl-C), 122.77 (s, 1C, Aryl-C), 122.41 (s, 1C, Aryl-C), 

121.91 (s, 1C, Aryl-C),  106.92 (s, 1C, Aryl-C), 35.07 (s, 1C, CH(CH3)3), 31.44 (s, 6C, CH(CH3)3).  

 

PONapH: In a glovebox, a stirring solution of D (600 mg, 1.46 mmol) in diethyl ether (10 

mL) was cooled to -78 °C prior to the dropwise addition to 2 equivalents of n-butyl-lithium (1.1 

mL, 2.5 M, 2.92 mmol). The solution was warmed to room temperature and the resulting 

suspension was stirred for 0.5 hours. The suspension was then cooled to -78 °C and a solution 

for di(2,6 dimethoxypehnyl)phosphine chloride (497 mg, 1.46 mmol) in THF (5 mL) was added 

dropwise. The resulting solution was allowed to warm to room temperature slowly over the 

course of 14 hours. In a glovebox containing degassed protic solvents, under an N2 atmosphere, 
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water (10 mL) was added to the suspension and stirred for one hour. The pale-yellow suspension 

was extracted with Et2O (2 x 25 mL) and the organic fractions were combined and washed with 

H2O (3 x 5 mL). The organic fractions were combined, dried with MgSO4, flirted, and 

evaporated to afford the crude product which was recrystallized from a saturated solution of 

Et2O at -40°C for 16h (240 mg, 25.8 % yield) to afford pure PONapH.1H NMR (400 MHz, 

C6D6): δ 7.81 (dd, 3JHH = 8.4 Hz, 4JHP = 5.4 Hz, 1H, PhH), 7.60 (dd, 3JHH = 8.4 Hz, 4JHH = 1.4 Hz, 

1H, PhH), 7.48 (t, 4JHH = 1.8 Hz, 1H, PhH),  7.34 (d, 4JHH = 2.0 Hz, 2H, PhH), 7.23 (dd, 3JHH = 

7.1 Hz, 4JHH = 1.4 Hz, 1H, PhH), 7.18 (d, 3JHH = 7.1 Hz, 1H, PhH), 7.16 (d, 3JHH = 7.5 Hz, 1H, 

PhH), 7.00 (t, 3JHH = 8.2 Hz, 2H, PhH), 6.20 (dd, 3JHH = 8.2 Hz, 4JHP = 2.9 Hz, 4H, PhH), 3.05 

(s, 12H, OCH3), 1.24 (s, 18H, tBu); 31P{1H} NMR (121 MHz, C6D6): δ -65.68 (s, 1P). 13C{1H} 

NMR (101 MHz, C6D6): δ 162.83 (d, JCP = 8.12 Hz, 2C, Aryl-C), 156.10 (d, JCP = 20.3 Hz, 1C, 

Aryl-C), 149.66 (s, 2C, Aryl-C), 144.28 (s, 1C, Aryl-C), 140.10 (d, JCP = 2.5 Hz, 1C, Aryl-C), 

136.68 (s, 1C, Aryl-C), 132.30 (d, JCP = 8.4 Hz, 1C, Aryl-C), 129.72 (s, 1C, Aryl-C), 129.01 (s, 1C, 

Aryl-C), 128.60 (s, 4C, Aryl-C), 125.18 (s, 1C, Aryl-C), 124.47 (s, 2C, Aryl-C), 122.28 (d, JCP = 1.9 

Hz, 1C, Aryl-C), 120.34 (s, 1C, Aryl-C), 120.21 (d, JCP = 6.9 Hz, 1C, Aryl-C), 118.96 (d, JCP = 3.7 

Hz, 1C, Aryl-C), 113.93 (d, JCP = 19.1 Hz, 1C, Aryl-C), 104.57 (d, 4JCP = 4.0 Hz, 4C, Aryl-C), 

55.45 (s, 4C, OCH3), 35.01 (s, 2C, CH(CH3)3), 31.73 (s, 6C, CH(CH3)3). 

 

POP-Ni(py)(CH2SiMe3) (1): In the glove box, to a solution of Py2Ni(CH2SiMe3)2 (22 mg, 

0.0593 mmol) in benzene (2 ml) in a vial was added a solution of POPH (42.83 mg, 0.0563 
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mmol) in benzene (4 ml). The mixture was stirred for 2 h under room temperature, forming a 

red-brown solution. Volatile materials were removed under vacuum and the residue was 

extracted with diethyl ether three times and dried in vacuo to provide the complex 1 (44 mg, 

76%) as a yellowish solid. 1H NMR (400 MHz, C6D6): δ 8.94-8.92 (m, 2H, PhH), 7.47−7.43 (m, 

1H, PhH), 7.08−7.04 (t, 3JHH = 8.2 Hz, 2H, PhH), 7.04−7.00 (t, 3JHH = 8.2 Hz, 2H, PhH), 

6.95−6.92 (m, 1H, PhH), 6.83−6.79 (m, 1H, PhH), 6.47−6.43 (m, 2H, PhH), 6.34−6.32 (dd, 

3JHH = 8.2 Hz, 4JHH = 2.2 Hz, 4H, PhH), 6.29−6.26 (dd, 3JHH = 8.2 Hz, 4JHH = 3.5 Hz, 4H, PhH), 

3.36 (s, 12H, OCH3), 3.28 (s, 12H, OCH3), 1.13 (s, 9H, C(CH3)3), 0.12 (s, 9H, Si(CH3)3), -0.71−-

0.74 (d, 3JHP = 8.7 Hz, 2H, NiCH2Si); 13C{1H} NMR (101 MHz, C6D6): 163.88 (d, 2JCP = 9.1 Hz, 

4C, Ar-C), 161.77 (d, 2JCP = 1.5 Hz, 4C, Ar-C), 151.61 (m, 3C, Ar-C), 135.58 (s, 1C, Ar-C), 130.43 

(m, 1C, Ar-C), 130.10 (s, 2C, Ar-C), 129.18 (s, 2C, Ar-C), 128.54 (s, 2C, Ar-C), 128.26 (m, 4C, 

Ar-C), 123.07 (d, 3JCP = 1.9 Hz, 2C,  Ar-C), 118.65 (s, 1C, Ar-C), 112.77 (m, 1C, Ar-C), 105.04 

(s, 4C, Ar-C), 104.74 (d, 3JCP = 4.1 Hz, 4C, Ar-C), 55.91 (s, 6C, OCH3), 55.90 (s, 6C, OCH3), 

55.40 (s, 12C, OCH3), 34.10 (s, 1C, C(CH3)3), 31.98 (s, 9C, C(CH3)3), 2.15 (s, 9C, SiMe3), -18.25 

(d, 2JCP = 29.0 Hz, 1C, NiCH2Si); 31P{1H} NMR (121 MHz, C6D6): δ -5.31 (d, 4JPP = 8.9 Hz, 1P), 

-52.09 (d, 4JPP = 8.9 Hz, 1P). Anal. Calcd(%): C, 62.33; H, 6.46; N, 1.73. Found(%): C, 61.82; H, 

6.33; N, 1.18. 

 

PONap-Ni (2): This complex was synthesized via a similar route for 1 and as isolated in 65% 

yield. 1H NMR (400 MHz, C6D6): δ 8.45 (2nd order multiplet AA’BB’, 2H, PhH), 7.89(dd, 3JHH = 
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8.3 Hz, 4JHP =10.1 Hz, 1H, PhH), 7.65 (dd, 3JHH = 8.0 Hz, 4JHH =1.4 Hz, 1H, PhH), 7.44 (d, 4JHH 

= 1.8 Hz, 2H, PhH), 7.31 (t, 4JHH = 1.8 Hz, 1H, PhH), 7.24 (t, 3JHH = 7.3 Hz, 1H, PhH), 7.16 

(dd, 3JHH = 7.0 Hz, 4JHH = 1.4 Hz, 1H, PhH), 6.95-7.10 (overlapping multiplets, 4H, PhH), 6.87 

(tt, 3JHH = 7.7 Hz, 4JHH = 1.7 Hz 1H, p-H C5H5N), 6.57 (t, 3JHH = 7.2 Hz, 2H, PhH), 6.20 (dd, 

3JHH = 7.2 Hz, 4JHP = 3.6 Hz, 4H, PhH), 3.18 (s, 12H, OCH3), 1.32 (s, 18H, tBu), -0.24 (s, 9H, 

SiMe3), -0.68 (d, 3JHP= 9.0 Hz, 2H, Ni-CH2); 13C{1H} NMR (101 MHz, C6D6): δ 173.82 (d, JCP= 

23.9 Hz, 1C, Aryl-C), 161.92 (d, JCP = 1.4 Hz, 2C, Aryl-C), 151.21 (d, JCP = 1.3 Hz, 2C, Aryl-C), 

148.06 (s, 2C, Aryl-C), 146.88 (s, 1C, Aryl-C), 142.40 (d, JCP = 2.3 Hz, 1C, Aryl-C), 139.54 (d, JCP 

= 1.6 Hz, 1C, Aryl-C), 135.25 (s, 1C, Aryl-C), 130.36 (s, 1C, Aryl-C), 129.67 (s, 1C, Aryl-C), 

129.28 (d, JCP = 1.4 Hz, 1C, Aryl-C), 125.51 (s, 1C, Aryl-C), 125.06 (s, 2C, Aryl-C), 123.87 (d, JCP 

= 1.6 Hz, 4C, Aryl-C), 118.84 (s, 1C, Aryl-C), 117.69 (d, 2JCP =56.8 Hz, 2C, Aryl-C), 112.82 (d, 

JCP = 8.1 Hz, 1C, Aryl-C), 111.97 (d, 2JCP = 49.5 Hz, 2C, Aryl-C), 104.78 (d, 4JCP = 4.0 Hz, 4C, 

Aryl-C), 55.43(s, 4C, OCH3), 35.00 (s, 2C, CH(CH3)3), 32.05 (s, 6C, CH(CH3)3), 2.23 (s, 3C, 

SiMe3), -16.91 (d, 2JCP = 31.1 Hz, 1C, Ni-CH2); 31P{1H} NMR (121 MHz, C6D6): δ -5.94 (s, 1P). 

Anal. Calcd(%): C, 68.37; H, 7.03; N, 1.63. Found(%): C, 68.27; N, 6.79; N, 1.29. 

 

PONap-Ni(lut)(Me)(2-lut): In the glove box, to a thawing solution of NiMe2(TMEDA) (38 

mg, 0.19 mmol) in toluene(2 mL) was add a thawing solution of PONapH (120 mg, 0.19 mmol) 

and 25 equivalents of 2,6-lutidine (448 mg, 4.71 mmol) in toluene (2 mL). The strongly colored 

yellow solution was stirred while warming to room temperature for 10 minutes. While arming, 

15 additional equivalents of 2,6-lutidine (268 mg, 2.82 mmol) were added and the solution was 
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stirred at room temperature for an additional 0.5 h. All volatiles were removed from solution 

which was triturated with hexanes (3 x 10 mL). The resulting residue was fractioned with n-

pentane (12 mL) and toluene (8 mL), and the volatiles were subsequently removed from the 

toluene fraction yielding spectroscopically pure 2-lut (98 mg, 63.6 % yield). 1H NMR (400 MHz, 

C6D6): δ 7.83 (t, 3JHH = 9.2 Hz, 1H, PhH), 7.64 (dd, 3JHH = 7.5 Hz, 1H, PhH), 7.03-7.18 

(overlapping multiplets, 5H, PhH), 7.01 (d, 3JHH = 8.1 Hz, 1H, PhH), 6.96 (t, 4JHH = 7.3 Hz, 1H, 

PhH), 6.39 (d, 3JHH = 7.6 Hz, 2H, PhH), 6.27 (dd, 3JHH = 8.0 Hz, 4JHP = 3.4 Hz, 4H, PhH), 3.22 

(s, 6H, (C5H3N)(CH3)2), 3.21 (s, 12H, OCH3), 1.25 (s, 18H, tBu), -0.92 (d, 3JHP = 6.4 Hz, 3H. Ni-

CH3); 31P{1H} NMR (121 MHz, C6D6): δ -5.60. Anal. Calcd(%): C, 70.60; H, 6.91; N, 1.72. 

Found(%): C, 69.56; H. 6.79; N, 1.29. 

 

POP-Ni(py)(CCO)(3): In a glove box, to a yellow solution of 1 (49 mg, 0.050 mmol) in 

benzene (5 mL) was added 10 equivalents of tertbutyl acrylate (64 mg, 0.5 mmol). After 24 h, all 

volatiles were removed under vacuum and the residue was triturated with cold pentane (3 x 5 

mL). The remaining residue was then dried under vacuum to afford crude 3 as an orange solid 

(16.5 mg, 28%). 31P{1H} NMR (121 MHz, C6D6): δ -6.62 ~ -7.26 (broad m), δ -52.85 ~ -53.45 

(broad m). 

Since only broad peaks were observed in 1H NMR of 3 and addition of excess pyridine could 

sharpen peaks in 1H NMR (Figure S2.2.17). Integrable NMR spectra of 3 were collected with 2 
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equiv. of additional pyridine. 1H NMR (400 MHz, C6D6): δ 8.56-8.77 (overlapping multiplets, 

4H, bound and free pyridine-H), δ 7.33 (d, 3JHH = 16 Hz, 2H, PhH), 7.00-7.12 (overlapping 

multiplets, 5H, PhH), 6.92 ( broad s, 1H, free pyridine-H), 6.85 (broad s, 1H, PhH), 6.42-6.68 

(overlapping multiplets, 4H, bound and free pyridine-H), 6.20-6.36 (d, overlapping multiplets, 

8H, PhH), 3.59 (broad s, 6H, OCH3), 3.26 (s, 6H, OCH3), 3.26 (t, 3JHH = 12.8 Hz, 1H, nickel-

CH), 3.20 (s, 6H, OCH3), 3.12 (s, 6H, OCH3), 1.99 (td, 3JHH = 12.8 Hz, 3JHH = 3.2 Hz, 1H, nickel-

alkyl), 1.12 (s, 9H, OC(CH3)3), 1.09 (s, 9H, C(CH3)3), 1.02 (s, 1H, nickel alkyl), 0.69 (td, 3JHH = 

12.8 Hz, 3JHH = 3.2 Hz, 1H, nickel-alkyl), 0.25 (s, 1H, nickel-alkyl), 0.06 (s, 9H, Si(CH3)3); 31P{1H} 

NMR (121 MHz, C6D6): δ -6.80 (d, 4JPP = 7.3 Hz, 1P), -53.17 (d, 4JPP = 7.3 Hz, 1P). 

 

PONap-Ni(py)(CCO)(4): To a solution of 2 (135 mg, 0.157 mmol) in toluene (5 mL), in a 

glove box, was added 25 equivalents of tertbutyl acrylate (503.1 mg, 3.93 mmol). After 36 h, all 

volatiles were removed from the solution and the residue was triturated with hexanes (3 x 5 mL). 

The remaining residue was then fractioned with n-pentane (5 mL) and diethyl ether (10 mL). 

The diethyl ether fraction was evaporated to afford crude 4 (63 mg, 40.6 % yield).  1H NMR 

(400 MHz, C7D8): δ 8.65 (broad s, W1/2 = 36.8 Hz, 2H, o-pyridine), 7.65 (d, 3JHH = 8.1 Hz, 1H, 

PhH), 7.60 (broad m, 1H, PhH), 7.38 (s, 2H, PhH), 7.26 (t, 3JHH = 7.1 Hz, 1H, PhH), 6.99-7.19 

(overlapping multiplets, 5H, PhH), 6.96 (d, 3JHP = 8.4 Hz, 2H, PhH), 6.70 (broad s, W1/2 = 27.5 

Hz, 2H, PhH), 6.33 (broad d, 3JHH = 7.8 Hz, 2H, PhH), 6.26 (d, 3JHH=7.8 Hz, 2H, PhH), 3.47 (s, 

6H, OCH3), 3.36 (s, 1H, Ni-CH), 3.24 (s, 6H, OCH3), 1.47 (s, 18H, tBu), 1.32 (broad s, 9H, W1/2 
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= 64 Hz, OtBu), 0.92 (t, 3JHH = 6.6 Hz, 2H, Ni-alkyl), 0.67 (broad multiplet, W1/2= 31 Hz, 1H, 

Ni-alkyl), 0.31 (s, 1H, Ni-alkyl), -0.03 (s, 9H, SiMe3); 31P{1H} NMR (121 MHz, C6D6): δ -6.15 

(broad s, W1/2= 37.1 Hz. 1P)    

 

PONap-Ni (CCO): (5) Complex 5 was synthesized and purified in a similar way to 4 with 

the exception of using 2-lut as the precursor. The reaction was completed in 0.5 h and was 

isolated in 70 % yield. 1H NMR (400 MHz, C6D6): δ 7.68 (dd, 3JHH = 7.7 Hz, 4JHP = 1.8 Hz, 1H, 

PhH), 7.63 (dd, 3JHH = 7.4 Hz, 3JHH = 10.8 Hz, 1H, PhH), 7.56 (s, 2H, PhH), 7.47 (broad 

multiplet, 1H, PhH), 7.26-7.37 (overlapping multiplets, 2H, PhH), 6.99-7.07 (overlapping 

multiplets, 4H, PhH), 6.22 (dd,  3JHH = 8.4 Hz, 4JHP = 3.8 Hz, 2H, PhH), 6.16 (dd,  3JHH = 8.2 Hz, 

4JHP = 3.8 Hz, 2H, PhH), 3.27 (s, 6H, OCH3), 3.15 (broad s, W1/2 = 15 Hz,  6H, OCH3), 2.09 

(broad m, 1H, Ni-CH), 1.54 (broad s, W1/2 = 15 Hz, 18H, tBu), 1.47 (s, 9H, OtBu), 1.19 (broad 

multiplet, 1H, Ni-CH-CHH), 0.81-0.86 (overlapping multiplets, 4H, Ni-CH-CH2-CH3 + Ni-

CH-CHH-CH3); 13C{1H} NMR (101 MHz, C6D6): δ 174.93 (d, JCP = 22.5 Hz, 2C, Aryl-C), 

161.97 (d, JCP = 2.0 Hz, 2C, Aryl-C), 161.86 (broad s, 1C, Aryl-C), 147.72 (multiplet, 1C, Aryl-

C), 145.70 (s, 1C, Aryl-C), 143.49 (multiplet, 1C, Aryl-C), 139.28 (s, 1C, Aryl-C), 131.21 (s, 1C, 

Aryl-C), 131.13 (s, 1C, Aryl-C), 128.88 (s, 2C, Aryl-C), 127.09 (s, 2C, Aryl-C), 126.42 (d, JCP = 

11.4 Hz, 1C, Aryl-C), 126.13 (s, 2C, Aryl-C), 119.15 (s, 1C, Aryl-C), 112.78 (d, JCP = 8.7 Hz, 1C, 

Aryl-C), 108.25 (d, JCP = 53.1 Hz, 1C, Aryl-C), 104.55 (d, JCP = 4.4 Hz, 2C, Aryl-C), 104.30 (d, 

JCP = 4.4 Hz, 2C, Aryl-C), 55.86 (s, 1C, OC(CH3)3), 55.47 (s, 2C, OCH3), 55.43 (s, 2C, OCH3), 



 C h a p t e r  2  
 
 

 
73 

35.05 (s, 2C, CH(CH3)3), 32.19 (s, 6C, CH(CH3)3), 28.86 (s, 3C, OC(CH3)3), 21.90 (d, 2JCP= 25.5 

Hz, 1C, Ni-CH), 20.06 (d, 3JCP= 3.3 Hz, 1C, Ni-CHCH2), 14.62 (s, 1C, Ni-CHCH2CH3); 31P{1H} 

NMR (121 MHz, C6D6, 298 K): δ -6.57 (broad s, 39.5 Hz, 1P); 31P{1H} NMR (121 MHz, C7D8, 

193 K): δ -6.53 (broad s, 27.5 Hz, 1P), -8.08 (s, 1P). Anal. Calcd(%): C, 68.83; H, 7.10; N, 0. 

Found(%): C, 67.44; H, 6.89; N, 0.2. 

 
3 Solution-State NMR Characterization and Discussion of 5 

Encouraged by the structural confirmation of the chelate resulting from 2,1-insertion of 

acrylate in the solid-state, further NMR studies were performed to address the solution structure. 

The room temperature 1H NMR spectrum of 5 shows the expected number of aromatic 

resonances as well as broad peaks corresponding to the two methoxy resonances in a 1:1 ratio. 

A broad resonance (δ 1.56) and a sharp resonance (δ 1.48) are assigned to the tert-butyl groups 

from the phosphine naphthoxide ligand and the ester group, respectively. Resonances for the 

Ni-bound alkyl moiety are observed at δ 2.1 as a broad multiplet for the methine, overlapping 

resonances at δ 0.76, and 1.19 for the diastereotopic methylene protons, and at δ 0.81 for the 

methyl protons, which were identified using multiplicity edited 1H-13C{1H} HSQC. 13C{1H} 

NMR (Figure AD2.23) display five aliphatic resonances corresponding to the Ni-bound alkyl 

moiety. The resonances at δ 14.3, 19.7, and 21.3 are consistent with methyl, methylene, and 

methine groups, respectively. This assignment is further supported by higher magnitude JCP value 

for the methine resonance (24.8 Hz) and low magnitude JCP value for the methylene resonance 

(3.0 Hz). Furthermore, the multiplicity-edited 13C{1H}-1H HSQC identifies the resonance at δ 

19.7 as a methylene resonance with 1H cross peaks at δ 0.76 and 1.19, the latter resonance 

overlapping with the tert-butyl resonances. A cross peak for the methyl peak was observed at δ 

0.81, and for the methine, at δ 2.12. Although these data do not rule out a solution structure with 
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the carbonyl dissociating, they provide conclusive support for the Ni-alkyl group connectivity 

observed in the solid-state. Chain walking through β-H elimination and reinsertion at the other 

end of the olefin could give isomers in solution. The isomer where Ni walks to the end of the 

alkyl chain would not display a methyl group, while the remaining one with Ni migrating a single 

carbon would still have methyl, methylene, and methine motifs but in a different coupling 

pattern; both can be ruled out based on the NMR data. However, we cannot rule out a dynamic 

isomerization process with compound 5 as the major, and only detectible component.  

Decoalesence of 5 is observed at low temperatures, NMR studies of 5 suggest the existence 

of two conformers in exchange, which in part elucidate the broadness observed of the 

resonances in the room-temperature 1H and 31P{1H} NMR spectra of 5. Complex 5 was 

investigated further toward gleaning additional insights into potential isomerization processes. 

The 31P{1H} NMR spectrum of 5 shows a single broad resonance at δ -6.36 with a W1/2= 58.1 

Hz. Variable temperature 31P{1H} NMR spectra show the appearance of two sharp peaks upon 

cooling to 0 °C in a 10 to 1 ratio, at approximately δ -6.1 and -8.5, respectively. Upon further 

cooling to -60 °C, the ratio decreases to approximately 4.3:1. Cooling to -80 °C further decreases 

the ratio (3.1:1) and significant broadening is observed in the major isomer, but not the minor 

isomer (Figure AD2.26). Cooling to -90 °C shows further broadening and chemical shift change 

with both resonances overlapped. This observation could indicate the presence of two isomers 

stemming from reversible β-H elimination and reinsertion processes; alternatively, it could also 

indicate the presence of conformers which are not fluxional on the NMR time scale at low 

temperatures. The 1H NMR shows sharpening of several resonances up-on cooling, as well as 

the decoalesence of the tert-butyl resonances on the naphthoxide ligand. Chemical shift changes 

are also observed for many of the resonances including the methoxy, the aromatic, and the Ni-

alkyl groups. The apparent overlap of many of these resonances upon decoalesence render the 
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interpretation of the low temperature 1H NMR spectra inconclusive. Because isomerization via 

chain walking would result in five- or six-membered chelates likely more stable than the alkyl 

species observed at room temperature, we favor the interpretation that the isomers observed at 

low temperatures are conformers. 

 
4 Crystallographic Information 

 
Figure S2.4.1. Solid-State Structure of 1. Ellipsoids are show at the 50% probability level. Hydrogen 

atoms and solvent molecules excluded for clarity. Disordered SiMe3 and OMe group excluded for 

clarity. 

Special Refinement Details for 1: Complex 1 crystalizes in a P-1 space group with the full molecule 

in the asymmetric unit. The SiMe3 group is modelled with two-site disorder with occupancies of 0.78 

and 0.22. One of the methoxy groups is also modelled with two-site disorder with occupancies of 

0.78 and 0.22. The carbon on the lower occupancy disordered methoxy group is refined isotropically 

to prevent an NPD. A disordered benzene molecule is observed and is refined isotropically to prevent 

NPDs. There is likely disorder on the benzene molecule, despite efforts, it could not be modelled.   

 

Figure S2.4.2. Solid-State Structure of 2. Ellipsoids are show at the 50% probability level. Hydrogen 

atoms and solvent molecules excluded for clarity. 
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Special Refinement Details for 2: Complex 2 crystalizes as a twin in a P-1 space group with the 

full molecule and half of a benzene molecule in the asymmetric unit. 

 

 

Figure S2.4.3. Solid-State Structure of 3. Ellipsoids are show at the 50% probability level. Hydrogen 

atoms and solvent molecules excluded for clarity. 

Special Refinement Details for 3: Complex 3 crystalizes in a P-1 space group with the full molecule 

in the asymmetric unit. The SiMe3 group is modelled with two-site disorder with occupancies of 0.54 

and 0.46. The unbound P center and the 2,6 dimethoxy aryl groups are modelled with two-site 

disorder with occupancies of 0.76 and 0.24. The data collected on this sample produces a moderate 

quality solid-state structure. 

 

 

Figure S2.4.4. Solid-State Structure of 4. Ellipsoids are show at the 50% probability level. Hydrogen 

atoms and solvent molecules excluded for clarity. Disorder also excluded for clarity. 

Special Refinement Details for 4: Complex 4 crystallized in a P21/c space group with the full 

molecule in the asymmetric unit. Two-site disorder was modelled for the entire tert-butyl aryl group 

with relative occupanices of 0.78 and 0.22. Additional two site disorder was modelled for one of the 

dimethoxy aryl rings with relative occupancies of 0.78 and 0.22. Two of the carbons on the less-

occupied dimethoxy ring were refined isotropically to prevent NPDs. 
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Figure S2.4.5. Solid-State Structure of 5. Ellipsoids are show at the 50% probability level. Hydrogen 

atoms and solvent molecules excluded for clarity. Disorder of tert-butyl aryl also excluded for clarity. 

Special Refinement Details for 5: Complex 5 crystallizes in a P21/n space group with an outer sphere 

ether molecule, all of which are present in the asymmetric unit. Two-site disorder is present in one 

of the tertbutyl groups on the aryl ring, with occupancies of 0.52 and 0.48. Additional solvent disorder 

could not be modelled successfully and was masked using SQUEEZE.  

 
 
 
 
 

Table S2.4.1. Crystal and refinement data for complexes 1~5 
 1 2 3 
Empirical formula C58H63.9NNiO8P2Si C52H63NNiO5PSi C60.57H78.28NNiO11.34P2Si1.82 

Formula weight 1067.7 899.78 1173.71 

Temperature/K 100 K 100 K 100 K 

Crystal system Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 

a/Å 13.272(4) 11.2840(9) 13.366(8) 

b/Å 13.914(7) 12.9467(10) 16.184(5) 

c/Å 15.221(5) 16.3826(13) 16.570(5) 

α/° 90.282(18) 91.142(5) 90.72(2) 

β/° 101.120(14) 103.578(4) 97.09(2) 

γ/° 90.58(2) 92.791(4) 101.70(2) 

Volume/Å3 2757.8(19) 2322.5 3480(3) 

Z 2 2 2 

ρcalcg/cm3 1.286 1.287 1.120 

μ/mm-1 0.487 1.552 1.555 

F(000) 1125.8 955.40 1246 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

Reflections collected 61600 9890 70100 

Independent reflections 9916 9095 8812 

Goodness-of-fit on F2 1.141 1.059 1.077 

Final R indexes  

[I>=2σ (I)] 

  R1 = 8.42 % 

R2 = 19.44 % 

  R1 = 3.66 % 

R2 = 9.78 % 

R1 = 11.48 % 

R2 = 32.87 % 
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 4 5 
Empirical formula C56H71.78NNiO7PSi C52H68NiO8P 

Formula weight 988.67 910.72 

Temperature/K 100 K 100 K 

Crystal system Monoclinic Triclinic 

Space group P21/C P21/n 

a/Å 17.811(5) 15.546(4) 

b/Å 20.024(6) 14.863(4) 

c/Å 15.761(5) 23.621(9) 

α/° 90 90 

β/° 104.164(13) 103.26(2) 

γ/° 90 90 

Volume/Å3 5450(3) 5312(3) 

Z 4 4 

ρcalcg/cm3 1.205 1.139 

μ/mm-1 1.394 1.189 

F(000) 2111.1 1948 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

Reflections collected 101836 63894 

Independent reflections 9392 4944 

Goodness-of-fit on F2 1.018 1.041 

Final R indexes [I>=2σ (I)] R1 = 7.00 % 

R2 = 20.59 % 

R1 = 10.84 % 

R2 = 30.15 % 

 

5 Supplemental Data for Olefin Polymerization  

5.1 General procedure for high throughput parallel polymerization reactor (PPR) runs for preparation of 

polyethylene and ethylene/tBA copolymers. 

Polyolefin catalysis screening was performed in a high throughput parallel polymerization 

reactor (PPR) system. The PPR system was comprised of an array of 48 single cell (6 x 8 matrix) 

reactors in an inert atmosphere glovebox. Each cell was equipped with a glass insert with an 

internal working liquid volume of approximately 5 mL. Each cell had independent controls for 

pressure and was continuously stirred at 800 rpm. Catalyst, ligand, and metal precursor solutions, 

unless otherwise noted, were prepared in toluene. Ligands were metallated with 1:1 ligand:metal 

(L:M) ratio by premixing a solution of metal precursor with a solution of the ligand. All liquids 

(i.e., solvent, tBA, and catalyst solutions) were added via robotic syringes. Gaseous reagents (i.e., 
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ethylene) were added via a gas injection port. Prior to each run, the reactors were heated to 50 

°C, purged with ethylene, and vented.  

All desired cells were injected with tBA followed with a portion of toluene (This step was 

skipped for ethylene homopolymerization). The reactors were heated to the run temperature and 

then pressured to the appropriate psig with ethylene. Catalyst or in situ metallated ligands were 

then added to the cells. Each catalyst addition was chased with a small amount of toluene so that 

after the final addition, a total reaction volume of 5 mL was reached. Upon addition of the 

catalyst, the PPR software began monitoring the pressure of each cell. The desired pressure 

(within approximately 2-6 psig) was maintained by the supplemental addition of ethylene gas by 

opening the valve at the set point minus 1 psi and closing it when the pressure reached 2 psi 

higher. All drops in pressure were cumulatively recorded as “Uptake” or “Conversion” of the 

ethylene for the duration of the run or until the uptake or conversion requested value was 

reached, whichever occurred first.  Each reaction was then quenched by addition of 1% oxygen 

in nitrogen for 30 seconds at 40 psi higher than the reactor pressure.  The shorter the “Quench 

Time”, the more active the catalyst.  In order to prevent the formation of too much polymer in 

any given cell, the reaction was quenched upon reaching a predetermined uptake level of 80psig.  

After all the reactors were quenched they were allowed to cool to about 60 °C. They were then 

vented and the tubes were removed.  The polymer samples were then dried in a centrifugal 

evaporator at 60 °C for 12 hours, weighed to determine polymer yield and submitted for IR (tBA 

incorporation) and GPC (molecular weight) analysis. 

5.2 General procedure for batch reactor runs for preparation of ethylene/tBA copolymers. 

Polymerization reactions were conducted in a 2-L Parr batch reactor. The reactor was heated 

by an electrical heating mantle and cooled by an internal serpentine cooling coil containing 

cooling water. The water was pre-treated by passing through an Evoqua water purification 
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system. Both the reactor and the heating/cooling system were controlled and monitored by a 

Camile TG process computer. The bottom of the reactor was fitted with a dump valve, which 

empties the reactor contents into a lidded dump pot, which was prefilled with a catalyst-kill 

solution (typically 5 mL of an Irgafos / Irganox / toluene mixture). The lidded dump pot was 

vented to a 15-gal. blowdown tank, with both the pot and the tank N2 purged. All chemicals 

used for polymerization or catalyst makeup are run through purification columns to remove any 

impurities that may affect polymerization. The toluene was passed through two columns, the 

first containing A2 alumina, the second containing Q5 reactant. The tert-butyl acrylate was 

filtered through activated alumina. The ethylene was passed through two columns, the first 

containing A204 alumina and 4 Å molecular sieves, the second containing Q5 reactant. The N2 

used for transfers was passed through a single column containing A204 alumina, 4 Å molecular 

sieves and Q5 reactant. 

The reactor was loaded first from the shot tank that contained toluene and tBA. The shot 

tank was filled to the load set points by use of a differential pressure transducer. After 

solvent/acrylate addition, the shot tank was rinsed twice with toluene. Then the reactor was 

heated up to the polymerization temperature set point. The ethylene was added to the reactor 

when the reaction temperature was reached to maintain the reaction pressure set point. Ethylene 

addition amounts were monitored by a micro-motion flowmeter. 

The catalysts were handled in an inert atmosphere glovebox and were prepared as a solution 

in toluene. The catalyst was drawn into a syringe and pressure-transferred into the catalyst shot 

tank. This was followed by 3 rinses of toluene, 5 mL each. Catalyst was added when the reactor 

pressure set point was reached.   

Immediately after catalyst addition the run timer was started. Usually within the first 2 min. of 

successful catalyst runs an exotherm was observed, as well as decreasing reactor pressure. 
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Ethylene was then added by the Camile to maintain reaction pressure set point in the reactor. 

These polymerizations were run for 75 min or until 40 g of ethylene uptake. Then the agitator 

was stopped, and the bottom dump valve was opened to empty reactor contents into the lidded 

dump pot. The lidded dump pot was closed and the contents were poured into trays placed in a 

lab hood where the solvent was evaporated off overnight. The trays containing the remaining 

polymer were then transferred to a vacuum oven, where they were heated up to 140 °C under 

vacuum to remove any remaining solvent. After the trays cooled to ambient temperature, the 

polymers were weighed for yield/efficiencies and submitted for polymer testing if so desired. 

5.3 Orginal catalytic runs in high throughput parallel polymerization reactors (PPR)  

Table S2.5.1 show a set of ethylene homopolymerization trials with 1. In general, 1 showed 

extremely high activity (~400000kg/(mol·h)) at 90 ºC. These trials were stopped in ~10s to 

protect the reactor, and therefore resulting polyethylene features relatively low Mw and high 

PDI. This may not represent 1's typical performance. 

Table S2.5.1. Ethylene/tBA copolymerization with in-situ mixed ligand POPH and 
py2Ni(CH2SiMe3)2 (Ni) 

Entrya time (s) temp. (ºC) Act. (kg/(mol·h)) Mw/103 PDI Tm (ºC) 
1 11 90 378947 9.3 5.3 123.9 
2 10 90 417000 27.4 9.4 106.9 
3 10 90 411429 16.8 6.5 107.0 

aV(total)=5 mL, [Ni]=0.25 µmol, ethylene pressure=400 psi. 

 

Table S2.5.2~ S5.4 show original analytic data of ethylene/tBA copolymerization with 1 and 

2.   
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Table S2.5.2. Ethylene/tBA copolymerization with in-situ mixed POPH + Ni. 
Entrya tBA (M) T (ºC) Act.b t (min) Mw/103 PDI %Mol t-BA Tm (ºC) 
1 0.05 70 304 60 97.2 2.25 2.58 107.3 
2 0.05 70 324 60 91.5 2.25 2.57 106.9 
3 0.05 70 300 60 93.0 2.26 2.56 107.0 
4 0.05 70 328 60 95.8 2.30 2.49 107.8 
5 0.05 70 348 60 93.6 2.25 2.34 108.7 
6 0.05 90 482 55 60.8 2.26 2.21 110.5 
7 0.05 90 629 52 58.6 2.25 1.94 111.9 
8 0.05 90 644 38 58.9 2.22 2.26 110.5 
9 0.05 90 639 44 59.5 2.27 2.18 110.8 
10 0.1 90 244 60 38.7 2.33 5.40 93.6 
11 0.1 90 248 60 43.4 2.38 4.99 94.7 
12 0.1 90 240 60 40.9 2.30 4.99 94.8 
13 0.1 90 248 60 40.2 2.23 4.85 95.2 
14 0.15 90 116 60 28.4 2.29 8.60 81.9 
15 0.15 90 108 60 27.7 2.36 7.96 82.2 
16 0.15 90 120 60 30.3 2.27 7.97 83.3 
17 0.15 90 128 60 29.3 2.32 8.16 82.2 
18 0.15 100 104 60 22.2 2.31 7.97 81.1 
19 0.15 100 120 60 22.6 2.31 7.64 80.9 
20 0.15 100 132 60 22.9 2.22 8.19 81.4 
21 0.15 100 120 60 22.8 2.17 7.63 81.8 
22 0.15 100 88 60 22.9 2.19 7.47 83.2 
23 0.2 100 84 60 19.0 2.31 12.49 68.4 
24 0.2 100 80 60 19.1 2.10 11.42 68.4 

aV(total)=5 mL, [Ni]=0.25 µmol, ethylene pressure=400 psi. Polymerization runs were stopped when t=1 h or 
ethylene uptake reached a level of 80.13 psig (to prevent formation of two much polymer in the reactor), which ever 
occurred first (see section S5.1 for more details). bin kg/(mol·h). 

 

Table S2.5.3. Ethylene/tBA copolymerization with isolated nickel complex 1. 
Entrya T (ºC) t (min) Act. (kg/(mol·h)) Mw/103 PDI %Mol t-BA Tm (ºC) 
1 90 37 618 54.7 2.07 2.17 110.8 
2 90 37 595 54.3 2.17 2.20 109.4 
3 90 37 659 53.1 2.20 2.24 109.9 
4 90 54 517 55.9 2.08 2.10 111.4 
5 90 45 604 55.8 2.12 2.06 111.3 
6 90 44 575 50.6 2.31 2.26 109.6 
7 90 33 848 56.5 2.12 2.01 110.3 
8 90 32 871 58.7 2.13 1.97 110.2 
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aV(total)=5 mL, [1]=0.25 µmol, [tBA]=0.05 M, ethylene pressure=400 psi. Polymerization runs were 
stopped when ethylene uptake reached a level of 80.13 psig to prevent formation of two much polymer in 
the reactor.  
 

 

Table S2.5.4. Ethylene/tBA copolymerization with isolated nickel complex 2. 
Entrya Cat. 

(!mol) 
tBA 
(M) 

T (ºC) t (min) Act. 
(kg/(mol·h)) 

Mw PDI %Mol 
t-BA 

Tm 
(ºC) 

1      0.25 0.05 70 60 204 16.1 2.30 0.72 120.9 
2 0.25 0.05 70 60 208 16.2 2.16 0.71 121.4 
3 0.25 0.05 70 60 204 17.3 2.29 0.83 121.0 
4 0.25 0.05 70 60 208 16.3 2.28 0.74 120.9 
5 0.25 0.05 90 60 404 10.6 2.10 0.71 120.6 
6 0.25 0.05 90 60 444 10.0 2.04 0.73 120.7 
7 0.25 0.05 90 22 595 10.3 2.26 0.72 121.2 
8 0.25 0.05 90 56 481 9.6 2.30 0.75 121.0 
9 0.25 0.05 100 47 657 8.2 2.01 0.72 121.0 
10 0.25 0.05 100 50 620 8.2 2.22 0.73 120.2 
11 0.25 0.05 100 46 634 8.0 2.12 0.64 120.6 
12 0.5 0.1 90 60 262 9.0 2.28 1.40 115.5 
13 0.5 0.1 90 60 262 9.0 1.99 1.36 115.0 
14 0.5 0.15 90 60 210 7.9 1.97 1.97 110.6 
15 0.5 0.15 90 60 200 7.4 2.24 2.04 109.8 
16 0.5 0.15 90 60 204 7.5 2.30 1.98 111.6 

aV(total)=5 mL, [Ni]=0.25 µmol, ethylene pressure=400 psi. Polymerization runs were stopped when t=1 
h or ethylene uptake reached 80.13 psi (<1 h), which ever occurred first. 
 

5.5 Supplemental figures for ethylene/tBA copolymerizatin with different tBA concentration  

Data for these figures are extracted from Table S2.5.2~S5.4 (Red: 1, blue: 2) 

 
Figure S2.5.1. Catalytic activity of 1/2 with different equiv. of tBA 
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Figure S2.5.2. Molecular weights of ethylene/tBA copolymers with different equiv. of tBA 

 

 
Figure S2.5.3. tBA incorporation of ethylene/tBA copolymers with different equiv. of tBA 

 

6 NMR Characterization of ethylene/tBA copolymers  

Methods: NMR spectra of ethylene/tBA copolymers were recorded on a Bruker 400 MHz 

using o-dichlorobenzene at 120 °C. 1H NMR analysis of copolymers were done using a 

relaxation time (0.2 s), and an acquisition time (1.8 s) with the number of FID’s collected per 

sample (512). 13C{1H} NMR analysis of copolymers were done using 90° pulse of 17.2 µs, a 

relaxation time (22.0 s), an acquisition time (5.3 s), and inverse-gated decoupling with the number 

of FID's collected per sample (1536).  

0

10000

20000

30000

40000

50000

60000

70000

500 1500 2500 3500
M
w

[tBA]/[Ni]

0

1

2

3

4

5

6

7

8

9

500 1500 2500 3500

In
co

rp
. o

f t
BA

/%

[tBA]/[Ni]



 C h a p t e r  2  
 
 

 
85 

 
Figure S2.6.1. 1H NMR spectra of ethylene/tBA copolymer P1 (top, collected from Table S2.5.3, 

entry 2) and P2 (bottom, collected from Table S2.5.4, entry 7) 

 

 
Figure S2.6.2. 1H NMR spectra of ethylene/tBA copolymer P1 (top, collected from Table S2.5.3, 

entry 2) and P2 (bottom, collected from Table S2.5.4, entry 7): Part 2. Assignment is based on 1H-1H 

COSY NMR spectrum (Figure S2.6.3) and ref 37. 
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Figure S2.6.3. 1H-1H COSY NMR spectrum of ethylene/tBA copolymer P2 (collected from Table 

S2.5.4, entry 7) 

 

 

 
Figure S2.6.4. 13C{1H} NMR spectra of ethylene/tBA copolymer P1 (top, collected from Table 

S2.5.3, entry 2) and P2 (bottom, collected from Table S2.5.4, entry 7). Assignment is based on ref 37. 
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7. GPC curves of ethylene/tBA copolymers 

 
Figure S2.7.1. GPC curve of ethylene/tBA copolymer (Table S2.5.2, entry 1). 

 

 

Figure S2.7.2. GPC curve of ethylene/tBA copolymer (Table S2.5.3, entry 5). 
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Figure S2.7.3. GPC curve of ethylene/tBA copolymer (Table S2.5.4, entry 10). 

 

8 Kinetic Measurements 

8.1 Procedures 

Ethylene insertion(e1&e2). Unless specified, 0.0118 mmol of nickel complexes prepared using 

the above procedure was dissolved in C6D5Cl with pyridine in the glove box. The mixture was 

transferred to a J-Young tube and frozen in a liquid nitrogen bath. Then ethylene was added 

quantitatively via a gas bulb attached to the high vacuum line72 prefilled with ethylene. The 

resulting mixture was warmed up to thawing temperature and shaken vigorously prior to pre-

heated NMR probe for acquisition of spectra at specified temperature. Solvent residues were 

used as an internal standard. The decay of the concentration of the nickel (trimethylsilyl)methyl 

pyridine complex as well as the decay of the concentration of ethylene was recorded based on 

the ratio of the integration of bound phosphine to that of the internal standard accordingly.  

tBA insertion (a1&a3). Unless specified, 0.0118 mmol of nickel complexes prepared using the 

above procedure was dissolved in protio-PhCl or 90% protio-PhCl/10% C6D5Cl with pyridine 
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in the glove box. The mixture was frozen in the coldwell pre-cooled by a liquid nitrogen bath, 

and t-butyl acrylate (tBA, or PhCl solution of tBA) was added via syringe (Total volume=0.75 

ml). The resulting mixture was warmed up to thawing temperature and shaken vigorously prior 

to transferring to pre-heated NMR probe for acquisition of spectra at 50 ℃. NMR monitoring 

of tBA insertion were performed with a capillary insert with CDCl3 solution of MePPh3+Br- 

inside as an external standard and the decay of the concentration of the nickel 

(trimethylsilyl)methyl pyridine complex was recorded based on the ratio of the integration of 

bound phosphine to that of the external standard accordingly. 

tBA insertion into ethylene inserted species (a2). Unless specified, 0.0118 mmol of nickel complexes 

prepared using the above procedure was dissolved in C6D5Cl with pyridine in the glove box 

(total volume = Y mL, see below for clarification). The mixture was transferred to a J-Young 

tube, degassed via three freeze-pump-thaw cycles and kept frozen in a liquid nitrogen bath. Then 

ethylene was added via a gas bulb attached to the high vacuum line6 prefilled with ethylene. The 

mixture was then warm up to room temperature and shaken vigorously. Decay of ethylene and 

decay of the nickel trimethylsilyl methyl complex were monitored via 1H and 31P NMR. Roughly 

at ~50% conversion of the nickel trimethylsilyl methyl complex, the mixture was frozen in a 

liquid nitrogen bath. Then residue ethylene was removed via four freeze-pump-thaw-backfill 

(with Ar or N2) cycles. Complete removal of ethylene (>99.95%) was confirmed by 1H NMR. 

Then the mixture was transferred to pre-heated NMR probe for acquisition of one sample 

spectrum at 50 ℃. Then the mixture was transferred into a glove box and frozen in the coldwell 

pre-cooled by a liquid nitrogen bath. Then t-butyl acrylate (tBA, or PhCl solution of tBA, X mL) 

was added via a syringe or micro-syringe (X+Y=0.75 mL) and the mixture was frozen again. 

The resulting mixture was warmed up to thawing temperature and shaken vigorously prior to 

transferring to pre-heated NMR probe. Spectra was collected immediately after reaching the 
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desired temperature. NMR monitoring of tBA insertion were performed with P(O)Ph3 (0.2~0.4 

equiv. to the nickel complex) as an internal standard and the decay of the concentration of the 

nickel (trimethylsilyl)methyl pyridine complex was recorded based on the ratio of the integration 

of bound phosphine to that of the internal standard in 31P NMR accordingly. 

Ethylene insertion into tBA inserted species (e3). Unless specified, 0.0059 mmol of the nickel complex 

3 prepared using the above procedure was dissolved in C7D8 with pyridine in the glove box (total 

volume = 0.75 mL). The mixture was transferred to a J-Young tube, degassed via three freeze-

pump-thaw cycles and kept frozen in a liquid nitrogen bath. Then ethylene was added via a gas 

bulb attached to the high vacuum line6 prefilled with ethylene. The resulting mixture was warmed 

up to thawing temperature prior to pre-heated NMR probe for acquisition of spectra at the 

specified temperature. Solvent residues were used as an internal standard. The decay of the 

concentration of the nickel (trimethylsilyl)methyl pyridine complex as well as the decay of the 

concentration of ethylene was recorded based on the ratio of the integration of bound phosphine 

to that of the internal standard accordingly. 

8.2 Kinetic Plots of tBA Insertion into Nickel (Trimethylsilyl)methyl Pyridine Complexes (a1) 

 
Figure S2.8.1. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: internal standard) vs time as 

monitored by 1H NMR spectroscopy.  
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(Note for Figure S2.8.1) Procedure: In the glove box, 1 (0.0059 mmol, 5.8 mg) was dissolved in 

C6D6 and the mixture was frozen in the coldwell pre-cooled by a liquid nitrogen bath, and t-butyl 

acrylate (100 equiv., 0.086 ml) was added via syringe (Total volume=0.75 ml). The resulting 

mixture was warmed up to thawing temperature prior to pre-heated NMR probe for acquisition 

of spectra at 30℃. No capillary was used the decay of the concentration of the nickel 

(trimethylsilyl)methyl pyridine complex was recorded based on the ratio of the integration of 

bound pyridine to that of the solvent residue.  

 
Figure S2.8.2. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: external standard) vs time as 

monitored by 31P NMR spectroscopy. Solvent: PhCl-H5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [tBA]0=1.178 M (75 equiv.); [py]0=0.0315 M (2 equiv.). 

 
Figure S2.8.3. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: external standard) vs time as 

monitored by 31P NMR spectroscopy. Solvent: PhCl-H5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [tBA]0=0.785 M (50 equiv.); [py]0=0.0315 M (2 equiv.). 
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Figure S2.8.4. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: external standard) vs time as 

monitored by 31P NMR spectroscopy. Solvent: PhCl-H5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [tBA]0=0.550 M (35 equiv.); [py]0=0.0315 M (2 equiv.). 
 

 
Figure S2.8.5. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: external standard) vs time as 

monitored by 31P NMR spectroscopy. Solvent: PhCl-H5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [tBA]0=0.393 M (25 equiv.); [py]0=0.0315 M (2 equiv.). 
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Figure S2.8.6. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: external standard) vs time as 

monitored by 31P NMR spectroscopy. Solvent: PhCl-H5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [tBA]0=0.393 M (25 equiv.); [py]0=0.0471 M (3 equiv.). 

 

 

Figure S2.8.7. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: external standard) vs time as 

monitored by 31P NMR spectroscopy. Solvent: PhCl-H5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [tBA]0=0.393 M (25 equiv.); [py]0=0.0942 M (6 equiv.). 

 

 
Figure S2.8.8. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: external standard) vs time as 

monitored by 31P NMR spectroscopy. Solvent: PhCl-H5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [tBA]0=0.393 M (25 equiv.); [py]0=0.142 M (9 equiv.). 
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Figure S2.8.9. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: external standard) vs time as 

monitored by 31P NMR spectroscopy. Solvent: PhCl-H5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [tBA]0=0.157 M (10 equiv.); [py]0=0.0315 M (2 equiv.). 

 
Figure S2.8.10. Log plot of relative concentration of 2 ([2’]=[2]/[St], St: external standard) vs time 

as monitored by 31P NMR spectroscopy. Solvent: PhCl-H5. Temperature: 50 ℃. Initial 

concentration: [2]0=0.0157 M; [tBA]0=1.57 M (100 equiv.); [py]0=0.157 M (10 equiv.). 

8.3 Kinetic Plots of Ethylene Insertion into Nickel Alkyl Pyridine Complexes (e1/e2) 

 
Figure S2.8.11. Plot of concentration of 1 vs time as monitored by 31P NMR spectroscopy. Solvent: 

PhCl-D5. Temperature: 50 ℃. Initial concentration: [1]0=0.0157 M; [Ethylene]0=0.236 M (15 equiv.); 

[py]0=0.0315 M (2 equiv.). 
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Figure S2.8.12. Log plot of relative concentration of ethylene ([Ethylene’]=[Ethylene]/[1]0) vs time 

as monitored by 1H NMR spectroscopy. Solvent: PhCl-D5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [Ethylene]0=0.236 M (15 equiv.); [py]0=0.0315 M (2 equiv.). 

 
Figure S2.8.13. Log plot of relative concentration of ethylene ([Ethylene’]=[Ethylene]/[2]0) vs time 

as monitored by 1H NMR spectroscopy. Solvent: PhCl-D5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [Ethylene]0=0.236 M (15 equiv.); [py]0=0.0315 M (2 equiv.). 

8.4 tBA Insertion into Ethylene Inserted Species (a2) 

 
Figure S2.8.14. 1H NMR spectra of (from top to bottom, C6D5Cl): a) 1 +10 equiv. of pyridine; b) 

after addition of 25 equiv. of ethylene; c) after removal of ethylene; d) spectrum recollected at 50 ℃; 

e) after addition of 15 equiv. of tBA; f) after quantitative conversion of ethylene inserted species. 

Solvent: PhCl-D5. Initial concentration: [1]0=0.0157 M; [py]0=0.157 M (10 equiv.). 
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t=0  Standard                          1-C2nH4n 1 B(products after tBA insertion) 

  
Figure S2.8.15. 31P NMR monitoring of decay of ethylene inserted species (from top to bottom, 

C6D5Cl): a) A +10 equiv. of pyridine; b) before addition of tBA; c) after addition of 25 equiv. of 

ethylene; d) (last five) spectra collected every 20 s. Solvent: PhCl-D5. Temperature: 50 ℃. Initial 

concentration: [1]0=0.0157 M; [tBA]0=0.236 M (15 equiv.); [py]0=0.157 M (10 equiv.). 

Kinetic Plot 

 
Figure S2.8.16. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: internal standard) vs time as 

monitored by 31P NMR spectroscopy. Solvent: PhCl-D5. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0157 M; [tBA]0=0.236 M (15 equiv.); [py]0=0.157 M (10 equiv.). 
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8.5 Ethylene Insertion into tBA Inserted Species (e3) 

 
Figure S2.8.17. Plot of relative concentration of Ethylene ([Ethylene]/[St], St: external standard) vs 

time as monitored by 1H NMR spectroscopy. Solvent: Tol-d8. Temperature: 50 ℃. Initial 

concentration: [1]0=0.0079 M; [Ethylene]0=0.099 M (12.5 equiv.); [py]0=0.079 M (10 equiv.). (red 

spots: measured value, grey line: 90% of initiatial concentration, green line: 85% of initiatial 

concentration) 

As shown above, only 15% decrease of the concentration of ethylene in solution was observed. 

Therefore, ethylene concentration could be treated as a constant in first 50 minutes, which fits 

pseudo 1st order condition. A preliminary kinetic plot based on data collected in first 50 minutes 

was shown below (only the first half-life period involved).  

 

Figure S2.8.18. Log plot of relative concentration of 1 ([1’]=[1]/[St], St: internal standard) vs time as 

monitored by 1H NMR spectroscopy. Solvent: Tol-d8. Temperature: 50 ℃. Initial concentration: 

[1]0=0.0079 M; [Ethylene]0=0.099 M (12.5 equiv.), [py]0=0.079 M (10 equiv.). 

8.8 tBA Insertion into tBA Inserted Species 

Discussion of Methods 

Unless specified, data shown below come from experiments in part 2. As shown in Fig S4.1, 
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complex (B, product of first tBA insertion) feature distinguished chemical shifts in 31P NMR 

and they are also different from that of further inserted species. Based on changes of [A] and [B] 

over time, overall insertion rate of the second acrylate insertion can be obtained, which is shown 

below. 

 

![#]
!% = −$& ∙ [']   (i) 

['] = [']' · *()!%   (ii) 
![*]
!% = $& ∙ ['] − $+ ∙ [+]   (iii) 

Based on (ii) and (iii), 

$+ ∙ [+] +	![*]!% = $& ∙ [']' · *()!%   (iv) -> 

$+ ∙ *)"% ∙ 	 [+] + *)"% ∙ 	![*]!% = $& ∙ [']' · *)"% ∙ *()!%   (v) -> 

!
!% (*

)"% ∙ 	 [+]) = $& ∙ [']' · *()"()!)%   (vi) -> 

*)"% ∙ 	 [+] = )!
)"()!
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If p=$+ − $&, [*][#] =
)!
. ∙ (1 − *

(.%)   (xii) 

[B]/[A] can be obtained from spectra, thereby p is solved via minimizing the difference of 

calculated curve (y axis: [B]/[A], x axis: time) and curve generated from exp in excel (“solver” 

add-on) 

 

Sample Spectra 

  t=0       Standard                          1(A)  3(B) 

 
Figure S2.8.19, 31P Plot of NMR monitoring of tBA insertion into 1. Solvent: PhCl-H5. 

Temperature: 50 ℃. Initial concentration: [1]0=0.0157 M; [tBA]0=0.550 M (35 equiv.); [py]0=0.0315 

M (2 equiv.). 
 
 

-60-55-50-45-40-35-30-25-20-15-10-5051015202530



 C h a p t e r  2  
 
 

 
100 

Kinetic Plots 

 
Figure S2.8.20. Plot of [3]/[1] v.s. time during tBA insertion. Solvent: PhCl-H5. Temperature: 50 ℃. 

Initial concentration: [1]0=0.0157 M; [tBA]0=0.785 M (50 equiv.); [py]0=0.0315 M (2 equiv.). Red 

spots: experimental data; blue line: fitted curve.  
• p=-0.0635, SSR (sum of squared residues) =0.0979, k2=0.0107 

 

Figure S2.8.21. Plot of [3]/[1] v.s. time during tBA insertion Solvent: PhCl-H5. Temperature: 50 ℃. 

Initial concentration: [1]0=0.0157 M; [tBA]0=0.550 M (35 equiv.); [py]0=0.0315 M (2 equiv.). Red 

spots: experimental data, blue line: fitted curve.  
• p=-0.0461, SSR=0.588, k2=0.0083 

 
Figure S2.8.22. Plot of [3]/[1] v.s. time during tBA insertion Solvent: PhCl-H5. Temperature: 50 ℃. 

Initial concentration: [1]0=0.0157 M; [tBA]0=0.393 M (25 equiv.); [py]0=0.0315 M (2 equiv.). Red 

spots: experimental data, blue line: fitted curve.  

• p=-0.0356, SSR=0.206, k2=0.0055 
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Figure S2.8.23. Plot of [3]/[1] v.s. time during tBA insertion. Solvent: PhCl-H5. Temperature: 50 ℃. 

Initial concentration: [1]0=0.0157 M; [tBA]0=0.393 M (25 equiv.); [py]0=0.0471 M (3 equiv.). Red 

spots: experimental data, blue line: fitted curve. 
• p=-0.0195, SSR=1.133, k2=0.0061 

 

Figure S2.8.24. Plot of [3]/[1] v.s. time during tBA insertion. Solvent: PhCl-H5. Temperature: 50 ℃. 

Initial concentration: [1]0=0.0157 M; [tBA]0=0.393 M (25 equiv.); [py]0=0.0942 M (6 equiv.). Red 

spots: experimental data, blue line: fitted curve. 
• p=-0.0083, SSR=0.118, k2=0.0048 

 

Figure S2.8.25. Plot of [3]/[1] v.s. time during tBA insertion Solvent: PhCl-H5. Temperature: 50 ℃. 

Initial concentration: [1]0=0.0157 M; [tBA]0=0.157 M (10 equiv.); [py]0=0.0315 M (2 equiv.). Red 

spots: experimental data, blue line: fitted curve. 
• p=-0.0129, SSR=0.153, k2=0.0032 
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Summary 

 
Figure S2.8.26. Plots (left: kobs vs [tBA]; right: kobs vs [py]) of coordination insertion of tBA into 3 

(See Figure S2.8.20~S8.25 for details). 
 

9 DFT calculation 

Methods. Geometry optimizations in the gas phase were initially carried out using the GFN1-

xTB method73 as implemented in Entos Qcore Version 0.7.74 The resulting structures were 

further optimized using hybrid meta-generalized gradient-approximation (hybrid meta-GGA) 

M06 functional59 with Karlsruhe-family basis set of double-ζ valence def2-SVP60-61 for all 

atoms as implemented in Gaussian 16 rev. A.03.75 Where possible, available X-ray crystal 

structures were used as an initial guess. The M06 functional was chosen as it performs better 

than many other functionals (e.g. 2B97X-D and TPSS) in predicting transition metal (TM) 

reaction barrier heights (TMBH21 dataset)76-77 for reactions involving TMs.75, 78 M06 has also 

been employed to study similar TM-catalyzed systems with excellent agreement with 

experimental results.79-80 Minima and transition structures on the potential energy surface 

(PES) were confirmed as such by harmonic frequency analysis, showing respectively zero and 

one imaginary frequency, at the same level of theory. Where appropriate, intrinsic reaction 

coordinate (IRC) analyses81-82 were performed to confirm that the found TSs connect to the 

right reactants and products.  
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Single point (SP) corrections were performed using M06 functional and def2-TZVP60 basis 

set for all atoms. The implicit SMD continuum solvation model62 was used to account for the 

solvent effect of chlorobenzene on the Gibbs energy profile. Gibbs energies were evaluated 

at the reaction temperature of 323.15 K, using a quasi-RRHO treatment of vibrational 

entropies.83-84 Vibrational entropies of frequencies below 100 cm-1 were obtained according to 

a free rotor description, using a smooth damping function to interpolate between the two 

limiting descriptions. The free energies were further corrected using standard concentration 

of 1 mol/L, which was used in solvation calculations. SMD(chlorobenzene)-M06/def2-

TZVP//M06/def2-SVP Gibbs energies are given and quoted in kcal mol-1 throughout. Unless 

otherwise stated, these solvent-corrected values are used for discussion throughout the main text and in this 

supporting information. 

Non-covalent interactions (NCIs) were analyzed using NCIPLOT calculations.85 The .wfn 

files for NCIPLOT were generated at M06/DGDZVP level of theory.86-87 NCI indices 

calculated with NCIPLOT were visualized at a gradient isosurface value of s = 0.5 au. These 

are colored according to the sign of the second eigenvalue (λ2) of the Laplacian of the density 

(∇24) over the range of -0.1 (blue = attractive) to +0.1 (red = repulsive). Molecular orbitals 

are visualized using an isosurface value of 0.05 throughout. All molecular structures and 

molecular orbitals were visualized using PyMOL software.88 Geometries of all optimized 

structures (in .xyz format with their associated energy in Hartrees) are included in a separate 

folder named structures_xyz with an associated README file. All these data have been 

deposited with this Supporting Information. All Python scripts used for data analysis are taken 

from https://github.com/bobbypaton.  

Conformational considerations. Where available, experimentally obtained X-ray crystal structures 

were used as initial guess for geometry optimization. Where different conformers exist in the 
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X-ray structures, all available conformers were used for geometry optimization and the final 

optimized, lowest energy structure is used. The ligand backbone from the lowest energy 

conformer is then kept fixed for all subsequent reaction paths. For olefin insertions, all 

possible coordination modes/orientations were considered in the geometry optimization and 

the lowest energy conformers are used for discussion. 

9.1 Reaction pathways leading from POP-Ni-py (1)  

9.1.1 The starting structure of POP-Ni-py (1) 

The starting structure for the optimization of POP-Ni-py complex was taken from the 

experimentally obtained X-ray crystal structure. The henceforth optimized structure 1-c2 is 

shown in Figure S2.9.1. We found another optimized structure (1) that is lower in energy than 1-

c2 and we take this as the zero energy reference for this reaction (Figure S2.9.1).  Note that these 

two structures are essentially conformers and they differ in the spatial orientation of the 

trialkylsilylated polymer chain. 

1 1-c2 

ΔG = 0.0  ΔG = 9.8 
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Figure S2.9.1. Optimized structures for the Ni(II) complex POP-Ni-py. The Gibbs energies are 

calculated at SMD (chlorobenzene)-M06/def2-TZVP//M06/def2-SVP level of theory and 

measured relative to the most sTable S2.pecies (1). Key bond distances are given in Å. Gibbs energy 

units are given in kcal mol-1. 

9.1.2 Ethylene-bound Ni(II) complex – displacement of pyridine by ethylene in POP-Ni-py 

int1-et-c1 int1-et-c2 

 ΔG = 8.9 ΔG = 14.8 

 
 

Figure S2.9.2. Optimized structures for the Ni(II) complex POP-Ni-et. The Gibbs energies are 

calculated relative to POP-Ni-py (1). Key bond distances are given in Å. Gibbs energy units are 

given in kcal mol-1. 

Herein we show the optimized structures of the Ni(II) complex where the pyridine ligand gets 

displaced by ethylene substrate. We denote these as POP-Ni-et complexes where the suffix “et” 

denotes ethylene. Two structures can be found (Figure S2.9.2). These differ in the orientations 

of the ethylene π-bond that is coordinated to the Ni-center. In int1-et-c1, the π-bond is 

perpendicular to the Ni square plane, whereas in int1-et-c2, the π-bond is parallel to and lying 

on the Ni square plane. Structure int1-et-c1 is 5.9 kcal mol-1 more stable than int1-et-c2. For 
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the migratory insertion of ethylene substrate into the Ni–C bond, the ethylene has to be in int1-

et-c2 before insertion can occur (vide infra). 

9.1.3 t-butylacrylate (tBA)-bound Ni(II) complex – displacement of pyridine by tBA in POP-Ni-py 

We similarly show the optimized structures of the Ni(II) complex where the pyridine ligand 

gets displaced by t-butylacrylate (tBA) substrate. All possibilities were considered while 

minimizing / avoiding unphysical steric clashes. The optimized structures are given in Figure 

S2.9.3. We denote these as POP-Ni-ac complexes where the suffix “ac” denotes t-butylacrylate. 

tBA can coordinate either via the C=C π-bond or the O-atom of the carbonyl group. For the 

coordination via C=C π-bond to the Ni-center, both the C=C bond perpendicular (int1-ac-c1 

and int1-ac-c2) and parallel (int1-ac-c3 and int1-ac-c4) to the Ni square plane can be found. As 

in the case of ethylene binding, the tBA binding with C=C π-bond perpendicular to the Ni square 

plane is lower in energy/more stable (by at least 4.4 kal mol-1) than with C=C π-bond parallel to 

the Ni square plane. Comparing the latter two structures (int1-ac-c3 and int1-ac-c4) which the 

reaction must pass prior to migratory insertion, we found that int1-ac-c3, forming the observed 

tBA insertion product, is 5.1 kcal mol-1 more stable than int1-ac-c4, which forms the less 

favorable regioisomer (vide infra).  

For tBA insertion, additionally, two structures with O-coordination were found (int1-ac-o1 

and int1-ac-o2). These differ in the orientation of the t-butoxy group. Both these O-coordinated 

structures have lower energy than C=C π-bond coordinated species (by 2.2 kal mol-1 comparing 

the lowest energy coordination species, int1-ac-o1 and int1-ac-c1), suggesting that the initial 

coordination of tBA substrate would occur via O-coordination. 

Coordination via C=C π-bond 
int1-ac-c1 int1-ac-c2 

 ΔG = 13.7 ΔG = 15.6 



 C h a p t e r  2  
 
 

 
107 

  

int1-ac-c3 int1-ac-c4 

 ΔG = 20.0 ΔG = 25.1 

  

Coordination via carbonyl O-atom 
int1-ac-o1 int1-ac-o2 

 ΔG = 11.5 ΔG = 12.7 

  
Figure S2.9.3. Optimized structures for the Ni(II) complex POP-Ni-ac. The Gibbs energies are 

calculated relative to POP-Ni-py (1). Key bond distances are given in Å. Gibbs energy units are 

given in kcal mol-1. 

9.1.4 First insertion of substrate into POP-Ni-py (1) 

We investigated the comparative barriers of the insertion of ethylene vs tBA into catalyst 

POP-Ni-py (1). Figure S2.9.4 shows the reaction scheme and the Gibbs energy profile for the 

first insertion. The optimized TS structures and their key bond distances are given in Figure 
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S2.9.5. From this energy profile, we can see that the 2,1-insertion of acrylate tBA (ts1-ac, at 30.5 

kcal mol-1) has a lower activation barrier, by 2.6 kcal mol-1, at the reaction temperature of 50 oC, 

than the insertion of ethylene (ts1-et, at 33.1 kcal mol-1); the regioisomeric 1,2-insertion of tBA 

(ts1-ac-r) is the least favorable, with a barrier of 41.5 kcal mol-1. Comparing the migratory 

insertion site selectivity of tBA (2,1-insertion vs 1,2-insertion), our calculation is in agreement 

with the observation that the migratory insertion of acrylate occurs at the β-carbon site of an 

α,β-unsaturated carbonyl, akin to conjugate addition.10, 18, 24 Using simple transition state theory 

(TST), this translates to a rate of roughly ts1-ac : ts1-et : ts1-ac-r = 1 : 57 : 27 million. With this 

energy profile, it implicates that the insertion of acrylate can occur more easily than the insertion 

of ethylene, which is contradictory to the experimental observation that the first insertion of 

ethylene proceeds ca. 50 times faster than the tBA insertion. In addition, the overall barriers of 

30.5 kcal mol-1 for tBA insertion and 33.1 kcal mol-1 for ethylene insertion seem pretty high. We 

anticipate that the Ni-catalyst POP-Ni-py (1) can undergo an isomerization before subsequent 

first insertion occurs, giving a lower activation barrier and correct substrate selectivity (see 

section 7.2). 

The first insertion products have the β-H atom coordinated to the Ni-center, forming 4-

membered nickelacycles (int2-et, int2-ac and int2-ac-r). These 4-m nickelacycles are lower in 

energy than the 5-m nickelacycles formed via γ-H atom coordination (int2-et-5m, int2-ac-5m 

and int2-ac-r-5m), as located by IRC analysis.  
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Figure S2.9.4. Gibbs energy profile for the first insertion of ethylene vs t-butylacrylate into catalyst 

POP-Ni-py (1). The Gibbs energies are calculated at SMD(chlorobenzene)-M06/def2-

TZVP//M06/def2-SVP level of theory. The energy of the species POP-Ni-py (1) is taken as a 

reference.  
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Figure S2.9.5. Optimized TS structures of first insertion of ethylene/tBA into Ni(II) complex 

POP-Ni-ac 1. Key bond distances are given in Å. Gibbs energy units are given in kcal mol-1. 

9.1.5 Second insertion of monomer into first insertion product of POP-Ni-py (1) 

The insertion of second monomer after the first insertion of ethylene vs tBA into catalyst 

POP-Ni-py 1 was studied. Figure S2.9.6 presents the Gibbs energy profile for the second 

insertion; optimized TS structures are given in Figure S2.9.7. In Figure S2.9.6 (a), we see that 

the second insertion of ethylene to first ethylene-inserted product has a rather low activation 

barrier of 9.4 kcal mol-1 (ts3-et-et, at 12.6 kcal mol-1). The second insertion of tBA into first 

ethylene-inserted product has a slightly higher activation barrier, by 0.5 kcal mol-1 (ts3-et-ac, 

at 13.1 kcal mol-1). This energetic difference is rather small and typically falls within the 

numerical accuracy of DFT. This implies that the rate of second insertion of ethylene would 

be rather similar to that of acrylate into first ethylene-inserted product. The insertion products 

having 4-membered nickelacycles via β-H agostic interaction with the Ni-center (int4-et-et 

and int4-et-ac) have lower energies than the 5-m nickelacycles formed via γ-H atom 

coordination (int4-et-et-5m and int4-et-ac 5m), as located by IRC analysis. We note that, 

however, these energetic differences do not affect the overall conclusion of the kinetic analyses 

as these species are not involved in turnover-frequency determining steps. 
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Figure S2.9.6. Gibbs energy profile for the second insertion of ethylene vs t-butylacrylate into 

first inserted product resulting from catalyst POP-Ni-py (1). The energy of the species POP-Ni-
py (1) is taken as a reference. (a) Second insertion after first ethylene insertion product and (b) 
second insertion after first acrylate insertion product.  
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ts3-et-et ts3-et-ac 

 ΔG‡ = 12.6 ΔG‡ = 13.1 

  
ts3-et-ac-c2  

 ΔG‡ = 14.0  

 

 

ts3-ac-et ts3-ac-et-c2 
ΔG‡ = 17.3 ΔG‡ = 26.9 

 
 

ts3-ac-ac ts3-ac-ac-c2 

 ΔG‡ = 18.5 ΔG‡ = 18.5 
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ts3-ac-ac-c3  

 ΔG‡ = 27.7  

 

  

Figure S2.9.7. Optimized TS structures of second insertion of ethylene/tBA into first inserted 

product arising from Ni(II) complex POP-Ni-ac 1. Key bond distances are given in Å. Gibbs 

energy units are given in kcal mol-1. 

For the second insertion of monomer into first acrylate-inserted product (Figure S2.9.6 (b)), 

the insertion of ethylene (ts3-ac-et, at 17.3 kcal mol-1) has a barrier that is 1.2 kcal mol-1 lower 

than the second insertion of tBA (ts3-ac-ac, at 18.5 kcal mol-1). The overall barrier for the 

second insertion into tBA-inserted product (28.9 kcal mol-1) is much higher than the overall 

barrier for the second insertion into ethylene-inserted (9.4 kcal mol-1), suggesting that the second 

insertion into acrylate-inserted product will be much more difficult than the second insertion 

into ethylene-inserted product. 

9.2 Reaction pathways leading from the geometric isomer of the catalyst POP-Ni-py (1’) 

9.2.1 Geometric isomer POP-Ni-py (1’) and its relavent substrate-bound complexes 

Previous report by Morokuma and Nozaki on Pd phosphine-sulfonate-catalyzed 

polymerization24 suggests that the olefin can insert to the growing polymer chain that is trans to 

the phosphorus atom. We herein consider the insertion to the geometric isomeric form of the 

POP-Ni-py catalyst, denoted as 1’. The optimized structures of this pyridine-bound catalyst and 

the relevant substrate-bound complexes are shown in Figure S2.9.8. The relative energies are 

given with respect to the most stable form POP-Ni-py 1. 
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1’  
ΔG = 4.4  

 

 

Coordination of  ethylene via C=C π-bond 
int1’-et-c1 int1’-et-c2 

 ΔG = 11.7 ΔG = 14.6 

 
 

Coordination of  tBA via C=C π-bond 
int1’-ac-c1 int1’-ac-c2 

 ΔG = 14.7 ΔG = 18.4 

 
 

int1’-ac-c3 int1’-ac-c4 

 ΔG = 19.4 ΔG = 20.6 
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Coordination of  tBA via carbonyl O-atom 
int1’-ac-o1 int1’-ac-o2 

 ΔG = 20.8 ΔG = 23.0 

  
Figure S2.9.8. Optimized structures for the coordination complexes of the isomeric Ni-catalyst 

1’. The Gibbs energies are calculated relative to POP-Ni-py (1). Key bond distances are given in 

Å. Gibbs energy units are given in kcal mol-1. 

It is interesting to note here that, for the coordination complex with tBA monomer, the 

coordination via πCC bond (int1’-ac-c1, at 14.7 kcal mol-1) is much more stable, by 6.1 kcal 

mol-1, than the coordination via oxygen atom (int1’-ac-o1, at 20.8 kcal mol-1) (cf Figure S2.9.3). 

This differences possibly arise due to the electronic differences at Ni-metal relative to the 

ligand coordination from phenoxy-O and phosphine-P atoms. Herein the π donation is more 

favored than lone pair donation cis to P-atom, compared to the other way when tBA 

coordinates trans to P-atom (Figure S2.9.3). 

9.2.3 First insertion of substrate into isomeric POP-Ni-py (1’) 

The insertion of ethylene vs tBA into isomeric POP-Ni-py 1’ was calculated. The Gibbs energy 

profile is shown in Figure S2.9.9 and the optimized TS structures are given in Figure S2.9.10. All 

values are given in kcal mol-1 and take the energy of the catalyst 1 as a reference. From this energy 

profile, we can see that the insertion of ethylene into the isomeric form of the Ni-catalyst has 

the lowest activation barrier (ts1’-et, at 20.5 kcal mol-1). The insertion of tBA in either ways (ts1’-

ac, at 23.7 kcal mol-1 and ts1’-ac-r, at 27.7 kcal mol-1) are both less favorable. In particular, the 

insertion of ethylene is 3.2 kcal mol-1 more favorable than the 2,1-insertion of tBA, translating 

to a selectivity in favor of ethylene insertion by about 146 folds using simple TST. 
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Figure S2.9.9. Gibbs energy profile for the first insertion of ethylene vs t-butylacrylate into 

isomeric form of the Ni-catalyst POP-Ni-py (1’). The Gibbs energies are calculated at 

SMD(chlorobenzene)-M06/def2-TZVP//M06/def2-SVP level of theory. The energy of the 

species POP-Ni-py (1) is taken as a reference. 

More importantly, the overall barrier of 20.5 kcal mol-1 for ethylene insertion (taking the most 

stable catalyst 1 as the energy reference, assuming that the geometric isomers 1 and 1’ can 

interconvert rather easily) is much lower (by at least 10 kcal mol-1) than the activation barriers 

observed for the insertion into catalyst 1 (Figure S2.9.4). In other words, if the isomerization of 

1 to 1’ can occur easily (vide infra), then the insertion of ethylene will occur through the isomeric 

form of the catalyst via ts1’-et. This is in agreement with prior DFT studies of Pd-catalyzed 

ethylene polymerization24 where the migratory insertion of the growing polymer chain can occur 

more readily when it is trans to P-atom (trans effect). 

 

O

P
Ni

N

SiMe3

+ ethylene

- pyridine

O

P
Ni

SiMe3

O

P
Ni

SiMe3

O OtBu

O

P
Ni

SiMe3

OtBu

O

O

P
Ni

H

O

P
Ni H SiMe3

O

P
Ni H

SiMe3

SiMe3

OtBuO

O
OtBu

O

P
Ni

N

SiMe3

1’

ts1’-etO

P
Ni

int1’-et-c1 int1’-et-c2

‡

SiMe3
O

P
Ni

SiMe3
+ py

O

P
Ni

int1’-ac-c1
SiMe3

+ acrylate

O

OtBu

int1-ac-c3

int1-ac-c2

O

P
Ni

SiMe3

O OtBu

O

P
Ni

SiMe3

O

OtBu

ts1’-ac int2’-ac-5m

int2’-ac-r-5m

int2’o-ac

int2’o-ac-r

‡

O

P
Ni

SiMe3

OtBu
O

int2’-et-5m int2’-et-py

ts1’-ac-r

‡

O

P
Ni

O OtBu

MeSi3

1’

4.4

Δ
G

 / 
kc

al
 m

ol
-1

int1’-et-c1
11.7

int1’-ac-c3
19.4

int1’-ac-c4
20.6

20.5‡

ts1’-ac-r
27.7‡

ts1’-ac
23.7‡

int2’-et-5m
6.4

int2’-et-py
-2.2

int2’-ac-5m
5.0

int2’-ac-py
-6.6

int2’-ac-r-5m
14.2

14.6

int1’-ac-c1
14.7

int1’-et-c2

int2’o-ac
-3.0

int2’o-ac-r
-0.7

ts1’-et

acrylate
ethylene

first insertion

regioisomer

+ py

O

P
Ni

SiMe3

H

int2’-et

O

P
Ni

SiMe3

H

tBuO O

int2’-ac

int2’-ac-r
O

P
Ni

SiMe3

H OtBu
O + py

int2’-et
0.9

int2’-ac
2.5

int2’-ac-r
14.2



 C h a p t e r  2  
 
 

 
117 

ts1’-et ts1’-ac 

 ΔG‡ = 20.5 ΔG‡ = 23.7 

  
ts1’-ac-c2 ts1’-ac-r 

 ΔG‡ = 24.2 ΔG‡ = 27.7 

  
Figure S2.9.10. Optimized structures for the TS structures of first insertion of ethylene/tBA into 

Ni(II) complex POP-Ni-ac 1. Stereocenters in ts1’-ac and ts1’-ac-c2 are marked with yellow 

asterisk (*). Key bond distances are given in Å. Gibbs energy units are given in kcal mol-1. 

Comparing the migratory insertion site selectivity of tBA, herein the migratory insertion of 

acrylate occurs more readily, by 4.0 kcal mol-1, at the β-carbon site of the α,β-unsaturated 

carbonyl (ts1’-ac, at 23.7 kcal mol-1) than at the α-carbon site (ts1’-ac-r, at 27.7 kcal mol-1), as 

previously. For the migratory insertion at the β-carbon, two possibilities can occur (ts1’-ac and 

ts1’-ac-c2), giving a stereocenter at the α-carbon (Figure S2.9.10). We took the lowest TS for all 

subsequent second insertion. 

9.2.3 Second insertion of monomer into first insertion product of isomeric POP-Ni-py (1’) 

The insertion of second monomer after the first insertion of ethylene vs tBA into the 

geometric isomeric catalyst POP-Ni-py 1’ was studied. Figure S2.9.11 presents the Gibbs energy 

profile for the second insertion and Figure S2.9.12 gives the optimized TS structures. In Figure 
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S2.9.11 (a), we can see that the second insertion of ethylene to first ethylene-inserted product 

has a slightly higher barrier, by 1.7 kcal mol-1 (ts3’-et-et, at 22.5 kcal mol-1) than the second 

insertion of acrylate tBA into first ethylene-inserted product (ts3’-et-ac, at 20.8 kcal mol-1). This 

implies that the second insertion of tBA is predicted to occur more rapidly via this pathway, 

which is inconsistent with experimental observation that the second insertion of ethylene after 

first ethylene insertion occurs more rapidly than the second insertion of tBA. We note that, 

similar to first insertion, these second insertions where the growing chain originate from Ni-

coordination site cis to the P-atom of the ligand have higher activation barriers than the 

corresponding second insertions where the growing polymer chain is trans to the P-atom (Figure 

S2.9.6 (a)). Again, we hypothesize that the initial catalyst 1 having growing polymer chain cis to 

the P-atom of the ligand can isomerize to its geometric isomer 1’ where the growing polymer 

chain is trans to the P-atom of the ligand before first insertion occurs (Figure S2.9.9). The 

ethylene insertion product int2’-et-py at -2.2 kcal mol-1 can undergo another isomerization to 

int2-et-py, at 3.2 kcal mol-1 before the second insertion of ethylene occurs. The isomerization 

serves to place the growing polymer chain trans to the P-atom of the ligand so that it can take 

advantage of the trans effect of the ligand, making the migratory insertion step easier to occur.  

In the second insertion of monomer into the first acrylate-inserted product (Figure S2.9.11 

(b)), we note that the insertion of tBA again has a lower barrier (ts3’-ac-ac, at 27.1 kcal mol-1), 

by 1.2 kcal mol-1, than the insertion of ethylene (ts3’-ac-et, at 28.3 kcal mol-1), similar to that 

observed for the second insertion into first ethylene-inserted product in Figure S2.9.11 (a). This 

TS for the tBA insertion into tBA-inserted product (ts3’-ac-ac, activation barrier of 30.1 kcal 

mol-1) has a very close activation barrier to TS ts3-ac-ac with an activation barrier of 29.7 kcal 

mol-1 (Figure S2.9.6 (b)).  
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Figure S2.9.11. Gibbs energy profile for the second insertion of ethylene vs t-butylacrylate into 

first inserted product resulting from isomeric catalyst POP-Ni-py 1’. The Gibbs energies are 

calculated at SMD(chlorobenzene)-M06/def2-TZVP//M06/def2-SVP level of theory. The energy 

of the species POP-Ni-py (1) is taken as a reference. (a) Second insertion after first ethylene 

insertion product and (b) second insertion after first acrylate insertion product.  
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ts3’-ac-et ts3’-ac-ac 

 ΔG = 28.3 ΔG = 27.1 

  
Figure S2.9.12. Optimized TS structures of second insertion of ethylene/tBA into first inserted 

product arising from isomeric Ni(II) complex POP-Ni-ac 1’. Key bond distances are given in Å. 

Gibbs energy units are given in kcal mol-1. 

9.3 Sterics and electronics effects in key transition states  

9.3.1 Comparison of sterics and electronics of first and second isomerization 

ts-5coord ts-5coord-et ts-5coord-ac 
ΔΔG‡ = 27.1 ΔΔG‡ = 18.8 ΔΔG‡ = 22.3 
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Figure S2.9.13. Optimized TS structures (first row), HOMO (middle row) and NCI plots (last 

row) for the isomerization of catalyst (ts-5coord), the isomerization of first ethylene-insertion 

product (ts-5coord-et) and the isomerization of first tBA-insertion product (ts-5coord-ac). 

Natural bond orbital (NBO) charges are given in red in the first row. Key bond distances are given 

in Å and angles are given in degrees. Isomerization barriers are given in kcal mol-1. 

9.3.2 Comparison of sterics and electronics of first insertion 

ts1-et ts1-ac 
ΔG‡ = 33.1 ΔG‡ = 30.1 
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ts1’-et ts1’-ac 
ΔG‡ = 20.5 ΔG‡ = 23.7 
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Figure S2.9.14. Optimized TS structures (first row), HOMO (middle row) and NCI plots (last 

row) for the first insertion into catalyst 1 and 1’. Natural bond orbital (NBO) charges are given in 

red in the first row. TS free energies are relative to catalyst 1 and are given in kcal mol-1. Key bond 

distances are given in Å. 

 ts1-et ts1-ac 
ΔE(2) -58.8 -66.2 

donor 

 
 

acceptor 

  

 ts1’-et ts1’-ac 
ΔE(2) -76.8 -89.1 

donor 
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acceptor 

 
 

Figure S2.9.15. Natural bonding orbital (NBO) analysis using second-order perturbative 

stabilization energy (ΔE(2)), which gives the dominant bonding interactions between the nascently 

formed C–C σ-bond and the metal (Ni d* orbital). Energies are given in kcal mol-1. 

9.3.3 Comparison of sterics and electronics of O-chelates  

int2’o-ac int2o-ac 
ΔG = -3.0 ΔG = 6.8 

 
 

  

Figure S2.9.16. Optimized O-chelate structures from catalyst 1 and 1’ after first insertion of tBA 

monomer (first row) and their associated NCI plots (last row). Natural bond orbital (NBO) charges 

are given in red in the first row. Free energies are relative to catalyst 1 and are given in kcal mol-1. 

Key bond distances are given in Å. 

 int2’o-ac int2o-ac 
ΔE(2) -90.2 -90.7 
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donor 

  

acceptor 

  

Figure S2.9.17. Natural bonding orbital (NBO) analysis using second-order perturbative 

stabilization energy (ΔE(2)), which gives the dominant bonding interactions between the ligand (O 

lone pair) and the metal (Ni d* orbital). Energies are given in kcal mol-1. 

9.4 Optimized geometries  

Geometries of all optimized structures (in .xyz format with their associated energy in Hartrees) 

are included in a separate folder named ESI_final_structures_xyz with an associated README 

file. All these data have been deposited with this Supporting Information and uploaded to 

zenodo.org (DOI: 10.5281/zenodo.4593551). 

10 Computational Investigation in isomerization 

The isomerization of the square planar catalyst between POP-Ni-py (1) and its isomeric form 

POP-Ni-py 1’ can occur via one of the three possible mechanisms: associative, dissociative or 

twisting through a tetrahedral TS and then back to square planar. This step is essential for the 

insertion of ethylene into the Ni–C bond via the lower TS ts1’-et, at 20.5 kcal mol-1, rather than 

via ts1-et, at 33.1 kcal mol-1. We herein consider these possibilities computationally: 
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Scheme S10.1. Possible mechanisms of isomerization between two geometric isomeric forms 
of the Ni-catalyst. 

 
10.1 Dissociative mechanism 

In a dissociative mechanism, the coordinating pyridine ligand leaves, giving a vacant site on Ni 

metal. Subsequently, the growing polymer chain can isomerize by moving from its original 

coordinating site to its adjacent, newly vacated coordination site. This is followed by 

recoordination of pyridine ligand at the site previously occupied by the growing polymer chain, 

giving the geometric isomeric form of the catalyst (Scheme S10.1a).  

We first try to estimate the barrier to pyridine dissociation by doing a relaxed PES scan along 

the Ni–N(pyridine) bond. The gas phase energy scan is given in Figure S2.10.1. We can see that 

the loss of pyridine ligand is unfavorable and reversible. This is consistent with geometry 

optimization starting from initial guess structure of long (3.70 Å) Ni–N(pyridine) bond (by 

manually increasing this distance in catalyst 1 while maintaining the square plane of the Ni-center) 

which optimized back to catalyst 1. To obtain the accurate Gibbs energy with solvent correction 

for the resulting structure after loss of pyridine coordination, we took the structure at point 5 in 
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Figure S2.10.1 and subjected it to geometry optimization. The final structure, 1a, is 19.0 kcal mol-

1 uphill (Figure S2.10.2). This gives the estimate of the dissociation barrier of pyridine as ca. 22 

kcal mol-1 (this is nonetheless smaller than the isomerization barrier, vide infra). The loss of 

pyridine from this species, displaced by an agnostic interaction from the C–H group on 

trimethylsilyl, gives 1-3coord which is 14.3 kcal mol-1 uphill (Figure S2.10.2). This species can 

further undergo isomerization to give the species 1-3coord at 18.1 kcal mol-1 relative to catalyst 

Ni-POP-py 1. 

 
Figure S2.10.1. Relaxed PES scan along phenoxide O-Ni-C angle going from one 3-coordinate 

isomer to another. Relative energy values are computed at M06/def2-SVP in gas phase and used 

without further corrections. Key bond distances are given in Å.  

Therefore, the loss of pyridine from catalyst 1 gives 1-3coord, at 14.3 kcal mol-1. We next set 

out to find the TS for the isomerization from 1-3coord to 1’-3coord.We initially tried direct TS 

search using the guess structure of placing the polymer chain in between the two Ni-coordination 

sites and QST2 method (in Gaussian 16 software, both opt=modredundant and opt=qst2 methods) 

to no avail. We can, however, do a relaxed PES scan sweeping out the angle from one geometric 

isomer to the other to get an estimate of the barrier for such isomerization. This relaxed PES 

scan in gas phase is given in Figure S2.10.3, allowing us to estimate that the barrier for the 

isomerization from 1-3coord to 1’-3coord is about 24 kcal mol-1. This estimate is valid since the 
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energy difference between 1-3coord and 1’-3coord in the gas phase (ΔΔE = 4.4 kcal mol-1) is 

very similar to their Gibbs energy difference in solvent (ΔΔG = 3.8 kcal mol-1). Given that 

species 1-3coord is 14.3 kcal mol-1 uphill with respect to Ni-POP-py 1, we estimate that the 

barrier for isomerization of catalyst Ni-POP-py 1 to its geometric isomer Ni-POP-py 1’ via a 

3-coordinate TS has an upper bound activation barrier of 38 kcal mol-1, which is much higher 

than the barriers for the migratory insertion of monomer into Ni–C bond of catalyst Ni-POP-

py 1 (Figure S2.9.4).  

1a 1-3coord 

 ΔG = 19.0  ΔG = 14.3 

 
 

1’-3coord ts-3coord 
ΔG = 18.1 ΔG‡ = 33.8 

 
 

Figure S2.10.2. Optimized structures for the coordination complexes of the isomeric Ni-catalyst 

1 and 1’ after losing pyridine coordination to give 3-coordinate species and the TS structure for the 

isomerization via 3-coordinate TS. The Gibbs energies are calculated relative to POP-Ni-py (1). 

Key bond distances are given in Å and angles are given in degrees. Gibbs energy units are given in 

kcal mol-1. 

Next, we took the structure with the highest energy from this PES scan (Figure S2.10.3) as an 

initial guess for the 3-coordinate isomerization TS search. We are able to locate the true TS ts-
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3coord (Figure S2.10.4, verified by IRC) having a barrier of 33.8 kcal mol-1 relative to the catalyst 

Ni-POP-py 1. 

 
Figure S2.10.3. Relaxed PES scan along phenoxide O-Ni-C angle going from one 3-
coordinate isomer to another. Relative energy values are computed at M06/def2-SVP in gas 
phase and used without further corrections. Key bond distances are given in Å. 

In 1’-3coord we see that the oxygen atom of an adjacent methoxy group on the ligand can 

coordinate to the Ni-metal. We wonder if this coordination can displace pyridine ligand in 

catalyst 1, thus giving the isomeric 1’. The optimized structures and their associated energetics 

are shown in Figure S2.10.4. The displacement of pyridine ligand by OMe group gives structure 

1b, which is endergonically uphill, at 27.1 kcal mol-1. This requires an activation barrier of at least 

27.1 kcal mol-1 and is unfavorable. This is perhaps unsurprising as a strong Ni–N(pyridine) 

interaction is lost and replaced by a weaker Ni–O(methoxy) interaction. 

1b 1c 

 ΔG = 27.1  ΔG = 30.5 

  

Figure S2.10.4. Optimized structures for the coordination complexes of the isomeric Ni-catalyst 

1 and 1’ after losing pyridine coordination to give 3-coordinate species. The Gibbs energies are 
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calculated relative to POP-Ni-py (1). Key bond distances are given in Å. Gibbs energy units are 

given in kcal mol-1. 
This dissociative mechanism has an overall barrier of 33.8 kcal mol-1 which is higher than the 

isomerization barriers for the other two mechanistic possibilities (vide infra) and is thus unlikely 

for the isomerization of catalyst 1 to its geometric isomer 1’. 

10.2 Twisting mechanism via tetrahedral TS/intermediate 

A similar dihedral angle scan mapping out one geometric isomer to the other passing through 

the tetrahedral TS/intermediate, to estimate how big the barrier is, was not successful due to the 

difficulties in defining the scanning coordinates. However, the direct TS search for the putative 

TS structure gives two TS conformers, ts-tet and ts-tet-c2, with the lowest activation barrier of 

30.8 kcal mol-1 (ts-tet, Figure S2.10.5). This TS has been verified to be the true TS for the 

isomerization via tetrahedral TS using IRC analyses. 

ts-tet ts-tet-c2 

 ΔG‡ = 30.8 ΔG‡ = 31.4 

 
 

Figure S2.10.5. Optimized TS structures for the isomerization of catalyst 1 to 1’ via tetrahedral 

transition state. Two TS conformers were found. Key bond distances are given in Å. Gibbs energy 

units are given in kcal mol-1. 

10.3 Associative mechanism 

In an associative mechanism, a fifth ligand coordinates to Ni-center, giving a 5-coordinate 

species. This can then undergo a Berry pseudorotation to isomerize the catalyst from one 
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geometric isomer to the other, before finally one ligand leaves to give back to the square planar 

species (Scheme S10.1c).  

We first consider if an external ethylene molecule could serve as the fifth ligand by binding to 

the Ni-center. The direct optimization using ethylene binding to the Ni-center as an initial guess 

structure did not yield a stable 5-coordinate species. This species 1-et, with ethylene unbound 

(Figure S2.10.6), is 6.6 kcal mol-1 uphill with respect to the most stable form of the catalyst Ni-

POP-py 1. This is due to the unfavorable entropic effect associated with bringing in an additional 

ethylene molecule to the inner coordination shell of the Ni-metal. The absence of a stable 5-

coordinate Ni-species with ethylene bound suggest that the coordination of ethylene to form 5-

coodinate species is unlikely. 

1-et 1-5coord 

 ΔG = 6.6  ΔG = 1.5 

  

ts-5coord ts-5coord-c2 
ΔG‡ = 27.1 ΔG‡ = 28.3 
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Figure S2.10.6. Optimized structures species involved in isomerization pathway via 5-coordinate 

Ni-complex. The Gibbs energies are calculated relative to POP-Ni-py (1). Key bond distances are 

given in Å and angles are given in degrees. Gibbs energy units are given in kcal mol-1. 

We found that the O-atom of the methoxy group on the ligand can serve as a fifth ligand in 

coordinating the Ni-center. This species, 1-5coord (Figure S2.10.6), is 1.5 kcal mol-1 higher than 

catalyst Ni-POP-py 1 (it is in fact a conformer of catalyst 1). Two TS conformers for the 

pseudorotational barriers (ts-5coord and ts-5coord-c2, Figure S2.10.6) were found and verified 

by IRC to be the true TS structures for the isomerization of one catalyst form (catalyst 1) to its 

geometric isomer (catalyst 1’). The lowest energy conformer ts-5coord has a barrier of 27.1 kcal 

mol-1, which is lower than the barriers via either 3-coordinate TS (ts-3coord at 33.8 kcal mol-1, 

Figure S2.10.2) or tetrahedral TS (ts-tet at 30.8 kcal mol-1, Figure S2.10.5). This is therefore the 

most likely mechanism: the isomerization of catalyst Ni-POP-py 1 to its regioisomeric form Ni-

POP-py 1’ occurs via associative mechanism with a proximal OMe group serving as a binding 

ligand on the fifth coordination site before a pseudoroational TS gives the isomeric catalyst. 

10.4 Other possibilities 

The loss of P-coordination replaced by methoxy O-coordination was considered. However, 

the resulting species, 1d and 1e, both have very high energy such that their formation is highly 

endergonic and unfavorable (Figure S2.10.7). This is perhaps expected as the loss of stronger 

Ni–P coordination was replaced by weaker Ni–O(methoxy) interaction. 

1d 1e 

ΔG = 32.4 ΔG = 28.2 
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Figure S2.10.7. Optimized structures for the coordination complexes of Ni-catalyst 1 and 1’ where 

Ni–P interaction is displaced by Ni–O interaction. The Gibbs energies are calculated relative to 

POP-Ni-py (1). Key bond distances are given in Å. Gibbs energy units are given in kcal mol-1. 

 

 

11 Discussion of experimental and computational kinetic studies 

11.1 Discussion of Enchainment Kinetics (Excluding Potential Isomerization) 

The linear dependence indicates that pseudo-1st order rate constant (kobs-1, rate=kobs-1[Ni]) is 

proportional to the concentration of tBA and inversely proportional to the concentration of 

pyridine in the range of concentrations studied. To evaluate this behavior, we considered five 

mechanistic pathways: A: Dissociative mechanism and rate determining step pyridine 

dissociation; B. Dissociative mechanism and rate determining step migratory insertion; C. 

Associative mechanism and rate determining step tBA coordination; D. Associative mechanism 

and rate determining step pyridine dissociation; E. Associative mechanism and rate determining 

step migratory insertion. Corresponding rate equation and expressions of rate constants are 

shown below:  
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Path A: Dissociative mechanism & Rate determining step: pyridine dissociation (Note: tBA is 

used as the model monomer in this section and following sections. However, the conclusion 

also works for ethylene or other monomers) 

d[A]
dt = −k& ·

k+[tBA]
k(&[py] + k+[tBA]

· [A] 

./01 = k& ·
k+[tBA]

k(&[py] + k+[tBA]
 

In this case, 

1) If k-1[py]>>k2[tBA], kobs ∝ [tBA]/[py] 

2) Upper limit of kobs is k1 

3) In the double reciprocal plot (y axis: 1/kobs, x axis: [py]/[tBA]), slope=1/ (k2K1), 

Intercept=1/k1 

Path B: Dissociative mechanism & Rate determining step: migratory insertion 

d[A]
dt = −K&K+ ·

k2[tBA]
[py] · [A] 

k345 = −K&K+ ·
k2[tBA]
[py]  

K678/:; = −K&K+ 
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1) kobs ∝ [tBA]/[py] 

2) In the double reciprocal plot (y axis: 1/kobs, x axis: [py]/[tBA]), slope= 1/(KtBA/pyk3), 

Intercept=0  

    Path C: Associative mechanism & Rate determining step: tBuAc coordination 

d[A]
dt = −k< ·

k=[tBA]
k(< + k=

· [A] 

k345 = k< ·
k=[tBA]
k(< + k=

 

In this case, 

1) kobs is not related to [py] 

2) kobs ∝ [tBA] 

3) In the double reciprocal plot (y axis: 1/kobs, x axis: [py]/[tBA]), slope= 1/K3k4, Intercept=0 

(for different [tBA]); or slope= 0, Intercept=1/(K3k4[tBA])+1/(k3[tBA]) (for different [py]) 

Path D: Associative mechanism & Rate determining step: py dissociation 

d[A]
dt = −K<k= ·

k2[tBA]
k(=[py] + k2

· [A] 

k345 = K<k= ·
k2[tBA]

k(=[py] + k2
 

In this case, 

1) If k-4[py]>>k5[tBA], kobs ∝ [tBA]/[py] 

2) If k-4[py]<<k5[tBA], kobs is proportional to [tBA] but not related to [py] 

3) In the double reciprocal plot (y axis: 1/kobs, x axis: [py]/[tBA]), slope=1/ (K3K4k5), Intercept= 

1/(K3k4) 

Path E: Associative mechanism & Rate determining step: migratory insertion 

d[A]
dt = −K<K= ·

k2[tBA]
[py] · [A] 
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k345 = −K<K= ·
k2[tBA]
[py]  

K678/:; = −K<K= 

In this case, 

1) kobs ∝ [tBA]/[py] 

2) In the double reciprocal plot (y axis: 1/kobs, x axis: [py]/[tBA]), slope= 1/(KtBA/pyk3), 

Intercept=0   

Notably, double reciprocal plot is not enough to differentiate path B and path E. 

Mechanisms A, C, and D are expected to result in non-zero intercepts and therefore are 

inconsistent with the data. Mechanisms B and E both predict zero intercepts and are consistent 

with the data. Both of these reaction pathways implicate olefin insertion is slow comparing to 

ligand exchange (pyridine dissociation + olefin coordination). Note that an isomerization 

process that moves the alkyl group to the position trans to the phosphine, as previously proposed 

for asymmetric ligand systems cannot be addressed experimentally as it results in the same 

dependence on substrate concentration as the above cases (see below). 

11.2 Discussion of Enchainment Kinetics (Including Isomerization) 

Consider the first insertion of either ethylene or tBA. Herein we use tBA as an illustration; 

note that the case for ethylene will be the same. 

 
The overall rate of the formation of insertion product int2’o-ac is given by 

 (A) 

O

P
Ni

py O

P
Ni

py

SiMe3

SiMe3

O

P
Ni

SiMe3

py
tBA

O
tBuO

O

P
Ni

O

Me3Si

OtBu

Kiso KL
kins

1 1’ int2’o-acX

rate = kins · [X]

<latexit sha1_base64="7tA/y//4/CuYIaid/aaCrgHT0Ts=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0EIFmFXAtoIARvLCOYB2SXMTu4mQ2YfzNwVwpJ/sPFXbCwUsbWx82+cPApNPDBwOOde7pwTpFJodJxvq7C2vrG5Vdwu7ezu7R/Yh0ctnWSKQ5MnMlGdgGmQIoYmCpTQSRWwKJDQDkY3U7/9AEqLJL7HcQp+xAaxCAVnaKSefa4YAr2mo14uYj2hHu8nSD0JIXapF4R5x2hKDIbo9+yyU3VmoKvEXZAyWaDRs7+8fsKzCGLkkmnddZ0U/ZwpFFzCpORlGlLGR2wAXUNjFoH281mmCT0zSp+GiTIvRjpTf2/kLNJ6HAVmMmI41MveVPzP62YYXvkmbJohxHx+KMwkxYROC6J9oYCjHBvCuBLmr5QPmWIcTY0lU4K7HHmVtC6qbq1au6uV65VFHUVyQk5JhbjkktTJLWmQJuHkkTyTV/JmPVkv1rv1MR8tWIudY/IH1ucPJn+dpA==</latexit>



 C h a p t e r  2  
 
 

 
137 

The isomerization step has the highest barrier for this transformation whereas the insertion step 

is rate-limiting after the isomerization. Applying the steady-state approximation to species 1’, we 

have 

 
(B) 

Consistent with experimental finding, the insertion step has a slower rate than olefin 

coordination such that a fast equilibrium exists between species 1’ and X. We then have 

 
(C) 

where KL is the equilibrium constant between species 1’ and X. 

Substituting Equation (C) into (B), we have 

 

(D) 

Putting Equation (D) in (A), we have the rate of insertion as  

 

(E) 

Similarly, the rate of insertion of ethylene is given by 

 
(F) 

Note that equation (E) is consistent with the findings of experiment measurement of tBA enchainment that 

pseudo-1st order rate constant (kobs-1, rate=kobs-1[Ni]) is proportional to the concentration of tBA and inversely 

proportional to the concentration of pyridine in the range of concentrations studied. 

11.3 Comparison of Ethylene and tBA Enchainment 

Based on (E) and (F), the relative rate of insertions is then given by 
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(G) 

where   is the difference between the activation 

barriers of the insertions and  is the difference between 

the complexation/ coordination energies. Note that the barriers are measured for each elementary 

step in this analysis.  

For the first insertion of ethylene (Figure S2.9.9), the barrier of insertion is 5.9 kcal mol-1 (from 

int1’-et-c2 to ts1’-et), while the coordination energy is 10.2 kcal mol-1 (from 1’ to int1’-et-c2). 

For the first insertion of tBA, the barrier of insertion is 3.1 kcal mol-1 (from int1’-ac-c4 to ts1’-

ac), while the coordination energy is 16.2 kcal mol-1 (from 1’ to int1’-ac-c4). Therefore, this 

gives the difference between the activation barriers of insertion as 2.8 kcal mol-1 and the 

difference between the coordination energies as -6.0 kcal mol-1. The overall difference in the first 

insertions of ethylene and tBA is thus (2.8 + (-6.0)) = -3.2 kcal mol-1, i.e., the insertion of ethylene 

has a barrier that is 3.2 kcal mol-1 lower than the insertion of tBA. This is consistent with the 

energetic span model25,26 where the concept of turnover frequency (TOF) determining 

intermediate (TDI) and TOF-determining transition state (TDTS) is used. For both insertions, 

the TDI is the catalyst 1’ whereas the insertion step is the TDTS. The barrier differences between 

the insertion of ethylene (16.1 kcal mol-1 from 1’ to ts1’-et) and the insertion of tBA (19.3 kcal 

mol-1 from 1’ to ts1’-ac) is 3.2 kcal mol-1, consistent with the kinetic analysis above. 

Using similar analysis for the second insertion (shown below second insertion of tBA into first 

ethylene-inserted product as an example), where the key rate-determining steps are the same as 

for the first insertion, 
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the relative rates for the second insertion of ethylene (et) vs tBA (ac) into first ethylene-inserted 

product is given by 

 

(H) 

where again the differences between the Gibbs energy of activation 

 and of complexation/ coordination 

 are similarly defined. 

11.4 Comparison of initiation vs propagation of ethylene (or tBA) 

The rates of first insertion (initiation) and second insertion (propagation) can be similarly 

compared. For example, the relative rates of first insertion of ethylene into catalyst 1 and second 

insertion of ethylene into ethylene-inserted product int2’-et-py is given by  

 

(I) 

From the energy profile in Figure S2.9.9, we see that the barrier for insertion of ethylene into 

catalyst 1’ (elementary step) is 5.9 kcal mol-1; the insertion barrier of ethylene into int2’-et-py 

(Figure S2.9.11(a)) is 4.6 kcal mol-1. This gives a barrier difference in the insertion of 1.3 kcal 

mol-1.  Similarly, the barrier difference in isomerization is 22.7 – 18.8 = 3.9 kcal mol-1. The 
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difference in the coordination energies is 10.2 – 4.8 = 5.4 kcal mol-1. This gives a total barrier 

difference of 10.6 kcal mol-1. Using the energetic span model, the barrier for first insertion is 

16.1 kcal mol-1 from the TDI (1’) to TDTS (ts1’-et); the barrier for second insertion into first 

ethylene-inserted product is 9.4 kcal mol-1 from the TDI (int2-et-py) to TDTS (ts3-et-et). This 

gives a barrier difference of 6.7 kcal mol-1 which is the sum of the differences in the coordination 

and insertion energies given by the elementary steps above (1.3 + 5.4) = 6.7 kcal mol-1. 

11.5 Comparison of propagation of ethylene (or tBA) into ethylene-initiated vs tBA-initiated species 

The rates of second insertion (propagation) of each olefin into first ethylene- or tBA-inserted 

product can be similarly compared. The difference in the rates will arise from the first insertion 

of ethylene vs tBA, followed by the isomerization in each insertion product, as well as the second 

insertion into each first insertion product. We consider the insertion of ethylene into ethylene-

inserted product vs into tBA-inserted product as an example; the insertion of tBA into ethylene-

inserted product vs into tBA-inserted product is similar. The first insertion of ethylene (ts1’-et) 

is more favorable than the insertion of tBA (ts1’-ac) by 3.2 kcal mol-1. Then, the isomerization 

of first ethylene-inserted product (ts-5coord-et, with a barrier of 18.8 kcal mol-1) is in addition 

more favorable than the isomerization of first tBA-inserted product (ts-5coord-ac, with a barrier 

of 22.3 kcal mol-1) by 3.5 kcal mol-1. The subsequent ethylene insertion into first ethylene-inserted 

product (ts3-et-et, with a barrier of 9.4 kcal mol-1) is in addition more favorable than the tBA 

insertion into first ethylene-inserted product (ts3-et-ac, with a barrier of 19.3 kcal mol-1) by 9.9 

kcal mol-1. Taken together, this implies that the insertion of ethylene into ethylene-inserted 

product is ca. 10 orders of magnitude faster than into tBA-inserted product.  

For the insertion of tBA into first ethylene-inserted vs tBA-inserted product, the insertion of 

tBA into first ethylene-inserted product (ts3-et-ac) has a barrier of 9.9 kcal mol-1; the insertion 

of tBA into first tBA-inserted product has a barrier of 20.5 kcal mol-1. This gives a difference in 
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the insertion step of 10.6 kcal mol-1, which is very similar to the difference of insertion of ethylene 

into first ethylene-inserted and first tBA-inserted product (9.9 kcal mol-1 above). The differences 

in the first insertion of ethylene vs tBA and their subsequent isomerization are the same as above 

(3.2 kcal mol-1 and 3.5 kcal mol-1 respectively). Thus, we expect the insertion of tBA into tBA-

inserted product to be ca. 10 orders of magnitude faster than into tBA-inserted product. 
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ABSTRACT 

 

The insertion copolymerization of ethylene and acrylate remains a challenge in 

polymer synthesis due to decreased activities upon incorporation of polar monomer. 

Toward gaining mechanistic insight, two elusive four-membered chelated intermediates 

generated after acrylate insertion were prepared (1-CCO and 2-CCO) and their ligand 

coordination and substitution behavior were studied. Specifically, an ethylene-

coordinated species was characterized by NMR spectroscopy upon exposing 2-CCO to 

ethylene at low temperatures, a rare observation for neutral late-transition metal 

polymerization catalysts. Thermodynamics of chelate-opening and monomer 

coordination from 2-CCO were determined at -90 °C (ΔG of 0.4 kcal/mol for ethylene 

and 1.9 kcal/mol for 1-hexene). The Gibbs energy barrier of ligand exchange from 

pyridine to ethylene, a prerequisite for ethylene insertion in catalysis, was determined to 

be 3.3 kcal/mol. Ligand binding studies reveal that, compared to NiMe and 

Ni(CH2SiMe3) complexes, acrylate inserted species 1L-CCO and 2L-CCO produce 

compressed thermodynamic binding-scales for both electronically and sterically 
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differentiating ligands, potentially related to their more electron deficient nickel centers 

as suggested by computational studies. Triethylphosphine complexes 1P, 2P and 2P-Me 

were observed as both cis- and trans- isomers in solution. 31P{1H} EXSY NMR studies 

of 2P reveal conversion between the cis and trans isomers that does not involve 

exchange with free PEt3, supporting a mechanism of intramolecular isomerization. 2-

CCO, a neutral Ni(II) precatalyst that does not display an auxiliary ligand, serves as a 

highly active catalyst for copolymerization. 
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GENERAL INTRODUCTION 

The copolymerization of  non-polar and polar monomers has garnered continued 

interest due to growing demand of  diverse plastics in a plethora of  industrial sectors.1-

6 Compared to the industrially employed radical process, coordination 

copolymerization has the potential to offer a precise control of  copolymer 

microstructure and only requires mild conditions, and thus is considered as an 

economical and environmentally friendly alternative.7-9 Several transition metal catalyst 

systems have been developed, with a focus on palladium and nickel complexes due to 

the low oxophilicity of  these metal centers.10-19 Among all reported systems, neutral 

nickel catalysts supported by bulky, asymmetric ligands stand out due to their high 

activity, low oxophillicity, and thermal stability, as well as the relatively low cost of  the 

metal.20-25 

Despite promise for catalysis, mechanistic details of  this family of  neutral Ni 

copolymerization catalysts are less explored.26 Mechanistic studies have largely been 

restricted by the scarcity of  isolable intermediates relevant to catalysis. For example, 

the success of  isolating products of  monomer insertion with diimine palladium and 

nickel complexes allows in-depth studies of  olefin coordination, migratory insertion, 

and isomerization relevant to the copolymerization of  ethylene and polar monomers 

including methyl acrylate,12, 27 vinyl acetate,28 and vinylalkoxysilanes.29-31 Chain-walking 

with these symmetrical catalysts leads to the formation of  highly branched 

copolymers,7, 27, 32-33 deviating from the more widely used long chain polyolefins. In 
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contrast, neutral, asymmetric group 10 catalysts produce long chain copolymers with 

few branches,14, 20 but gaining similar experimental insight of  olefin coordination with 

these catalysts has been hampered by the presence of  a strongly coordinating ligands 

L (e.g. pyridine or PR3) that complete the square planar coordination  sphere of  the 

metal and must be substituted by olefin.26, 34-35Notably, the presence of  olefin adducts 

have been observed with neutral, asymmetric N,O-chelated Pd catalysts and strong 

evidence of  the presence of  an ethylene adduct has been reported with a Ni-

anilinotropone complex.35-36 

We recently reported the nickel phosphine phenoxide complexes 1 and 2 (Figure 

3.1a, b) that serve as thermally robust, highly active catalysts for the ethylene/acrylate 

copolymereization.24 Potentially owing to the steric protection ortho to the phenoxide, 

acrylate inserted species from 1 and 2 were isolable, allowing the determination of  

kinetic details of  chain propagation (Figure 3.1c). These indicate that the migratory 

insertion of  olefins is relatively slow compared to ligand exchange. Overall, the 

ethylene enchainment after acrylate is the rate-determining step for copolymerization 

and the acrylate-inserted species is the resting state of  catalysis. Investigations of  olefin 

coordination has been impeded by the presence of  pyridine in the coordination sphere 

and the thermodynamic preference for heterocycle binding. Notably, an auxiliary 

donor-free acrylate-inserted species, 2-CCO, was prepared and isolated (Figure 3.1a). 

Herein, we report the observation of  olefin-coordinated adducts using 2-CCO, a rare 

demonstration for neutral Ni(II) precatalysts. We also report relative binding affinities 

for olefins and other donors relevant to copolymerization catalysis. In addition, facile 
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access to 2-CCO allowed for the determination of  thermodynamics of  chelate 

opening by monomer coordination. Using 2, we also report quantitative data relevant 

to mechanism of  cis/trans isomerization. Notably, complex 2-CCO is also an efficient 

catalyst in both ethylene homopolymerization and copolymerization with tert-butyl 

acrylate (tBA), represent the first example of  ancillary ligand L free neutral nickel 

polymerization catalysts. 

 
Figure 3.1. a) Nickel complex 1, 2, 2-CCO. b) Mechanism of  chain growth by Ni-phosphine 
phenoxide catalysts c) Experimental and computational steps for acrylate enchainment.  
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RESULTS AND DISCUSSION 

Preparation and Characterization of  Ni(CCO) Complexes 

Compound 2lut-Me was accessed by treating PONap-H with one equiv. of  

NiMe2(TMEDA) in the presence of  excess of  lutidine (Figure 3.2a). Addition of  

excess tBA to an in situ generated solution of  2lut-Me led to the isolation of  2-CCO 

(Figure 3.2a), as previously reported.24 Compound 2-CCO represents the first 

spectroscopically and crystallographically characterized example of  the auxiliary ligand 

free, four-membered chelate generated after acrylate insertion. Solution-state NMR 

characterization indicates the existence of  two conformers that exchange on the NMR 

time scale. Specifically, two sets of  sharp peaks were observed in the 1H and 31P{1H} 

NMR spectra at temperatures ranging from 0 °C to -60 °C. The ratio of  two 

conformers varies under different temperatures. Coalescence of  the peaks 

corresponding to the two isomers was observed at 20 °C.  

Akin to the synthesis and isolation of  2-CCO, reaction of  POP-H and one equiv. 

of  NiMe2(TMEDA) in the presence of  excess of  lutidine allowed for the generation 

of  1lut-Me (Figure 3.2b). After removal of  lutidine under vacuum, addition of  excess 

tBA results in a color change from yellow to red over the course of  0.5 h. 31P{1H} 

NMR spectra revealed the consumption of  1lut-Me and the appearance of  a new 

species after removal of  volatiles. The absence of  lutidine resonances indicates the 

loss of  this ligand and potential generation of  acrylate inserted species that chelate to 

Ni. Indeed, the 1H NMR spectra feature resonances similar to those observed for 2-
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CCO. The room temperature 31P{1H} NMR spectrum displays two sets of  broad 

resonances corresponding to bound phosphine environments. Variable-temperature 

NMR spectroscopy was performed and the observed coalescence of  the two species 

at 50 °C is consistent with a fluctional process between two conformers. Further 

interrogation via 1H-1H COSY experiments provides evidence of  the tentative 

assignment of  this species as 1-CCO, the POP variant of  2-CCO. Both are four-

membered chelates generated after 2,1-insertion of  tBA.  

While crystallographic characterization of  1-CCO has not been successful thus far, 

the solid-state structure of  the PEt3 adduct 1P-CCO was obtained upon the addition 

of  excess PEt3 to 1-CCO (Figure 3.2c). Single crystals of  1P-CCO were grown via 

vapor diffusion of  hexanes into the toluene solution of  1-CCO with PEt3 at -40 °C 

(Figure 3.2c). The solid-state structure reveals that the tBA indeed inserts in a 2,1-

fashion into the Ni-CH3 bond and is consistent with the assignment of  2-CCO as the 

auxiliary donor-free compound generated after 2,1-insertion of  tBA. 

 
Figure 3.2. Preparation of  nickel chelated-alkyl ether complexes (a and b) and ORTEP 
Depiction of  1P-CCO (c, H-atoms excluded for clarity). 
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Figure 3.3. a) Equilibrium between 2-CCO and olefin-coordinated variants 2CnH2n-CCO as 
well as reaction with pyridine to form 2py-CCO b) Formation of 2-C8H13 c) ORTEP Depiction 
of 2-C8H13 (bottom). H-atoms are excluded for clarity. 

As representative models for the proposed resting state in catalysis of  

ethylene/acrylate copolymerization, facile access to acrylate-inserted species, 1-CCO 

and 2-CCO provide a unique opportunity to investigate details relevant to the 

proposed rate-determining step. The mechanistic studies described below aim to gain 

insights related to the elementary steps of  monomer enchainment, including chelate 

opening/olefin coordination and cis-trans isomerization. The auxiliary ligand-free 

nickel acrylate insertion complexes are integral to this study as they preclude additional 

ligands that obfuscate olefin coordination behavior and provide the possibility of  

quantitative determination of  thermodynamics of  chelate opening and binding 

affinities of  olefins. 

Investigation of  Olefin Coordinated Complexes 

Given the strain in the metallacycle of  1-CCO and 2-CCO and the lack of  a strong 

fourth ligand, we targeted olefin coordination studies. Indeed, upon addition of  4 

atmospheres of  ethylene to a frozen solution of  2-CCO in d8-toluene, a new 31P{1H} 

NMR resonance at –19.3 ppm was observed at temperatures ranging from -90 to -70 
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°C, which was tentatively assigned to the ethylene adduct, 2et-CCO (Scheme 1). 

Presence of  a large excess of  ethylene and the broadened resonances of  two 

conformers of  2-CCO at -90 °C precluded 1H NMR assignment of  the proposed 2et-

CCO.37
 The identity of  2et-CCO was supported via 13C{1H} NMR, with the 

coordinated ethylene resonances appearing as broad multiplets at 104.5 and 102.5 

ppm. These shifts are within the range of  cationic Pd(II) ethylene adducts.12, 38-39 The 

disappearance of  resonances at temperatures above -70 °C and concomitant 

broadening of  the remaining resonances along with reappearance of  2et-CCO upon 

recooling to -90 °C, can be reasoned as a dynamic process with ethylene coordination 

and dissociation coupled with potential chelate dissociation and reassociation, 

respectively. The behaviour is consistent with the reversible formation of  an ethylene 

adduct, and impeded isolation of  2et-CCO. 

In addition to the resonance corresponding to 2et-CCO in 31P{1H} NMR, a new 

resonance also appears at approximately -7.8 ppm. This resonance may represent the 

formation of  a separate isomer of  an ethylene coordinated species, or a species which 

is the result of  further reactivity of  2et-CCO. To further confirm the assignment of  

the -19.4 ppm as the ethylene-coordinated species and expand the reactivity to other 

olefins of  interest, 2-CCO was exposed to 200 equivalents of  1-hexene at low 

temperatures. The resultant 31P{1H} NMR shows the partial formation of  the 

analogous species, 2hex-CCO, which displays a 31P{1H} resonance at approximately -

20.6 ppm, yet a peak comparable to the unknown species observed at -7.8 ppm is not 
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observed. This scenario further supports that the unknown species may be an isomer 

of  2et-CCO generated after further reactivity with ethylene. 

To further support our assignment of 2et-CCO and gain more insight into the 

unknown species, 13C-labelled ethylene was employed. Addition of  four atmospheres 

of  13C-ethylene resulted in a slightly shifted resonance in 31P{1H} NMR at -19.6 ppm 

corresponding to 2et*-CCO. The 13C{1H} NMR of  the equilibrium mixture of  2-

CCO and 2et*-CCO displayed a broad, high-intensity multiplet at approximately 99.0 

and 95.5 ppm. The ~6 ppm chemical shift for 2et*-CCO in comparison to 2et-CCO 

may be the result of  a low-lying paramagnetic state, potentially a tetrahedral Ni(II) 

species.40-41 The 13C olefin-based resonance disappears when the solution is warmed to 

temperatures above -70 °C, consistent with the behaviour observed in the 31P{1H} 

NMR spectra of  2et-CCO. Lastly, further evidence of  the assignment of  the olefin 

adduct, 2et-CCO, is provided by vacuum transferring pyridine to the frozen mixture 

of  2-CCO and 2et-CCO in toluene, which results in the complete conversion to the 

previously characterized, pyridine bound species 2py-CCO (Figure 3.3a). These 

experiments, collectively, discount the potential assignment of  the unknown species as 

an ethylene insertion compound.  

Despite our best efforts, crystallographic characterization of  2et-CCO, and 2et-

CCO was unattainable. Toward obtaining structural confirmation on an olefin adduct 

that could benchmark the chemical shifts observed in 31P{1H} and 13C{1H} NMR and 

attempt to locate the resonances of  the bound olefin in 1H NMR, we sought to employ 

a more stable chelated olefin. Previously reported Ni-phosphino phenoxide catalysts 
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were generated from biscyclooctadiene Ni(0) (Ni(COD)2) as a precursor to generate 

the related cyclooct-4-enyl Ni complexes. Addition of  Ni(COD)2 to one equivalent of  

the PONap-H ligand at room temperature resulted in the formation of  a cyclooct-4-

enyl complex (2-C8H13) (Figure 3.3b).  

Single-crystal XRD characterization revealed that 2-C8H13 (Figure 3.3c) features the 

olefin within the metallacycle coordinated to the Ni center trans to the phosphine 

donor.  Importantly, the 31P{1H} NMR spectrum of  2-C8H13 displays a singlet at -

18.00 ppm, a resonance consistent with the aforementioned olefin adducts of  2. 

Similarly, 13C{1H} NMR of  solution of  2-C8H13 displayed resonances corresponding 

to the bound olefin at 102.2 and 105.0 ppm with 2JCP coupling constants of  14.7 and 

2.6 Hz. Both chemical shifts are in the vicinity of  the olefin coordinated resonances 

observed in solution for 2et-CCO and 2et*-CCO. The 1H NMR spectrum of  2-C8H13 

features two multiplets corresponding to the coordinated olefin at 4.95 and 5.23 ppm. 

13C{1H}x1H HSQC confirms that these resonances are associated with the olefinic 

protons These proton resonances are consistent with the expected olefinic resonances 

bound to Ni(II).37, 42 To serve as a direct comparison, cooling a d8-toluene solution of  

2-C8H13 to -90 °C was performed and corresponding NMR spectra were collected. 

31P{1H} NMR at -90 °C displayed significant broadening compared to the room-

temperature spectra which may indicate an exchange process potentially between enyl 

and allyl isomers, or different conformers. The 1H NMR spectrum also observed 

broadening at -90 °C, including the olefinic resonances that bear W1/2 of  approximately 

60 Hz. Significant broadening of  olefinic resonances at -90 °C provides potential 
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reasoning to the challenges in assigning the coordinated ethylene resonance by 1H 

NMR spectroscopy. Collectively, these experiments provide compelling evidence of  

the assignment of  the ethylene coordinated species, 2et-CCO, from the exposure of  

4 atmospheres of  ethylene to complex 2-CCO. 

Despite the lack of  auxiliary donor, addition of  4 atmospheres of  ethylene to 

complex 1-CCO did not result in predominant formation of  an ethylene coordination 

species similar to 2et-CCO under a variety of  temperature ranges. This suggests that 

1et-CCO may be a comparatively higher energy intermediate or 1-CCO is a more 

stable species compared to 2-CCO.  

Methyl acrylate and tBA were also added to 1-CCO and 2-CCO targeting acrylate 

coordinated species. Even with a large excess of  acrylate, no evidence of  coordination 

was observed. This behavior indicates that coordination of  acrylate is substantially 

disfavoured in comparison to chelate formation, an observation consistent with the 

copolymer microstructure lacking subsequent insertion of  acrylates.  

Thermodynamics of  Chelate Opening 

Intrigued by the observation of  olefin coordinated species, we sought to gain 

quantitative measurements of  the relative binding of  olefins to neutral Ni(II) catalysts. 

As an isolable model for the resting state of  catalysis, complex 2-CCO was explored 

for reversible chelate opening through dissociation of  the alkyl ester group and 

monomer coordination. Addition of  ethylene led to an equilibrium mixture of  2-CCO 

and 2et-CCO at low temperatures. For comparison, the thermodynamics of  chelate 

opening and 1-hexene coordination to access 2hex-CCO was also studied. 
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Figure 3.4. a) Thermodynamic values of  ring opening and monomer coordination. b) 
Thermodynamic values of  ligand exchange between ethylene and pyridines.  

Thermodynamic scale for binding affinities of  pyridine and olefinic donors to 1L-

CCO and 2L-CCO (Blue denotes computational determination). Dotted red line 

denotes adjustment based on the crossover experiment. Binding scale adjustment was 

determined through modelling 31P{1H} and 1H NMR resonances of  1py-CCO, 1-

CCO, 2py-CCO, and 2-CCO from equimolar mixture of  1py-CCO and 2-CCO at 

room temperature. Analysis of  thermodynamic data (Figure 3.4) at low temperature 

indicates that the equilibrium lies on the side of  the chelate. The equilibrium mixture 

of  2-CCO and 2et-CCO at -90°C shows an equilibrium constant of  0.3 and ΔG of  

0.4 kcal/mol, close to thermoneutral, consistent with the ability of  these catalysts to 

perform efficient copolymerization. Coordination of  1-hexene requires a large excess 



 C h a p t e r  3  
 
 

 
162 

of  olefin to observe an equilibrium mixture of  2-CCO and 2hex-CCO. The measured 

thermodynamic binding constant of  5.5 x 10-3 and ΔG of  1.9 kcal/mol is significantly 

less favorable to olefin coordination than for ethylene, a consequence of  the bulkier 

α-olefin. 

 

Figure 3.5. a) Pyridine binding competition experiment with 1py-CCO and 2-CCO. 

Neutral Ni pre-catalysts employed in copolymerization catalysis typically feature a 

ligand L (e.g. pyridine) that must be substituted with olefin for propagation to occur.43 

Toward gaining quantitative data regarding the ligand substitution pre-equilibrium 

(Figure 3.1c), competitive binding of  olefins vs different ancillary ligands, such as 

pyridine and lutidine, at neutral Ni(II) catalysts was explored. 

Given the elusiveness of  2et-CCO at temperatures above -70 °C, competitive 

binding experiments were conducted at -90 °C (Figure 3.4b). Pyridine and ethylene 
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proved to have binding affinities that were not conducive to direct comparison. 

Therefore, 2,6 lutidine was used as a weaker binding ligand for comparison. A solution 

of  complex 3 and an excess of  2,6 lutidine in d8-toluene in a J-Young tube was frozen 

and exposed to four atmospheres of  ethylene. The solution was subsequently thawed 

and vigorously shaken, and NMR experiments were conducted at -90 °C. To ensure 

thermodynamic equilibrium was established the solution was warmed to -10 °C for 

one hour and re-cooled to -90 °C and the 31P{1H} NMR spectrum was recollected. 

This process was repeated until the relative intensities of  2et-CCO and 2lut-CCO 

were unchanged.  The resulting integrals were used to calculate the  equilibrium 

constant for ligand substitution, KC2H4/lut, as 2.3 x 10-2 and ΔG of  1.4 kcal/mol. 

Separately, known amounts of  pyridine and 2,6 lutidine were added to a sample of  2-

CCO in d8-toluene and the solution was cooled to -90 °C. A similar procedure was 

employed to ensure the thermodynamic equilibrium was established and the resulting 

integrals were used to calculate the Klut/py of  2,6-lutidine binding from the pyridine-

bound species (4.8 x 10-3) and a ΔG of  1.9 kcal/mol. With these Keq values determined, 

the binding affinity of  ethylene from 2py-CCO produces a Keq of  1.1 x 10-4 and a 

ΔG of  3.3 kcal/mol. Acrylate coordination via olefin or carbonyl group oxygen 

coordination was not observed (vide supra) precluding experimental determination of  

equilibrium constants involving the polar olefin. This aspect was investigated 

computationally (vide infra).  

To address the impact of  the ancillary phosphine-phenoxide ligand on the binding 

affinity of  the labile ligands (L, Figure 3.1), a pyridine partition experiment between 1-
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CCO and 2-CCO was performed. Equimolar amounts of  1py-CCO and 2-CCO 

(Figure 3.5a) were mixed and the concentration of  1py-CCO, 2-CCO, 1-CCO, and 

2py-CCO were determined by 31P NMR spectroscopy. The distribution shows 

approximately 80% of  the pyridine stays bound on 1py-CCO with approximately 20% 

of  2py-CCO formation, corresponding to a K1 of  8.0 x 10-2 and ΔG of  1.5 kcal/mol. 

This scenario indicates a higher binding affinity of  pyridine to 1-CCO than 2-CCO, 

potentially owing to the more rigid bulk proximal to the neutral L donor in 2L relative 

to 1L impacting the planar pyridine ligand which extends further toward the aryl 

substituent in 2-CCO than the chelate. 

The above results allow direct comparison of  the thermodynamic scales between 1L 

and 2L (Figure 3.5b) at room temperature. The experimentally determined donor 

binding at room temperature and computationally determined ones (indicated in blue), 

ethylene and tBA, show that for both ancillary ligands olefin binding is orders of  

magnitude disfavored relative to pyridines. The difference between ethylene and 

acrylate is, however, less pronounced with the POP-H compared to PONap-H ligand 

(1 vs 2) consistent with POP supporting a catalyst that incorporates more polar 

monomer.24 

Experimental Ligand Binding Studies of  1 and 2 with Various Ligand Ls 

Given that monomer enchainment after acrylate insertion is the propagation 

determining step in copolymerization, thermodynamic binding studies with a variety 

of  electronically and sterically differentiating ligands was studied to gain insights 

relevant to monomer coordination. To further explore differences in L donor binding 
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affinity to Ni species relevant to olefin polymerization, in addition to 2-CCO and 1-

CCO, 1, 2, and 2lut-Me were investigated as catalyst states prior to initiation and as 

models for the catalyst state after ethylene insertion. A series of  pyridines with 

different electronic and steric properties were investigated. Ligands of  more conical 

shape such as PEt3 and (O)PEt3, were also studied.  These ligand binding competition 

studies afforded thermodynamic binding scales for the several nickel complexes; the 

logarithm of  the K values relative to pyridine (KL/py) are shown in Figure 3.6. Notably, 

a compression in relative binding energies was observed between 1L-CCO (4.0 logK 

units) and 2L-CCO (4.4) compared to 1L (5.6), 2L (5.8) and 2L-Me (6.4). The 

difference in the spread of  equilibrium constants appears for both sterically and 

electronically differentiated ligands, as observed with 2,6-lutidine and 

pentafluoropyridine. For example, the log(KLut/Py) values for 1L-CCO and 2L-CCO 

are -2.4 and -2.0, compared to those of  1L, 2L and 2L-Me, which are -3.9, -4.4 and -

3.4, respectively. The log(KPy-F5/Py) value for 2L-CCO is -2.7 whereas a significantly 

decreased relative binding affinity is observed for 2L and 2L-Me at -5.1 and -5.8, 

respectively. The origin of  the compressed scale for ligand binding affinity to 1L-

CCO, 2L-CCO is intriguing. Given the similarity in binding constants between 1L-

CCO and 2L-CCO and their differences in the ancillary ligand architecture, the 

phenomenon observed is more likely due to the differences between the alkyl ligands 

on nickel (C-bonded ester enolate vs vs methyl/CH2SiMe3) instead of  originated from 

the phosphine-phenoxide ligands.  
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Relatedly, ethylene and CO binding affinity studies to cationic Pd(II) catalysts for 

ethylene/CO copolymerization revealed that Pd-acetyl and Pd-acyl groups resulted in 

a relatively compressed binding affinity of  C2H4 to CO compared to the Pd-CH3 

analogue.39 This result is consistent with our observation of  the C-bonded enolate in 

1L-CCO and 2L-CCO featuring a compressed scale for binding affinities; whether 

this is the result of  the electron-withdrawing nature of  the enolate moiety in 1L-

CCO/2L-CCO or the larger steric profile of  the ester, is unclear.  

Targeting the effect of  P,O-ligands, we then compare the binding affinity for 

ancillary ligands L with nickel complexes featuring the same alkyl but supported by 

different phosphine phenoxides. For ligands L featuring a large distal but distal steric 

profile such as P(O)Et3 and 4-tertbutylpyridine (tBupy), a much smaller log(KL/Py) was 

observed with 2L/2L-Me than with 1L/1L-Me. Specifically, tBupy is a weaker ligand 

than pyridine for 2L and 2L-Me, but a stronger one for 1L. The above scenarios are 

potentially due to the steric repulsion between the rigid substituent 3,5-

ditertbutylphenyl group on the P,O-ligand and the large substituents on L (ethyl for 

P(O)Et3 or tBu for tBupy) that are far reaching. Note that during tBA coordination 

during catalysis, the tBu substituent on tBA, which is two atoms away from the olefin 

moiety, may also be hindered by the phenoxide substituent and thus lead to higher 

barrier for tBA coordination, and subsequently, lower tBA incorporation. Indeed, 

ethylene/tBA copolymers produced by 2 feature much lower tBA incorporation than 

that produced by 1. 
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To gain structural insight into ligand binding trends, single crystal X-ray diffraction 

studies were performed with 1L, 1L-Me, and 1L-CCO featuring different ligands L 

(Figure 3.7). Among all seven complexes, 1P-CCO features the shortest Ni-O distance, 

suggesting the strongest interaction between nickel and the axial methoxy group. For 

example, comparing 1P-CCO and 1P, differing only in the alkyl group coordinated to 

Ni, the Ni-O distance elongates from 2.701(2) Ǻ to 2.967(3) Ǻ, despite 1P-CCO 

displaying a larger alkyl group. This is consistent with a more Lewis acidic nickel center 

in 1P-CCO compared to 1L and 1L-Me, an aspect also supported by Mulliken 

population analysis. The increased polarisation of  the Ni-C bond may be a contributor 

to the higher energy of  ethylene insertion after acrylate insertion compared to 

consecutive ethylene insertions.44 Furthermore, the more Lewis acidic metal center is 

expected to have a stronger interaction with the carbonyl group, stabilize the chelate, 

and slow down propagation, consistent with the experimental observation that 

ethylene enchainment from the chelate is the propagation determining step. 

Analysis of  the impact of  the sterics of  the pyridine ligand comparing 2lut-Me, 1py-

Me and 1 shows almost identical Ni-N distances, but an increasing Ni-O distance 

(from 2.837(3) Ǻ in 2lut-Me to 3.086(3) Ǻ in 1) an indication of  the ability of  the 

substituents reaching out of  the plane defined by the Ni coordination sphere to 

constrain axial coordination.  
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Figure 3.6. Thermodynamic scales for binding affinities of  neutral donors to 1L, 1L-CCO, 
2L, 2L-Me, 2L-CCO (top) and the table of  selected values (bottom). Relative binding 
affinities determined by competition reactions with varying donors through either 31P{1H} 
NMR or 1H NMR spectroscopy. 

 
Figure 3.7. Selected bond lengths in Ǻ of  1L-R complexes (See SI for their solid-state 
structures). 
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Overall, the donor coordination studies of  1L, 1L-CCO, 2L, 2L-Me, and 2L-CCO 

provide insights on the relative binding affinities of  a series of  neutral donors to 

catalytically relevant Ni species. The compression of  relative binding constants in 

acrylate-inserted species is proposed to be a manifestation of  the different electronic 

properties of  the alkyl groups at Ni.  Additionally, the rigidity of  the phosphine 

phenoxide ligand was found to hinder binding of  ligands with a large volume. Because 

these experiments allowed a single olefinic ligand comparison (for 2et-CCO), we 

sought to employ DFT calculations to benchmark the experimental measurements and 

to extend the scales to olefins employed in copolymerization catalysis. 

DFT calculation of  ligand binding affinity of  2 with various polar olefins  

The compression in relative binding energy scales for different catalyst systems, as 

shown in Figure 3.6, was explored computationally, to gauge the electronic effect of  

catalyst R-group substitutions. Ligand PONap-based catalyst systems 2L 2L-Me, and 

2L-CCO were evaluated (Figure 3.8). The binding equilibria Kbind between the different 

ligands was quantified experimentally and used as a benchmark for the computational 

method.  The binding energy ∆"!"#$ 	 was related to the binding equilibrium constants 

Keq obtained experimentally: 

∆Gbind = RTln∆Kbind    (1) 

The experimental binding equilibria for a set of  representative ligands was converted to 

Gibbs free energies for the three catalyst systems 2L, 2L-Me, and 2L-CCO (Figure 3.9) 

based on the experimental data (Figure 3.6). A consistent trend is seen where the 

electron-deficient R = ester substitution on 2L-CCO results in lower experimental 
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binding energies. As the ester substituents has an electron withdrawing effect, these data 

suggest that stronger binding correlates with a more electron-deficient metal center. 

Some variation was observed in the rank ordering of  the other two R-groups which may 

be due to the additional effect of  sterics on the binding energies. 

 
Figure 3.8. Ligand PONap-based catalyst systems explored computationally, with three R-
group substitutions considered: 2L (R = silane), 2L-Me (R = Me), and 2L-CCO (R = ester). 

 
Figure 3.9. Experimental binding energies (relative to the pyridine-bound catalyst) for a 
representative set of  monomers. A systematic decrease in binding energies for 2L-CCO (R = 
ester) is observed. 

 
Figure 3.10. Natural charge of  the Ni center as obtained from natural bond orbital (NBO) 
analysis. Acrylate (C) and (O) indicate binding of  acrylate to Ni via the alkene or oxygen donor, 
respectively. A larger natural charge indicates a more electrophilic metal center. A consistently 
larger Ni natural charge for the 2L-CCO (R = ester) compounds in comparison to the 2L-
Me (R = Me) and 2L (R = silane) systems. 
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Relative binding energies for the three catalyst systems were calculated for an extended 

set of  ligands that includes pyridines, non-polar monomers (e.g., ethylene, hexene), and 

polar monomers (Figure 3.10, see Supporting Information for full list of  ligands 

considered). To visualize trends in the data, for a given ligand, the relative binding energy 

for 2L-CCO was shown on the x-axis and the relative binding energy for either 2L or 

2L-Me was plotted on the y-axis (Figure 3.11). There is a consistent trend in the binding 

energies of  ligand based on the identity of  the R-group substitution on the catalyst, as 

shown by the observation that all the points in Figure 3.11 lie above the y = x line. This 

indicates that there is an increase in the binding energies for 2L and 2L-Me catalyst 

systems, compared to the analogous 2L-CCO system of  the same ligand L (see 

Supporting Information for a regression analysis of  the binding energies). Variation of  

the points away from the regression lines is considered to reflect the substrate-dependent 

effects of  sterics on the relative binding energies.  

A rationale for the R-group dependence of  binding energies lies in the electronic 

effect. The NBO natural charge for Ni was calculated for the three R groups with the 

same ligands L. Larger computed natural charges at Ni were observed with the 2L-CCO 

system, indicating the more electron deficient metal center (Figure 3.10). Our 

computational model was extended to the olefin coordination cases that were not 

accessible experimentally. The trend of  lower binding energies for the 2L-CCO was also 

observed for these olefins. 
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Figure 3.11. Calculated binding energies (relative to the pyridine-bound structure) shown for 
each ligand (each point is a unique monomer) and catalyst (distinguished by marker color and 
shape). For a given ligand, the relative binding energy of  the 2L-CCO catalyst (R = ester) is 
shown on the x-axis and compared the analogous monomer bound structure for the 2L (R = 
silane) and 2L-Me (R = methyl) catalyst systems (blue circle and red square, respectively). The 
dotted red and dotted blue lines represent the linear regression for R= Me and R=CH2SiMe3, 
respectively and the solid black line is a reference y=x line. 

Cis-Trans Isomerization 

The binding experiments described above provide insight regarding ligand 

coordination to analogues of  catalysts after ethylene and tBA insertion; however, these 

studies are limited to examples where the ligand coordinates trans to the phosphine 

donor. Multiple computational studies of  the mechanism of  polymerization with 

asymmetric bidentate ligands invoked cis-trans isomerization prior to olefin migratory 

insertion.14, 24, 45 Brookhart and Daugulis reported a rare example of  isomerization of  

a neutral Pd methyl ethylene complex in solution. 36An example of  Ni-phosphine 

phenoxide complexes favoring the cis isomer displays crown ethers to support Lewis 

acids appended to the ligand framework.39 The presence of  the cis isomer in this 

system is reasoned to be due to π-interaction effects from the pendant Lewis acid. 

Beyond these reports, experimental information about the mechanism of  
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isomerization with catalytically relevant species is lacking. Given the computational 

evidence suggesting a cis-trans isomerization for the current catalysts,24 further insight 

on the mechanism of  cis-trans isomerization was sought. 

The observation of  both cis and trans isomers in some of  the ligand binding studies 

prompted us to prepare and isolate 2P, 2P-Me, and 2P-CCO for further investigation. 

A substantial amount of  the P-P cis isomer (24% and 28%) was observed in both 2P 

and 2P-Me as supported by a set of  two doublets with coupling constants of  

approximately 20 Hz in the 31P NMR spectra, assigned to the two phosphine ligands. 

For comparison, the P-P trans isomers show a coupling constant of  330 Hz. Complex 

2P-CCO shows no detectable amount of  the P-P cis isomer. Given that olefin 

enchainment after acrylate insertion is rate limiting, the absence of  the P-P cis isomer 

indicates that a preequilibrium between the trans and cis isomers is substantially shifted 

toward trans, overall, energetically disfavoring isomerization and slowing propagation. 

With access to a mixture of  P-P cis and P-P trans isomers for 2P and 2P-Me, 

experimental studies were focused on the mechanism of  isomerization.  

Potential mechanistic pathways of  the isomerization process are outlined in Figure 

3.12 with Ni(PEt3)(CH2SiMe3) as an example. Computational studies support an 

intramolecular mechanism involving coordination of  a pendant ether group to 

generate a five-coordinate intermediate that undergoes a Berry pseudorotation, 

followed by ether dissociation (a);46-47 An alternative associative mechanism involves 

intermolecular binding of  a fifth ligand, PEt3, followed by pseudorotation, and 

phosphine loss (b);48-49 a dissociative mechanism involves loss of  PEt3 followed cis-



 C h a p t e r  3  
 
 

 
174 

trans isomerization of  the three-coordinate species, and reassociation of  phosphine 

(c).50-51 

 
Figure 3.12. Potential mechanisms of  cis-trans isomerization. 

The observation of  both P-P cis and P-P trans isomers with 2P and 2P-Me, allows 

studies of  the ligand exchange dynamics  using 31P{1H} 2D NOESY 

(EXSY)experiments, 52-53 EXSY studies with 2P showed cross peaks corresponding to 

magnetization transfer between the P-P cis and P-P trans isomers at room 

temperature. When the EXSY experiment was performed in the presence of  excess 

(10, 40 equivalents) of  free PEt3 and at higher temperatures, no cross peaks between 

free PEt3 and the Ni species are observed. Using EXSYCalc, the magnetization 

transfer rates were determined through the exchange matrix with values ranging from 
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0.64 to 0.94 s-1 for the formation of  the P-P cis isomer and 1.82 to 1.98 s-1 for the 

formation of  the P-P trans isomer over the phosphine concentrations tested (Figure 

3.13). The lack of  substantial change of  magnetization transfer rate with varying 

amounts of  PEt3 supports an intramolecular mechanism, such as (a), for isomer 

conversion.47 An intermolecular mechanism (b or c) is inconsistent with the EXSY 

results. Notably, these results indicate that ligand substitution is slower than cis-trans 

isomerization under these conditions. 1P also showed a small amount of  P-P cis 

isomer (4%). Though magnetization transfer is not detectable under temperatures 

ranging from 25-65 °C through the EXSY experiments, significant broadening of  the 

resonances in 31P{1H} NMR spectra are observed as the temperature increases. 

Although a dynamic process may be occurring at high temperatures, the 

interconversion of  the isomers with 1P is slower than for 2P. 

 
Figure 3.13. Rates of  magnetization transfer with varying equivalents of  PEt3. 

Our studies, though not employing olefins, provide experimental support for the 

computational finding that the present phosphine phenoxide Ni catalysts undergo cis-

trans isomerization via an intramolecular mechanism. 
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Using 3 as Auxiliary Donor Free Precatalysts for Polyolefin Synthesis  

Our studies show that the competition for metal binding between the auxiliary 

ligands present in the precatalyst, pyridine or phosphine, and olefin monomers favors 

significantly the former. Therefore, we explored the impact of  removing the auxiliary 

ligands (e.g. pyridine) on nickel catalyzed copolymerization of  ethylene and polar 

monomers. Stable, coordinatively saturated metallocycle precatalysts prevent the use 

of  the auxiliary ligand and has shown promising results in palladium catalyzed ethylene 

polymerization.17 Examples of  the nickel analogue are lacking; however, the effect of  

weaker ancillary ligands have been explored in Ni-phenoxyimine catalysts and weaker 

donor coordination leads to higher activity in ethylene polymerization and supresses 

β-H elimination.43 Intermediates generated after monomer insertion are typically 

considered reactive and potentially not suitable as precatalysts. Given that 2-CCO is 

the first structurally characterized, thermally robust four-membered chelate complex 

generated after tBA insertion, we explored its application as precatalyst in 

ethylene/tBA copolymerization. 

Table 3.1. Ethylene/tBA copolymerization. 
Entrya catalyst [tBA]/M T (ºC) Act.b Mw/103 PDI %Mol t-BA Tm (ºC) 

1 2lut- Me 0.025 70 333 16.7 2.2 0.4 128 

2 2lut- Me 0.05 70 157 15.3 2.4 0.8 124 

3 2-CCO 0.025 70 303 18.0 2.3 0.4 128 

4 2-CCO 0.05 70 139 17.3 2.6 0.8 124 

5c 2 0.05 70 206 16.5 2.3 0.8 121 

[a] Unless specified, V(total)=5 mL, [Ni]=0.25 µmol, ethylene pressure=400 psi, toluene solvent, t=1 
h, each entry represents multiply replicated runs (see Table S1~S3 for original data. [b] in (kg/(mol·h)). 
[c] Data has been reported in Ref 23. 
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Both the nickel complex featuring a weak auxiliary ligand (lutidine, 2lut-Me) and 

auxiliary donor-free nickel complexes (2-CCO) are highly active in ethylene/tBA 

copolymerization (Table 1, Entry 1~4), and produce polymers with moderate 

molecular weight and tBA incorporation. Compared to 2 (Table 1, Entry 5), both are 

slightly less active overall, which is in contrast with previously reported effects of  

ligand L in ethylene polymerization. Notably, corresponding ethylene uptake curves 

revealed that 2lut-Me and 2-CCO consume ethylene much faster than 2 in the first 5 

min of  ethylene/tBA copolymerization. However, a significant decrease of  ethylene 

consumption rate was observed at longer time, which may relate to their decreased 

stability (Figure 3.14). Overall, our observation indicates that the absence of  strong 

auxiliary ligand L indeed accelerates the rate of  monomer insertion, but it may also 

lead to a lower thermal stability. Given that high temperatures are preferred in 

industrial conditions, both aspects need to be taken into account in catalyst design.   

 
Figure 3.14. Ethylene uptake curves of  2 (Table S5.1, entry 13), 2lut-Me (Table S5.1, entry 
5) and 2-CCO (Table S5.1, entry 10). 
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CONCLUSION 

Auxiliary donor-free acrylate insertion compounds 1-CCO and 2-CCO were 

accessed through the insertion of  tBA into Ni-Me bonds with the respective lutidine-

bound precursors. Lack of  a strong auxiliary donor in 2-CCO allowed for the 

observation of  olefin coordination complexes. Although equilibrium mixtures of  2-

CCO and olefin-bound species precluded isolation, the independently prepared COD-

inserted complex 2-C8H13 was isolated and characterized structurally and by 

spectroscopy and supports the assignment of  the olefin coordinated species. These 

data show that ethylene, but not acrylate, is capable of  opening the chelate generated 

after acrylate insertion. Ligand binding studies have provided quantitative 

thermodynamic data regarding the impact of  precatalyst structure on binding of  

donors such as olefins, pyridines, and phosphines.   

A relatively compressed binding scale was observed with the acrylate inserted species 

(1-CCO and 2-CCO) compared to the Ni-CH2SiMe3 and Ni-CH3 complexes (1, 2 and 

2lut-Me), which correlates with an increased Lewis acidity of  Ni in the enolate 

complexes, as determined from computational studies. This behavior has an impact 

on catalytic performance by stabilizing the chelate and contributing to making the 

subsequent insertion rate limiting Addressing the impact of  the supporting phosphine 

phenoxide, large donors were shown to have a higher binding affinity to complex 1-

CCO than 2-CCO, likely due to the rigid steric-profile proximal to the phenoxide in 

2-CCO. 
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Complex 2P provides a rare example of  precatalyst that produces both cis and trans 

isomers in solution. 31P{1H} NMR EXSY experiments reveal an intramolecular 

mechanism of  exchange between the cis and trans isomers and rule out involvement 

of  free PEt3. This mechanism is consistent with the mechanism of  isomerization in 

ethylene/acrylate copolymerization found by computation.  

Lastly, both 2-CCO and 2lut-Me serve as a competent single-component catalyst in 

ethylene/acrylate copolymerization. Analysis of  their copolymerization behavior 

indicates that employing weak ancillary ligand L leads to both higher insertion rate and 

lower thermal stability, both of  which should be taken into account in catalyst design. 
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EXPERIMENTAL SECTION 

General Considerations 

All air- and water-sensitive compounds were manipulated under N2 or Ar using standard 

Schlenk or glovebox techniques. The solvents for air- and moisture-sensitive reactions were 

dried over sodium benzophenone ketyl or calcium hydride or by the method of  Grubbs.54 

Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; C6D6, and C7D8 was 

dried over a purple suspension with Na/benzophenone ketyl and vacuum transferred. 

Ethylene (99.999%) was purchased from Matheson Tri-Gas and used without further 

purification. 2,6-lutidine was dried with sieves and distilled over AlCl3 to remove 3-picoline 

and 4-picolline. 4-CF3 pyridine, pentafluoropyridine, 2-picoline, and 4-tert-butyl pyridine were 

dried by stirring over CaH2 for greater than 12 hours and distilling. PEt3 was purchased from 

Sigma Aldrich and purified by distillation prior to use. Triethylphosphine oxide was purchased 

from Combiblocks and used without further purification. 1-hexene was purchases from 

Sigma-Aldrich and distilled over Å sieves. t-butyl acrylate was dried over 3 Å sieves for greater 

than 72h, vacuum transferred, and passed over an activated alumina plug. Ligand POPH, 

PONapH, complexes 1, 2, 2lut-Me, 2-CCO,24 NiMe2TMEDA,55 and Nipy2(CH2Si(CH3)356 

were synthesized according to literature procedures. All 1H, 13C, and 31P spectra of  organic 

and organometallic compounds were recorded on Varian INOVA-400, or 500, or Bruker 

Cryoprobe 400 spectrometers. 1H and 13C chemical shifts are reported relative to residual 

solvent resonances. 

Synthesis of  Transition Metal Complexes 
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1lut-Me: In the glove box, to a thawing solution of  NiMe2(TMEDA) (38 mg, 0.19 mmol) 

in toluene (2 mL) was added a thawing solution of  POPH (144 mg, 0.19 mmol) and 40 

equivalents of  2,6-lutidine (717 mg, 7.54 mmol) in toluene (2 mL). The yellow solution was 

stirred while warming to room temperature for 30 minutes. After stirring for additional 30 

min, all volatiles were removed from solution which was triturated with n-pentane (3 x 5 mL). 

The resulting residue was washed by n-pentane (5 mL) and diethyl ether (5 mL). The solids 

were collected via a filtration yielding spectroscopically pure 1lut-Me (62 mg, 35 % Yield).  

1H NMR (400 MHz, C6D6): δ 7.58-7.52 (m, 1H, ArH), 7.14-7.05 (m, 5H, ArH), 6.75 (t, 3JHH 

= 7.6 Hz, 1H, lutidine-ArH), 6.40 (d, 3JHH = 7.6 Hz, 1H, lutidine-ArH), 6.36 (dd, 3JHH = 8.2 

Hz, 4JHP = 3.4 Hz, 4H, ArH), 6.33 (dd, 3JHH = 8.2 Hz, 4JHP = 3.4 Hz, 4H, ArH), 3.37 (s,  6H, 

lutidine-CH3), 3.30 (s,  12H, -OCH3), 3.20 (s,  12H, -OCH3), 1.22 (s, 9H, -C(CH3)3), -0.77 (d,  J 

= 6.4 Hz, 3H, -NiCH3). 13C{1H} NMR (101 MHz, C6D6): δ 163.56 (d, JCP = 8.3 Hz, 4C, Aryl-

C), 161.32 (s, 4C, Aryl-C), 159.24 (s, 2C, Aryl-C), 134.98 (s, 1C, Aryl-C), 132.43 (d, JCP = 2.8 

Hz, 1C, Aryl-C), 131.26 (s, 1C, Aryl-C), 129.42 (s, 2C, Aryl-C), 128.97 (s, 1C, Aryl-C), 128.23 

(d, 2C, Aryl-C), 128.20 (s, 1C, Aryl-C), 125.15 (d, JCP = 36.8 Hz, 1C, Aryl-C), 124.97 (s, 1C, 

Aryl-C), 120.46 (s, 2C, Aryl-C), 118.89 (d, JCP = 31.3 Hz, 1C, Aryl-C), 113.02 (d, JCP = 44.8 Hz, 

1C, Aryl-C), 105.26 (s, 4C, Aryl-C), 104.25 (s, 4C, Aryl-C), 55.69 (s, 2C, Aryl-C), 55.67 (s, 2C, 

Aryl-C), 55.02 (s, 4C, Aryl-C), 33.78 (s, 1C, -C(CH3)3), 32.05 (s, 3C, -C(CH3)3), 25.71 (s, 2C, -

CH3), -23.85 (d, J=35.1 Hz, -NiCH3). 31P{1H} NMR (121 MHz, C6D6, 298 K): δ - 5.08 (d, JPP 
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= 11.0 Hz, 1P), - 52.71 (d, JPP = 11.0 Hz, 1P). Anal. Calcd(%) for C50H59NNiO9P2: C: 63.98, 

H: 6.34, N: 1.49; found: C: 67.51, H: 6.02, N: 1.38. 

 

1-CCO: In the glove box, to a stirring solution of  1lut-Me (73.1 mg, 0.078 mmol) in toluene 

(2 mL) was added 5 equiv. of  tert-butyl acrylate (49.9 mg, 0.39 mmol). After 1 h, all volatiles 

were removed from the solution and the residue was triturated with cold hexanes (3*5 mL). 

The remaining residue was then washed with cold hexanes (5 mL) to afford 1-CCO as reddish 

solids (28 mg, 38% yield). Complex 1-CCO was only characterized by 1H and 31P{1H} NMR 

due to its low thermal stability. 1H NMR (400 MHz, C6D6): δ 7.35 (d, 3JHP = 12.7 Hz m, 1H, 

ArH), 7.07-6.81 (overlapping m, 5H, ArH), 6.38 (d, 3JHH = 8.2 Hz, 4H, ArH), 6.16 (d, 3JHH = 

8.2 Hz, 4H, ArH), 3.33 (broad s,  12H, -OCH3), 3.26 (broad s,  12H, -OCH3), 1.56 (s, 9H, -

OC(CH3)3), 1.34 (m,  1H, Ni-alkyl), 1.11 (overlapping m, 10H, -C(CH3)3 + Ni-alkyl), 0.86 

(overlapping m,  4H, Ni-alkyl). 31P{1H} NMR (121 MHz, C6D6, 298 K): δ ~- 4.5 (broad), ~- 

8.0 (broad), - ~51 (broad, 1P). 

 

1P-CCO: In the glove box, to a solution of  1-CCO (19.2 mg, 0.02 mmol) in toluene (2 mL) 

was added 5 equiv. of  triethylphosphine (11.8 mg, 0.10 mmol). After stirred for 15 min, all 
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volatiles were removed under vacuum, affording quantitative formation of  1P-CCO (21.2 mg, 

>95% yield). 1H NMR (400 MHz, C6D6): δ 7.43-7.37 (m, 1H, ArH), 7.14-7.05 (m, 4H, ArH), 

6.97-6.91 (m, 1H, ArH), 6.38 (ddd, J = 7.9, 5.2, 2.4 Hz, 4H, ArH),  6.34-6.29 (m, 4H, ArH), 

3.46 (s,  6H, -OCH3), 3.37 (s,  6H, -OCH3), 3.21 (s,  6H, -OCH3), 3.16 (s,  6H, -OCH3), 2.15-

2.05 (m, 2H, -PCH2-), 2.00-1.89 (m, 2H, -PCH2-), 1.81-1.70 (m, 1H, -PCH2-), 1.67-1.57 (m, 

1H, -PCH2-), 1.41 (s, 9H, -OC(CH3)3), 1.35 (dt, J = 15.2, 7.6 Hz, 9 H, -PCH2CH3), 1.18-1.12 

(Overlapping m+s (1.15), 11H, -C(CH3)3 + -NiCHRCH2CH3),  0.93-0.81 (Overlapping, 4H, -

NiCHRCH2CH3). 13C{1H} NMR (101 MHz, C6D6): δ 163.81 (d, J = 8.3 Hz, 4C, Aryl-C), 

162.48 (s, 4C, Aryl-C), 162.15 (s, 2C, Aryl-C), 133.44 (d, J = 6.5 Hz, 1C, Aryl-C), 131.42 (s, 1C, 

Aryl-C), 130.10 (d, JCP = 7.7 Hz, 2C, Aryl-C), 128.96 (s, 2C, Aryl-C), 128.58 (d, 2C, Aryl-C), 

125.66 (broad s, 2C, Aryl-C), 121.96 (d, JCP = 96.8 Hz, 1C, Aryl-C), 118.87 (d, JCP = 35.3 Hz, 

1C, Aryl-C), 118.52 (d, JCP = 39.8 Hz, 1C, Aryl-C), 105.48 (s, 2C, Aryl-C), 105.29 (s, 2C, Aryl-

C), 104.01 (s, 1C, -OC(CH3)3),), 75.98(s, 2C, Acyl-C), 55.91 (s, 2C, Aryl-C), 55.80 (s, 2C, Aryl-

C), 55.60 (s, 2C, Aryl-C), 55.30 (s, 2C, Aryl-C), 34.02 (s, 1C, -C(CH3)3), 32.31 (s, 3C, -C(CH3)3), 

28.81 (s, 3C, -OC(CH3)3), 25.32 (s, 1C, -PCH2-), 19.92 (s, 1C, Ni-CHRCH2CH3), 16.24 (s, 1C 

Ni-CHRCH2CH3), 14.56 (s, 1C, -PCH2-),14.37 (s, 1C, -PCH2-), 8.99 (broad s, 3C, -PCH2CH3), 

5.93 (s, 1C, Ni-CHRCH2CH3),. 31P{1H} NMR (162 MHz, C6D6, 298 K): δ 11.65 (d, JPP = 291.3 

Hz, 1P), -12.01 (dd, JPP = 291.3 Hz, 11.2, 1P), - 51.76 (d, JPP = 11.2 Hz, 1P). Anal. Calcd(%) 

for C56H77NiO11P3: C: 62.40, H: 7.20; found: C: 63.28, H: 6.78. 
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2et-CCO: A solution of  complex 2-CCO (5.6 mg, 0.0067 mmol) in C7D8 (0.6 mL) was 

prepared in the glovebox and transferred to a J-Young NMR tube. The J-Young NMR tube 

and a calibrated gas bulb (33.93 mL) were connected to a high-vacuum line. Dinitrogen in the 

J-Young tube was removed by three freeze-pump-thaw cycles of  five minutes each. A separate 

vessel containing ethylene was connected to the high-vacuum line, cooled with liquid nitrogen, 

and placed under vacuum to remove residual dioxygen. The liquid nitrogen Dewar was them 

removed and ethylene was slowly transferred to the calibrated gas bulb. The calibrated gas 

bulb was sealed once the manometer read a pressure of  224 Torr. The ethylene in the 

calibrated gas bulb was then condensed in the J-Young NMR tube by cooling with liquid 

nitrogen over a period of  3 minutes. The J-Young NMR tube was then transferred to a dry-

ice acetone bath and subsequently inserted to a pre-cooled NMR probe. Complex 2et-CCO 

was characterized by 31P{1H} NMR. 31P{1H} NMR (121 MHz, C6D6, 183 K): δ -19.60 (broad 

s, 1P). 

 

2et*-CCO: A similar protocol to generating 2et-CCO was performed to characterize 2et*-

CCO, using 13C2H4 ethylene. Complex 2et*-CCO was partially characterized by 13C{1H}, and 

31P{1H} NMR. 31P{1H} NMR (121 MHz, C7D8, 183 K): δ -19.60 (broad s, 1P). 13C{1H} NMR 

(101 MHz, C7D8, 183 K): δ 99.00 (broad d, 1C, 1JCC= 48.2 Hz, 13C2H4) 95.46 (broad d, 1C, 

1JCC= 48.2 Hz, 13C2H4). 
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2py-CCO: To a solution of  2-CCO (50 mg, 0.06 mmol) in 4 mL of  diethyl ether in a 20 

mL scintillation vial in the glovebox was added 10 equivalents of  pyridine (80 mg, 0.06 mmol) 

in diethyl ether, affording quantitative generation of  2py-CCO. 1H NMR (400 MHz, C6D6, 

298 K) 31P{1H} NMR (121 MHz, C6D6, 298 K): δ -19.60 (broad s, 1P). 

 

Conversion of  Olefin Adduct 2et*-CCO to 2py-CCO: The previously characterized 

sample of  2et*-CCO in a J-young tube was frozen in a liquid nitrogen Dewar and attached to 

the high vacuum line. A Schlenk tube of  pyridine was also attached to the high vacuum line 

and an excess of  pyridine was vacuum transferred to the sample of  2et*-CCO over a period 

of  10 minutes. The J-young tube was then sealed, thawed in a dry ice-acetone bath and 

transferred to the precooled NMR spectrometer probe. The NMR experiments showed the 

displacement of  ethylene as indicated by the disappearance of  31P and 13C resonances 

corresponding to 2et*-CCO for both the bound phosphine ligand and the bound ethylene. 
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2-C8H13: In the glove box, to a solution of  Ni(COD)2 (35 mg, 0.125 mmol) in toluene (5 

ml) in a vial was added a solution of  PONap-H (80 mg, 0.125 mmol) in toluene ( 2 ml). The 

mixture was stirred for 2 h under room temperature, forming a dark yellow solution. Volatile 

materials were removed under vacuum and triturated with n-hexanes three times. The residue 

was washed with n-pentane and cold diethyl ether and subsequently was extracted with 

benzene and dried in vacuo to provide the complex 2-C8H13 (78 mg, 76%) as a yellowish solid. 

1H NMR (400 MHz, C6D6): δ 7.82(dd, 3JHH = 8.4 Hz, 3JHH = 9.2 Hz, 1H, PhH), 7.66(dd, 3JHH 

= 7.9 Hz, 4JHH = 1.8 Hz, 1H, PhH), 7.57(t, 4JHH = 1.9 Hz 1H, PhH), 7.30(apparent t, 4JHH = 

1.6 Hz, 1H, ArH), 7.21-7.28(overlapping multiplets, 2H, ArH), 6.26(dd,  3JHH = 8.2 Hz, 4JHP = 

3.3 Hz, 2H, PhH), 6.22(dd,  3JHH = 8.2 Hz, 4JHP = 3.3 Hz, 2H, PhH), 5.47(multiplet, 1H, 

olefinic-CH), 5.19(multiplet, 1H, olefinic H) 3.42(s,  6H, OCH3), 3.04(s,  6H, OCH3),  

2.21(multiplet, 4H, aliphatic-H), 1.93(multiplet,2H, aliphatic-H), 1.47(s, 9H, OtBu), 1.48(s, 9H, 

tBu), 1.42(s, 9H, tBu), 0.78-1.60(overlapping multiplets, 4H, aliphatic H), 0.22(doublet of  

multiplets, 3JHP= 14.2 Hz, 1H, Ni-CH). 13C{1H} NMR (101 MHz, C6D6): δ 172.61(d, JCP = 

27.5 Hz, 1C, Aryl-C), 161.97(d, JCP = 2.0 Hz, 1C, Aryl-C), 161.86(d, JCP = 2.0 Hz, 1C, Aryl-C), 

147.93(s, 1C, Aryl-C), 147.72(s, 1C, Aryl-C), 147.31(s, 1C, Aryl-C), 143.05(d, JCP = 2.8 Hz, 1C, 

Aryl-C), 138.45(d, JCP = 2.8 Hz, 1C, Aryl-C), 129.88(d, JCP = 11.5 Hz, 1C, Aryl-C), 129.51(d, 

JCP = 2.5 Hz, 1C, Aryl-C), 128.22(s, 1C, Aryl-C), 126.97(s, 1C, Aryl-C), 127.09(s, 2C, Aryl-C), 

126.63(s, 1C, Aryl-C), 125.13(s, 2C, Aryl-C), 122.75(s, 1C, Aryl-C), 122.57(s, 1C, Aryl-C), 

118.92(s, 1C, Aryl-C), 114.33(d, JCP = 60.1 Hz, 1C, Aryl-C), 113.53(d, JCP = 42.4 Hz, 1C, Aryl-

C), 111.76(d, JCP = 7.2 Hz, 1C, Aryl-C), 109.30(d, JCP = 42.4 Hz, 1C, Aryl-C), 104.91 (d, JCP = 

3.6 Hz, 1C, Aryl-C), 104.64(d, JCP = 2.7 Hz, 1C, olefinic-C), 104.91(d, JCP = 3.6 Hz, 1C, Aryl-

C), 104.20(d, JCP = 4.0 Hz, 1C, Aryl-C), 101.74(d, JCP = 12.8 Hz, 1C, olefinic-C), 56.75(s, 2C, 

OC(CH3)3), 55.14(s, 2C, OCH3), 39.91(d, 1C, 2JCP= 5.2 Hz, aliphatic-C), 35.45 (s, 1C, aliphatic-
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C), 34.96(d, 2JCP= 12.0 Hz, 1C, Ni-CH), 32.16(s, 3C, CH(CH3)3), 32.00(s, 3C, CH(CH3)3), 

31.74(s, 3C, CH(CH3)3), 30.29(s, 1C, aliphatic-C), 27.86(s, 1C, aliphatic-C), 20.06(d, 3JCP= 3.3 

Hz, 1C, Ni-CHCH2), 25.99(multiplet, 1C, aliphatic C), 22.96(s, 1C, aliphatic C), 22.79(s, 1C, 

aliphatic C); 31P{1H} NMR (121 MHz, C6D6, 298 K): δ -19.61(s, 1P, Ni-PONap). Anal. 

Calcd(%) for C48H57NiO5P: C: 71.74, H: 7.15; found: C: 72.03, H: 7.33. 

 

Pyridine Exchange Between 1L-CCO and 2L-CCO: A solution of  2-CCO (8.4 mg, 0.01 

mmol) in d6-benzene was transferred to a 20 mL scintillation vial in the glovebox with one 

equivalent of  1py-CCO (10.4 mg, 0.01 mmol). The mixture was fully dissolved and transferred 

to an NMR tube after 0.5 hours. The four species, 1-CCO, 1py-CCO, 2-CCO, and 2py-CCO 

were identified by 31P{1H} NMR. The solution was monitored by NMR until relative 

intensities of  the four species were unchanged, indicating equilibrium has been reached. 

Relative intensities of  the four species were modelled indicating a K value of  8.0 x 10-2 and 

ΔG of  1.5 kcal/mol. 
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Quantitative determination of  ring opening thermodynamics of  2-CCO by olefins: 

In the glovebox, to a solution of  2-CCO (6.3 mg, 0.0075 mmol) and internal standard 

hexamethyldisiloxane (6.8 mg, 0.0419 mmol) in d8-toluene (637 mg) was added an excess of  

olefin (ethylene or 1-hexene) at -78 °C. The solution was transferred to a precooled NMR 

probe and NMR spectra were recorded. The probe was them warned to -10 °C to allow the 

mixture to reach a thermodynamic equilibrium while hindering migratory insertion from 

proceeding. The mixture was recooled to -90 °C and NMR spectra were recollected. This 

process was repeated until the relative intensities of  the starting material and the olefin 

coordination compounds were unchanged. The relative intensities by 31P{1H} NMR spectra 

were used to calculate the K values of  3.0 x 10-1 and 5.5 x 10-3 and the ΔG of  0.4 kcal/mol 

and 1.9 kcal/mol for ethylene and 1-hexene, respectively. 

 

Thermodynamics of  ligand exchange with pyridines and olefins at 183 K: A similar 

procedure to the above quantitative determination of  thermodynamic binding constants was 

adapted to determine the relative thermodynamic binding constant between lutidine and 

ethylene. In order to determine the K value between pyridine and ethylene coordinated adduct 

to be 1.1 x 10-4 and a ΔG value of  1.4 kcal/mol, the K value for 2lut-CCO and 2py-CCO 
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was determined by mixing 2-CCO (5.1 mg, 0.0061 mmol), lutidine (72 mg, 0.67 mmol) and 

pyridine (7.5 mg, 0.0948 mmol). The mixture was cooled to 183 K and the relative intensities 

observed in the 31P{1H} NMR spectrum was used to determine the K value of  4.8 x 10-3 and 

a ΔG value of  1.9 kcal/mol. These combined results allow the quantitative determination of  

the K value between pyridine and ethylene coordinated adducts of  1.1 x 10-4 and a ΔG value 

of  3.3 kcal/mol. 

 

Quantitative determination of  thermodynamics of  ligand exchange for non-olefin 

donors: In the glovebox, to a solution of  2L-R (0.0122 mmol) and internal standard of  

hexamethyldisiloxane in C6D6 (406 mg) was added a known amount of  a secondary ligand. 

The mixture was fully dissolved and transferred to an NMR tube. 31P{1H} and 1H NMR 

spectra were collected in 20-minute intervals until the spectra were unchanged. The relative 

ratios were determined in one of  two methods depending on the rate of  exchange relative to 

the NMR timescale. 

Method A. The rate of  exchange is slow relative to the NMR timescale which lead to two 

separate species observed. The relative intensities of  the two species are determined either by 

integration of  Ni-CHR resonance in the 1H NMR spectra or through the 31P{1H} NMR 

resonances. 

Method B. The rate of  exchange is fast relative to the NMR timescale which precludes the 

observation of  two sets of  resonances for the mixture of  species. The relative intensities of  

the two species are determined by comparing the resonances of  the purified species and 
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analyzing the separation of  the methoxy resonance either of  the ligand with different mixtures 

of  both ligands. 

 

2P: In the glovebox, to a stirring solution of  2 (7.2 mg, 0.0085 mmol) in toluene (2 mL) was 

added 40 equivalents of  PEt3 (40 mg, 0.034 mmol). The solution was stirred for 0.5 h and all 

volatiles were removed in vacuo. The resultant solid was triturated with hexanes (3 x 3 mL) and 

extracted with 5 mL of  toluene, filtered through a plug of  celite and concentrated, affording 

quantitative formation of  2P. Both 31P{1H} and 1H NMR suggest an approximate 2:1 mixture of  

the trans and cis isomer.  

Trans isomer 1H NMR (400 MHz, C6D6): δ 6.90-7.82 (overlapping multiplets with cis isomer, 

aromatic-H), 6.33 (dd,  3JHH = 8.2 Hz, 4JHP = 3.2 Hz, 4H, PhH), 3.31 (s, 12H, OCH3), 1.38 (s, 18H, 

OtBu), 1.20 (multiplet, 6H, Ni-CH2-CH3), 0.99 (dt, 3JHH = 7.3 Hz, 3JHP = 14.2 Hz, 9H, Ni-CH2-

CH3), 0.11 (s, 9H, SiMe3), -0.80 (apparent t (dd), 2JHP= 12.7 Hz, 2H, Ni-CH2); 31P{1H} NMR (121 

MHz, C6D6, 298 K): δ 12.09(d, 2JPP= 325.2 Hz, 1P), -13.84(d, 2JPP= 325.2 Hz, 1P); 

Cis Isomer: 1H NMR (400 MHz, C6D6): δ 6.90-7.82 (overlapping multiplets with cis isomer, 

aromatic-H), 6.23 (dd,  3JHH = 8.2 Hz, 4JHP = 3.2 Hz, 4H, PhH), 3.18 (s, 12H, OCH3), 1.60 (s, 18H, 

OtBu), 1.43 (overlapping multiplet, 6H, Ni-CH2-CH3), 0.80 (dt, 3JHH = 7.5 Hz, 3JHP = 14.6 Hz, 9H, 

Ni-CH2-CH3), 0.22 (s, 9H, SiMe3), -0.02 (broad multiplet, W1/2= 18 Hz, 2H, Ni-CH2); 31P{1H} 

NMR (121 MHz, C6D6, 298 K): δ 18.06 (d, 2JPP= 19.6 Hz, 1P), -8.91(d, 2JPP= 19.6 Hz, 1P). 
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1P: In the glove box, to a solution of  1 (29.6 mg, 0.03 mmol) in toluene (1.5 mL) was added 

1 equiv. of  PEt3 (3.5 mg, 0.03 mmol). The mixture was stirred for 10 min under room 

temperature, forming a red solution. After removal of  volatiles, additional 1 equiv. of  PEt3 

(3.5 mg, 0.03 mmol) and toluene (1.5 mL) was added to the residue. After stirring for 10 min, 

the volatiles were removed once again and the residue was triturated with pentane three times, 

forming the desired product as a red-orange solid (28.8 mg, 94%).1H NMR (400 MHz, C6D6) 

of  the major isomer: δ 7.45 (dd, 3JHP = 10.4 Hz, 4JHH = 2.4 Hz, 1H, PhH), 7.31 (broad s, 1H, 

PhH), 7.08−7.02 (m, 4H, PhH), 6.37 (dd, 3JHH = 8.0 Hz, 4JHH = 2.4 Hz, 4H, PhH), 6.27 (dd, 

3JHH = 8.0 Hz, 4JHH = 3.2 Hz, 4H, PhH), 3.31 (s, 12H, OCH3), 3.20 (s, 12H, OCH3), 1.22-1.14 

(m, 6H, P(CH2CH3)3), 1.13 (s, 9H, C(CH3)3), 1.09-1.06 (t, 3JHH = 7.2 Hz, 9H, P(CH2CH3)3), 

0.15 (s, 9H, Si(CH3)3), -0.88−-0.94 (dd, 3JHP = 11.7 Hz, 3JHP = 11.5 Hz 2H, NiCH2Si); 13C{1H} 

NMR (101 MHz, C7D8) of  the major isomer: 164.31 (s, 2C, Ar-C), 164.19 (s, 2C, Ar-C), 162.31 

(m, 2C, Ar-C), 133.44 (m, 1C, Ar-C), 131.60 (broad s, 1C, Ar-C), 130.37 (s, 4C, Ar-C), 126.49 

(s, 2C, Ar-C), 105.82 (s, 8C, Ar-C), 104.51 (s, 4C, Ar-C), 104.47 (s, 4C, Ar-C), 56.18 (s, 4C, 

OCH3), 55.62 (s, 4C, OCH3), 34.44 (s, 1C, C(CH3)3), 32.71 (s, 3C, C(CH3)3), 14.64 (m, C, 

P(CH2CH3)3), 9.04(m, C, P(CH2CH3)3), 4.24 (s, 3C, SiMe3), -26.37 (m, 1C, NiCH2Si); 31P{1H} 

NMR (121 MHz, C6D6) of  the major isomer: δ 12.19 (d, 2JPP = 197 Hz, 1P), -12.74 (d, 2JPP = 

197 Hz, 4JPP = 7.1 Hz, 1P), -51.61 (d, 4JPP = 7.1 Hz, 1P); 31P{1H} NMR (121 MHz, C6D6) of  

the minor isomer: δ 21.02 (d, 2JPP = 12.3 Hz, 1P), -3.35 (d, 2JPP = 12.3 Hz, 4JPP = 8.5 Hz, 1P), 
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-50.37 (d, 4JPP = 8.5 Hz, 1P). Anal. Calcd(%) for C52H73NiO9P3Si: C: 61.12, H: 7.20; found: C: 

63.35, H: 6.76. 

1pico: In the glove box, to a solution of  1 (19.6 mg, 0.02 mmol) in toluene (2 mL) was added 

25 equiv. of  2-picoline (46.5 mg, 0.5 mmol). After stirred for 15 min, all volatiles were removed 

under vacuum. Twice more, 25 equiv. of  2-picoline was added to the residue with 2 mL toluene 

and volatiles were removed after stirring for 15 min, affording quantitative formation of  1pico 

(19.5 mg, >95% yield). 1H NMR (400 MHz, C6D6): δ 8.97 (d, 3JHH = 5.6 Hz, 1H, PicoH), 

7.46−7.39 (m, 1H, PhH), 7.31 (broad s, 1H, PhH), 7.08−7.05 (m, 4H, PhH), 6.96-6.93 (m, 1H, 

PhH), 6.77 (t, 3JHH = 7.3 Hz, 1H, PicoH), 6.53 (d, 3JHH = 7.3 Hz, 1H, PicoH), 6.42 (t, 3JHH = 

6.5 Hz, 1H, PicoH), 6.32 (d, 3JHH = 8.4 Hz, 4H, PhH), 6.30 (d, 3JHH = 8.4 Hz, 4H, PhH), 3.60 

(s, 3H, pico-CH3), 3.45-3.15 (m, 24H, OCH3), 1.12 (s, 9H, C(CH3)3), -0.29 (s, 9H, Si(CH3)3), -

1.39 (broad, 2H, NiCH2Si); 31P{1H} NMR (121 MHz, C6D6): δ -8.06 (d, 2JPP = 10.5 Hz, 1P), -

54.75 (d, 2JPP = 10.5 Hz, 1P). 

 

1py-Me: In the glove box, to a solution of  1lut-Me (18.7 mg, 0.02 mmol) in toluene (2 mL) 

was added 15 equiv. of  2-picoline (23.7 mg, 0.3 mmol). After stirred for 15 min, all volatiles 

were removed under vacuum, affording quantitative formation of  1py-Me (18.0 mg, >95% 

yield). 1H NMR (400 MHz, C6D6): δ 8.59 (d, 3JHH = 5.4Hz, 2H, PyH), 7.51 (dt, , 3JHP = 10.4 

Hz, 4JHH = 2.4 Hz, 1H, PhH), 7.10−7.00 (m, 4H, PhH), 6.97 (m, 1H, PhH), 6.78 (t, 3JHH = 

5.4Hz, 1H), 6.41 (dd, 3JHH = 8.2 Hz, 4JHH = 2.3 Hz, 4H, PhH), 6.26 (dd, 3JHH = 8.3 Hz, 4JHH = 

3.4 Hz, 4H, PhH), 3.34 (s, 6H, OCH3), 3.25 (s, 12H, OCH3), 1.15 (s, 9H, C(CH3)3), -0.49 (d, 
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3JHP = 5.8 Hz, 3H, NiCH3); 31P{1H} NMR (121 MHz, C6D6): δ -0.61 (d, 2JPP = 11.2 Hz, 1P), -

50.01 (d, 2JPP = 11.2 Hz, 1P). 

Quantitative-Determination-of-Ligand-Binding-Strengths 

 
Figure S3.1. An example of  the determination of  K value via 31P{1H} NMR spectra (method 1): 
(Top) 31P{1H} NMR spectrum of  2lut-Me and (bottom) 31P{1H} NMR spectrum of  2lut-Me + 
1 equiv. of  lutidine. 

 
Figure S3.2. An example of  the determination of  K value via 1H NMR spectra (method 2). 

Sample of  31P{1H} EXSY Experiment of  2P  

-50-45-40-35-30-25-20-15-10-5051015202530354045
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Supplemental information for olefin copolymerization 

General procedure for high throughput parallel polymerization reactor (PPR) runs 

for preparation of  polyethylene and ethylene/tBA copolymers. 

Polyolefin catalysis screening was performed in a high throughput parallel polymerization 

reactor (PPR) system. The PPR system was comprised of  an array of  48 single cell (6 x 8 

matrix) reactors in an inert atmosphere glovebox. Each cell was equipped with a glass insert 
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with an internal working liquid volume of  approximately 5 mL. Each cell had independent 

controls for pressure and was continuously stirred at 800 rpm. Catalysts were prepared in 

toluene. All liquids (i.e., solvent, tBA, and catalyst solutions) were added via robotic syringes. 

Gaseous reagents (i.e., ethylene) were added via a gas injection port. Prior to each run, the 

reactors were heated to 50 °C, purged with ethylene, and vented.  

All desired cells were injected with tBA followed with a portion of  toluene (This step was 

skipped for ethylene homopolymerization). The reactors were heated to the run temperature 

and then pressured to the appropriate psig with ethylene. Catalyst were then added to the cells. 

Each catalyst addition was chased with a small amount of  toluene so that after the final 

addition, a total reaction volume of  5 mL was reached. Upon addition of  the catalyst, the PPR 

software began monitoring the pressure of  each cell. The desired pressure (within 

approximately 2-6 psig) was maintained by the supplemental addition of  ethylene gas by 

opening the valve at the set point minus 1 psi and closing it when the pressure reached 2 psi 

higher. The pressure of  each cell was monitored during and after the quench to ensure that 

no further ethylene consumption happens. The shorter the “Quench Time” (the duration 

between catalyst addition and oxygen quench), the more active the catalyst. All drops in 

pressure were cumulatively recorded as “Uptake” or “Conversion” of  the ethylene for the 

duration of  the run. After 1h, each reaction was then quenched by addition of  1% oxygen in 

nitrogen for 30 seconds at 40 psi higher than the reactor pressure. After all the reactors were 

quenched they were allowed to cool to about 60 °C. They were then vented and the tubes were 

removed. The polymer samples were then dried in a centrifugal evaporator at 60 °C for 12 

hours, weighed to determine polymer yield and submitted for IR (tBA incorporation) and 

GPC (molecular weight) analysis. NMR analysis were performed separately for microstructural 

analysis. 
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General procedure for polymer characterization 

a) Gel permeation chromatography (GPC) 

High temperature GPC analysis was performed using a Dow Robot Assisted Delivery 

(RAD) system equipped with a Polymer Char infrared detector (IR5) and Agilent PLgel Mixed 

A columns. Decane (10 µL) was added to each sample for use as an internal flow marker. 

Samples were first diluted in 1,2,4-trichlorobenzene (TCB) stabilized with 300 ppm butylated 

hydroxyl toluene (BHT) at a concentration of  10 mg/mL and dissolved by stirring at 160°C 

for 120 minutes. Prior to injection the samples are further diluted with TCB stabilized with 

BHT to a concentration of  3 mg/mL.  Samples (250 µL) are eluted through one PL-gel 20 

µm (50 x 7.5 mm) guard column followed by two PL-gel 20 µm (300 x 7.5 mm) Mixed-A 

columns maintained at 160 °C with TCB stabilized with BHT at a flowrate of  1.0 mL/min. 

The total run time was 24 minutes. To calibrate for molecular weight (MW) Agilent EasiCal 

polystyrene standards (PS-1 and PS-2) were diluted with 1.5 mL TCB stabilized with BHT and 

dissolved by stirring at 160 °C for 15 minutes. These standards are analyzed to create a 3rd 

order MW calibration curve. Molecular weight units are converted from polystyrene (PS) to 

polyethylene (PE) using a daily Q-factor calculated to be around 0.4 using the average of  5 

Dowlex 2045 reference samples. 

b) Fourier-transform infrared spectroscopy (FTIR) 

The 10 mg/mL samples prepared for GPC analysis are also utilized to quantify tert butyl 

acrylate (tBA) incorporation by Fourier Transform infrared spectroscopy (FTIR). A Dow 

robotic preparation station heated and stirred the samples at 160°C for 60 minutes then 

deposited 130 µL portions into stainless wells promoted on a silicon wafer. The TCB was 

evaporated off  at 160°C under nitrogen purge. IR spectra were collected using a Nexus 6700 

FT-IR equipped with a DTGS KBr detector from 4000-400 cm-1 utilizing 128 scans with a 
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resolution of  4. Ratio of  tBA (C=O: 1762-1704 cm−1) to ethylene (CH2: 736-709 cm−1) 

peak areas were calculated and fit to a linear calibration curve to determine total tBA. 

c) Differential scanning calorimetry (DSC) 

Differential scanning calorimetry analyses was performed on solid polymer samples using a 

TA Instruments, Inc. Discovery Series or TA Instruments, Inc., DSC2500, programmed with: 

equilibrate at 175.00 °C; isothermal for 3 minutes, ramp 30.00 °C/min to 0.00 °C, ramp 10.00 

°C/min to 175.00 °C. Data was analyzed using TA Trios software. 

Original polymerization runs for ethylene/tBA copolymerization in high throughput 

parallel polymerization reactors (PPR)  

Table S3.1. Ethylene copolymerization with 2lut-Me, 2-CCO and 2. 

Entrya catalyst [tBA]/M Yield (mg) Act.b Mw/103 PDI %Mol tBA Tm (ºC) 

1 2lut-Me 0.025 75 300 17.7 2.2 0.4 128 

2 2lut-Me 0.025 89 356 16.6 2.2 0.4 129 

3 2lut-Me 0.025 86 344 15.7 2.2 0.4 128 

4 2lut-Me 0.05 40 160 14.8 2.3 0.8 124 

5 2lut-Me 0.05 40 160 15.0 2.4 0.8 124 

6 2lut-Me 0.05 38 152 16.3 2.5 0.8 124 

7 2-CCO 0.025 73 296 18.2 2.2 0.5 127 

8 2-CCO 0.025 75 300 18.1 2.4 0.4 128 

9 2-CCO 0.025 79 316 17.8 2.4 0.4 128 

10 2-CCO 0.05 33 132 17.2 2.4 0.8 125 

11 2-CCO 0.05 36 144 17.6 2.5 0.8 124 

12 2-CCO 0.05 35 140 17.0 2.7 0.8 124 

13c 2 0.05 51 204 16.1 2.3 0.7 121 

aConditions unless specified: catalyst, 0.25 μmol; V(toluene)=5 ml; ethylene pressure=400 psi; T = 70 ºC; t = 1h. 
b 1000 kg/(mol·h). cData reported in Ref 24. 

 



 C h a p t e r  3  
 
 

 
198 

Crystallographic Information 

 
Figure S3.3: Solid-State Structure of  1lut-Me. Ellipsoids are show at the 50% probability level. 

Hydrogen atoms excluded for clarity.  

Special Refinement Details for 1lut-Me: Complex 1lut-Me crystallizes in the triclinic P-1 
space group with cocrystallized toluene in the asymmetric unit. The solvent molecules show 
relatively broad ellipsoids consistent with a high degree of  thermal motion in the solid-state. 

 

 
Figure S3.3: Solid-State Structure of  1P-CCO. Ellipsoids are show at the 50% probability level. 

Hydrogen atoms excluded for clarity.  

Special Refinement Details for 1P-CCO: Complex 1P-CCO crystallizes in the monoclinic 
P21/n spacegroup. The inserted acrylate moiety suffers from two-site positional disorder and are 
freely refined to produce relative occupancies of  0.65 and 0.31. The small and plate-like nature of  
the crystal is responsible for the above average Rint value. 
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Figure S3.5: Solid-State Structure of  2-C8H13. Ellipsoids are show at the 50% probability level. 

Hydrogen atoms excluded for clarity.  

Special Refinement Details for 2-C8H13: Complex 2-C8H13 crystalizes in a P-1 space group 
with the full molecule in the asymmetric unit. The SiMe3 group is modelled with two-site disorder 
with occupancies of  0.78 and 0.22. One of  the methoxy groups is also modelled with two-site 
disorder with occupancies of  0.78 and 0.22. The carbon on the lower occupancy disordered 
methoxy group is refined isotropically to prevent a NPD. A disordered benzene molecule is 
observed and is refined isotropically to prevent NPDs. There is likely disorder on the benzene 
molecule, despite efforts, it could not be modelled. 

 

 
Figure S3.6: Solid-State Structure of  1P. Ellipsoids are show at the 50% probability level. 

Hydrogen atoms excluded for clarity.  

Special Refinement Details for 1P: Complex 1P crystallizes in the orthorhombic Pca21 space 
group with cocrystallized diethyl ether in the asymmetric unit.  
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Figure S3.7: Solid-State Structure of  1pico. Ellipsoids are show at the 50% probability level. 

Hydrogen atoms excluded for clarity.  

Special Refinement Details for 1pico: Complex 1pico crystallizes in the triclinic P-1 space 
group with a single molecule of  benzene cocrystallized in the asymmetric unit along with a half  
of  a benzene molecule.  

 
Figure S3.8: Solid-State Structure of  1py-Me. Ellipsoids are show at the 50% probability level. 

Hydrogen atoms excluded for clarity.  

Special Refinement Details for 1py-Me: Complex 1py-Me crystallizes in the triclinic P-1 
space group with cocrystallized benzene in the asymmetric unit. The solution suffers from a high 
Rint due to the small size of  the single-crystalline sample along with the plate-like shape of  the 
sample  
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Table S3.2: Crystal and refinement data (part 1) 
 2-C8H13 1P-CCO 
Empirical formula C48H57NiO5P C56.42H75.51 NiO10.92P3 
Formula weight 803.61 1080.16 
Temperature/K 100 100 
Crystal system Monoclinic Monoclinic 
Space group C2/c P21/n 
a/Å 41.799(11) 14.637(3) 
b/Å 12.951(2) 16.793(4) 
c/Å 15.734(5) 22.546(5) 
α/° 90 90 
β/° 105.463(16) 94.948(14) 
γ/° 90 90 
Volume/Å3 8209(4) 5521(2) 
Z 8 4 
ρcalcg/cm3 0.066 0.496 
μ/mm-1 1.414 1.300 
F(000) 3424 2298 
Radiation CuKα MoKα 
Reflections collected 7891 200549 
Independent reflections 6893 9989 
Goodness-of-fit on F2 1.064 0.940 
Rint twinned 27.81% 

 
Table S3.3: Crystal and refinement data (part 2) 

 1lut-Me 1py-Me 
CCDC   
Empirical formula C57H67NNiO9P2 C54H61NNiO9P2 
Formula weight 1030.76 988.68 
Temperature/K 100 100 
Crystal system Triclinic Triclinic 
Space group P-1 P-1 
a/Å 12.408(2) 13.3937(14) 
b/Å 14.666(6) 13.8200(15) 
c/Å 15.040(4) 13.8909(14) 
α/° 93.413(18) 79.649(6) 
β/° 96.340(13) 76.070(10) 
γ/° 96.33(2) 87.758(7) 
Volume/Å3 2965.5(14) 2454.9(5) 
Z 2 2 
ρcalcg/cm3 1.270 1.338 
μ/mm-1 1.528 1.656 
F(000) 1092 1044 
Radiation CuKα CuKα 
Reflections collected 32411 116262 
Independent reflections 6900 9583 
Goodness-of-fit on F2 1.071 1.076 
Rint 8.60% 34.92% 
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Table S3.4: Crystal and refinement data (part 3) 
 1P 1pico 
CCDC   
Empirical formula C56H83NiO10P3Si C67H80NNiO9P2Si 
Formula weight 1095.93 1192.06 
Temperature/K 100 100 
Crystal system Orthorhombic Triclinic 
Space group P-2ac P-1 
a/Å 26.600(9) 13.037(5) 
b/Å 14.884(4) 13.920(3) 
c/Å 14.618(3) 19.809(6) 
α/° 90 96.29(3) 
β/° 90 105.302(19) 
γ/° 90 111.175(12) 
Volume/Å3 5788(3) 3148.3(18) 
Z 4 2 
ρcalcg/cm3 1.258 1.257 
μ/mm-1 0.493 0.434 
F(000) 2344 1266 
Radiation MoKα MoKα 
Reflections collected 117397 257499 
Independent reflections 9541 9470 
Goodness-of-fit on F2 0.848 1.058 
Final R indexes [I>=2σ (I)] 7.33% 5.74 

 

Computational Details 

DFT energy calculations and geometry optimizations in the gas phase are carried out with 

Gaussian software.57 The hybrid meta-generalized gradient approximation (hybrid meta-GGA) 

functional M0658 was used with the Karlsruhe-family double-ζ valence basis set def2-SVP.59 

M06 was chosen for its extensive benchmarking with organometallic systems60 and from prior 

use in related systems.24 When available, the initial guess for geometry optimization was the 

experimental X-ray crystal structure. Conformational sampling was performed using Entos 

Qcore software61 by running an annealing MD trajectory for a given structure using the GFN-

xTB162 potential energy surface, followed by optimization at the XTB level, and finally DFT 

optimization using the M06 functional. The critical points on the potential energy surface are 

confirmed with harmonic frequency analysis, where exactly zero imaginary frequencies are 
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seen for ground-state structures. Single point corrections are performed using the M06 

functional and the triple-ζ def2-TZVP basis set. Implicit solvation effects by toluene solvent 

are considered by using the SMD continuum solvation model61 as an additional single point 

correction with the ORCA software package.63 Gibbs free energies are taken at 298.15 K. 

Natural charges at the nickel metal center were taken using natural bond orbital (NBO) 

analysis.63 

In Figure 3.10, the following ligands bound to the Ni center were considered for each 

catalyst 2L (R = silane), 2L-Me (R = Me), and 2L-CCO (R = ester): pyridine, 1,5-

dimethylpyridine, 5-fluoropyridine, ethene, butene, hexene, methyl vinyl ether (binding at 

alkene), methyl vinyl ether (binding at O), vinyl acetate (binding at alkene), vinyl acetate 

(binding at O), t-butyl acrylate (binding at alkene), t-butyl acrylate (binding at O), acrylonitrile 

(binding at alkene), acrylonitrile (binding at N), methyl vinyl ketone (binding at alkene), and 

methyl vinyl ketone (binding at O). 

Regression analysis was performed on the data in Figure 3.10. The lines of  regression for 

the catalyst systems 2L (R = silane) and 2L-Me (R = Me) are y = 0.98x + 3.07 kcal/mol (R2 

= 0.82) and y = 1.00x + 2.25 kcal/mol (R2 = 0.79), respectively. 
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ABSTRACT 

 
The insertion copolymerization of polar olefins and ethylene remains a significant 

challenge in part due to catalysts' low activity and poor thermal stability. Herein we 

demonstrate a strategy toward addressing these obstacles through ligand design. Neutral 

nickel phosphine enolate catalysts with large phosphine substituents reaching the axial 

positions of Ni achieve activity of up to 7.7*103 kg/(mol*h) (efficiency > 35*103 g 

copolymer/g Ni) at 110 °C, notable for ethylene/acrylate copolymerization. NMR 

analysis of resulting copolymers reveals highly linear microstructures with main-chain 

ester functionality. Structure-performance studies indicate a strong correlation between 

axial steric hindrance and catalyst performance. 
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GENERAL INTRODUCTION 

Polyolefins account for over half  of  global plastic production.1-2 Incorporation of  

polar functionalities via coordination copolymerization can provide value-added 

polyolefins with precisely controlled physical and mechanical properties and potential 

degradability.3-7 Catalysts based on Pd and Ni are attractive candidates due to their 

lower oxophilicity and decreased inhibition by heteroatoms compared to early 

transition metals. Common bidentate ligands for Pd and Ni catalysts are based on 

imine, phosphine, phosphine oxide, phenoxide, and sulfonate donors (Figure 4.1a). 8-

24 While being able to produce copolymers with a variety of  functionalities and 

polymer topologies, their low activity hinders industrial applications.25 Ni catalysts are 

of  special interest given potential economic and environmental advantages.9, 20, 26 

However, major issues remain in Ni-catalyzed copolymerization with polar monomers, 

such as low activity and poor performance at elevated temperatures applied in industry 

(e.g. >100 ºC).20, 27-30 In general, these catalysts are screened at temperatures ≤70 ºC 

and thermally robust examples typically require elaborate ligand frameworks.31-35 

Additionally, most nickel catalysts cannot copolymerize ethylene with monomers 

having polar groups directly attached to the vinyl 35-37 except a few recent examples.6, 

11, 16, 29, 38-40 

To address these obstacles, a variety of  catalyst design strategies, including steric and 

electronic tuning and introduction of  weak coordination sites or secondary Lewis 

acidic metal centers, have been applied to modify ligand systems known for polar 
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functional polymer synthesis.41-47 Separately, new ligand platforms have been 

introduced for applications in copolymerization with polar monomers.10, 48-51  

 
Figure 4.1. a) Representative Pd and Ni catalysts supported by bidentate ligands for 
copolymerization of  ethylene and polar monomers; b) Rationale of  catalyst design in this 
work; c) Lists of  catalysts studied in this work. 

Nickel phosphine enolate catalysts are notable for their high activity and thermal 

stability in producing α-olefins (Shell-Higher-Olefin-Process).20, 52 In general, these 

catalysts are not able to produce high Mw polymers or to incorporate polar 

comonomers. Prior studies toward improving their activity and broaden the scope of  

applications resulted in modified ligand structures, some of  which show promise for 

polyethylene production.53-58 A variant with a pendant sulfonate moiety supports Ni-

Na multimetallic catalysts that produce polyethylene.59-60 These Ni-Na catalysts can 

also copolymerize ethylene and polar monomers in which the vinyl and the functional 

group are separated by ≥2 methylene units. Despite these progresses, the nickel enolate 

systems only show moderate activity for polyethylene production and have not been 
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reported to incorporate vinyl polar monomers. 

In terms of  catalyst design based on asymmetric ligands, a potential strategy is to 

introduce steric hindrance from the direction of  both donors (Figure 4.1b).38, 61-62 With 

the enolate group locating the substituent away from the metal center, we targeted  

increased steric bulk from only the phosphine side (Figure 4.1b). Through combined 

quantitative steric analysis and polymerization studies, we confirmed that the 

introduction of  steric bulk covering the axial positions of  Ni can convert this type of  

olefin oligomerization catalyst into highly active, thermally stable polymerization 

catalysts (Figure 4.1c). Specifically, the observed activity in ethylene/tBA 

copolymerization reaches 7.7*103 kg/(mol*h) (efficiency > 35000 g copolymer/g Ni) 

at 110 °C. The effects of  substituents on the phosphine and enolate side on tBA 

incorporation, activity, branching and chain termination are reported. 

 
RESULTS AND DISCUSSION 

Design and Synthesis of  Complexes  

To convert the SHOP-type ethylene oligomerization catalyst to high-performance 

polymerization catalysts, efficient suppression of  β-H elimination is essential.63-66 

Based on our previous studies of  the impact of  proximal steric hindrance on the 

copolymerization of  ethylene and polar monomers,38, 67 we decided to introduce four 

ether groups ortho to the phosphine to ensure efficient axial shielding and inhibition 

of  β-H elimination (Figure 4.1b-c). Previous synthetic methods involve a β-keto 
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phosphorus(V) ylide intermediate, which did not provide  a reliable route for installing 

bulky phosphine moieties (Figure 4.2a).59 Further, this method requires one of  the aryl 

substituents on the phosphorus(V) transferring to nickel,58 which would introduce an 

undesired variation in structure-performance studies if  substituents on the phosphine 

vary. Bulky substituents on phosphine are required for the targeted axial shielding. We 

thus employed an alternate metalation route involving salt metathesis between a nickel 

halide precursor and the lithium enolate of  the corresponding β-keto phosphine 

(Figure 4.2b).68-71 Characterization of  MePOPh-Ni by single crystal X-ray diffraction 

(scXRD) reveals a square planar geometry with the two phosphines trans to each other, 

and short metal-ether oxygen distances (Ni1-O2 ~3 Å, Figure 3a-b). Notably, the 

methoxy group point toward the axial positions of  nickel but do not reach them. 

 
Figure 4.2. Preparation of  type I (a), Type II (b) and type III (c) nickel phosphine enolate 
complexes.  

Based on this structure, we anticipated that larger substituents ortho to the 

phosphine may extend the steric shielding to the axial positions. Bisphenoxyphenyl 

was selected as phosphine substituent, and the corresponding phosphorus chloride 
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was synthesized in a one-pot, three-step procedure. Next, proligand PhPC(H)COPh 

and complex PhPOPh-Ni were synthesized similarly to their methoxy analogues (Figure 

4.2b). The solid-state structure of  PhPOPh-Ni shows that the phenoxy substituents 

provide steric shielding extending toward the enolate side (Figure 4.3a). The axial 

positions of  the nickel center are covered from both the top and bottom directions, 

leading to a sandwich-like geometry. Three additional nickel phosphine enolate 

complexes (PhPOPhCF3-Ni, PhPOMes-Ni, PhPOArOMe-Ni) with large bisphenoxyphenyl 

phosphine substituents were prepared from substituted acetophenones with the goal 

of  tuning the ligand electronics as well as sterics on the enolate side. To study the 

effect of  ligand backbone, a different type of  phosphine enolate complex, PhP*OArO-

Ni, was prepared via a modified procedure (Figure 4.2c). Instead of  the vinyl linkage, 

it features a methylene unit between the P and O donors. 

The majority of  the prepared metal complexes were characterized by scXRD. This 

family of  nickel phosphine enolate complexes allows quantitative structural 

comparison across a range of  steric profiles (Figure 4.3b-c). Analysis by Cavallo's 

SambVca 2.1 program72-75 provided topographical steric maps and percent buried 

volume data (%Vbur) related to ligands' space filling properties (Figure 4.3c). Inspection 

of  the topographical maps clearly shows that Ni0 is open along the axial coordination 

sites. In agreement, %Vbur for Ni0 is the lowest of  all Ni complexes characterized 

structurally. Consistent with the constrained axial space (Figure 4.3a), %Vbur for 

PhPOPh-Ni is near 49.3, significantly larger than %Vbur for Ni0 (38.7) and MePOPh-Ni 

(46.3). Though the mesityl group is bulkier than the phenyl, PhPOMes-Ni features a 
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slightly smaller %Vbur than PhPOPh-Ni (48.4% vs 49.1%) and features less occupied 

axial space especially at the bottom, potentially resulting from the repulsion between 

the mesityl and the ether groups. While PhP*OArO-Ni features the shortest Ni1-O2 

distance (2.905(2) Å) among all complexes, the phenoxy groups only partially fill axial 

space on one side of  the Ni center likely due to the higher flexibility of  the backbone. 

 
Figure 4.3. a) Depiction of  the sandwiched-like geometry of  the Ni center and solid-state 
structures of  MePOPh-Ni and PhPOPh-Ni. Only ellipsoids of  atoms that coordinate to nickel 
or locate axial to nickel are shown (50% probability). Hydrogen atoms are excluded for clarity 
and other atoms are shown in wire-frame. b) Selected bond angles (°), distances (Å) and c) 
topographical steric maps with %Vbur of  Ni0, MePOPh-Ni, PhPOPh-Ni, PhPOMes-Ni, 
PhPOArOMe-Ni, PhP*OArO-Ni. For topographical maps and %Vbur, the Ni atom defines the 
origin of  xyz coordinate system. Only the P,O-ligand included in calculation and steric 
visualization. These maps are in the same orientation as shown in part a). Blue indicates 
occupied space in the -z direction (toward back as drawn in a), where the phosphine-enolate 
ligands are located, and red indicates +z direction. For PhP*OArO-Ni, the y-axis is flipped so 
the larger axial shielding locates on the top. See SI section S4 for more details. 
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Ethylene Homopolymerization  

While sandwich-like α-diimine or salicylaldiminato Pd or Ni catalysts have been 

studied extensively,62, 76-81 analogous P,O type catalysts have not been reported. To 

evaluate this ligand design strategy, we first screened the catalysts via ethylene 

polymerization at 90 ºC in high throughput parallel reactors (Table 4.1). 

Polymerization was stopped after consumption of  a set amount of  ethylene to prevent 

buildup of  polymer that may alter the solution properties and result in mass transport 

limitations. In a single run, 140~300 mg of  polyethylene was produced. The catalysts 

are all highly active (~40000~113000 kg/(mol·h)) with 4 equiv. of  Ni(COD)2 as the 

phosphine scavenger (entry 1~5).59, 82-83 Compared to Ni0, bulkier catalysts produce 

polymers with significantly higher Mw. Specifically, polyethylene produced by PhPOPh-

Ni, which has a sandwich-like geometry, features Mw nearly 10 times higher than that 

by Ni0, indicating significant inhibition of  β-H elimination and demonstrating the 

importance of  axial steric hindrance.32, 79 Previously, Ni-Na multimetallic catalysts 

supported by phosphine-enolate-sulfonate ligands generate high Mw polyethylene 

with high dispersity (PDI 11~25), though the ligands design elements promoting this 

performance are unclear.60 Ethylene homopolymerization trials without Ni(COD)2 

were also conducted with MePOPh-Ni  and  PhPOPh-Ni (Table 4.1, entry 6~7). 

Although decrease of  activity was observed compared to entries 2~3, it is notable that 

both catalysts remained highly active even in the absence of  phosphine scavenger.  
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Table 4.1. Ethylene homopolymerization. 

Entry Cat. Ni(COD)2/Cat. Act. [c] Mw[d] PDI Tm/°C 

1 Ni0 4 70 1.3 2.3 122 

2 MePOPh-Ni 4 114 4.1 3.1 120 

3 PhPOPh-Ni 4 82 11.9 3.3 124 

4 PhPOMes-Ni 4 49 5.5 2.7 120 

5 PhPOPhCF3-Ni 4 60 9.4 2.8 124 

6 MePOPh-Ni 0 48 4.5 2.3 121 

7 PhPOPh-Ni 0 19 13.7 2.5 126 

[a] V = 5 mL, [Catalyst] = 0.05 mM, [Ni(COD)2] = 0.2 mM, ethylene pressure = 400 psi, T= 90 °C, 
toluene solvent; each entry represents multiple replicated runs (see SI section S5 for detailed procedure 
and table S4.3 for original data). [b] Mol/L. [c] Activity in 1000 kg/(mol·h). [d] kg/mol. 

Ethylene/Acrylate Copolymerization Results 

Encouraged by above promising results with nickel catalysts featuring bulky 

substituents on phosphine, we explored polar polyolefin synthesis. Ethylene/acrylate 

copolymers were chosen as the target due to their wide applications and the reported 

ester tolerance of Ni enolate catalysts.60, 84 Overall, these catalysts are highly active 

(200~2100 kg/(mol*h)) at 70 and 90 ºC with Ni(COD)2 as the phosphine scavenger, 

producing copolymers with moderate tBA incorporation (0.5~2.8%) (Table 4.2, entry 

1~15). Comparing entry 1~6 with entries 7, 11, 12~15, significant higher activity was 

observed with these catalysts at 90 ºC than at 70 ºC, indicating good thermal stability. 

Compared to MePOPh-Ni, PhPOAr-Ni catalysts show significantly higher activity and 

produce copolymers with higher Mw and lower tBA concentration (entry 1, 7, 8 vs entry 

2~5, 10~14). This effect may be related to the stronger steric shielding provided by the 

phenoxy groups than by the methoxy groups. 
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These complexes can also function as single-component catalysts (Entry 16~18, table 

4.2). Comparing entry 7 vs 16, 10 vs 17 and 16 vs 18, MePOPh-Ni shows much lower 

activity (by 60%) in the absence of Ni(COD)2 while PhPOPh-Ni and PhP*OArO-Ni only 

show ~25% difference. This scenario is likely a result of more facile dissociation and 

weaker coordination of PEt3 at the more sterically hindered Ni centers in PhPOPh-Ni 

and PhP*OArO-Ni.  

Notably, the phenoxy-substituted systems produce polyethylene and ethylene/tBA 

copolymers with similar Mw values, within 30% (entries 3~5, table 4.1 vs entries 10, 12, 

13, table 4.2, respectively). In contrast, significantly lower Mw values are observed with 

previously reported catalysts. For example, the presence of acrylates (methyl acrylate, 

butyl acrylate and tBA) leads to ~90% decrease in Mw for polymer produced by Pd-

IzQO, Ni imine ketone, and Ni phosphine phenoxide catalysts.10, 12, 29, 85 This observation 

implies that chain transfer specific to acrylate insertion compared to overall chain 

transfer events in this enolate system is lower than in previous systems. Therefore, 

acrylate is not the limiting factor for Mw under copolymerization conditions. 

Different from reported P,O-Ni catalysts,11, 29, 38 incorporation ratio of tBA is nearly 

solely controlled by substituents on the phosphine in this enolate system and 

substituents on the oxygen side have minimal effects likely because the relatively remote 

location of these groups (Table 4.2, entries 2~4 or entries 10, 12~15). 
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Table 4.2. Ethylene/tBA copolymerization. 

Entry Cat. Ni(COD)2
/Cat. 

[tBA]
/M 

T 
(°C) 

A.[b] Mw[c] PDI %Mol 
tBA 

Tm/
°C 

1 MePOPh-Ni 4 0.05 70 0.25 4.6 2.0 1.4 114 

2 PhPOPh-Ni 4 0.05 70 0.68 14.5 2.3 0.6 123 

3 PhPOMes-Ni 4 0.05 70 0.40 7.6 2.1 0.6 115 

4 PhPOPhCF3-Ni 4 0.05 70 0.62 19.3 3.2 0.4 124 

5 PhPOArOMe-Ni 4 0.05 70 0.59 18.6 2.4 0.6 123 

6d PhP*OArO-Ni 4 0.05 70 0.20 19.6 2.6 0.7 123 

7 MePOPh-Ni 4 0.05 90 0.49 3.5 1.9 1.6 113 

8d MePOPh-Ni 4 0.1 90 0.19 2.6 2.1 2.8 77 

9 MePOPhCF3-Ni 4 0.05 90 0.77 6.2 3.2 1.4 114 

10 PhPOPh-Ni 4 0.05 90 2.1 10.9 2.5 0.6 122 

11 PhPOPh-Ni 4 0.1 90 1.16 8.9 2.6 1.2 118 

12 PhPOMes-Ni 4 0.05 90 1.09 7.0 2.1 0.7 116 

13 PhPOPhCF3-Ni 4 0.05 90 1.34 10.1 2.2 0.5 122 

14 PhPOArOMe-Ni 4 0.05 90 1.85 15.2 2.3 0.6 123 

15 PhP*OArO-Ni 4 0.05 90 0.59 15.1 2.4 0.7 123 

16 MePOPh-Ni 0 0.05 90 0.21 2.9 2.1 2.0 113 

17 PhPOPh-Ni 0 0.05 90 1.59 10.6 2.5 0.6 122 

18 PhP*OArO-Ni 0 0.05 90 0.45 11.3 2.5 0.6 122 
[a] Unless specified, V = 5 mL, [Catalyst] = 0.25 μmol, ethylene pressure = 400 psi, toluene solvent; each 
entry represents multiple replicated runs. (see SI for detailed procedure and table S4.4 for original data). 
[b] Activity in 1000 kg/(mol·h). [c] kg/mol. [d] polymerization was stopped at 1h. 

Steric Influence of Enolate Ligands on Copolymerization Activity  

The series of catalysts reported here allows for studies of the relationship between 

structural parameters and catalyst performance. In these comparisons, it is important to 

exclude the variation in tBA incorporation levels. Previous mechanistic studies of 
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another P,O-chelated neutral nickel catalyst have identified ethylene insertion after 

acrylate is the rate-limiting step for overall copolymerization,38 therefore higher levels of 

tBA incorporation lead to lower catalyst activity. In this regard, PhPOPh-Ni, PhPOMes-Ni, 

PhPOArOMe-Ni, and PhP*OArO-Ni were selected for comparison because they produce 

copolymers with similar tBA limiting the effect of that aspect on activity.  

 
Figure 4.4. Correlation between activity in ethylene/tBA copolymerization and %Vbur (in 
square) at 70 °C (Purple: PhP*OArO-Ni, orange: PhPOMes-Ni, blue: PhPOArOMe-Ni, red: PhPOPh-

Ni. Corresponding %Mol tBA shown in diamonds). Activity data extracted from table 4.2. 

Most notably, correlation of %Vbur and the catalytic activity of PhPOPh-Ni, PhPOMes-

Ni, PhPOArOMe-Ni, and PhP*OArO-Ni leads to a strong positive relationship (Figure 4.4). 

For example, PhP*OArO-Ni, having a methylene unit in the ligand backbone, shows a 

more open steric environment comparing to its type II analogue, PhPOArOMe-Ni. 

Actually, its %Vbur value (45.3) is close to the one of MePOPh-Ni (46.3). Indeed, the 

activity of PhP*OArO-Ni (200 kg/(mol·h) at 70 °C) is much less than that of PhPOArOMe-

Ni (590 kg/(mol·h) at 70 °C) but close to that of MePOPh-Ni (250 kg/(mol·h at 70 °C). 

Notably, this relationship is not observed in ethylene homopolymerization (Figure S4.7). 

Overall, the above results demonstrate the important role of axial ether groups and the 

accuracy of %Vbur as an index for examining axial steric hindrance and potential 
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predictor of catalyst performance in polar polyolefin synthesis. Previous examples of 

correlations between steric profile and polymerization catalyst performance includes 

impact on polyethylene Mw in Pd catalyzed polymerization.63 

Microstructural Analysis of Copolymers 

In addition to activity and copolymer Mw, axial shielding may also affect copolymer 

microstructure since the same elementary steps, such as β-H elimination and olefin 

(re)insertion, are implicated. Microstructure analysis was performed using 1H and 

13C{1H} NMR spectroscopy.11, 38 Copolymers produced by MePOPh-Ni, MePOPhCF3-Ni, 

PhPOPh-Ni, PhPOPhCF3-Ni, and PhPOMes-Ni under otherwise identical conditions were 

examined (Table 4.3). 

Table 4.3. Microstructural analysis of  ethylene/tBA copolymersa. 
 A B C D E 

%I-tBAb 61% 48% 59% 52% 71% 

N(Methyl)/1000C 2.7 1.6 1.7 1.1 4.0 

N(2-Propenyl) /1000C 2.1 1.9 0.6 1.0 1.8 

N(Methyl) /N(2-Propenyl) 1.3 0.84 2.8 1.1 2.2 

[a] A~F: Ethylene/tBA copolymers produced in entry 7, 9, 10, 13, 12 of table 4.2, respectively. (Catalyst: 
MePOPh-Ni (A), MePOPhCF3-Ni (B), PhPOPh-Ni (C), PhPOPhCF3-Ni (D), PhPOMes-Ni (E). [b] 
Percentage of internal tBA units vs all tBA units. see SI for details. 

In all samples, significant amount of internal tBA units is present, confirming that 

these nickel phosphine enolate catalysts are able to incorporate acrylate into copolymer 

main-chain. The percentage of internal tBA units (%I-tBA) depends on catalyst identity. 

For the same phosphine substituents, %I-tBA varies by 10 to 20% from PhPOMes-Ni 

(71%) to PhPOPhCF3-Ni (52%) or from MePOPh-Ni (61%) to MePOPhCF3-Ni (48%), due 

to changes on the enolate substituent. Since %I-tBA reflects the selectivity between 
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ethylene insertion and β-H elimination from the NiCHR2 species generated after a tBA 

insertion, the above results imply that the substituents on the enolate side can impact 

these elementary reaction steps. Unlike copolymer Mw or activity, MePOPh-Ni and 

PhPOPh-Ni produce copolymers feature similar %I-tBA values suggesting that the 

phosphine and enolate substituents can have decoupled effects. 

 
Figure 4.5. Pathways of the formation of the methyl branch, terminal vinyl, and 2-propenyl. 

Copolymers A~E are all highly linear, similar to copolymers produced by other types 

of asymmetric Pd and Ni complexes.11, 18, 20, 84 Notably, all copolymers feature a significant 

amount of 2-propenyl end group. Proposed mechanisms for the formation of methyl 

branch and vinyl and propenyl chain ends (Figure 4.5) show that Ni-iso is at the 

branching point between the formation of a methyl branch (step 4) and a 2-propenyl 

end group (steps 5 and 6).86 The ratio of N(Methyl)/N(2-Propenyl) represents the 

selectivity between chain propagation and β-H elimination after Ni-iso. Substituents on 

both P and O sides affect this selectivity (Table 4.3): 1) CF3 substitution leads to higher 
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preference for β-H elimination (e.g. D vs C); 2) bulkier phosphine substituents promote 

chain propagation (e.g. comparing phenoxy to methoxy: C vs A). The above 

microstructure analysis highlights that the substituents on the enolate side can alter the 

selectivity between ethylene enchainment and β-H elimination processes after formation 

of NiCHR2 species, though this is a relatively subtle effect compared to the large impact 

of the phosphine substitution on activity and Mw.  

High-Temperature Ethylene/Acrylate Copolymerization by PhPOPh-Ni 

Significant increase in activity was observed with all catalysts in copolymerization at 

90 vs 70 ºC, suggesting high thermal stability. With MePOPh-Ni and PhPOPh-Ni as model 

catalysts, further investigations were performed of their temperature dependent 

performance. While increasing the temperature from 70 ºC to 90 ºC leads to doubled 

activity for MePOPh-Ni and tripled for PhPOPh-Ni (Figure 4.6a), <10% increase was 

observed with MePOPh-Ni but ~2.2-fold for PhPOPh-Ni from 90 ºC to 110 ºC. To 

determine the origin of this difference, the ethylene uptake over time was monitored as 

an in-situ measure of the rates of chain propagation. Both catalysts are highly active 

within the time range of catalysis at 90 ºC (Figure 4.6b), however, a significant slowdown 

of ethylene consumption over time was observed with MePOPh-Ni at 110 ºC, indicating 

severe catalyst deactivation. In contrast, PhPOPh-Ni remains highly active at 110 ºC. We 

suspect this remarkable thermal stability of PhPOPh-Ni results from the large axial 

shielding provided by axial phenoxy groups. 
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Encouraged by its high thermal stability, further ethylene/tBA copolymerizations with 

PhPOPh-Ni were conducted under at 110 ºC (Table 4.4). Similar activities were observed 

in copolymerization with and without Ni(COD)2 (entry 3 vs entry 4), indicating that the 

PEt3 dissociation from PhPOPh-Ni at 110 ºC is facile under copolymerization conditions. 

The highest activity reaches 7.7*103 kg/(mol·h) (Entry 3), a notable level in 

ethylene/acrylate copolymerization (see SI and Figure S4.20 for comparisons), which is 

comparable to activities of many nickel catalysts in ethylene homopolymerization.45 

 
Figure 4.6. a) Temperature dependence of catalytic activity for MePOPh-Ni and PhPOPh-Ni 
(original runs: 70 °C & 90 °C: table 4.2, entries 1, 2, 7, 10; 100 °C & 110 °C: table S4.6 and table 
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4, entry 1). b) Ethylene uptake curves of ethylene/tBA copolymerization by MePOPh-Ni and 
PhPOPh-Ni at 90 °C and 110 °C. See Table S4.6 for other analytic data for these polymerization 
runs. c) Ethylene uptake curves of ethylene/tBA copolymerization by PhPOPh-Ni in a batch 
reactor at 110 °C (Table 4.4, entry 7). See SI for detailed procedures. 

Table 4.4. High-temperature ethylene/tBA copolymerization.a 

Entry Cat. Ni(COD)2
/Cat. 

[tBA]
/M 

T 
(°C) 

A.b Mwc PDI %Mol 
tBA 

Tm/
°C 

1 PhPOPh-Ni 0.05 4 0.05 4.6 7.8 2.5 0.6 121 

2 PhPOPh-Ni 0.05 4 0.10 3.2 6.5 2.4 1.1 118 

3 PhPOPh-Ni 0.025 4 0.025 7.6 9.3 2.4 0.4 124 

4 PhPOPh-Ni 0.025 0 0.025 7.7 9.5 2.5 0.4 123 

5 PhPOPh-Ni 0.025 0 0.10 2.9 7.8 2.6 1.4 120 

6d PhPOPh-Ni 0.043 0 0.054 5.0 10.3 2.8 0.3 125 

7d PhPOPh-Ni 0.043 0 0.11 2.3 11.1 2.6 0.5 125 

[a] V = 5 mL, ethylene pressure = 400 psi, T= 110 °C, toluene solvent; polymerization was stopped 
after consuming a set amount of ethylene; each entry represents multiple replicated runs (see SI section 
S5 for detailed procedure and table S6.6 for original data). [b] Activity in 1000 kg/(mol·h). [c] kg/mol.[d] 
Copolymerization in a batch reactor. Condition: V = 550 mL, 23.7 μmol PhPOPh-Ni ([Ni]=0.043 mM), 
ethylene pressure = 430 psi, T= 110 °C, t = 26 min (entry 6), or 56 min (entry 7). See SI section S5 for 
detailed procedure. 

To further investigate the thermal stability and productivity limits of the PhPOPh-Ni, 

we next conducted ethylene/tBA copolymerization in a batch reactor under more 

practical conditions (Table 4.4, entry 6~7). Comparing entry 1 vs entry 6, or entry 2 vs 

entry 7, similar activities were observed in copolymerization under different scales but 

otherwise similar conditions. Ethylene uptake curve revealed that catalyst PhPOPh-Ni 

remains highly active for at least 56 min in batch reactors (Figure 4.6c). Consequently, 

the catalyst efficiency reaches >35000 g copolymer/g Ni. Previously, a bulky Ni-diimine 

catalyst was reported to be moderately stable in ethylene homopolymerization at 100 ºC 

for 20 min.31 Herein, we demonstrate a significant improvement of thermal stability of 
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Ni catalysts in the more challenging ethylene/acrylate copolymerization at a higher 

temperature. 

 
Figure 4.7. Depiction of roles of the apical steric hindrance in copolymerization. 

Roles of Axial Shielding in Catalysis 

Overall, the above results highlight the importance of large axial shielding for catalyst 

activity, thermal stability, and polymer Mw in this system. Specifically, an efficient 

strategy is to introduce four phenoxy groups ortho to P in the phosphine-enolate system 

that constitutes the sandwich-like geometry, as demonstrated by PhPOPh-Ni and 

PhPOArOMe-Ni. Considering the elementary steps involved in copolymerization, the 

desired chain propagation may be impeded by β-H elimination and formation of a 

carbonyl chelate complex.87 The former leads to molecular weight suppression, while 

the latter increases the barrier of subsequent insertion and thus decreases the activity.88 

From this chelate complex, further catalyst deactivation may occur via a variety of 
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pathways, generating Ni(0), Ni(I) complexes or ligand disproportionation byproducts.28, 

89-92 Based on topographical steric maps of these semi-sandwich complexes, the phenoxy 

groups act as axial shielding on both the P and the O side in one direction, which may: 

1) destabilize the carbonyl chelate intermediate, 2) prevent the axial coordination of the 

carbonyl group in tBA to nickel,41, 93 3) inhibit associative ethylene coordination that 

leads to chain transfer, 94-96 and 4) act as the fifth ligand in cis-trans isomerization via 

Berry-pseudorotation, a step required for lowest-energy propagation pathway (Figure 

4.7).38, 64  

 
CONCLUSION 

In summary, we reported a series of  Ni complexes derived from phosphine enolate 

SHOP catalysts. Through rational design of  axial steric hindrance, the donor set 

corresponding to prototypical ethylene oligomerization catalysts was able to support 

highly active polymerization catalysts that are suitable for the synthesis of  ester-

functionalized polyethylene. The best catalyst, PhPOPh-Ni, shows activity of  up to 

~7.7*103 kg/(mol·h) (efficiency over 35000 g copolymer/g Ni) at 110 ºC, a record 

level for activity and thermal stability in ethylene/acrylate copolymerization. The 

phenoxy group ortho to phosphine leads to a sandwich-like geometry and provides 

axial shielding that is crucial for these catalysts' activity and high temperature 

performance. The versatile supporting ligands also allow control of  copolymer 

microstructure via electronic and/or steric tuning of  ligand substituents. The relatively 
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simple synthetic route to this ligand system is expected to allow further modulation of  

catalyst performance for the copolymerization of  ethylene and polar monomers. 
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EXPERIMENTAL SECTION 

General Considerations 

All air- and water-sensitive compounds were manipulated under N2 or Ar using standard 

Schlenk or glovebox techniques. The solvents for air- and moisture-sensitive reactions were 

dried over sodium benzophenone/ketyl, calcium hydride, or by the method of  Grubbs.28 

Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; C6D6, was dried over 

a purple suspension with Na/benzophenone ketyl and vacuum transferred. t-Butyl acrylate 

was dried over 4 Å sieves for greater than 72h. 2,4,6-Trimethylacetophenone was dried over 4 

Å sieves for greater than 72h, vacuum transferred, and passed over an activated alumina plug. 

Acetophenone, dimethoxybenzene, and triethylphosphine were dried over calcium hydride 

and vacuum-transferred or distilled prior to use. 4-Trifluoromethylacetophenone. 3', 5'-di-tert-

butyl-4'-hydroxyacetophenone and 1,3-diphenoxybenzene were purified by sublimation. 2.5 M 

nBuLi in hexanes, lithium diisopropylamide (LDA), lithium bis(trimethylsilyl)amide (LiHMDS) 

were purchased from Sigma-Aldrich and used without further purification. 

Bis(dimethoxyphenyl)phosphine chloride,97 (Et3P)2NiPhCl,13 and complex Ni098 were 

synthesized according to literature procedures. All 1H, 13C, and 31P spectra of  organic and 

organometallic compounds were recorded on Varian Mercury 300, Varian INOVA-400, or 

Bruker Cryoprobe 400 spectrometers. 1H and 13C chemical shifts are reported relative to 

residual solvent resonances. 

Synthesis of  Ligands and Transition Metal Complexes 

Bis(diphenoxyphenyl) phosphine chloride: At -78 ℃, nBuLi (11 mL, 2.5 M in hexane, 26.5 mmol, 1.1 

equiv) was added dropwise to a solution of 1,3-diphenoxybenzene (6.55 g, 25 mmol, 1.0 equiv) 

in tetrahydrofuran (100 mL) under nitrogen. The reaction mixture was warmed up to 0 ℃, stirred 
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for 5 h, and cooled to -78 ℃. To this mixture was added Cl2PNMe2 (1.75 g, 12 mmol, 0.48 

equiv.) dropwise. The reaction mixture was then warmed up to room temperature and stirred 

for 2 h. Ethereal HCl (2 M, 12.5 mL, 25 mmol, 2.0 equiv) was added at -78 ℃ and the mixtures 

were then warmed up and stirred for 20 min. Volatiles are fully removed and the residue was 

redissolved in toluene. The solids were filtered off over Celite and volatiles were removed once 

again. The resulting solids were washed by hexane (40 mL) and ether (20 mL), yielding the 

bis(diphenoxyphenyl) phosphine chloride as white or pale pink solids (4.44 g, 7.5 mmol, 63%). 

Since this chlorophosphine is not stable over time in solution only 1H NMR and 31P{1H} 

NMR data is given.  

1H NMR (400 MHz, C6D6) δ 6.97 (dd, J = 8.7, 7.2 Hz, 8H), 6.87 (d, J = 8.7 Hz, 8H), 6.81 (d, 

J = 7.2 Hz, 4H), 6.70 (t, J = 8.2 Hz, 2H), 6.39 (dd, J = 8.2, 2.7 Hz, 4H). 31P{1H} NMR (121 

MHz, C6D6): δ 55.60 (s). 

3', 5'-Di-tert-butyl-4'-methoxyacetophenone were synthesized according to literature.99  

1H NMR (400 MHz, CDCl3) δ 7.89 (s, 2H, ArH), 3.72 (s, 3H, -OCH3), 2.58 (s, 3H, -C(O)CH3), 

1.46 (s, 18H, -C(CH3)3). 13C{1H} NMR (101 MHz, CDCl3): δ 198.10 (s), 164.26 (s), 144.27 (s), 

132.04 (s), 127.28 (s), 64.57 (s), 36.05 (s), 32.05 (s), 26.64 (s).General synthesis route for ligands 

RPOArH and metal complexes RPOAr-Ni 

Ligands RPOArH: In the glove box, to a precooled (-78 ℃) solution of the (substituted) 

acetophenone (0.5 mmol) in diethyl ether (5 mL) was added a precooled (-78 ℃) solution (2 mL) 

of LDA (M equiv., see below for actual numbers) in diethyl ether. The mixture was stirred for 

30 min at (-78 ℃), then slowly warmed up to room temperature and stirred for another 45 min 

at room temperature. All volatiles were removed from solution which was triturated with 

pentane (2 x 5 mL). The resulting residue was dissolved in THF (4 mL) and cooled to -78 ℃. 
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To this solution was added a THF solution (3 mL) of corresponding diaryl phosphine chloride 

(N equiv., see below for actual numbers). The mixture was then slowly warmed up to room 

temperature and stirred for additional 8 h. Next, volatiles were removed under vacuum, and the 

residue was dissolved in benzene and filtered through Celite. The volatile materials were 

removed once more under vacuum. The residue was triturated with pentane (2 x 5 mL) and or 

washed with hexanes (5 mL) and ether (5 mL) to yield ligands (RPOArH) as white or pale yellow 

solids. 

 

Metal complexes RPOAr-Ni: In the glove box, to a precooled (-78 ℃) solution of the ligand 

RPOArH (0.2 mmol) in tetrahydrofuran (THF) (2 mL) was added a precooled (-78 ℃) solution 

(2 mL) of LiHMDS (33.4 mg, 0.2 mmol) in THF. The mixture was then slowly warmed up to 

room temperature and stirred for 8 h at room temperature. All volatiles were removed from 

solution which was triturated with pentane (2 x 5 mL). The resulting residue was dissolved in 

toluene (4 mL) and cooled to -78 ℃. To this solution was added a toluene solution (2 mL) of 

(PEt3)2NiPhCl (81.4 mg, 0.2 mmol). The mixture was then slowly warmed up to room 

temperature and stirred for additional 24 h. Next, the mixture was filtered through Celite and 

volatiles were removed under vacuum. The residue was washed with pentane (5~10 mL), 
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hexanes (1 mL), and diethyl ether (2 mL), yielding metal complexes (RPOAr-Ni) as yellow or 

orange solids. 

MePOPhH: R'=R''=R'''=H. M= 1.05, N= 0.95. Yield: 65 %. 1H NMR (400 MHz, C6D6) δ 8.09 

(ddt, J = 6.7, 3.1, 1.4 Hz, 2H, ArH), 7.16 – 6.99 (m, 5H, ArH), 6.26 (ddd, J = 8.3, 2.5, 1.4 Hz, 

4H, ArH), 4.37 (dd,  J = 2.3, 1.3 Hz, 2H, -CH2-), 3.21 (s, 12H, -CH3). 13C{1H} NMR (101 MHz, 

C6D6): δ 197.65 (d, J = 9.9 Hz), 162.83 (d, J = 8.7 Hz), 138.62 (s), 131.90 (s), 129.63 (s), 129.07 

(d, J = 3.4 Hz), 116.60 (s), 116.29 (s), 104.68 (s), 67.83 (s), 65.92 (s), 55.50 (s), 38.46 (d, J = 19.7 

Hz). 31P{1H} NMR (121 MHz, C6D6): δ -47.15 (s).  

MePOPhCF3H: R'=R''=H, R'''=CF3. M= 1.05, N= 0.95. Yield: 17%. 1H NMR (400 MHz, C6D6) 

δ 7.91 – 7.84 (m, 2H, ArH), 7.25 (d, J = 8.1 Hz, 2H, ArH), 7.02 (tt, J = 8.3, 0.7 Hz, 2H, ArH), 

6.23 (dd, J = 8.3, 2.6 Hz, 4H, ArH), 4.29 (d, J = 2.6 Hz, 1H, -CH2-), 3.18 (s, 12H, -CH3). 13C{1H} 

NMR (101 MHz, C6D6): δ 196.96 (d, J = 10.1 Hz), 162.68 (d, J = 8.7 Hz), 141.03 (s), 133.09 (q, 

J = 32.2 Hz), 129.89 (s), 129.33 (d, J = 4.0 Hz), 126.02 (broad s), 125.18 (q, J = 3.8 Hz), 115.67 

(d, J = 30.4 Hz), 104.57 (s), 55.42 (s), 38.80 (d, J = 21.3 Hz). 19F{1H} NMR (121 MHz, C6D6): δ 

-62.69 (s). 31P{1H} NMR (121 MHz, C6D6): δ -46.46 (s).  

PhPOPhH: R'=R''=R'''=H. M=1.05, N=1.05. Yield: 74%. 1H NMR (400 MHz, C6D6) δ 7.94 – 

7.89 (m, 2H, ArH), 7.03 – 6.90 (m, 11H, ArH), 6.89 – 6.84 (m, 8H, ArH), 6.83 – 6.77 (m, 4H, 

ArH), 6.71 (ddd, J = 8.6, 7.9, 0.8 Hz, 2H, ArH), 6.40 (dd, J = 8.2, 2.4 Hz, 4H, ArH), 4.63 (d, J = 

3.2 Hz, 2H, -CH2-). 13C{1H} NMR (101 MHz, C6D6): δ 196.98 (d, J = 8.9 Hz), 161.22 (d, J = 

9.4 Hz), 157.36 (s), 137.90 (s), 132.21 (s), 130.07 (s), 129.79 (s), 129.08 (d, J = 3.6 Hz), 123.45 (s), 

120l.86 (d, J = 31.4 Hz), 119.89 (s), 112.92 (s), 37.89 (d, J = 18.9 Hz). 31P{1H} NMR (121 MHz, 

C6D6): δ -45.95 (s). 

MePOMesH: R'=R'''=Me, R''=H. M=1, N=1. Yield: 66%. 1H NMR (400 MHz, C6D6) δ 7.02 – 

6.97 (m, 8H, ArH), 6.92 – 6.79 (m, 12H, ArH), 6.71 (ddd, J = 8.6, 7.9, 0.8 Hz, 2H, ArH), 6.52 
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(s, 2H, ArH), 6.39 (dd, J = 8.2, 2.4 Hz, 4H, ArH), 4.64 (d, J = 4.3 Hz, 2H, -CH2-), 2.07 (s, 6H, 

mesityl-CH3), 2.00 (s, 3H, mesityl-CH3). 13C{1H} NMR (101 MHz, C6D6): δ 207.27 (d, J = 12.7 

Hz), 161.55 (d, J = 9.1 Hz), 157.37 (s), 141.01 (s), 137.87(s), 133.90 (s), 130.10 (s), 129.84 (s), 

128.89(s), 123.56 (s), 121.03 (d, J = 31.3 Hz), 120.12 (s), 112.71 (s), 42.79 (d, J = 20.5 Hz), 20.98 

(s), 19.88 (s), 19.85 (s). 31P{1H} NMR (121 MHz, C6D6): δ -49.64 (s).  

PhPOPhCF3H: R'=R''=H, R'''=CF3. M=1, N=1. Yield: 79%. 1H NMR (400 MHz, C6D6) δ 7.71 

(dt, J = 7.9, 0.8 Hz, 2H, ArH), 7.12-7.04 (m, 2H, ArH), 6.92-6.98 (m, 8H, ArH), 6.87-6.75 (m, 

12H, ArH), 6.69 (ddd, J = 8.6, 7.9, 0.8 Hz, 2H, ArH), 6.38 (dd, J = 8.2, 2.4 Hz, 4H, ArH), 4.53 

(d, J = 3.3 Hz, 2H, -CH2-). 13C{1H} NMR (101 MHz, C6D6): δ 196.14 (d, J = 8.9 Hz), 161.16 (d, 

J = 9.4 Hz), 157.17 (s), 140.19 (d, J = 1.3 Hz), 133.34 (q, J = 32.3 Hz), 130.32 (s), 129.86 (s), 

129.34 (d, J = 4.0 Hz), 128.73 (s), 125.22 (d, J = 3.8 Hz), 123.63 (s), 119.76 (s), 112.91 (s), 38.09 

(d, J = 19.5 Hz), 26.17 (s). 19F{1H} NMR (121 MHz, C6D6): δ -62.84 (s). 31P{1H} NMR (121 

MHz, C6D6): δ -45.75(s).  

PhPOArOMeH: R'=H, R''=tBu, R'''=OMe. M=1, N=1. Yield: 79%. 1H NMR (400 MHz, C6D6) 

δ 8.16 (s, 1H), 6.97 (dd, J = 8.7 7.3 Hz, 8H, ArH), 6.92-6.86 (m, 8H, ArH), 6.82-6.75 (m, 4H, 

ArH), 6.70 (ddd, J = 8.7, 7.9, 0.8 Hz, 2H, ArH), 6.39 (dd, J = 8.2, 2.4 Hz, 4H, ArH), 4.70 (d, J = 

3.4 Hz, 2H, -CH2-), 3.30 (s, 3H, -OCH3), 1.30 (s, 18H, -C(CH3)3). 13C{1H} NMR (101 MHz, 

C6D6): δ 196.62 (d, J = 7.6 Hz), 163.70 (s), 161.22 (d, J = 9.4 Hz), 157.38 (s), 143.44 (s), 132.92 

(s), 130.05 (s), 129.80 (s), 123.45 (s), 120.80 (d, J = 31.6 Hz), 119.93 (s), 112.80 (s), 67.85 (s), 

37.66 (d, J = 18.9 Hz), 35.93 (s), 32.10 (s), 32.04(s). 31P{1H} NMR (121 MHz, C6D6): δ -45.20(s).  

MePOPh-Ni: Yield: 65%. 1H NMR (400 MHz, C6D6) δ 8.06 – 7.99 (m, 2H, ArH), 7.36 – 7.29 

(m, 2H, ArH), 7.20 (t, J = 7.6 Hz, 3H, ArH), 7.14 – 7.01 (m, 4H, ArH), 6.78 (t, J = 7.3 Hz, 2H, 

ArH), 6.66 (t, J = 7.2 Hz, 1H, ArH), 6.28 (dd, J = 8.2, 3.4 Hz, 4H, ArH), 5.67 (t, J = 1.5 Hz, 1H, 

-CH-), 3.28 (s, 12H, -CH3), 1.46 – 1.33 (m, 6H, -CH2), 1.13 (dt, J = 15.1, 7.6 Hz, 9H, -CH3). 



 C h a p t e r  4  
 
 

 
234 

13C{1H} NMR (101 MHz, C6D6): δ 176.89 (d, J = 25.1 Hz), 161.78 (s), 153.09 (t, J = 33.2 Hz), 

141.27 (d, J = 14.4 Hz), 137.49 (q, J = 3.3 Hz), 129.53 (s), 127.35 (d, J = 2.2 Hz), 124.90 (d, J = 

2.8 Hz), 119.99 (s), 114.43 (s), 113.97 (s), 105.03 (t, J = 3.4 Hz), 83.94 (s), 83.37 (s), 56.01 (d, J = 

2.3 Hz), 13.81 (d, J = 21.1 Hz), 8.21 (d, J = 2.2 Hz). 31P{1H} NMR (162 MHz, C6D6) δ 14.22 (d, 

J = 301.9 Hz), -8.61 (d, J = 301.8 Hz). Anal. Calcd(%) for C36H44NiO5P2: C: 63.83, H: 6.55, 

found: C: 64.46, H: 6.10. 

MePOPhCF3-Ni: Yield: 68%. 1H NMR (400 MHz, C6D6) 7.85 (d, J = 8.1 Hz, 2H), 7.36 (d, J = 

8.2 Hz, 2H), 7.28 (dq, J = 8.0, 1.3 Hz, 2H), 7.06 (t, J = 8.2 Hz, 2H), 6.78 (t, J = 7.4 Hz, 2H), 6.71 

– 6.62 (m, 1H), 6.27 (dd, J = 8.2, 3.4 Hz, 4H), 5.66 (t, J = 1.8 Hz, 1H), 3.27 (s, 12H), 1.44 – 1.30 

(m, 6H), 1.13 (dt, J = 15.1, 7.6 Hz, 9H). 13C{1H} NMR (101 MHz, C6D6): δ 174.86 (dd, J = 26.9, 

8.0 Hz), 161.65 (s), 152.28 (dd, J = 33.7, 30.7 Hz), 144.51 (d, J = 15.4 Hz), 137.36 (t, J = 3.7 Hz), 

129.77 (s), 129.18 (d, J = 31.8 Hz), 127.38 (s), 125.00 (t, J = 2.6 Hz), 124.78 (q, J = 3.9 Hz), 

120.16 (t, J = 2.4 Hz), 113.62 (d, J = 2.2 Hz), 113.15 (d, J = 2.1 Hz), 104.86 (d, J = 4.2 Hz), 86.45 

(s), 85.90 (s), 55.90 (s), 13.80 (d, J = 21.4 Hz), 8.19 (s). 31P{1H} NMR (121 MHz, C6D6): δ 14.43 

(d, J = 301.8 Hz, 1P), -8.73 (d, J = 302.0 Hz, 1P). 19F{1H} NMR (121 MHz, C6D6): δ -61.93 (s). 

Anal. Calcd(%) for C37H43F3NiO5P2: C: 59.62, H: 5.82, found: C: 59.12, H: 5.75. 

PhPOPh-Ni: Yield: 76%. 1H NMR (400 MHz, C6D6) δ 7.63 (d, J = 7.2 Hz, 2H, ArH), 7.44 (d, 

J = 6.2, 1.6 Hz, 2H, ArH), 7.14-6.07 (m, 3H, ArH), 7.01 (ddd, J = 9.3, 5.5, 2.1 Hz, 8H, ArH), 

6.95-6.87 (m, 11H, ArH), 6.84 (ddt, J = 8.4, 7.0, 1.1 Hz, 4H, ArH), 6.71 (t, J = 8.4 Hz, 2H, ArH), 

6.43 (dd, J = 8.4, 3.0 Hz, 4H, ArH), 5.30-5.27 (m, 1H, -CHP-), 1.23 (ddd, J = 9.2, 7.5, 1.7 Hz, 

6H), 0.97 (dt, J = 15.3, 7.5 Hz, 9H). 13C{1H} NMR (101 MHz, C6D6): δ 179.66-178.32 (m), 

159.48 (s), 158.00 (s), 152.37-150.71 (m), 140.72 (d, J = 14.9 Hz), 138.16 (s), 129.74 (s), 129.71 

(s), 128.59 (s), 127.93 (s), 127.47 (d, J = 32.0 Hz), 125.42 (d, J = 3.1 Hz), 123.20 (s), 120.66 (s), 

119.98 (s), 113.27 (s), 82.27 (d, J = 55.4 Hz), 13.55 (d, J = 22.3 Hz), 7.99 (s). 31P{1H} NMR (121 
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MHz, C6D6): δ 14.56 (d, J = 305.0 Hz, 1P), -6.92 (d, J = 305.0 Hz, 1P). Anal. Calcd(%) for 

C56H52NiO5P2: C: 72.66, H: 5.66, found: C: 73.16, H: 5.37. 

PhPOMes-Ni: Modification of synthesis: After addition of (PEt3)2NiPhCl, the mixture was then 

heated to 70 ℃ under nitrogen with stirring for 12 h. Yield: 45%. 1H NMR (400 MHz, C6D6) δ 

7.56 (d, J = 7.1 Hz, 2H, ArH), 7.10 – 6.77 (m, 23H, ArH), 6.71-6.64 (m, 4H, ArH), 6.37-6.31 (m, 

4H, ArH), 5.12 (d, J = 1.7 Hz, 1H, -CH-), 2.35 (s, 6H, mesityl-CH3), 2.05 (s, 3H, mesityl-CH3), 

1.22-1.11 (m, 6H, -CH2P-), 0.95 (dt, J = 15.1, 7.5 Hz, 9H, -CH3). 13C{1H} NMR (101 MHz, 

C6D6): δ 181.73 (dd, J = 27.0, 8.1 Hz), 160.25 (s), 157.16 (s), 152.89 (dd, J = 35.2, 28.1 Hz), 

140.65 (d, J = 15.1 Hz), 135.36 (s), 134.92 (s), 129.77 (s), 129.42 (s), 128.59 (s), 125.26, 123.83 

(s), 121.16 (s), 120.52 (s), 111.14 (s), 85.80 (d, J = 59.2 Hz), 13.27 (d, J = 22.3 Hz), 8.07 (s). 

31P{1H} NMR (121 MHz, C6D6): δ 14.42 (d, J = 304.8 Hz, 1P), -6.92 (d, J = 304.8 Hz, 1P). Anal. 

Calcd(%) for C59H58NiO5P2: C: 73.23, H: 6.04, found: C: 72.92, H: 6.22. 

PhPOCF3-Ni: Modification of synthesis: 1) After addition of (PEt3)2NiPhCl, the mixture was 

then heated to 70 ℃ under nitrogen with stirring for 12 h; 2) after removed volatiles (2nd time), 

the residue was washed with pentane (5 mL) and hexanes (5 mL). Yield: 52%. 1H NMR (400 

MHz, C6D6) δ 7.60 (d, J = 7.2 Hz, 2H, ArH), 7.30 (s, 4H, ArH), 6.99 (dd, J = 8.6, 7.2 Hz, 8H, 

ArH), 6.94-6.81 (m, 15H, ArH), 6.71 (t, J = 8.2 Hz, 2H, ArH), 6.42 (dd, J = 8.2, 3.2 Hz, 4H, 

ArH), 5.27 (s, 1H, -CH-), 1.22 (ddd, J = 9.2, 7.6, 1.8 Hz, 6H, -CH2P-), 0.97 (dt, J = 15.1 Hz, 7.6 

Hz, 9H, -CH3). 13C{1H} NMR (101 MHz, C6D6): δ 177.08-176.73 (m), 159.44(s), 157.90 (s), 

151.04-150.40 (m), 143.99 (d, J = 15.2 Hz), 138.04 (s), 129.97 (s), 129.78 (s), 129.36-129.71 (m), 

128.39 (s), 127.34 (s), 125.51 (s), 124.61 (s), 123.33 (s), 120.83(s), 119.83 (s), 113.32 (s), 84.74 (d, 

J = 54.5 Hz), 13.52 (d, J = 22.2 Hz), 7.97 (s). 19F{1H} NMR (121 MHz, C6D6): δ -62.00 (s). 

31P{1H} NMR (121 MHz, C6D6): δ 14.40 (d, J = 304.7 Hz, 1P), -8.78 (d, J = 304.7 Hz, 1P). Anal. 

Calcd(%) for C57H51F3NiO5P2: C: 68.90, H: 5.17, found: C: 68.66, H: 4.87. 
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PhPOArOMe-Ni: Modification of synthesis: 1) After addition of (PEt3)2NiPhCl, the mixture was 

then heated to 70 ℃ under nitrogen with stirring for 12 h; 2) after removed volatiles (2nd time), 

the residue was washed with pentane (5 mL) and hexanes (5 mL). Yield: 72%. 1H NMR (400 

MHz, C6D6): δ 7.61 (d, J = 7.3 Hz, 2H, ArH), 7.47 (s, 2H, ArH), 7.03-6.77 (m, 23H, ArH), 6.66 

(t, J = 8.3 Hz, 2H, ArH), 6.37 (d, J = 8.3 Hz, 4H, ArH), 5.13 (broad s, 1H, -CH-), 3.36 (s, 3H, -

OCH3), 1.42 (s, 18H, -C(CH3)3), 1.28-1.16 (m, 6H, -CH2P-), 0.94 (dt, J = 15.1 Hz, 7.5 Hz, 9H, -

CH3). 13C{1H} NMR (101 MHz, C6D6): δ 178.97 (broad s), 159.43 (s), 159.11 (s), 157.68 (s), 

151.49 (s), 141.68 (s), 137.77 (s), 134.42 (d, J = 14.3 Hz), 129.31 (s), 129.22 (s), 125.47 (s), 124.98 

(s), 122.82 (s), 120.24 (s), 119.61 (s), 113.00 (s), 80.52 (d, J = 55.2 Hz), 63.54 (s), 35.54 (s), 35.54 

(s), 32.11 (s), 13.12 (d, J = 22.1 Hz), 7.63 (s). 31P{1H} NMR (121 MHz, C6D6): δ 14.24 (d, J = 

305.5 Hz, 1P), -7.21 (d, J = 305.5 Hz, 1P). Anal. Calcd(%) for C65H70NiO6P2: C: 73.11, H: 6.61, 

found: C: 72.32, H: 6.65. 

 

Metal complex PhP*OArO-Ni: In the glove box, to a precooled (-78 ℃) solution of 3', 5'-di-tert-

butyl-4'-hydroxyacetophenone (124 mg, 0.5 mmol) in diethyl ether (5 mL) was added a precooled 

(-78 ℃) solution (2 mL) of LDA (1.03 mol, 2.05 equiv.,) in diethyl ether. The mixture was stirred 

for 30 min at (-78 ℃), then slowly warmed up to room temperature and stirred for another 24 h 

at room temperature, yielding a pale orange suspension. All volatiles were removed from solution 

which was triturated with pentane (2 x 5 mL). The resulting residue was dissolved in THF (4 

mL) and cooled to -78 ℃. To this solution was added a THF solution (3 mL) of corresponding 

bis(diphenoxyphenyl) phosphine chloride (280.5 mg, 0.49 mmol, 0.95 equiv.). The mixture was 
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then slowly warmed up to room temperature and stirred for additional 8 h. Next, volatiles were 

removed under vacuum and the residue A was washed with diethyl ether (2 x 5 mL) and used 

directly in the next step. 

In the glove box, to a precooled (-78 ℃) solution of A in toluene (5 mL) at -78 ℃ was added 

a toluene solution (2 mL) of (PEt3)2NiPhCl (200 mg, 0.49 mmol). The mixture was then slowly 

warmed up to room temperature and heated to 70 ℃ under nitrogen with stirring for 12 h. Next, 

the mixture was filtered through Celite and volatiles were removed under vacuum. The residue 

was washed with pentane (5~10 mL), hexanes (5 mL) and diethyl ether (2 mL), yielding metal 

complexes PhP*OArO-Ni as bright yellow solids (Yields: 216 mg, 40%). 

1H NMR (400 MHz, C6D6): δ 7.94 (d, J = 2.5 Hz, 1H, ArH), 7.53 (d, J = 7.4 Hz, 2H, ArH), 

7.30 (d, J = 2.6 Hz, 1H, ArH), 7.04 (dd, J = 8.7, 7.2 Hz, 8H, ArH), 6.92-6.77 (m, 15H, ArH), 

6.56 (t, J = 8.3 Hz, 2H, ArH), 6.17 (d, J = 8.3 Hz, 4H, ArH), 4.74 (d, J = 10.6 Hz, 2H, -CH2-), 

1.85 (s, 9H, -C(CH3)3), 1.68 (s, 9H, -C(CH3)3), 1.04 (dd, 6H, J = 8.6, 6.8 Hz, -CH2P-), 0.73 (dt, J 

= 15.3 Hz, 7.6 Hz, 9H, -CH3). 13C{1H} NMR (101 MHz, C6D6): δ 183.61 (s), 160.41 (s), 156.53 

(s), 142.33 (s), 140.56 (s), 137.33 (s), 132.05 (s), 130.17(s), 130.02 (s), 128.59 (s), 126.34 (s), 126.10 

(s), 124.58 (s), 121.38 (s), 120.36 (s), 111.92 (s), 39.94 (d, J = 31.7 Hz), 35.86 (s), 30.44 (s), 30.26 

(s), 13.29 (d, J = 23.6 Hz), 7.61 (s). 31P{1H} NMR (121 MHz, C6D6): δ 13.66 (d, J = 312.9 Hz, 

1P), 0.10 (d, J = 312.9 Hz, 1P). Anal. Calcd(%) for C64H68NiO6P2: C: 72.94, H: 6.50, found: C: 

73.85, H: 6.11. 
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Crystallographic Information 

 
Figure S4.1. Solid-State Structure of Ni0. Ellipsoids are show at the 50% probability level. Hydrogen 
atoms and solvent molecules excluded for clarity.  
Special Refinement Details for Ni0: Complex Ni0 crystalizes in a P2(1)c space group with the full 
molecule in the asymmetric unit. 
 

 
Figure S4.2. Solid-State Structure of MePOPh-Ni. Ellipsoids are show at the 50% probability level. 
Hydrogen atoms and solvent molecules excluded for clarity.  
Special Refinement Details for MePOPh-Ni: Complex MePOPh-Ni crystalizes in a P-1 space group 
with the full molecule in the asymmetric unit.  
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Figure S4.3. Solid-State Structure of PhPOPh-Ni. Ellipsoids are show at the 50% probability level. 
Hydrogen atoms and solvent molecules excluded for clarity.  
Special Refinement Details for PhPOPh-Ni: Complex PhPOPh-Ni crystalizes in a P-1 space group 
with the full molecule in the asymmetric unit.  
 

 
Figure S4.4. Solid-State Structure of PhPOMes-Ni. Ellipsoids are show at the 50% probability level. 
Hydrogen atoms and solvent molecules excluded for clarity.  
Special Refinement Details for PhPOMes-Ni: Complex PhPOMes-Ni crystalizes in a P-2(1)/c space 
group with the full molecule in the asymmetric unit. One of the Et group in PEt3 is modelled with 
two-site disorder with occupancies of 0.62 and 0.38 (only one part is shown in figure 3.2). 
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Figure S4.5. Solid-State Structure of PhPOArOMe-Ni. Ellipsoids are show at the 50% probability level. 
Hydrogen atoms and solvent molecules excluded for clarity.  
Special Refinement Details for PhPOArOMe-Ni: Complex PhPOArOMe-Ni crystalizes in a P-2(1)c 
space group with the full molecule in the asymmetric unit.  
 

 
Figure S4.6. Solid-State Structure of PhP*OArO-Ni. Ellipsoids are show at the 50% probability level. 
Hydrogen atoms and solvent molecules excluded for clarity.  
Special Refinement Details for PhP*OArO-Ni: Complex PhP*OArO-Ni crystalizes in a P-2(1)c 
space group with the full molecule in the asymmetric unit.  
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Crystallographic Information 
Table S4.1. Crystal and refinement data for complexes Ni0, RP*OAr-Nis, and PhP*OArO-Ni. 

 NiH MePOPh-Ni PhPOPh-Ni 
Empirical formula C32H33NiO5P2 C36H44NiO5P2 C56H52NiO5P2 
Formula weight 557.3 677.36 925.65 
Temperature/K 100 K 100 K 100 K 
Crystal system Monoclinic Triclinic Triclinic 
Space group P-2(1)c P-1 P-1 
a/Å 17.542(16) 9.241(19) 12.693(6) 
b/Å 8.406(3) 9.97(2) 13.396(3) 
c/Å 20.05(2) 18.65(4) 14.751(6) 
α/° 90 91.17(7) 92.266(8) 
β/° 108.57(2) 97.76(6) 94.621(1) 
γ/° 90 101.09(5) 100.070(6) 
Volume/Å3 2803(4) 1669(6) 2457.8(15) 
Z 4 2 2 
ρcalcg/cm3 1.320 1.348 1.312 
μ/mm-1 0.829 0.718 0.510 
F(000) 1176 716 1020 
Radiation MoKα (λ = 

0.71073) 
MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

Reflections collected 51639 38726 79639 
Independent reflections 11532 7506 7641 
Goodness-of-fit on F2 1.167 1.276 0.978 
Final R indexes [I>=2σ (I)] R1 = 4.02 % 

R2 = 15.37% 
R1 = 7.79 % 
R2 = 21.49 % 

R1 = 5.19 % 
R2 = 9.29 % 

 
 PhP*OMes-Ni PhP*OArOMe-Ni PhP*OArO-Ni 
Empirical formula C59H58NiO5P2 C65H70NiO6P2 C64H68NiO6P2 
Formula weight 967.80 1067.9 1053.83 
Temperature/K 100 K 100 K 100 K 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P-2(1)c P-2(1)c P-2(1)c 
a/Å 11.340(3) 12.5879(12) 15.5540(16) 
b/Å 14.723(4) 18.312(3) 21.475(3) 
c/Å 29.769(9) 13.3885(16) 17.684(2) 
α/° 90 90 90 
β/° 100.28(3) 116.991(7) 106.525(7) 
γ/° 90 90 90 
Volume/Å3 4890(4) 2750.0(6) 5663.0(12) 
Z 4 4 4 
ρcalcg/cm3 1.315 1.290 1.236 
μ/mm-1 0.513 1.472 1.423 
F(000) 2040 1132 1246 
Radiation MoKα (λ = 0.71073) CuKα (λ = 1.54178) CuKα (λ = 1.54178) 
Reflections collected 85040 38726 73832 
Independent reflections 13734 10050 8817 
Goodness-of-fit on F2 1.167 0.858 0.978 
Final R indexes [I>=2σ(I)] R1 = 7.70 % 

R2 = 22.42% 
R1 = 3.63 % 
R2 = 10.85 % 

R1 = 5.17 % 
R2 = 14.84 % 
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Topographical analyses. Topographical maps of Ni0, RP*OAr-Nis, and PhP*OArO-Ni and 

corresponding percent buried volume data (%Vbur) were generated by Cavallo's SambVca 2.1 

(Salerno molecular buried volume calculation) program.72-75  

More details for %Vbur calculation and steric maps:  

1) The nickel atom (Ni1) defines the center of the xyz coordinate system,  

2) Ni(PEt3)Ph fragment was excluded;  

3) Bondi radii was scaled by 1.17; 74 

4) Mesh spacing for numerical integration was 0.10;  

5) Sphere radius was set to 3.5 Å;  

6) H atoms were excluded.  

For all compounds except PhP*OArO-Ni, xz-plane was defined as shown in the figure below 

and the z -axis was defined by the right-hand rule. For PhP*OArO-Ni, the y-axis is flipped (left-

handed coordinate system) so the larger axial shielding locates on the top. Note that for a specific 

complex, the %Vbur remained the same with Ni1 in the origin even the xyz coordination system 

rotated or flipped. 
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Supplemental Information for Ethylene Homopolymerization and Ethylene/tBA 

Copolymerization 

General procedure for high throughput parallel polymerization reactor (PPR) runs. Polyolefin catalysis 

screening was performed in a high throughput parallel polymerization reactor (PPR) system. 

The PPR system was comprised of  an array of  48 single cell (6 x 8 matrix) reactors in an inert 

atmosphere glovebox. Each cell was equipped with a glass insert with an internal working 

liquid volume of  approximately 5 mL. Each cell had independent controls for pressure and 

was continuously stirred at 800 rpm. Catalyst solutions (with Ni(COD)2 if  necessary) were 

prepared in toluene. All liquids (i.e., solvent, tBA, and catalyst solutions) were added via robotic 

syringes. Gaseous reagents (i.e., ethylene) were added via a gas injection port. Prior to each 

run, the reactors were heated to 50 °C, purged with ethylene, and vented.  

All desired cells were injected with tBA followed with a portion of  toluene (This step was 

skipped for ethylene homopolymerization). The reactors were heated to the run temperature 

and then pressured to the appropriate psig with ethylene. Catalyst solutions (with Ni(COD)2 

if  necessary)  were then added to the cells. Each catalyst addition was chased with a small 

amount of  toluene so that after the final addition, a total reaction volume of  5 mL was reached. 

Upon addition of  the catalyst, the PPR software began monitoring the pressure of  each cell. 

The desired pressure (within approximately 2-6 psig) was maintained by the supplemental 

addition of  ethylene gas by opening the valve at the set point minus 1 psi and closing it when 

the pressure reached 2 psi higher. All drops in pressure were cumulatively recorded as 

“Uptake” or “Conversion” of  the ethylene for the duration of  the run or until the uptake or 

conversion requested value was reached, whichever occurred first. Each reaction was then 

quenched by addition of  1% oxygen in nitrogen for 30 seconds at 40 psi higher than the 

reactor pressure. The pressure of  each cell was monitored during and after the quench to 
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ensure that no further ethylene consumption happens. The shorter the “Quench Time” (the 

duration between catalyst addition and oxygen quench), the more active the catalyst. In order 

to prevent the formation of  too much polymer in any given cell, the reaction was quenched 

upon reaching a predetermined uptake level of  80 psig. After all the reactors were quenched, 

they were allowed to cool to about 60 °C. They were then vented, and the tubes were removed. 

The polymer samples were then dried in a centrifugal evaporator at 60 °C for 12 hours, 

weighed to determine polymer yield and used in subsequent IR (tBA incorporation), GPC, 

DSC and NMR (copolymer microstructures) analysis.  

Measurement of  ethylene uptake curves. Upon addition of  the catalyst, the PPR software began 

monitoring the pressure of  each cell. The desired pressure (within approximately 2-6 psig) was 

maintained by the supplemental addition of  ethylene gas by opening the valve at the set point 

minus 1 psi and closing it when the pressure reached 2 psi higher. For example, the pressure 

was maintained between approximately 399-402 psi if  the original pressure was set to 400 psi. 

All drops in pressure were cumulatively recorded as “Uptake” or “Conversion” of  the ethylene 

for the duration of  the run. The unit of  this "Uptake" is in psi and the uptake curves over 

time were used to analyze the real-time activity of  catalysts and rates of  chain propagation. 

General procedure for batch reactor runs for preparation of  ethylene/tBA copolymers. Polymerization 

reactions were conducted in a 2-L Parr batch reactor. The reactor was heated by an electrical 

heating mantle and cooled by an internal serpentine cooling coil containing cooling water. The 

water was pre-treated by passing through an Evoqua water purification system. Both the 

reactor and the heating/cooling system were controlled and monitored by a Camile TG 

process computer. The bottom of  the reactor was fitted with a dump valve, which empties the 

reactor contents into a lidded dump pot, which was prefilled with a catalyst-kill solution 

(typically 5 mL of  an Irgafos / Irganox / toluene mixture). The lidded dump pot was vented 
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to a 15-gal. blowdown tank, with both the pot and the tank N2 purged. All chemicals used for 

polymerization or catalyst makeup are run through purification columns to remove any 

impurities that may affect polymerization. The toluene was passed through two columns, the 

first containing A2 alumina, the second containing Q5 reactant. The tert-butyl acrylate was 

filtered through activated alumina. The ethylene was passed through two columns, the first 

containing A204 alumina and 4 Å molecular sieves, the second containing Q5 reactant. The 

N2 used for transfers was passed through a single column containing A204 alumina, 4 Å 

molecular sieves and Q5 reactant. 

The reactor was loaded first from the shot tank that contained toluene and tBA. The shot 

tank was filled to the load set points by use of  a differential pressure transducer. After 

solvent/acrylate addition, the shot tank was rinsed twice with toluene. Then the reactor was 

heated up to the polymerization temperature set point. The ethylene was added to the reactor 

when the reaction temperature was reached to maintain the reaction pressure set point. 

Ethylene addition amounts were monitored by a micro-motion flowmeter. 

The catalysts were handled in an inert atmosphere glovebox and were prepared as a solution 

in toluene. The catalyst was drawn into a syringe and pressure-transferred into the catalyst shot 

tank. This was followed by 3 rinses of  toluene, 5 mL each. Catalyst was added when the reactor 

pressure set point was reached. 

Immediately after catalyst addition the run timer was started. Usually within the first 2 min. 

of  successful catalyst runs an exotherm was observed, as well as decreasing reactor pressure. 

Ethylene was then added by the Camile to maintain reaction pressure set point in the reactor. 

These polymerizations were run for 75 min or until 40 g of  ethylene uptake. Then the agitator 

was stopped, and the bottom dump valve was opened to empty reactor contents into the lidded 

dump pot. The lidded dump pot was closed and the contents were poured into trays placed in 
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a lab hood where the solvent was evaporated off  overnight. The trays containing the remaining 

polymer were then transferred to a vacuum oven, where they were heated up to 140 °C under 

vacuum to remove any remaining solvent. After the trays cooled to ambient temperature, the 

polymers were weighed for yield/efficiencies and submitted for polymer testing if  so desired. 

Procedure for gel permeation chromatography (GPC). High temperature GPC analysis was 

performed using a Dow Robot Assisted Delivery (RAD) system equipped with a Polymer Char 

infrared detector (IR5) and Agilent PLgel Mixed A columns. Decane (10 µL) was added to 

each sample for use as an internal flow marker. Samples were first diluted in 1,2,4-

trichlorobenzene (TCB) stabilized with 300 ppm butylated hydroxyl toluene (BHT) at a 

concentration of  10 mg/mL and dissolved by stirring at 160°C for 120 minutes. Prior to 

injection the samples are further diluted with TCB stabilized with BHT to a concentration of  

3 mg/mL. Samples (250 µL) are eluted through one PL-gel 20 µm (50 x 7.5 mm) guard column 

followed by two PL-gel 20 µm (300 x 7.5 mm) Mixed-A columns maintained at 160 °C with 

TCB stabilized with BHT at a flowrate of  1.0 mL/min. The total run time was 24 minutes. To 

calibrate for molecular weight (MW) Agilent EasiCal polystyrene standards (PS-1 and PS-2) 

were diluted with 1.5 mL TCB stabilized with BHT and dissolved by stirring at 160 °C for 15 

minutes. These standards are analyzed to create a 3rd order MW calibration curve. Molecular 

weight units are converted from polystyrene (PS) to polyethylene (PE) using a daily Q-factor 

calculated to be around 0.4 using the average of  5 Dowlex 2045 reference samples. 

Procedure for Fourier-transform infrared spectroscopy (FTIR). The 10 mg/mL samples prepared for 

GPC analysis are also utilized to quantify tert-butyl acrylate (tBA) incorporation by Fourier 

Transform infrared spectroscopy (FTIR).  A Dow robotic preparation station heated and 

stirred the samples at 160°C for 60 minutes then deposited 130 µL portions into stainless wells 

promoted on a silicon wafer.  The TCB was evaporated off  at 160°C under nitrogen purge.  
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IR spectra were collected using a Nexus 6700 FT-IR equipped with a DTGS KBr detector 

from 4000-400 cm-1 utilizing 128 scans with a resolution of  4.  Ratio of  tBA (C=O: 1762-

1704 cm−1) to ethylene (CH2: 736-709 cm−1) peak areas were calculated and fit to a linear 

calibration curve to determine total tBA. 

Differential scanning calorimetry (DSC). Differential scanning calorimetry analyses was 

performed on solid polymer samples using a TA Instruments, Inc. Discovery Series or TA 

Instruments, Inc., DSC2500, programmed with the following method: Equilibrate at 175.00 

°C; Isothermal for 3 minutes; Ramp 30.00 °C/min to 0.00 °C; Ramp 10.00 °C/min to 175.00 

°C; Data was analyzed using TA Trios software. 

NMR characterization. NMR spectra of  ethylene/tBA copolymers were recorded on a Bruker 

400 MHz using o-dichlorobenzene at 120 °C. 1H NMR analysis of  copolymers were done 

using a relaxation time (0.2 s), and an acquisition time (1.8 s) with the number of  FID’s 

collected per sample (512). 13C{1H} NMR analysis of  copolymers were done using 90° pulse 

of  17.2 µs, a relaxation time (22.0 s), an acquisition time (5.3 s), and inverse-gated decoupling 

with the number of  FID's collected per sample (1536). Analysis of  the spectra was based on 

literature.11, 38 

Supplemental Data for Ethylene Polymerization and Ethylene/tBA Copolymeri-zation 

 
Figure S4.7. Correlation between ethylene homopolymerization activity and %Vbur (in square) at 90 
°C (Dark blue: Ni0, green: MePOPh-Ni, orange: PhPOMes-Ni, red: PhPOPh-Ni). Activity data 
extracted from table 4.1. 
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Table S4.2 show the results of a set of ethylene/tBA copolymerization trials, which are 

summarized in Figure 4.6a (Figure 4.6a also includes entry 1, 2, 7, 10 from Table 4.2, and entry 

1 from Table 4.4). 

Table S4.2. Ethylene/tBA copolymerization with MePOPh-Ni, PhPOPh-Ni, PhPOPhCF3-Ni under 
different temperatures (some data are also included in Table 1). 

Entrya catalyst T (ºC) Act. 
(kg/(mol·h)) Mw/103 PDI %Mol 

tBA Tm (ºC) 

1 MePOPh-Ni 100 534 2.5 1.9 1.5 115 
2 MePOPh-Ni 110 574 2.4 1.9 1.4 114 
3 PhPOPh-Ni 100 3274 9.1 2.5 0.6 121 

aConditions unless specified: catalyst, 0.25 μmol; Ni(COD)2, 1 μmol; [tBA] = 0.05 M, V(toluene)=5 ml; ethylene 

pressure=400 psi; polymerization runs were stopped when ethylene uptake reached 80 psi.  

 

Original polymerization runs for ethylene/tBA copolymerization 

Table S4.3. Original runs of  table 4.1. 

Entrya catalyst Ni(COD)2
/Cat. 

T 
(ºC) 

time 
(s) 

yield 
(mg) Act.b Mw/103 PDI Tm 

(ºC) 
1 Ni0 4 90 41 182 64 1.25 2.1 122 
2 Ni0 4 90 41 208 73 1.47 2.7 123 
3 Ni0 4 90 38 195 74 1.28 2.3 122 
4 MePOPh-Ni 4 90 38 294 111 3.6 2.8 121 
5 MePOPh-Ni 4 90 35 281 116 4.5 3.3 118 
6 PhPOPh-Ni 4 90 49 271 80 11.4 3.2 123 
7 PhPOPh-Ni 4 90 46 245 77 13.4 3.7 125 
8 PhPOPh-Ni 4 90 41 255 90 10.9 3.1 125 
9 PhPOMes-Ni 4 90 72 264 53 7.8 2.6 121 
10 PhPOMes-Ni 4 90 65 199 44 3.2 2.7 118 
11 PhPOPhCF3-Ni 4 90 65 285 63 9.2 3 124 
12 PhPOPhCF3-Ni 4 90 63 252 58 9.8 2.7 124 
13 PhPOPhCF3-Ni 4 90 54 225 60 9.3 2.6 125 
14 MePOPh-Ni 0 90 73 229 45 5.1 2.1 121 
15 MePOPh-Ni 0 90 65 226 50 3.9 2.4 120 
16 PhPOPh-Ni 0 90 118 146 18 14.3 2.5 126 
17 PhPOPh-Ni 0 90 113 152 19 13 2.5 126 

aConditions unless specified: catalyst, 0.25 μmol; V(toluene)=5 ml; ethylene pressure=400 psi; polymerization runs 

were stopped when ethylene uptake reached 80 psi. bActivity in 106 g/(mol*h). 

 

 

 

 

 

 

 



 C h a p t e r  4  
 
 

 
249 

Table S4.4. Original runs of  table 4.2. 
Entrya catalyst Ni(COD)2/

Cat. 
[tBA]/

M 
T 

(ºC) 
time 
(s) 

yield 
(mg) Act.b Mw/103 PDI %Mol tBA Tm 

(ºC) 
1 MePOPh-Ni 4 0.05 70 3513 57 234 4.6 1.9 1.3 111 
2 MePOPh-Ni 4 0.05 70 3101 55 255 4.6 2 1.4 114 
3 PhPOPh-Ni 4 0.05 70 2152 120 803 16.5 2.2 0.5 122 
4 PhPOPh-Ni 4 0.05 70 1970 95 694 16.2 2.2 0.7 123 
5 PhPOPh-Ni 4 0.05 70 1922 59 442 12.6 2.2 0.5 123 
6 PhPOPh-Ni 4 0.05 70 1878 103 789 12.6 2.3 0.5 - 
7 PhPOMes-Ni 4 0.05 70 3600 102 408 7.9 2.1 0.6 115 
8 PhPOMes-Ni 4 0.05 70 3433 91 382 7.3 2.1 0.6 114 
9 PhPOPhCF3-Ni 4 0.05 70 1972 58 424 17.5 3 0.3 123 
10 PhPOPhCF3-Ni 4 0.05 70 2201 125 818 21.1 3.3 0.4 124 
11 PhPOArOMe-Ni 4 0.05 70 2204 89 486 17.2 2.3 0.6 123 
12 PhPOArOMe-Ni 4 0.05 70 2334 113 697 19.9 2.5 0.5 123 
13 PhP*OArO-Ni 4 0.05 70 3601 42 168 18.8 2.5 0.6 123 
14 PhP*OArO-Ni 4 0.05 70 3515 58 238 20.3 2.6 0.7 123 
15 MePOPh-Ni 4 0.05 90 2141 75 504 3.9 2 1.4 112 
16 MePOPh-Ni 4 0.05 90 2338 70 431 3 1.9 1.6 114 
17 MePOPh-Ni 4 0.05 90 1789 67 539 3.7 1.9 1.4 113 
18 MePOPh-Ni 4 0.1 90 3600 46 184 2.7 2.1 2.5 76 
19 MePOPh-Ni 4 0.1 90 3296 44 192 2.4 2 3 78 
20 MePOPhCF3-Ni 4 0.05 90 1470 84 823 6.2 3.2 1.4 114 
21 MePOPhCF3-Ni 4 0.05 90 1586 86 781 6.3 3.3 1.4 114 
22 MePOPhCF3-Ni 4 0.05 90 1588 79 716 6.2 3.1 1.4 114 
23 PhPOPh-Ni 4 0.05 90 680 103 2181 10.5 2.5 0.6 122 
24 PhPOPh-Ni 4 0.05 90 763 117 2208 11.9 2.3 0.6 122 
25 PhPOPh-Ni 4 0.05 90 743 100 1938 10.3 2.7 0.6 122 
26 PhPOPh-Ni 4 0.1 90 1199 99 1189 9.3 2.6 1.2 118 
27 PhPOPh-Ni 4 0.1 90 1127 89 1137 8.4 2.5 1.1 118 
28 PhPOMes-Ni 4 0.05 90 1521 121 1146 7 2.1 0.7 116 
29 PhPOMes-Ni 4 0.05 90 1502 107 1026 6.9 2 0.7 116 
30 PhPOPhCF3-Ni 4 0.05 90 777 72 1334 10 2.2 0.5 122 
31 PhPOPhCF3-Ni 4 0.05 90 899 84 1345 10.2 2.2 0.5 122 
32 PhPOArOMe-Ni 4 0.05 90 1206 140 1672 15.2 2.3 0.6 122 
33 PhPOArOMe-Ni 4 0.05 90 935 132 2033 - - 0.6 123 
34 PhP*OArO-Ni 4 0.05 90 2275 87 551 14.7 2.5 0.7 122 
35 PhP*OArO-Ni 4 0.05 90 1870 82 631 15.4 2.3 0.7 123 
36 MePOPh-Ni 0 0.05 90 3600 51 204 2.9 2 1.9 112 
37 MePOPh-Ni 0 0.05 90 3600 53 212 2.9 2.1 2 114 
38 PhPOPh-Ni 0 0.05 90 966 104 1550 11.5 2.5 0.6 122 
39 PhPOPh-Ni 0 0.05 90 826 93 1621 9.7 2.5 0.6 122 
40 PhP*OArO-Ni 0 0.05 90 2617 93 512 12.4 2.4 0.6 122 
41 PhP*OArO-Ni 0 0.05 90 3412 94 397 10.2 2.5 0.6 122 

aConditions unless specified: catalyst, 0.25 μmol; V(toluene)=5 ml; ethylene pressure=400 psi; polymerization runs 

were stopped when ethylene uptake reached 80 psi.  bActivity in 103 g/(mol*h). 
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Table S4.5. Original runs of  table S4.2. 

Entrya catalyst 
Ni(COD)2/

Cat. 

[tBA]/

M 

T 

(ºC) 

time 

(s) 

yield 

(mg) 
Act.b 

Mw/

103 
PDI 

%Mol 

tBA 

Tm 

(ºC) 

1 MePOPh-Ni 4 0.05 100 3601 71 284 2.7 1.9 1.4 111 

2 MePOPh-Ni 4 0.05 100 1882 87 666 2.6 1.9 1.5 115 

3 MePOPh-Ni 4 0.05 100 2886 81 404 2.4 1.8 1.4 114 

4 PhPOPh-Ni 4 0.05 100 556 125 3237 9.1 2.5 0.6 121 

5 PhPOPh-Ni 4 0.05 100 567 130 3302 9.4 2.6 0.6 122 

6 PhPOPh-Ni 4 0.05 100 540 127 3387 8.6 2.4 0.6 121 

7 PhPOPh-Ni 4 0.05 100 545 120 3171 9.4 2.6 0.6 121 

8 MePOPh-Ni 4 0.05 110 946 48 731 2.5 2.0 1.4 - 

9 MePOPh-Ni 4 0.05 110 2066 60 418 2.2 1.8 1.4 114 
aConditions unless specified: catalyst, 0.25 μmol; V(toluene)=5 ml; ethylene pressure=400 psi; 
polymerization runs were stopped when ethylene uptake reached 80 psi.  bActivity in 103 g/(mol*h). 

 

Table S4.6. Original runs of  figure 4.6 (ethylene uptake curves). 

Entrya catalyst 
Ni(COD)2/

Cat. 

[tBA

]/M 

T 

(ºC) 

time 

(s) 

yield 

(mg) 
Act.b 

Mw/

103 
PDI 

%Mol 

tBA 

Tm 

(ºC) 

1c MePOPh-Ni 4 0.1 90 3296 44 192 2.4 2 3 78 

2d PhPOPh-Ni 4 0.1 90 1199 99 1189 9.3 2.6 1.2 118 

3e PhPOPh-Ni 4 0.1 110 576 126 3150 6.7 2.4 1.0 119 

4 MePOPh-Ni 4 0.1 110 3600 25 99 9.1 2.5 0.6 121 

5f PhPOPh-Ni 0 0.1 110 1200 119 2855 7.8 2.5 1.3 120 
aConditions unless specified: catalyst, 0.25 μmol; V(toluene)=5 ml; ethylene pressure=400 psi; 
polymerization runs were stopped when ethylene uptake reached 80 psi. bActivity in 103 g/(mol*h). cAlso 
included in table S6.3 as entry 18. dAlso included in table S6.3 as entry 25. eAlso included in table S6.6 as 
entry 4. fAlso included in table S6.6 as entry 14, [Ni]=0.125 μmol .  

 

Table S4.7. Original runs of  table 4.4 (PPR). 

Entrya catalyst 
[Cat.]/ 

μmol 

Ni(COD)2/

Cat. 

[tBA]/

M 

Time 

(s) 

Yield 

(mg) 
Act.b 

Mw/

103 
PDI 

%Mol 

tBA 

Tm 

(ºC) 

1 PhPOPh-Ni 0.25 4 0.05 362 106 4217 7.5 2.3 0.5 121 

2 PhPOPh-Ni 0.25 4 0.05 341 108 4561 7.2 2.4 0.6 121 

3 PhPOPh-Ni 0.25 4 0.05 403 138 4931 8.6 2.7 0.6 122 

4 PhPOPh-Ni 0.25 4 0.1 576 126 3150 6.7 2.4 1.0 119 

5 PhPOPh-Ni 0.25 4 0.1 534 121 3263 6.4 2.4 1.1 118 

6 PhPOPh-Ni 0.25 4 0.1 584 130 3205 6.3 2.5 1.2 118 

7 PhPOPhCF3-Ni 0.125 4 0.025 396 105 7636 7.0 2.3 0.3 123 

8 PhPOPhCF3-Ni 0.125 4 0.025 437 112 7381 11.9 2.4 0.2 123 

9 PhPOPh-Ni 0.125 0 0.025 562 116 7229 9.6 2.5 0.4 123 

10 PhPOPh-Ni 0.125 0 0.025 510 131 7399 9.9 2.6 0.4 123 

11 PhPOPh-Ni 0.125 0 0.025 473 132 8032 9.2 2.5 0.3 123 

12 PhPOPh-Ni 0.125 0 0.025 464 133 8259 9.3 2.5 0.5 123 

13 PhPOPh-Ni 0.125 0 0.1 1112 117 3029 7.8 2.6 1.4 119 

14 PhPOPh-Ni 0.125 0 0.1 1200 119 2855 7.8 2.5 1.3 120 
aConditions unless specified: V(toluene)=5 ml; ethylene pressure=400 psi; T= 110 ºC; polymerization 
runs were stopped when ethylene uptake reached 80 psi.  bActivity in 103 g/(mol*h). 

 

Table S4.8. Original runs of  table 4.4 (Batch). 

Entrya catalyst 
Ni(COD

)2/Cat. 

tBA/m

mol 

Time 

(min) 

Yield 

(g) 
Act.b Efficiencyc Mw/

103 
PDI 

%Mol 

tBA 

Tm 

(ºC) 

1 PhPOPh-Ni 0 29.5 26.2 50.1 4954 36900 10.3 2.8 0.3 125 

2 PhPOPh-Ni 0 58.5 56.6 50.1 2293 36900 11.1 2.6 0.5 125 
aConditions: V(toluene)=550 ml; 23.7 μmol Ni catalyst, ethylene pressure=430 psi; T= 110 ºC; 
polymerization runs were stopped when ethylene consumption reached 40 g. bActivity in 103 g/(mol*h). 
cEfficiency in g copolymer/g Ni. 
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Microstructural analysis of ethylene/tBA copolymers 

The following sections summarize methods and results of microstructural analysis. Analysis 

of the spectra was based on literature.11, 38 

 
Figure S4.8. A sample 1H NMR spectrum of ethylene/tBA copolymers (C. entry 10, table 2) with 
peaks assigned to specific microstructural features.  
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Figure S4.9. A sample 13C{1H} NMR spectrum of ethylene/tBA copolymers (C, entry 10, table 2) 
with peaks assigned to specific microstructural features. 

Calculation of Mn based on 1H NMR spectra 

Mn can be calculated from 1H NMR spectra. Below is an example based on sample C. 

Note that the integration of br/br' set to 1, therefore all values of integration in 1H NMR 

spectra are all relevant numbers of protons per occurrence of a tBA units (labeled as rX) 

rX = relevant number of carbon atoms 

rX-H = relevant number of proton atoms = 705.27+ 0. 67 + 0.42 + 0.73 + 0.5 = 707.59 

Each ethylene unit has 2 carbon and 4 protons 

For tBA units, each tBA unit has 6 carbon and 12 protons exclude the ester group (-C(O)O-

). Note that the relevant number of tBA units is 1 (reference). 

Therefore rX = 0.5 * rX-H + 1  

rC = relevant number of polymer chain 

rC = 0.5 * 0.67 + 0.5 * 0.42 + 0.5 = 1.045 

Mn = (rX * 12 + rX-H * 1 + 2 * Mol Wt (O))/rC = ((0.5 * rX-H + 1) * 12 + rX-H + 2 * 

16)/rC = (7 * 707.59 + 6 + 32)/1.045 = 4.776 ~ 4.8k. 

For comparison, the molecular weight obtained by GPC is Mn = Mw / PDI = 10.9k / 2.5 

=4.36 k  

Methods of microstructural analysis 

• %Mol tBA (NMR): Calculation of % Mol tBA (NMR) is based on the 1H NMR 

spectrum and section S7.1.2. 

rR = relevant number of repeating units = 0.5 * (rX-4) = 0.25 * rX-H - 1.5 

Relevant number of tBA units = 1 

% Mol tBA = 1 / rR = 1 / (0.25 * rX-H - 1.5) 
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For sample C, % Mol tBA = 1 / (0.25 * 707.59 - 1.5) = 0.6 %, which is consistent with the 

result obtained from quantitative FTIR. 

• %I-tBA: the percentage of internal tBA units over all tBA units. Use sample C as 

an example: 

Calculation of %I-tBA  is based on the 13C{1H} NMR spectrum. Note that all tBA units have 

t-butyl group (peak 1) but only internal tBA units have saturated α- and β-carbon (peak a, b). 

% I -tBA = (0.5 * Integration of peak b)/(0.333 * Integration of peak 1) = 59% 

• %T-tBA: the percentage of terminal tBA units over all tBA units.  

%T-tBA = 1 - %I-tBA  

For sample C, %T-tBA = 41% 

• %Vinyl: the ratio of the number of terminal vinyl units over the number of tBA 

units in percentage, which is calculated based on the 1H NMR spectra and section 

S7.1.2. Use sample C as an example: 

rV = relevant number of vinyls = 0.5 * integration of peak 1V 

rT-tBA = relevant number of terminal tBA = integration of peak k (if cis-end tBA is not 

present) 

%Vinyl/%T-tBA=rV/rT-tBA 

For sample C, % Vinyl = 21%  

• %2-Propenyl: the ratio of the number of 2-propenyl units over the number of 

tBA units in percentage.  

Similar to % Vinyl,  

% 2-Propenyl/%T-tBA = (0.5 * integration of peak (TV+CV))/integration of peak k 

(if cis-end tBA is not present) 

For sample C, % Vinyl = 17%  
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• %HomoPE: the minimum amount of polyethylene present in the product in 

percentage. This concept is adopted from literature,85 with 2-propenyl taken into 

account. 

%HomoPE = (%Vinyl + % Propenyl - % I-tBA)/((%Vinyl + % Propenyl + % T-tBA) 

• N(Methyl): Calculation of N(Methyl) is based on the 13C{1H} NMR spectrum 

(unit: 1/1000C).  

For sample C, N(Methyl) = 1000 * 1.77 / (1000 + 3.55 + 3.58 + 2.10 + 3.58 + 1.93 + 1.67 

+ 2.02) = 1.7 

• N(2-Propenyl): Calculation of N(2-Propenyl) is based on the 1H NMR 

spectrum (unit: 1/1000C).  

N(2-Propenyl) = 1000 * relevant number of propenyl/rX = 1000 * (0.5 * integration of 

peak (TV+CV)/(0.5 * rX-H + 1) 

For sample C, N(2-Propenyl) = 0.6  

 

7.1.4 Results of microstructural analysis 

Copolymer samples A~E are Ethylene/tBA copolymers produced in entry 7, 9, 10, 13, 12 of 

table 2, respectively. 

Table S4.10 Lists of catalysts and copolymer samples they produced. 
 A B C D E 

Catalyst MePOPh-Ni MePOPhCF3-Ni PhPOPh-Ni PhPOPhCF3-Ni PhPOMes-Ni 
Entries in table 2 7 9 10 13 12 

Table S4.11. Comparison of Mw values obtained from GPC and NMR analysis. 
 A B C D E 

Mn(GPC)/103 1.84 1.93 4.36 4.59 3.33 
Mn(NMR)/103 1.61 2.29 4.76 5.07 3.70 

In general, the Mw values obtained from these two methods matches, with errors of 

9%~18%. 
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Table S4.12. Analysis of distributions of tBA units. 
 A B C D E 

% I-tBA 61% 48% 59% 52% 71% 
% T-tBA 39% 52% 41% 48% 29% 
% Vinyl 26% 24% 21% 34% 44% 

%2-Propenyl 22% 44% 17% 47% 57% 
%HomoPE 0% 2% 0% 0% 0% 

Mn(NMR)/103 1.61 2.29 4.76 5.07 3.70 

Table S4.13. Analysis of non-polar moieties. 
 A B C D E 

N(Methyl)a 2.7 1.6 1.7 1.1 4.0 
N(2-Propenyl)a 2.1 1.9 0.6 1.0 1.8 

b1/1000C. 

 

 

1H and 13C{1H} spectra of ethylene/tBA copolymers 

 
Figure S4.14. 1H NMR spectra of ethylene/tBA copolymer A~E (top to bottom).  
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Figure S4.15. 1H NMR spectra of ethylene/tBA copolymer A~E (top to bottom, olefinic region). 
 

 
Figure S4.16. 13C{1H} NMR spectra of ethylene/tBA copolymer A~E (top to bottom). 
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Figure S4.17. Scaled 13C{1H} NMR spectra of ethylene/tBA copolymer A~E (top to bottom, 
alkyl region).  

 

Samples of GPC curves of homopolyethylene and ethylene/tBA copolymers 

 
Figure S4.18. GPC curve of homopolyethylene (table S6.2, entry 6). 
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Figure S4.19. GPC curve of ethylene/tBA copolymers (table S6.3, entry 24). 

 

Catalyst comparison 

The catalysts reported here are notable for high activity and thermal stability for polar 

polyolefin synthesis. A variety of catalysts have been developed for ethylene/acrylate 

copolymerization.11-13, 15-17, 22-24, 29, 32, 38, 41-42, 47, 49, 51, 61, 63, 81, 83, 85, 100-149 Previous examples of nickel 

catalyzed ethylene acrylate copolymerization are relatively rare, with the majority supported by 

phenoxide/napthoxide-based ligands. 10-11, 16, 29, 38, 83, 85, 102 To compare the performance of our 

best catalyst, PhPOPh-Ni to prior examples, two metrics were ploted: catalyst activity and 

optimized reaction temperature (Figure S8.1). Previously reported ethylene/acrylate 

copolymerization experiments were included if they feature: 1) activity > 0.5 kg/(mol*h) and 2) 

copolymer Mw>2500. In addition, experiments are excluded if they were performed with large 

amounts of activator/masking reagents on a scale comparable to the amount of acrylate 

(additives:acrylates > 1:10). Overall, experiments under 468 different reaction conditions, or 229 
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different catalysts, from 75 scientific papers are included in catalyst comparison.11-13, 15-17, 22-24, 29, 

32, 38, 41-42, 47, 49, 51, 61, 63, 81, 83, 85, 100-149 Reaction conditions, such the ethylene pressure, catalyst and 

monomer concentration, may differ, therefore these comparisons should be considered 

qualitative. 

 
Figure S4.20. Comparison of PhPOPh-Ni (red diamond) with reported Pd and Ni catalysts for 
ethylene/acrylate copolymerization (half-transparent diamonds: acrylate = tBA; half-transparent 
square: other acrylates were used; darker color indicates overlapping data points; reported catalysts 
are included if they: 1) shows activity higher than 0.5 kg/(mol*h) in ethylene acrylate 
copolymerization and 2) produce copolymers with Mw>2500). 

    Overall, most examples show limited activities of less than 100 kg/(mol·h) (423 out of 468 

experiments, or 200 out of 229 catalysts) , though being able to produce copolymers with varying 

molecular weights, branching distribution and polar monomer incorporation. An important 

aspect to consider is that increased acrylate incorporation will result in lower activity, which 

affects some of the systems compared. Many palladium catalysts are able to produce polar 

polyethylene at relatively high temperatures. Notably, several recent developed nickel and 

palladium catalysts show remarkably improved activity at elevated temperatures (70~90 ºC). As 
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shown in figure 8, the highest activity was observed at 70 ºC. Only one of these reports describes 

a palladium example with operation temperature >100 ºC though the activity is relatively low 

(63 kg/(mol·h)).128 As shown in figure S4.20, PhPOPh-Ni displays significant improved activity at 

elevated temperatures compared to previous reports. 
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ABSTRACT 

 

Polar polyolefin synthesis by coordination polymerization is of high interest, but 

catalysts' low activity limits industrial implementation. Herein, we report that the nature 

of labile ligand, L, significantly impacts the performance of neutral nickel catalysts 

supported by bidentate phosphine-phenoxide and phosphine-enolate ligands in 

ethylene/acrylate copolymerization. By tuning L, the copolymerization activity of one 

newly developed catalyst, 2-py, reaches ~24000 kg/(mol*h). In situ studies indicate that 

a weaker L leads to faster chain propagation and more efficient catalyst initiation. 

Overall, this work demonstrates the impact of a strategy to improve catalyst activity in 

polar polyolefin synthesis complementary to design optimization for the bidentate 

ligand. 
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GENERAL INTRODUCTION 

Polyolefins account for over half  of  global plastic production.1-2 Incorporation of  

polar groups can provide value-added materials with desirable physical and mechanical 

properties and potential degradability.3-10 Metal catalyzed coordination 

copolymerization is of  interest due to better expected control over monomer 

incorporation and polymer microstructure relative to industrialized radical process.6, 11-

14 However, polar groups can significantly inhibit this catalysis through coordination 

to the metal site, and thus prevent practical implementation.1, 6 

Late transition metal catalysts supported by bidentate ligands have shown promise 

in the coordination copolymerization involving polar olefins.6, 15-34 Despite significant 

progress, major limitations include the low catalytic activity, low thermal stability of  

catalysts, and low molecular weight (Mw) of  resulting copolymers.1, 15, 35 Catalyst design 

strategies beyond steric and electronic tuning of  the bidentate ligands are of  increasing 

interest.1, 35 

Late transition metal precatalysts typically display a bidentate ligand and a labile 

ligand (L) in addition to a metal-hydrocarbyl motif  (Figure 5.1a). Ligand L requires 

substitution by olefin to initiate catalysis. Therefore, additives that compete for these 

ligands such as Ni(COD)2 or borane Lewis acids or phase transfer strategies have been 

employed to promote initiation.36-43 The effects of  L on Ni-catalyzed ethylene 

polymerization have been studied, highlighting impacts on activity, branching and 

associated isomerization.36, 44-48 However, the effect of  L on Ni-catalyzed 
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copolymerization of  ethylene with polar olefins has not been studied systematically.27, 

33, 49-52 For neutral Pd catalysts, only limited effects on ethylene/acrylate 

copolymerization were reported with ligand L. For example, ligand L-free version of  

a Pd phosphine sulfonate catalyst showed <35% increase in activity compared to 

analogues with labile ligands (e.g. OPBu3, DMSO) for L.45 The small effect of  the 

additional donor is potentially related to the presence of  a large excess of  coordinating 

polar groups in copolymerization with polar monomers. Herein, we report studies of  

two types of  neutral Ni catalysts toward addressing the impact of  ligand L on the 

copolymerization of  ethylene and acrylate. 

 
Figure 5.1. a) Depiction of  neutral Ni catalysts; b) Potential reaction pathways involving 
ligand L in catalysis; c) Ni catalysts studied in this work; d) Solid-state structure of  PhPOPh-

Ni(py). Only one molecule in the asymmetric unit is shown for clarity. Hydrogen atoms and 
solvent molecules are excluded. Ellipsoids are shown at the 50% probability level; e) Reversible 
ligand binding and relative binding strength of  ligand Ls with two types of  complexes. 
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RESULTS AND DISCUSSION 

Neutral Ni catalysts are attractive given their relatively high efficiency and low cost 

of  nickel.17 P,O-chelated Ni complexes represent a high-performance class of  catalysts  

with potential for further improvement for the synthesis of  polar polyolefins.8, 17, 32-34, 

53-56 We have previously studied the thermodynamics of  olefin and polar group 

coordination to the nickel center and found both are orders of  magnitude weaker than 

binding of  typical labile ligands (e.g. PEt3).34 56 We therefore anticipated that ligand L 

could compete for binding to metal with vinyl and ester groups present under 

ethylene/acrylate copolymerization conditions even under relatively low 

concentrations of  L as is the case for single component catalysts (Figure 5.1b). Once 

coordinated, substitution of  ligand L by olefins is required for subsequent monomer 

insertion during initiation or propagation. 

We focused our study of  the influence of  ligand L on two types of  catalysts, the Ni 

phosphine phenoxide and Ni phosphine enolate systems. Although both feature 

promising activity and thermal stability in ethylene/acrylate copolymerization further 

improvements are desirable.55 Five complexes were selected, 1-PEt3, 1-py, 2-PEt3, 2-

PPh3, and 2-py (Figure 5.1c). Within the same bidentate ligand class (phosphine-

phenoxide vs phosphine-phenolate), they differ only in the labile ligand L.  

The synthesis of  1-PEt3 was analogous to 2-PEt3 (see SI), which was previously 

reported.55 Preparation of  the pyridine adduct for both, 1-py and 2-py, was attempted 

by substitution of  PEt3 upon addition of  a large excess of  pyridine to 1-PEt3 or 2-
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PEt3. However, the ligand exchange was slow and the equilibrium between these two 

types of  adducts is far on the side of  the PEt3 adduct. Based on ligand exchange 

experiments (SI Section S3), the equilibrium constant, KPEt3/py, is approximately 

~25000 for 1-PEt3/1-py and 20000 for 2-PEt3/2-py (Figure 5.1e), indicating the 

significant difference in the binding energies of  PEt3 and Py. 

The large KPEt3/py favoring phosphine binding prevents efficient synthesis of  the 

pyridine adduct from corresponding PEt3 adduct. Instead, deprotonation of  the P,O 

proligand with LiN(SiMe3)2 followed by salt metathesis with NiPhCl(tmeda), where 

tmeda = N,N,N',N'-tetramethylethylenediamine, afforded 1-py and 2-py (SI Section 

S2). The 31P{1H} NMR spectrum of  the product features a sharp singlet at ~-0.6 ppm 

for 1-py, and ~-2.6 ppm for 2-py (Figure AB5.1-5.2, AB5.5), matching the new 

resonance observed in the ligand exchange studies. The PPh3 adduct, 2-PPh3, can be 

prepared by ligand substitution from 2-py quantitatively (See SI section S2). A small 

equilibrium constant was observed between the pyridine adduct and the PPh3 adduct 

(~4, KPPh3/py, Figure 5.1e). The identity of  1-PEt3, 1-py, 2-py were further confirmed 

by single crystal X-ray diffraction (scXRD), which reveals a square-planar geometry 

and and an ether oxygen oriented over the axial position of  Ni (Figure 5.1d and Figure 

S5.4.1-3). 

The influence of  ligand L on ethylene/acrylate copolymerization was studied. All 

five catalysts show high activity and thermal stability in the copolymerization of  

ethylene and tert-butyl acrylate as single-component catalysts (tBA, Table 5.1). Under 

otherwise identical conditions (Entry 1 vs 2, and 4 vs 5), the pyridine adducts (1-py 
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and 2-py) show activity ~5 times higher than that of  the corresponding PEt3 adducts 

(1-PEt3 and 2-PEt3, respectively), indicating that a weaker ligand L does facilitate 

catalysis. On the other hand, 2-PPh3, and 2-py feature similar activity (Entry 6 vs 7), 

consistent with the similar binding affinities of  pyridine and PPh3. Resulting 

copolymers feature similar molecular weights (Mw) and tBA incorporation. This is 

notable given that strategies of  increasing activity are typically coupled with significant 

changes in polymer Mw or polar monomer incorporation.41, 57-60 

To further evaluate the effect of  ligand L, ethylene/tBA copolymerization was 

conducted with 2-PPh3 and varying equivalents of  PEt3 (Table 5.1, entry 7~10). 

Addition of  1 equiv. of  PEt3 leads to ~70% decrease in activity (entry 7 vs 8), 

demonstrating the significant inhibitory effect of  a strong ligand L on catalysis, even 

at low concentration. Increase in PEt3 concentrations leads to further decrease in 

activity (entry 8~10). Specifically, in-situ mixture of  2-PPh3 and 10 equivalent of  PEt3 

feature activity ~1/10 that of  activity of  the 2-PPh3 + 1 PEt3 mixture. Notably, 

addition of  a large excess of  PEt3 (e.g.) also leads to significant decrease in copolymer 

Mw, implying that ligand L impacts chain transfer. Overall, the above scenarios further 

confirm the substantial influence of  ligand L on ethylene/acrylate copolymerization. 
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Table 5.1. Ethylene/acrylate copolymerization results.a 

Entry catalyst [tBA]/M T/°C Act.c Mw/103 PDI %Mol tBA Tm/°C 

1 1-PEt3 0.05 90 0.21 63.1 2.3 1.7 114 

2 1-PEt3 0.10 90 0.12 41.3 2.6 3.5 104 

3 1-py 0.05 90 1.1 78.4 2.3 1.6 115 

4 1-py 0.10 90 0.44 55.0 2.2 3.2 105 

5 2-PEt3 0.05 90 1.38 10.3 2.3 0.5 122 

6 2-py 0.05 90 6.2 10.3 2.5 0.6 122 

7 2-PPh3 0.05 90 5.6 12.2 2.1 0.5 122 

8 2-PPh3 + 1 PEt3 0.05 90 1.87 11.1 2.1 0.5 122 

9 2-PPh3 + 2 PEt3 0.05 90 1.20 10.2 2.4 0.5 122 

10 
2-PPh3 + 10 

PEt3 0.05 90 0.18 3.7 2.4 0.5 121 

11 2-PEt3 0.05 110 3.7 8.4 2.5 0.6 122 

12 2-py 0.05 110 13.3 6.8 2.4 0.6 123 

13 2-py 0.10 110 4.7 6.8 2.5 1.2 114 

14 2-py 0.15 110 2.9 6.6 2.3 1.6 112 

15b 2-PEt3 0.025 90 3.0 11.3 2.3 0.3 125 

16b 2-py 0.025 90 13.6 12.5 2.6 0.3 124 

17b 2-PEt3 0.025 110 7.4 8.6 2.5 0.3 124 

18b 2-py 0.025 110 24 8.1 2.5 0.3 124 

19c 2-py 0.054 110 10.6 10.6 2.3 0.5 124 

20c 2-py 0.11 110 4.9 9.5 2.2 0.8 123 

aUnless specified, V = 5 mL, [Ni] = 0.05 mM, ethylene pressure = 400 psi, toluene solvent. 

Polymerizations were stopped after consuming a set amount of ethylene (reaction time: 2.5~60 min; 

see Table S5.6.1 for specific polymerization times. Each entry represents multiple replicated runs. 

85~145 mg of copolymer was produced in each run. See SI section S5 for detailed procedures and 

Table S5.6.1 for original catalytic runs. b[Ni]=0.025 mM. c Copolymerization in a batch reactor. 

Condition: V = 550 mL, 23.7 μmol PhPOPh-Ni ([Ni]=0.043 mM), ethylene pressure = 430 psi, T= 110 
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°C, t = 8 min (entry 19), or 15 min (entry 20), polymerizations were stopped after ethylene uptake 

reached 40g. See SI section S5 for detailed procedure. dActivity in 1000 kg/(mol·h). 

To understand how ligand L affects copolymerization activity, in-situ measurements 

of  ethylene uptake over time during catalysis were performed with 1-PEt3, 1-py, 2-

PEt3 and 2-py (Figure 5.2a). Though both ethylene and tBA are involved in 

copolymerization, ~99% of  repeating units in resulting copolymers are ethylene-

based. Therefore, ethylene uptake over time, plotted as turnover frequency (TOF) was 

used to evaluate catalyst performance in this copolymerization. Notably, a higher 

maximum TOF was observed with the pyridine adduct (~ 0.05 psi/s for 1-py and > 

0.5 psi/s for 2-py) compared to the analogous PEt3 adduct (~ 0.015 psi/s for 1-PEt3 

and ~ 0.25 psi/s for 2-PEt3). The maximum and steady state value of  TOF 

corresponds to the rate of  chain propagation. Therefore, the above difference 

indicates that chain propagation is faster with the pyridine adduct and, hence, implies 

that ligand L significantly impacts the propagation. In addition, an induction period to 

reach maximum TOF was observed for both 2-PEt3 and 2-py, but it is much shorter 

for 2-py (c.a. 60 s) compared 2-PEt3 (> 300 s) under otherwise identical conditions. 

For these neutral catalysts, replacement of  ligand L by ethylene is necessary for catalyst 

initiation. The shorter induction period of  2-py indicates that substitution of  pyridine 

by olefins is more facile than of  PEt3. This is consistent with the ligand’s relative 

binding strengths. Copolymerization by 2-PPh3 in the presence of  different 

concentrations of  PEt3 (Figure S5.6.1), shows impact on both catalyst initiation and 

chain propagation further confirming the abovementioned effects of  L on 

copolymerization catalysis. 
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Figure 5.2. a) Ethylene uptake curves (left) and corresponding TOF (right) vs time for 1-PEt3 (red) 

and 1-py (blue). Conditions for a): V (total) = 5mL, [Ni Cat.] = 0.05 mM, [tBA] = 0.05 M, ethylene 

pressure = 400 psi, T = 90 °C, toluene solvent. b) Ethylene uptake curves (left) and corresponding TOF 

(right) vs time for 2-PEt3 (red) and 2-py (blue). Conditions for b): V (total) = 5mL, [Ni Cat.] = 0.025 

mM, [tBA] = 0.025 M, ethylene pressure = 400 psi, T = 110 °C, toluene solvent. c) Rate of ethylene 

uptake (TOF) vs time with different tBA concentrations (Catalyst: 2-py). d) Rate of ethylene uptake 

(TOF) vs time for 2-PEt3 and 2-py with/without Ni(COD)2 at different temperatures. Conditions for 

c) and d) unless specified: V (total) = 5mL, [Ni Cat.] = 0.05 mM, [tBA] = 0.05 M, ethylene pressure = 

400 psi, T = 110 °C, toluene solvent. See Table S5.6.2-3 for original catalytic runs. 

Overall, the above results demonstrate that ligand L impacts catalyst initiation and 

propagation, which is notable given that the concentration of  L is c.a. ~1000 times 

lower than acrylate and ethylene concentration is even higher than acrylate.61-62 The 

ester group of  acrylate can also substitute L, though it is a significantly weaker ligand 

compared to pyridine and phosphines.56 We thus performed ethylene uptake studies 
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with 2-py under different acrylate concentrations (Figure 5.2b, Table S5.6.2), which 

revealed that the catalyst initiation has a similar induction period under all conditions. 

However, a significant difference was observed in maximum TOF. These observations 

indicate that initiation is independent of  acrylate concentration, likely being driven by 

ethylene insertion, consistent with kinetics studies on related systems,34 although 

ethylene and acrylate induced initiation could also be undistinguishable. The lower 

maximum TOF at higher tBA concentrations is consistent with more frequent acrylate 

insertions, generating the resting state of  the catalyst with a chelating pendant ester 

that undergoes slow ethylene insertion.34, 56 Structural analysis of  the copolymer indeed 

show higher tBA incorporation, that keep the catalyst in the less reactive form.  

In addition to L, reaction temperatures and activators can also impact catalyst 

initiation and chain propagation. Their effects were evaluated via ethylene uptake 

analysis (Figure 5.2c). Increase in temperature leads to higher maximum TOFs (rate 

of  ethylene uptake) and shorter induction period for both catalysts. For example, for 

2-py maximum TOF increases from 0.3 psi/s (90 °C) to 0.5 psi/s (110 °C), and it is 

achieved in ~100 s and <60 s, respectively. This is consistent with higher rates of  chain 

propagation and initiation at higher temperature. Again, the maximum TOF is 

different between the two catalysts even at different temperatures, indicating that the 

presence of  different L in the reaction mixture still impacts propagation. Ni(COD)2 is 

commonly employed as a phosphine scavenger to promote catalyst initiation. Indeed, 

catalyst activation of  2-PEt3 with Ni(COD)2 results in marginally faster initiation and 

a higher maximum TOF. However, the improvement relative to no activator is small 
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and both catalyst initiation and chain propagation are slower than 2-py. Therefore, 

adding scavengers of  the labile ligand L is not sufficient to achieve the intrinsic activity 

of  system 2 as promoted by the bidentate phosphine enolate ligand.  

 
Figure 5.3. Influence of  structures of  enolate ligands on rates of  catalyst "initiation" and 
propagation. Conditions unless specified: V (total) = 5mL, [Ni] = 0.05 mM, [tBA] = 0.05 M, 
ethylene pressure = 400 psi, T = 90 °C, toluene solvent. See Table S5.6.4 for original catalytic 
runs. 

Typical catalyst improvement strategies are primarily focused on the design of  

ancillary bidentate ligands. For comparison, the effect of  the nature of  ligand L vs 

bidentate ligand structures on catalyst initiation and propagation were evaluated. A set 

of  reported Ni enolate catalysts featuring different substituents and chelating 

frameworks based on the phosphine enolate motif  were screened (Figure 5.3). 

Changes in the nature of  the PO chelate (PhP*OArO-Ni(PEt3) vs PhPOArO-Ni(PEt3)) 

and substituents ortho to the phosphine (2-PEt3 vs MePOPh-Ni(PEt3)) lead to a 2~4-

fold differences in maximum TOF. These relative changes are comparable to the 
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effects observed upon varying L. Importantly, the highest activity is derived from 

changing L. 

Overall, the above results further demonstrate the significance of  ligand L on both 

catalyst initiation and chain propagation even upon changes in the nature of  ancillary 

ligand or addition of  activator (Ni(COD)2). Therefore, in new catalyst development, 

careful comparison should be made to evaluate the effect of  ligand L, as its impact 

may mask the intrinsic performance derived from the design of  the ancillary bidentate 

ligand. Moreover, given that altering ligand L is more facile than the bidentate ligand, 

this is an alternate strategy in catalyst optimization. 

Table 5.2. Analysis of  copolymer microstructures.a 

 P P* 
Catalyst 2-PEt3 2-py 

Methyl/1000C 1.7 2.0 

2-Propenyl/1000C 0.6 0.9 

[a] Sample P and P* are copolymers produced by 2-PEt3 and 2-py under otherwise identical conditions. 

(P: reported in ref 55 as sample C; P*: table S5.6.1, entry 15). See SI Section S5.7.1-2 for more details. 

Ligand L has been reported to impact branching in ethylene homopolymerization 

by Ni-imino-phenoxide catalysts at low temperatures (≤30 °C).47 Our results here 

provide a related example in a more complicated reaction system, ethylene/tBA 

copolymerization, and at more industrially relevant temperatures (90~110 °C). 

Compared to copolymers generated by 2-PEt3, copolymers from 2-py show slightly 

higher levels of  methyl branch and 2-propenyl end (~120%, ~150%, respectively). 

Nonetheless, these copolymers remain highly linear (methyl branch ≤2/1000C). These 

features indicate that polymerization activity can be increased by appropriate selection 

of  L, without dramatically altering polymer microstructure. 
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CONCLUSION 

In summary, labile ligand L significantly impacts catalyst activity in ethylene/acrylate 

copolymeriza-tion, while its impact on copolymer microstructure is moderate. 

Specifically, replacing PEt3 by pyridine leads to a 4~5-fold increase in 

copolymerization activ-ity. Importantly, L affects not only the initiation, but also 

propagation, even in the presence of  an activa-tor. These results may have practical 

applications given that low activity is a major limiting factor for coordination 

copolymerization involving polar mon-omers, and optimization of  ligand L is more 

facile than changes in the ancillary ligand.  
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EXPERIMENTAL SECTION 

1. General Considerations 

All air- and water-sensitive compounds were manipulated under N2 or Ar using standard 

Schlenk or glovebox techniques. The solvents for air- and moisture-sensitive reactions were 

dried over sodium benzophenone/ketyl, calcium hydride, or by the method of  Grubbs.1 

Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; C6D6, was dried over 

a purple suspension with Na/benzophenone ketyl and vacuum transferred. tert-Butyl acrylate 

was dried over 4 Å sieves for greater than 72h. 2,4,6-Trimethylacetophenone was dried over 4 

Å sieves for greater than 72h, vacuum transferred, and passed over an activated alumina plug. 

Acetophenone, dimethoxybenzene, and triethylphosphine were dried over calcium hydride 

and vacuum-transferred or distilled prior to use. Lithium bis(trimethylsilyl)amide (LiHMDS) 

were purchased from Sigma-Aldrich and used without further purification. 

Bis(dimethoxyphenyl)phosphine chloride, bis(diphenoxyphenyl)phosphine chloride, Metal 

precursor (tmeda)NiPhCl, phosphine enolate ligand PhPOPhH, complex 2-PEt3, MePOPh-

Ni(PEt3)Ph, PhPOMes-Ni(PEt3)Ph, PhPOArOMe-Ni(PEt3)Ph, PhPOPhCF3-Ni(PEt3)Ph, and 

PhP*OArO-Ni(PEt3)Ph were synthesized according to literature procedures.2-4 All 1H, 13C, and 

31P spectra of  organic and organometallic compounds were recorded on Varian INOVA-400, 

or Bruker Cryoprobe 400 spectrometers. 1H and 13C chemical shifts are reported relative to 

residual solvent resonances.  
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2. Preparation of Metal Complexes 

Synthesis of 2-bromo-4-tert-butyl-6-bis(2’,6’-dimethoxyphenyl)phosphinophenol 

(MeOPOBrH) 

A Schlenk flask fitted with a screw-in Teflon stopper was charged with a solution of 1,3-

dibromo-5-(tert-butyl)-2-(methoxymethoxy)benzene (3.52 g, 10.0 mmol) in THF (40 mL) and 

cooled to -78 °C under nitrogen. A hexane solution of n-butyllithium (4 mL, 2.5 M, 10.0 mmol) 

was added dropwise via syringe. After stirring for an additional 30 min at -78 °C, a solution of 

bis(2,6-dimethoxyphenyl)phosphine chloride (3.41 g, 10.0 mmol) in THF (20 mL) was added 

dropwise via cannula. After complete addition, the reaction was allowed to warm up to room 

temperature and stirred for an additional 3 h, yielding a yellow solution. The solution was then 

concentrated to ~20 mL. Degassed MeOH (10 mL) was added, followed by the addition of 

concentrated aqueous HCl (5 mL). The resulting mixture was degassed immediately via three 

freeze-pump-thaw cycle with a liquid nitrogen bath. After stirring for 4 h under room 

temperature, volatiles were removed under vacuum. In a N2-filled glovebox (no exclusion of 

water), the resulting pale-yellow residue was taken up in CH2Cl2 (40 mL), washed with saturated 

aqueous solutions of K2CO3 (3 x 10 mL) and NH4Cl (3 x 10 mL), dried over MgSO4, and filtered 

through Celite. The volatiles were removed under reduced pressure. In a glovebox (exclusion of 

water and oxygen), the resulting pale-yellow solid was dissolved in ether and filtered through 

Celite. The volatile materials were removed once more under vacuum and the resulting mixture 

was washed by hexanes (10 mL) and the solid was collected via vacuum filtration. Further 

recrystallization from cold, concentrated Et2O solution yields 2-bromo-4-tert-butyl-6-bis(2’,6’-

dimethoxyphenyl)phosphinophenol (MeOPOBrH, 4.05 g, 70% yield) as a white powder. 1H 

NMR (400 MHz, C6D6): δ 7.97 (dd, J = 13.0, 2.5 Hz, 1H, ArH), 7.80 (d, J = 2.4 Hz, 1H, OH), 

7.62 (d, J = 2.4 Hz, 1H, ArH), 7.0 (dt, J = 8.3, 1.1 Hz, 2H, ArH), 6.20 (dd, J = 8.3, 2.9 Hz, 4H, 
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ArH), 3.14 (s, 12H, OCH3), 1.15 (s, 9H, C(CH3)3). 13C{1H} NMR (101 MHz, C6D6): δ 161.89 

(d, J = 8.4 Hz, 4C, Aryl-C), 153.94 (d, J = 4.8 Hz, 1C, Aryl-C), 142.51 (d, J = 12.8 Hz, 1C, Aryl-

C), 132.64 (d, J = 42.0 Hz, 1C, Aryl-C), 130.71 (s, 1C, Aryl-C), 129.79 (s, 2C, Aryl-C), 125.48 (d, 

J = 17.2 Hz, 1C, Aryl-C), 112.91 (d, J = 22.7 Hz, 2C, Aryl-C), 109.38 (s, 1C, Aryl-C), 104.25 (s, 

4C, Aryl-C), 55.26 (s, 4C, OCH3), 34.08 (s, 1C, C(CH3)3), 31.51 (s, 3C, C(CH3)3). 31P{1H} NMR 

(162 MHz, C6D6) δ -55.2 (s).  

Synthesis of MeOPOBr-Ni(PEt3)Ph (1-PEt3) 

In a Schlenk tube, a solid mixture of MeOPOBrH (75 mg, 0.14 mmol) and LiCH2SiMe3 (13 

mg, 0.14 mmol) was treated with cold (+5 °C) benzene (8 mL). The resulting mixture was slowly 

warmed to room temperature and stirred for an additional 1 hour. To this reaction mixture, a 

benzene solution (2 mL) of [NiCl(Ph)(PEt3)2] (53 mg, 0.14 mmol, 1 equiv.) was added at room 

temperature. The resulting yellow suspension was heated to 80 °C for 18 hours under nitrogen 

atmosphere. After completion of the reaction, as confirmed by an aliquot 31P NMR, the reaction 

mixture was filtered into a 20 mL glass vial, and the yellow filtrate was evaporated to dryness 

under reduced pressure. The resulting residue was washed with hexane (3 × 5 mL) at room 

temperature and dried under reduced pressure for 3 hours to obtain 1-PEt3 as an analytically 

pure yellow solid. Yield: 90 mg (0.11 mmol, 82%). 

1H NMR (400 MHz, C6D6): δ 7.73 (dd, J = 9.9, 1.7 Hz, 1H, ArH), 7.61 (d, J = 1.7 Hz, 1H, 

ArH), 7.19 (d, J = 7.3 Hz, 2H, ArH), 7.02 (t, J = 8.3 Hz, 2H, ArH), 7.62 (t, J = 7.2 Hz, 2H, ArH), 

6.62 (t, J = 7.2 Hz, 1H, ArH), 6.18 (dd, 3JH,H = 8.4 Hz, 4JH,P = 3.4 Hz, 4H, ArH), 3.18 (s, 12H, -

OCH3), 1.49 (m, 6H, PCH2), 1.18 (m, 9H, PCH2CH3), 1.14 (s, 9H, C(CH3)3). 13C{1H} NMR 

(101 MHz, C6D6): δ 168.75 (dd, J = 30.4, 7.4 Hz, 2C, Aryl-C), 161.56 (s, 4C, Aryl-C), 151.59 (dd, 

J = 32.4, 7.4 Hz, 2C, Aryl-C), 137.27 (t, J = 3.7 Hz, 2C, Aryl-C), 136.11 (d, J = 6.5 Hz, 1C, Aryl-

C), 131.34 (d, J = 1.5 Hz, 1C, Aryl-C), 130.32 (s, 2C, Aryl-C), 127.09 (d, J = 2.2 Hz, 1C, Aryl-C), 
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125.63 (d, J = 49.4 Hz, 1C, Aryl-C), 125.02 (t, J = 2.5 Hz, 2C, Aryl-C), 120.09 (t, J = 2.2 Hz, 1C, 

Aryl-C), 113.46 (d, J = 14.8 Hz, 1C, Aryl-C), 110.54 (dd, J = 45.2, 1.8 Hz, 2C, Aryl-C), 104.20 

(d, J = 4.2 Hz, 4C, Aryl-C), 55.48 (s, 4C, OCH3), 33.80 (s, 1C, C(CH3)3), 31.92 (s, 3C, C(CH3)3), 

13.94 (d, J = 22.0 Hz, 3C, PCH2CH3), 8.28 (s, 3C, PCH2CH3). 31P{1H} NMR (162 MHz, C6D6) 

δ 15.0 (d, J = 298.8 Hz, 1P), -3.6 (d, J = 298.8 Hz, 1P). Anal. Calcd(%) for C38H49BrNiO5P2: C: 

58.04, H: 6.28; found: C: 58.87, H: 6.34. 

Synthesis of MeOPOBr-Ni(py)Ph (1-py) 

In the glove box, to a precooled (-78 °C) solution of the ligand MeOPOBrH (107 mg, 0.2 

mmol) in tetrahydrofuran (THF) (2 mL) was added a precooled (-78 °C) solution (2 mL) of 

LiHMDS (33.4 mg, 0.2 mmol) in THF. The mixture was then slowly warmed up to room 

temperature and stirred for 8 h at room temperature. All volatiles were removed from solution 

which was triturated with pentane (2 x 5 mL). The resulting residue was dissolved in toluene (4 

mL) and cooled to -78 °C. To this solution was added a toluene solution (2 mL) of 

(tmeda)NiPhCl (57.2 mg, 0.2 mmol) and pyridine (79 mg, 1.0 mmol). The mixture was then 

slowly warmed up to room temperature and stirred for additional 24 h. Next, the mixture was 

filtered through Celite and volatiles were removed under vacuum. The resulting solids were 

further washed with pentane (5~10 mL*3), hexanes (1 mL), and diethyl ether (1 mL), yielding 

metal complexes (1-py) as analytically pure yellow solids (97 mg, yield: 65%). 

1H NMR (400 MHz, C6D6): δ 8.95 – 8.89 (m, 2H, ArH), 7.71 (d, J = 2.3 Hz, 1H, ArH), 7.66 

(dd, J = 11.3, 2.4 Hz, 1H, ArH), 7.60 (d, J = 7.2 Hz, 2H, ArH), 7.02 (t, J = 8.3 Hz, 2H, ArH), 

6.82 (t, J = 7.2 Hz, 2H, ArH), 6.78 – 6.73 (m, 1H, ArH), 6.71-6.67 (m, 1H, ArH), 6.42 (t, J = 6.4 

Hz, 2H, ArH), 6.17 (dd, J = 8.3, 3.8 Hz, 4H, ArH), 3.17 (s, 12H, -OCH3), 1.14 (s, 9H, -tBu). 

13C{1H} NMR (101 MHz, C6D6): δ 167.38 (d, J = 23.5 Hz, 2C, ArC), 161.51 (s, 4C, ArC), 155.34 

(d, J = 48.0 Hz, 1C, ArC), 151.81 (s, 2C, ArC), 138.35 (s, 2C, ArC), 136.47 (s, 1C, ArC), 136.12 
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(d, J = 6.9 Hz, 1C, ArC), 131.58 (s, 1C, ArC), 130.79 (s, 2C, ArC), 126.88 (s, 1C, ArC), 126.46 (s, 

1C, ArC), 125.42 (s, 2C, ArC), 123.51 (s, 2C, ArC), 121.30 (s, 1C, ArC), 112.96 (d, J = 16.2 Hz, 

1C, ArC), 110.05 (d, J = 54.5 Hz, 1C, ArC), 104.18(s, 4C, ArC), 55.36 (s, 4C, -OMe), 33.86 (s, 

1C, -C(CH3)3), 31.98 (s, 3C, -C(CH3)3). 31P{1H} NMR (162 MHz, C6D6) δ -0.63 (s). Anal. 

Calcd(%) for C37H38BrNNiO5P: C: 59.47, H: 5.26, N: 1.87; found: C: 60.37, H: 5.40, N: 2.13. 

Synthesis of PhPOPh-Ni(py)Ph (2-py) 

In the glove box, to a precooled (-78 °C) solution of the ligand PhPOPhH (134.4 mg, 0.2 mmol) 

in tetrahydrofuran (THF) (2 mL) was added a precooled (-78 °C) solution (2 mL) of LiHMDS 

(33.4 mg, 0.2 mmol) in THF. The mixture was then slowly warmed up to room temperature and 

stirred for 8 h at room temperature. All volatiles were removed from solution which was 

triturated with pentane (2 x 5 mL). The resulting residue was dissolved in toluene (4 mL) and 

cooled to -78 °C. To this solution was added a toluene solution (2 mL) of (tmeda)NiPhCl (57.2 

mg, 0.2 mmol) and pyridine (79 mg, 1.0 mmol). The mixture was then slowly warmed up to 

room temperature and stirred for additional 24 h. Next, the mixture was filtered through Celite 

and volatiles were removed under vacuum. After washed with pentane (5~10 mL*3), hexanes 

(1 mL), and cold diethyl ether (2 mL), the resulting solids was further purified by precipitation 

from cold, concentrated solution in diethyl ether, yielding metal complexes (2-py) as yellow-

brownish solids (44 mg, yield: 25%). 

1H NMR (400 MHz, C6D6) δ 8.08 – 7.98 (m, 4H, 4ArH), 7.49 (dd, J = 7.6, 2.0 Hz,  2H, 2ArH), 

7.12 – 7.06 (m, 3H, ArH), 7.03 – 6.94 (m, 11H, ArH), 6.95 – 6.88 (m, 8H, ArH), 6.85 – 6.80 (m, 

4H, ArH), 6.75 (t, J = 8.2 Hz, 2H, ArH), 6.69 – 6.64 (m, 1H, ArH), 6.60-6.55 (m, 1H, ArH), 6.47 

(dd, J = 8.2, 3.3 Hz, 4H, ArH), 6.21-6.16 (m, 2H, ArH), 5.23 (broad s, 1H, -CHC(O)-). 13C{1H} 

NMR (101 MHz, C6D6): δ 177.67 (d, J = 20.7 Hz), 159.16 (s), 158.10 (s), 155.82 (d, J = 44.3 Hz), 

151.22(s). 140.14 (d, J = 15.6 Hz), 138.76 (s), 136.00 (s), 130.12 (s), 129.76(s), 127.80 (s), 127.61 



 C h a p t e r  5  
 
 

 
289 

(s), 127.42 (s), 125.75 (s), 123.09 (s), 122.96 (s), 121.73 (s), 120.49 (s), 119.82 (s), 113.73 (s), 82.45 

(d, J = 58.7 Hz). 31P{1H} NMR (162 MHz, C6D6) δ -2.63 (s). Anal. Calcd(%) for C55H42NNiO5P: 

C: 74.51, H: 4.78, N: 1.58; Found (%): C, 74.15; H, 5.07; N, 1.17. 

Synthesis of PhPOPh-Ni(PPh3)Ph (2-PPh3) 

In the glove box, to a solution of 2-py (35.44 mg, 0.04 mmol) in toluene (6 mL) was added 1 

equiv. of PPh3 (10.48 mg, 0.04 mmol). After stirring for 15 min, all volatiles were removed under 

vacuum. To the residue was added toluene (6 mL) and the volatiles were removed under vacuum 

again. The above step was repeated for several times until quantitative converion of 2-py to 2-

PPh3 (41.8 mg, >97% yield). 

1H NMR (400 MHz, C6D6) δ 7.50 (ddd, J = 9.8, 7.7, 1.8 Hz, 8H, ArH), 7.08 – 6.88 (m, 30H, 

ArH), 6.87 – 6.81 (m, 4H, Raha), 6.73 – 6.66 (m, 3H, ArH), 6.60 (t, J = 7.7 Hz, 2H, ArH), 6.42 

(dd, J = 8.2, 3.2 Hz, 4H, ArH), 5.18 (d, J = 1.7 Hz, 1H, ArH). 31P NMR (162 MHz, C6D6) δ -

5.98 (d, J = 303 Hz), 23.44 (d, J = 303 Hz). 

 

3. Ligand Exchange Studies 

Representative procedure. In the glovebox, to a solution of 2-PEt3 (0.0059 mmol, 5.5 mg) and 

in C6D6 (438 mg) was added a known amount of pyridine. The mixture was fully dissolved 

and transferred to an NMR tube. The rate of exchange is slow relative to the NMR timescale 

which lead to two separate species observed. 31P{1H} and 1H NMR spectra were collected in 

1-h intervals until the spectra remained unchanged. The relative intensities of the two species 

are determined through the 31P{1H} NMR resonances. 
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Results. 

 

Entry A0 B0 AEquilbrium BEquilbrium CEquilbrium DEquilbrium Kpy/PEt3 KPEt3/py 

1 1 150 0.92 ~150 0.08 0.08 0.0000464 21600 

2 1 1000 0.80 ~1000 0.20 0.20 0.000050 20000 

3 1 1500 0.76 ~1500 0.24 0.24 0.0000505 19800 

Therefore KP/py~ 20000, log KPEt3/py~ 4.3. 

 

 

Entry A0 B0 C0 D0 AEquilbrium BEquilbrium CEquilbrium DEquilbrium KPPh3/py 

1 1 1 0 0 0.35 0.35 0.65 0.65 3.4 

2 1 2 0 0 0.15 1.15 0.85 0.85 4.2 

3 1 4 1 1 0.14 3.14 0.86 1.86 3.6 

Therefore KP/py~ 4, log KPPh3/py~ 0.6. 
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Entry A0 B0 AEquilbrium BEquilbrium CEquilbrium DEquilbrium Kpy/PEt3 KPEt3/py 

1 1 200 0.92 ~200 0.08 0.08 0.0000348 28800 

2 1 500 0.87 ~500 0.13 0.13 0.0000388 25800 

3 1 3000 0.71 ~3000 0.29 0.29 0.0000395 25326 

Therefore KP/py~ 25000, log KPEt3/py~ 4.4. 

 

4. Crystallographic Information 

 
Figure S5.4.1. Solid-State Structure of 2-py. Ellipsoids are shown at the 50% probability level. 
Hydrogen atoms and solvent molecules excluded for clarity. 
 

tBu

P O

O

O

Ni
pyPh

OO
Br

+ C +A B py D PEt3

1-PEt3 1-py

tBu

P O

O

O

Ni
PEt3Ph

OO
Br

P1
O1

O2

Ni1C1 N1



 C h a p t e r  5  
 
 

 
292 

Special Refinement Details for 2-py: Complex 2-py crystalizes as needles/needle-like thin blocks 

in a P-1 space group with two molecules in the asymmetric unit (only one is shown in figure S22 for 

clarity), as well as one outer-sphere diethyl ether molecule.  

 

 
Figure S5.4.2. Solid-State Structure of 1-py. Ellipsoids are shown at the 50% probability level. 
Hydrogen atoms and solvent molecules excluded for clarity. 
 

Special Refinement Details for 1-py: Complex 1-py crystalizes in a P-1 space group with one 

molecule in the asymmetric unit. 
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Figure S5.4.3. Solid-State Structure of 1-PEt3. Ellipsoids are shown at the 50% probability level. 
Hydrogen atoms and solvent molecules excluded for clarity. 
 

Special Refinement Details for 1-PEt3: Complex 1-PEt3 crystalizes in a P-1 space group with one 

molecule in the asymmetric unit.  
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Crystallographic Information 

Table S5.4.1. Crystal and refinement data. 

 1-PEt3 1-py 2-py 

CCDC 2240825 2240827 2240826 

Empirical formula C38H49BrNiO5P2 C37H39BrNNiO5P C57H47NNiO5.5P 

Formula weight 786.3 747.3 923.6 

Temperature/K 100 100.0 100  

Crystal system Triclinic Monoclinic Triclinic 

Space group P-1 P21/n P-1 

a/Å 10.3124(4) 11.6704(12) 12.607(1) 

b/Å 13.674(3) 20.7729(18) 17.131(1) 

c/Å 14.277(3) 14.1219(11) 23.826(1) 

α/° 98.571(11) 90 90.931(2) 

β/° 100.819(12) 95.872(8) 91.839(2) 

γ/° 103.599(13) 90 99.079(2) 

Volume/Å3 1882.2(7) 3405.6(5) 5077.2(4) 

Z 2 4 4 

ρcalcg/cm3 1.388 1.458 1.208 

μ/mm-1 1.702 2.993 1.232 

F(000) 821 1535 1932 

Radiation MoKα (λ = 0.71073) CuKα (λ = 1/54178) CuKα (λ = 1/54178) 

Reflections collected 89011 11904 118128 

Independent reflections 20596 6520 19869 

Goodness-of-fit on F2 1.018 1.033 1.049 

Final R indexes [I>=2σ 

(I)] 

R1 = 2.90 %, 

R2 = 7.17 % 

R1 = 3.06 %, 

R2 = 7.94 % 

R1 = 6.24 %, 

R2 = 19.19 % 
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5. Procedures for Polymerization and Polymer characterization 

5.1 General procedure for high throughput parallel polymerization reactor (PPR) runs 

for preparation of polyethylene and ethylene/tBA copolymers. 

Polyolefin catalysis screening was performed in a high throughput parallel polymerization 

reactor (PPR) system. The PPR system was comprised of an array of 48 single cell (6 x 8 matrix) 

reactors in an inert atmosphere glovebox. Each cell was equipped with a glass insert with an 

internal working liquid volume of approximately 5 mL. Each cell had independent controls for 

pressure and was continuously stirred at 800 rpm. Catalyst solutions (with Ni(COD)2 if 

necessary) were prepared in toluene. All liquids (i.e., solvent, tBA, and catalyst solutions) were 

added via robotic syringes. Gaseous reagents (i.e., ethylene) were added via a gas injection port. 

Prior to each run, the reactors were heated to 50 °C, purged with ethylene, and vented.  

All desired cells were injected with tBA followed with a portion of toluene (This step was 

skipped for ethylene homopolymerization). The reactors were heated to the run temperature and 

then pressured to the appropriate psig with ethylene. Catalyst solutions (with Ni(COD)2 if 

necessary)  were then added to the cells. Each catalyst addition was chased with a small amount 

of toluene so that after the final addition, a total reaction volume of 5 mL was reached. Upon 

addition of the catalyst, the PPR software began monitoring the pressure of each cell. The desired 

pressure (within approximately 2-6 psig) was maintained by the supplemental addition of 

ethylene gas by opening the valve at the set point minus 1 psi and closing it when the pressure 

reached 2 psi higher. All drops in pressure were cumulatively recorded as “Uptake” or 

“Conversion” of the ethylene for the duration of the run or until the uptake or conversion 

requested value was reached, whichever occurred first. Each reaction was then quenched by 

addition of 1% oxygen in nitrogen for 30 seconds at 40 psi higher than the reactor pressure. The 

pressure of each cell was monitored during and after the quench to ensure that no further 
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ethylene consumption happens. The shorter the “Quench Time” (the duration between catalyst 

addition and oxygen quench), the more active the catalyst. In order to prevent the formation of 

too much polymer in any given cell, the reaction was quenched upon reaching a predetermined 

uptake level of 80 psig. After all the reactors were quenched, they were allowed to cool to about 

60 °C. They were then vented, and the tubes were removed. The polymer samples were then 

dried in a centrifugal evaporator at 60 °C for 12 hours, weighed to determine polymer yield and 

used in subsequent IR (tBA incorporation), GPC (molecular weight), DSC (melting temperature) 

and NMR (copolymer microstructures) analysis.  

5.1.1 Measurement of ethylene uptake curves 

Upon addition of the catalyst, the PPR software began monitoring the pressure of each cell. 

The desired pressure (within approximately 2-6 psig) was maintained by the supplemental 

addition of ethylene gas by opening the valve at the set point minus 1 psi and closing it when 

the pressure reached 2 psi higher. For example, the pressure was maintained between 

approximately 399-402 psi if the original pressure was set to 400 psi. All drops in pressure were 

cumulatively recorded as “Uptake” or “Conversion” of the ethylene for the duration of the run. 

The unit of this "Uptake" is in psi and the uptake curves over time were used to analyze the real-

time activity of catalysts and rates of chain propagation. 

5.2 General procedure for batch reactor runs for preparation of ethylene/tBA 

copolymers. 

Polymerization reactions were conducted in a 2-L Parr batch reactor. The reactor was heated 

by an electrical heating mantle and cooled by an internal serpentine cooling coil containing 

cooling water. The water was pre-treated by passing through an Evoqua water purification 

system. Both the reactor and the heating/cooling system were controlled and monitored by a 

Camile TG process computer. The bottom of the reactor was fitted with a dump valve, which 
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empties the reactor contents into a lidded dump pot, which was prefilled with a catalyst-kill 

solution (typically 5 mL of an Irgafos / Irganox / toluene mixture). The lidded dump pot was 

vented to a 15-gal. blowdown tank, with both the pot and the tank N2 purged. All chemicals 

used for polymerization or catalyst makeup are run through purification columns to remove any 

impurities that may affect polymerization. The toluene was passed through two columns, the 

first containing A2 alumina, the second containing Q5 reactant. The tert-butyl acrylate was 

filtered through activated alumina. The ethylene was passed through two columns, the first 

containing A204 alumina and 4 Å molecular sieves, the second containing Q5 reactant. The N2 

used for transfers was passed through a single column containing A204 alumina, 4 Å molecular 

sieves and Q5 reactant. 

The reactor was loaded first from the shot tank that contained toluene and tBA. The shot 

tank was filled to the load set points by use of a differential pressure transducer. After 

solvent/acrylate addition, the shot tank was rinsed twice with toluene. Then the reactor was 

heated up to the polymerization temperature set point. The ethylene was added to the reactor 

when the reaction temperature was reached to maintain the reaction pressure set point. Ethylene 

addition amounts were monitored by a micro-motion flowmeter. 

The catalysts were handled in an inert atmosphere glovebox and were prepared as a solution 

in toluene. The catalyst was drawn into a syringe and pressure-transferred into the catalyst shot 

tank. This was followed by 3 rinses of toluene, 5 mL each. Catalyst was added when the reactor 

pressure set point was reached.   

Immediately after catalyst addition the run timer was started. Usually within the first 2 min. of 

successful catalyst runs an exotherm was observed, as well as decreasing reactor pressure. 

Ethylene was then added by the Camile to maintain reaction pressure set point in the reactor. 

These polymerizations were run until 40 g of ethylene uptake. Then the agitator was stopped, 
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and the bottom dump valve was opened to empty reactor contents into the lidded dump pot. 

The lidded dump pot was closed and the contents were poured into trays placed in a lab hood 

where the solvent was evaporated off overnight. The trays containing the remaining polymer 

were then transferred to a vacuum oven, where they were heated up to 140 °C under vacuum to 

remove any remaining solvent. After the trays cooled to ambient temperature, the polymers were 

weighed for yield/efficiencies and submitted for polymer testing if so desired. 

5.3 General procedure for polymer characterization 

5.3.1 Gel permeation chromatography (GPC) 

High temperature GPC analysis was performed using a Dow Robot Assisted Delivery (RAD) 

system equipped with a Polymer Char infrared detector (IR5) and Agilent PLgel Mixed A 

columns. Decane (10 µL) was added to each sample for use as an internal flow marker.  Samples 

were first diluted in 1,2,4-trichlorobenzene (TCB) stabilized with 300 ppm butylated hydroxyl 

toluene (BHT) at a concentration of 10 mg/mL and dissolved by stirring at 160°C for 120 

minutes. Prior to injection the samples are further diluted with TCB stabilized with BHT to a 

concentration of 3 mg/mL.  Samples (250 µL) are eluted through one PL-gel 20 µm (50 x 7.5 

mm) guard column followed by two PL-gel 20 µm (300 x 7.5 mm) Mixed-A columns maintained 

at 160 °C with TCB stabilized with BHT at a flowrate of 1.0 mL/min. The total run time was 

24 minutes. To calibrate for molecular weight (MW) Agilent EasiCal polystyrene standards (PS-

1 and PS-2) were diluted with 1.5 mL TCB stabilized with BHT and dissolved by stirring at 160 

°C for 15 minutes. These standards are analyzed to create a 3rd order MW calibration curve. 

Molecular weight units are converted from polystyrene (PS) to polyethylene (PE) using a daily 

Q-factor calculated to be around 0.4 using the average of 5 Dowlex 2045 reference samples. 
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5.3.2 Fourier-transform infrared spectroscopy (FTIR) 

The 10 mg/mL samples prepared for GPC analysis are also utilized to quantify tert-butyl 

acrylate (tBA) incorporation by Fourier Transform infrared spectroscopy (FTIR). A Dow 

robotic preparation station heated and stirred the samples at 160°C for 60 minutes then 

deposited 130 µL portions into stainless wells promoted on a silicon wafer.  The TCB was 

evaporated off at 160°C under nitrogen purge. IR spectra were collected using a Nexus 6700 

FT-IR equipped with a DTGS KBr detector from 4000-400 cm-1 utilizing 128 scans with a 

resolution of 4. Ratio of tBA (C=O: 1762-1704 cm−1) to ethylene (CH2: 736-709 cm−1) peak 

areas were calculated and fit to a linear calibration curve to determine total tBA. 

5.3.3 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry analyses was performed on solid polymer samples using a 

TA Instruments, Inc. Discovery Series or TA Instruments, Inc., DSC2500, programmed with 

the following method: 

Equilibrate at 175.00 °C 

Isothermal for 3 minutes 

Ramp 30.00 °C/min to 0.00 °C 

Ramp 10.00 °C/min to 175.00 °C 

Data was analyzed using TA Trios software. 

5.3.4 NMR characterization 

NMR spectra of ethylene/tBA copolymers were recorded on a Bruker 400 MHz using o-

dichlorobenzene at 120 °C. 1H NMR analysis of copolymers were done using a relaxation time 

(0.2 s), and an acquisition time (1.8 s) with the number of FID’s collected per sample (512). 

13C{1H} NMR analysis of copolymers were done using 90° pulse of 17.2 µs, a relaxation time 
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(22.0 s), an acquisition time (5.3 s), and inverse-gated decoupling with the number of FID's 

collected per sample (1024). Analysis of the spectra was based on literature.32, 34 

 

6. Original catalytic runs of ethylene/tBA copolymerization  

6.1 Supplemental ethylene uptake curves 

 
Figure S5.6.1. Rate of ethylene uptake (TOF) vs time with different PEt3 concentrations (Catalyst: 
2-PPh3). Condition: V = 5 mL, [Ni] = 0.05 mM, ethylene pressure = 400 psi, [tBA] = 0.05 M, toluene 
solvent. See Table S5.6.5 for original catalytic runs. 

6.2 Original catalytic runs of ethylene/tBA copolymerization included in Table 5.1 

Table S5.6.1. Original data for Table 5.1. 

Entry Catalyst [Ni]/mM [tBA]/M T/ºC t/s Isolated 
Yield/mg Activityb Mw/103 PDI %Mol 

tBA 
Tm 
/ºC 

1 1-PEt3 0.05 0.05 90 3601 47 190 60.27 2.22 1.79 113 
2 1-PEt3 0.05 0.05 90 3600 54 220 65.20 2.38 1.67 114 
3 1-PEt3 0.05 0.05 90 3601 57 230 63.92 2.21 1.66 114 
4 1-PEt3 0.05 0.1 90 3600 31 120 39.75 2.25 3.47 104 
5 1-PEt3 0.05 0.1 90 3600 31 120 42.83 2.95 3.48 103 
6 1-py 0.05 0.05 90 1761 125 1020 79.63 2.24 1.66 115 
7 1-py 0.05 0.05 90 1457 114 1130 76.73 2.58 1.61 115 
8 1-py 0.05 0.05 90 1504 122 1170 78.96 2.13 1.47 N.D. 
9 1-py 0.05 0.1 90 3601 104 420 54.16 2.17 3.25 105 
10 1-py 0.05 0.1 90 3600 118 470 55.79 2.17 3.23 105 
11 2-PEt3 0.05 0.05 90 1304 117 1300 10.34 2.27 0.50 122 
12 2-PEt3 0.05 0.05 90 1125 113 1400 10.14 2.41 0.55 122 
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13 2-PEt3 0.05 0.05 90 1213 115 1400 10.62 2.41 0.54 122 
14 2-PEt3 0.05 0.05 90 1274 124 1400 10.06 2.20 0.53 122 
15 2-py 0.05 0.05 90 296 114 5500 10.32 2.32 0.57 122 
16 2-py 0.05 0.05 90 280 123 6300 11.04 2.84 0.56 121 
17 2-py 0.05 0.05 90 252 118 6800 9.16 2.76 0.56 121 
18 2-py 0.05 0.05 90 323 141 6300 10.66 2.25 0.52 122 
19 2-PPh3 0.05 0.05 90 342 128 5400 11.95 2.13 0.51 121 
20 2-PPh3 0.05 0.05 90 320 126 5700 13.12 1.92 N.D. 124 
21 2-PPh3 0.05 0.05 90 304 124 5900 11.38 2.18 0.50 121 
22 2-PPh3 + 1 PEt3 0.05 0.05 90 973 126 1860 11.24 2.20 0.50 120 
23 2-PPh3 + 1 PEt4 0.05 0.05 90 1096 140 1840 10.06 2.24 0.53 122 
24 2-PPh3 + 1 PEt5 0.05 0.05 90 865 115 1910 11.96 1.94 0.45 122 
25 2-PPh3 + 2 PEt3 0.05 0.05 90 1545 119 1110 10.27 2.34 0.51 122 
26 2-PPh3 + 2 PEt4 0.05 0.05 90 1268 108 1230 9.86 2.38 0.51 122 
27 2-PPh3 + 2 PEt5 0.05 0.05 90 1309 114 1250 10.57 2.61 0.50 122 
28 2-PPh3 + 10 PEt6 0.05 0.05 90 3601 40 160 3.16 2.22 0.47 121 
29 2-PPh3 + 10 PEt7 0.05 0.05 90 3601 46 190 3.57 2.21 0.46 121 
30 2-PPh3 + 10 PEt8 0.05 0.05 90 3600 47 190 4.50 2.82 0.48 121 
31 2-PEt3 0.05 0.05 110 493 126 3700 8.55 2.48 0.66 120 
32 2-PEt3 0.05 0.05 110 454 113 3600 7.84 2.45 0.58 122 
33 2-PEt3 0.05 0.05 110 417 111 3800 8.10 2.34 0.49 121 
34 2-py 0.05 0.05 110 169 142 12100 6.63 2.43 0.70 123 
35 2-py 0.05 0.05 110 159 143 12900 6.70 2.55 0.66 122 
36 2-py 0.05 0.05 110 145 150 14900 7.17 2.18 0.52 122 
37 2-py 0.05 0.1 110 399 135 4900 7.40 2.60 1.11 113 
38 2-py 0.05 0.1 110 368 121 4700 6.74 2.34 1.14 115 
39 2-py 0.05 0.1 110 376 120 4600 6.17 2.48 1.20 113 
40 2-py 0.05 0.15 110 587 117 2900 6.68 2.43 1.51 113 
41 2-py 0.05 0.15 110 571 118 3000 6.48 2.24 1.60 111 
42 2-PEt3 0.025 0.025 90 587 117 3400 11.43 2.37 0.33 125 
43 2-PEt3 0.025 0.025 90 571 118 2600 11.13 2.29 0.32 125 
44 2-py 0.025 0.025 90 323 130 11600 14.09 3.37 0.31 125 
45 2-py 0.025 0.025 90 302 120 11400 12.03 2.43 0.30 123 
46 2-py 0.025 0.025 90 323 131 11700 12.38 2.15 0.29 123 
47 2-py 0.025 0.025 90 209 143 19700 11.66 2.54 0.24 126 
48 2-PEt3 0.025 0.025 110 492 120 7000 14.09 3.37 0.31 125 
49 2-PEt3 0.025 0.025 110 470 122 7500 12.03 2.43 0.30 123 
50 2-PEt3 0.025 0.025 110 455 116 7300 12.38 2.15 0.29 123 
51 2-PEt3 0.025 0.025 110 452 119 7600 11.66 2.54 0.24 126 
52 2-py 0.025 0.025 110 186 138 21000 8.56 2.42 0.32 124 
53 2-py 0.025 0.025 110 180 144 23000 7.72 2.53 0.32 124 
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54 2-py 0.025 0.025 110 162 135 24000 7.96 2.56 0.33 124 
55 2-py 0.025 0.025 110 139 136 28000 8.27 2.36 0.29 123 

aUnless specified, V = 5 mL, [Ni] = 0.05 mM, ethylene pressure = 400 psi, toluene solvent; 

polymerization was stopped after consuming a set amount of ethylene. bActivity in kg/(mol·h). 

6.3 Original ethylene/tBA copolymerization runs of ethylene uptake curves included in Figure 5.2 

Table S5.6.2. Original runs of  ethylene uptake curves in Figure 5.2a 

Entry Catalyst [Ni]/mM [tBA]/M T/ºC t/s Isolated 
Yield/mg Activityb Mw/103 PDI %Mol 

tBA Tm/ºC 

1 2-PEt3 0.025 0.025 110 470 122 7500 12.03 2.43 0.3 123 

2 2-py 0.025 0.025 110 162 135 24000 7.96 2.56 0.33 124 
aUnless specified, V = 5 mL, ethylene pressure = 400 psi, toluene solvent; polymerization was stopped 

after consuming a set amount of ethylene. Entries 1~2 were also included in table S5.6.1 as entry 49, 

and 54, respectively. bActivity in kg/(mol·h). 

Table S5.6.3. Original runs of  ethylene uptake curves in Figure 5.2b-c 

Entrya Catalyst [Ni(COD)2]/
mM [tBA]/M T/ºC t/s Isolated 

Yield/mg Activityb Mw/103 PDI %Mol 
tBA Tm/ºC 

1 1-PEt3 0.05 0.05 90 3601 57 230 63.92 2.21 1.66 114 

2 1-py 0.05 0.05 90 1504 122 1170 78.96 2.13 1.47 N.D. 

3c 2-py 0 0.05 110 159 143 12900 6.7 2.55 0.66 122 

4 2-py 0 0.10 110 376 120 4600 6.17 2.48 1.2 110 

5 2-py 0 0.15 110 571 118 3000 6.48 2.24 1.6 111 

6 2-py 0 0.05 90 323 141 6300 10.66 2.25 0.52 122 

7 2-PEt3 0 0.05 90 1053 101 1380 10.6 2.40 0.5 122 

8 2-PEt3 0.20 0.05 90 743 100 2000 12.3 2.70 0.6 122 
aUnless specified, V = 5 mL, [Ni] = 0.05 mM, ethylene pressure = 400 psi, toluene solvent; 

polymerization was stopped after consuming a set amount of ethylene. Entries 1~4 were also included 

in table S5.6.1 as entry 35, 39, 41, and 16, respectively. bActivity in kg/(mol·h). cReported in ref 3 (Table 

S6.3, entry 37). dReported in ref 3 (Table S6.3, entry 24).  

Table S5.6.4. Original runs for ethylene uptake curves in Figure 3 

Entrya Catalyst [Ni(COD)2]/
mM [tBA]/M T/ºC t/s Isolated 

Yield/mg Activityb Mw/103 PDI %Mol 
tBA Tm/ºC 

1c MePOPh-Ni(P) 0 0.05 90 3600 51 210 2.9 2.1 2.0 114 
2 2-PEt3 0 0.05 90 1053 101 1380 10.6 2.4 0.5 122 
3 PhPOPhCF3-Ni(P) 0 0.05 90 1156 106 1320 6.3 2.2 0.5 122 
4 PhPOArOMe-Ni(P) 0 0.05 90 1148 116 1460 11.5 2.5 0.6 121 
5d PhP*OArO-Ni(P) 0 0.05 90 3412 94 400 10.2 2.5 0.6 122 

aUnless specified, V = 5 mL, [Ni] = 0.05 mM, ethylene pressure = 400 psi, toluene solvent; 

polymerization was stopped after consuming a set amount of ethylene. bActivity in kg/(mol·h). 
cReported in ref 3 (Table S6.3, entry 37). dReported in ref 3 (Table S6.3, entry 24). 
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Table S5.6.5. Original ethylene/tBA copolymerization runs of  ethylene uptake curves included in 
Figure S5.6.1. 

Entry Catalyst T/ºC t/s 
Isolated 

Yield/mg 
Activityb Mw/103 PDI 

%Mol 

tBA 
Tm/ºC 

1 2-PPh3 + 1 PEt3 90 973 126 1860 11.24 2.20 0.50 120 

2 2-PPh3 + 2 PEt3 90 1545 119 1110 10.27 2.34 0.51 122 

3 2-PPh3 + 10 PEt6 90 3601 40 160 3.16 2.22 0.47 121 
aUnless specified, V = 5 mL, [Ni] = 0.05 mM, ethylene pressure = 400 psi, [tBA] = 0.05 M, toluene solvent; 
polymerization was stopped after consuming a set amount of ethylene. Entries 1~3 were also included in table S5.6.1 
as entry 22, 25, 28, and 16, respectively.  bActivity in kg/(mol·h). 
 

7. Characterization of ethylene/tBA copolymers 

7.1 Samples of 1H and 13C{1H} spectra of ethylene/tBA copolymers 

 
Figure S5.7.1. 1H NMR spectrum of ethylene/tBA copolymer P* (Table 5.6.1, entry 15). 
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Figure S5.7.2. Comparison of 1H NMR spectra of ethylene/tBA copolymer P* (top) and P (bottom) 
(Note: Copolymer samples P is the copolymers produced by PhPOPh-Ni(P) and has been reported 
in ref 2b as sample C. Sample P and P* were produced in ethylene/tBA copolymerization by PhPOPh-
Ni(P) or PhPOPh-Ni(py) under otherwise identical conditions.) 

 
Figure S5.7.3. 13C{1H} NMR spectrum of ethylene/tBA copolymer P* with peaks assigned to 
specific microstructural features. 
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Figure S5.7.4. Comparison of 13C{1H} NMR spectra of ethylene/tBA copolymer P* (top) and P 
(bottom)  

 

 

7.2 Microstructural analysis 

Calculation of Mn based on 1H NMR spectra 

Below shown the calculation of Mn from a 1H NMR spectrum (Figure S5.7.1). Note that the 

integration of the resonance of br set to 1, therefore all values of integration in 1H NMR spectra 

are all relevant numbers of protons per occurrence of a tBA units (labeled as rX) 

rX = relevant number of carbon atoms 

rX-H = relevant number of proton atoms = 652.63 + 0. 63 + 0.58 + 0.63 + 0.36 = 654.83 

Each ethylene unit has 2 carbon and 4 protons 

For tBA units, each tBA unit has 6 carbon and 12 protons exclude the ester group (-C(O)O-

). Note that the relevant number of tBA units is 1 (reference). 

Therefore rX = 0.5 * rX-H + 1  

rC = relevant number of polymer chain 

51015202530354045505560
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rC = 0.5 * 0.63 + 0.5 * 0.58 + 0.36 = 0.965 

Mn = (rX * 12 + rX-H * 1 + 2 * Mol Wt (O))/rC = ((0.5 * rX-H + 1) * 12 + rX-H + 2 * 

16)/rC = (7 * 654.83 + 6 + 32)/0.965 = 4.789k ~ 4.8k 

For comparison, the molecular weight obtained by GPC is Mn =4.45 k  

 

Methods of microstructural analysis 

• %Mol tBA (NMR) 

Calculation of % Mol tBA (NMR) is based on the 1H NMR spectrum and section S7.1.2. 

rR = relevant number of repeating units = 0.5 * (rX-4) = 0.25 * rX-H - 1.5 

Relevant number of tBA units = 1 

% Mol tBA = 1 / rR = 1 / (0.25 * rX-H - 1.5) 

For sample P*, % Mol tBA = 1 / (0.25 * 654.83 - 1.5) = 0.6 %, which is consistent with the 

result obtained from quantitative FTIR. 

• %I-tBA 

%I-tBA is the percentage of internal tBA units over all tBA units. Calculation of %I-tBA is 

based on the 13C{1H} NMR spectrum. Note that all tBA units have t-butyl group (peak 1) but 

only internal tBA units have saturated α- and β-carbon (peak a, b). For sample P*: 

% I -tBA = (0.5 * Integration of peak b)/(0.333 * Integration of peak 1) = 67% 

• %T-tBA 

%T-tBA is the percentage of terminal tBA units over all tBA units.  

%T-tBA = 1 - %I-tBA  

For sample P*, %T-tBA = 33% 

• %Vinyl 
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% Vinyl is the ratio of the number of terminal vinyl units over the number of tBA units in 

percentage. 

% Vinyl is calculated based on the 1H NMR spectra and section S7.1.2. For sample P*: 

rV = relevant number of vinyls = 0.5 * integration of peak 1V 

rT-tBA = relevant number of terminal tBA = integration of peak k (if cis-end tBA is not 

present) 

%Vinyl/%T-tBA=rV/rT-tBA 

For sample P*, % Vinyl = 29%  

• N(Methyl) 

Calculation of N(Methyl) is based on the 13C{1H} NMR spectrum (unit: 1/1000C).  

N(Methyl) = 1000 * Integration of 1B1/Intergration of all main-chain carbons 

For sample P*, N(Methyl) = 2.0 

• N(2-Propenyl)  

Calculation of N(2-Propenyl) is based on the 1H NMR spectrum (unit: 1/1000C).  

N(2-Propenyl) = 1000 * relevant number of propenyl/rX = 1000 * (0.5 * integration of 

peak (TV+CV)/(0.5 * rX-H + 1) 

For sample P*, N(2-Propenyl) = 0.9 

 

Comparison of copolymer microstructures 

Copolymer samples P is the copolymers produced by PhPOPh-Ni(P) (reported in ref 2b as 

sample C). Sample P and P* were produced in ethylene/tBA copolymerization by PhPOPh-Ni(P) 

or PhPOPh-Ni(py) under otherwise identical conditions. 
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Table S5.7.1 Comparison of ethylene/tBA copolymers P and P*. 
 P P* 

Catalyst PhPOPh-Ni(P) PhPOPh-Ni(py) 
Mn(GPC)/103 4.36 4.45 

% I-tBA 59% 67% 

% T-tBA 41% 33% 

% Vinyl 21% 29% 

Methyl/1000C 1.7 2.0 

2-Propenyl/1000C 0.6 0.9 

Mn(NMR)/103 4.76 4.78 

 

 

7.3 A samples of GPC curves of ethylene/tBA copolymers 

 
Figure S5.7.5. GPC curve of ethylene/tBA copolymers (table S5.6.1, entry 15). 
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7.4 A sample of DSC curves of ethylene/tBA copolymers 

 
Figure S5.7.6. GPC curve of ethylene/tBA copolymers (table S5.6.1, entry 15). 

 
 

 

8. Catalyst comparison 

The catalysts reported here are notable for high activity and thermal stability for polar 

polyolefin synthesis. A variety of catalysts have been developed for ethylene/acrylate 

copolymerization.19-20, 22, 24, 29, 32-34, 45, 48, 51, 57, 59, 66-124 Previous examples of nickel catalyzed ethylene 

acrylate copolymerization are relatively rare, with the majority supported by 

phenoxide/napthoxide-based ligands. 32-34, 67-68, 70, 121, 125 To compare the performance of our best 

catalyst, 2-py to prior examples, two metrics were plotted: catalyst activity and tBA incorporation 

(Figure S5.8.1).  
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Figure S5.8.1. Reported Pd and Ni catalysts for ethylene/acrylate copolymerization (Squares: 
palladium examples; rounds: nickel examples, red rounds: 2-PEt3, darker color indicates overlapping 
data points; reported catalysts are included if they: 1) shows activity higher than 0.5 kg/(mol*h) in 
ethylene acrylate copolymerization and 2) produce copolymers with Mw>2500). 

Previously reported ethylene/acrylate copolymerization experiments were included if they 

feature: 1) activity > 0.5 kg/(mol*h) and 2) copolymer Mw>2500. In addition, experiments are 

excluded if they were performed with large amounts of activator/masking reagents on a scale 

comparable to the amount of acrylate (additives:acrylates > 1:10). Overall, experiments under 

468 different reaction conditions, or 229 different catalysts, from 75 scientific papers are included 

in catalyst comparison.19-20, 22, 24, 29, 32-34, 45, 48, 51, 57, 59, 66-124 Reaction conditions, such the ethylene 

pressure, catalyst and monomer concentration, may differ, therefore these comparisons should 

be considered qualitative. 

Overall, most examples show limited activities of less than 100 kg/(mol·h) (423 out of 468 

experiments, or 200 out of 229 catalysts), though being able to produce copolymers with varying 

molecular weights, branching distribution and polar monomer incorporation. An important 

aspect to consider is that increased acrylate incorporation will result in lower activity, which 

affects some of the systems compared. Specifically, both catalyst activity and tBA incorporation 

are limited for Ni-catalyzed ethylene/acrylate copolymerization, except a recent example 
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showing ability to incorporate up to 12 mol% tBA.34 2-PEt3, a catalyst we recently reported, 

displays significant improved activity (yellow data points) compared to previous reports. 

 
Figure S5.8.2. Comparison of 2-py with reported Pd and Ni catalysts for ethylene/acrylate 
copolymerization (Squares: palladium examples; rounds: nickel examples, red rounds: 2-PEt3, blue 
rounds: 2-py darker color indicates overlapping data points; reported catalysts are included if they: 1) 
shows activity higher than 0.5 kg/(mol*h) in ethylene acrylate copolymerization and 2) produce 
copolymers with Mw>2500) 

The best catalyst included in this work, 2-py, displays further improvements in activity (Figure 

S5.8.2). 
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ABSTRACT 

 
Polar monomer-induced β-H elimination is a key elementary step in polar polyolefin 

synthesis by coordination polymerization, but remains underexplored. Herein, we show 

that a bulky neutral Ni catalyst, PhOPOBr-Ni, is not only a high-performance catalyst in 

ethylene/acrylate copolymerization (activity up to ~37000 kg/(mol*h) at 130 °C in a 

batch reactor), but also a suitable platform for investigation of acrylate-induced β-H 

elimination. PhOPOBr-NiCCO, a novel Ni alkyl complex generated after acrylate induced 

β-H elimination and subsequent acrylate insertion, was identified and crystallographically 

characterized. A combination of catalysis and mechanistic studies reveals the role of β-

H elimination in copolymerization catalysis as a chain-termination pathway, and its 

potential in controlling polymer microstructure in polar polyolefin synthesis. 

 

 

tBu

P O

O
R

O
R

Ni
py

OR
R O

Br

SiMe3

O OtBu

nm

O OtBu

O OA
Me3Si

O

OA

P ONi pyH(AA)

AA
Acrylate-induced 
!−H elimination

At 130 °C, activity up to 
~37000 kg/(mol*h)!!!

P ONi py
Me

OAO



 C h a p t e r  6  

 

 

 

322 

 
GENERAL INTRODUCTION 

Polyolefins account for over half  of  global plastic production.1-8 Coordination 

copolymerization of  non-polar and polar monomers is of  high interest as it can 

provide value-added functional polyolefins with diverse but controlled material 

properties and potential degradability.3, 7, 9-12 Despite significant progresses in catalyst 

developments over past three decades, 2, 4, 13-36 industrial implementations of  this 

process are limited by catalysts' low activity (typically <1000 kg/(mol*h), thermal 

stability (typically <100 °C) and low molecular weight (MW) of  resulting copolymers.10, 

17, 19, 37-40 

Elucidation of copolymerization mechanism has significantly benefited catalyst 

developments.2, 4, 6, 11, 17, 29-30, 41-44 Polar monomer-induced β-H elimination is a key 

elementary step in copolymerization of ethylene and polar monomers as it competes 

with monomer insertion after polar monomer insertion, the limiting step of this 

polymerization (Figure 6.1).37, 45 Considerable efforts have been focused on β-H 

elimination after ethylene and α-olefin insertion.46-58 Specifically, Brookhart and Diao 

characterized several β-agostic species that are key intermediates in polymerization of α-

olefins.46-47, 53, 56, 59 For polar monomer-induced β-H elimination, Mecking and Sen 

reported spectroscopic evidence of Pd hydride species, internal olefins and double-

inserted Pd species, however, no solid-state structure has been reported.60-63 Further, 

these studies are based on systems that exhibit no or low reactivity in copolymerization 

of ethylene and polar monomers. 
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Figure 6.1. a) Depiction of  olefin insertion in copolymerization catalysis and the resting 
state. b) Two possible reactions after polar monomer insertion. 

Nickel catalysts have been a recent focus in polar polyolefin synthesis due to nickel's 

relatively low cost and promising performance.17-19 Though being of  high interest, β-H 

elimination has been little detailed, potentially due to the lack of  a suitable catalyst system 

that undergoes facile β-H elimination while still being productive in copolymerization. 

Herein we report on the β-H elimination behavior of  high-performance Ni phosphine 

phenoxide catalysts (activity up to ~37000 kg/(mol*h) at 130 °C in a batch reactor). An 

intermediate, PhOPOBr-NiCCO, generated from the putative Ni-hydride, was 

crystallographically characterized. These results provide insights into how catalyst design 

impacts Mw and chain-end functionality in polar polyolefin synthesis. 
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RESULTS AND DISCUSSION 

Catalyst Design, Preparation and Characterization 

The intermediates generated after β-H elimination are expected to be highly reactive 

toward further insertion or decomposition. Previous mechanistic studies have 

identified several catalyst deactivation pathways starting from inter- and intramolecular 

interactions axial to the nickel center.60, 63-67 To stabilize reactive intermediates, a catalyst 

featuring large axial shielding was designed (Figure 6.2a). Increasing proximal steric 

hindrance has also shown promise in improving catalytic activity and thermal stability 

in Ni catalysts supported by anionic PO ligands.22, 37, 40, 68-72 Two neutral Ni complexes, 

MeOPOBr-Ni and PhOPOBr-Ni, were synthesized as single-component catalysts for 

ethylene/acrylate copolymerization and precursors for investigation of  β-H 

elimination (Figure 6.2a). Structural characterization by single-crystal X-ray diffraction 

(scXRD), in combination with topographical steric analysis by Cavallo's SambVca 

2.1,73-74 confirms that axial positions of  the Ni center in both complexes are covered 

from both the top and bottom directions (Figure 6.2b and Figure S6.1). Notably, the 

phenoxy group in PhOPOBr-Ni also provides steric shielding extending to the O side, 

while the methoxy group in MeOPOBr-Ni provides steric shielding only on the P side. 
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Figure 6.2 a) Depiction of the catalyst design strategy and two new catalysts in this work. b) 
Solid-state structures of MeOPOBr-Ni and PhOPOBr-Ni. 

Catalytic Synthesis of  Ethylene/Acrylate Copolymers at High Temperatures 

Both MeOPOBr-Ni and PhOPOBr-Ni are highly active in ethylene/acrylate 

copolymerization (Table 1, entry 1~5). The bulkier catalyst, PhOPOBr-Ni, shows 

significantly higher activity than MeOPOBr-Ni but produces copolymers with lower tBA 

incorporation (entry 1 vs 3, or 2 vs 5), consistent with structure-performance 

relationships of  Ni catalysts reported previously.22, 34, 40 Notably, PhOPOBr-Ni is 

significantly more active at 110 °C than at 90 °C (entry 3 vs 5) and an activity of  

~33000 kg/(mol*h) was achieved at 110 °C in a batch reactor (entry 6), in contrast 

with the optimized temperatures for reported Ni phosphine phenoxide catalysts 

typically ranging between 50 and 90 °C.22, 40, 45, 70 A few Ni catalysts reported recently 
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are active under similar conditions, however, they produce copolymers with lower Mw 

(<10000) compared to copolymers by PhOPOBr-Ni (25000~30000).34 At 130 °C, 

PhOPOBr-Ni shows an activity of  ~37000 kg/(mol*h) in a batch reactor (entry 8). To 

the best of  our knowledge, this is the first example of  ethylene/acrylate coordination 

copolymerization at temperatures above 110 °C. These results show promise for 

potential practical applications as low activity, low thermal stability, and low copolymer 

MW are three major limitations.17, 75  

Table 6.1. Ethylene/tBA copolymerization results. 

Entrya catalyst T (ºC) tBA (M) Act.b Mwc PDI %Mol tBA Tm (ºC) 

1 MeOPOBr-Ni 90 0.10 720 47.0 2.2 3.4 106 

2 MeOPOBr-Ni 110 0.10 440 17.8 2.4 2.9 107 

3 PhOPOBr-Ni 90 0.10 9700 32.9 2.4 0.7 123 

4 PhOPOBr-Ni 90 0.15 5700 30.0 2.3 1.0 120 

5 PhOPOBr-Ni 110 0.10 17800 26.0 2.4 0.7 123 

6d PhOPOBr-Ni 110 0.054 33000 28.4 2.2 0.3 127 

7d PhOPOBr-Ni 110 0.108 14000 24.9 2.2 0.6 125 

8d PhOPOBr-Ni 130 0.054 37000 15.6 2.6 0.3 127 

[a] V = 5 mL, [Catalyst] = 0.05 mM, ethylene pressure = 400 psi, toluene solvent; each entry represents 
multiple replicated runs (see Experimental section 3 for detailed procedure and Table S6.6.4 for original 
data). [b] Activity in kg/(mol·h). [c] kg/mol. [d] Copolymerization in a batch reactor. Condition: V = 
550 mL, [Ni]=0.043 mM, ethylene pressure = 430 psi, t = 3.5 min (entry 6), 6.5 min (entry 7), or 3 min 
(entry 8), ethylene consumption = 40 g. See Experimental section 3 for detailed procedure. 

Identification of  β-H Elimination and Subsequent Acrylate Reinsertion 

With these two highly active and robust catalysts, tBA insertion and subsequent 

reactions were investigated. Treatment of  PhOPOBr-Ni with excess tBA results in a 

color change from yellow to red. Monitoring of  1H and 31P{1H} NMR spectra 
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confirmed the consumption of  PhOPOBr-Ni. One broad resonance appears in 31P{1H} 

NMR spectra over time (Figure S6.6, 9), and four new resonances were observed in 

1H NMR spectra in a ~1:9:9:9 ratio (Figure S6.7~8, 10): one new doublet in the olefinic 

region (δ ~5.8 ppm), one in the upfield region corresponding to a Me3Si-containing 

species (δ ~0 ppm), and two tBuO- resonances (δ 1.2-1.5 ppm). These results suggest 

reactivity with two acrylates and generation of  a new olefinic species. Combination of  

1H-1H COSY NMR and GC-MS analysis revealed the identity of  the internal olefin as 

tBuIOSi (Figure 6.3a, Figure S6.11-14). Further 1H, 31P{1H} and 1H-1H COSY NMR 

analysis suggests the identity of  the other species as PhOPOBr-NiCCOtBu, which is 

generated via tBA insertion into a Ni hydride complex (PhOPOBr-NiH, Figure 6.3a, 

Figure S6.15-17). 

Structural Characterization of  PhOPOBr-Ni(py)CCO 

Despite numerous attempts, isolation of  PhOPOBr-NiCCOtBu as a solid was not 

successful. It decomposes quickly at room temperature, both under vacuum and in 

solution. Nonetheless, single crystals were obtained from tBA insertion experiments 

in the presence of  of  tBA and pyridine and scXRD analysis confirmed the identity of  

PhOPOBr-NiCCOtBu (Figure 6.3b). To the best of  our knowledge, this is the first 

structural characterization of  an intermediate generated after polar-monomer induced 

β-H elimination relevant to polar polyolefin synthesis. The Ni(1)-C(1) distance in 

PhOPOBr-NiCCOtBu (2.030(5) Å) is longer than that in PhOPOBr-Ni (1.949(2) Å) or in 

reported Ni complexes resulting from tBA insertion into a metal alkyl moiety 

(1.972(8)~2.003(8) Å).37, 45 This comparison suggests a weakened Ni-alkyl bond in 
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PhOPOBr-NiCCOtBu, potentially due to steric repulsion induced by the bulky phenoxy 

and tBu groups. These steric interactions may also promote the facile β-H elimination 

in crowded intermediate PhOPOBr-NiSiCCOtBu. 

Figure 6.3. a) Generation of  the internal olefin (IOSi) and the acrylate-inserted species, as 
well as the corresponding three-step pathway. b) Solid-state structure of  PhOPOBr-NiCCOtBu. 
c-d) Kinetic profiles of  reaction of  tBA and MA with PhOPOBr-Ni ([Ni] = [PhOPOBr-Ni]t=0 = 
0.0118 M, [py] = 0, [Acrylate] = 0.177 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC.) e) Plot 
of the reverse of  pseudo-1st order rate constant of  β-H elimination (1/k(step 2), or 1/k2) vs 
[py]/[Nit=0] for PhOPOBr-Ni. ([Ni] = 0.0118 M, [py] = 0039-0.059 M, [MA] = 0.59 M, solvent: 
C6D6, V(total) = 0.5 mL, T = 25 ºC). See Experimental section 6~7 for details. 

Kinetics of  β-H Elimination 

Identification of  the internal olefin and PhOPOBr-NiCCOtBu, in combination with in-

situ 1H and 31P{1H} NMR monitoring, established a kinetic profile of  the reactions 
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with tBA (Figure 6.3c). The concentration of  PhOPOBr-NiCCOtBu is roughly equal to 

that of  IOSi during the course of  the reaction and the two putative intermediates, 

PhOPOBr-NiCSiCOOtBu and PhOPOBr-NiH, were not observed, indicating that step 1 

is rate determining in this reaction and step 2 is slower than step 3. Notably, analogous 

kinetic analysis of  reactions with methyl acrylate (MA) revealed faster initial acrylate 

insertion (step 1) and lower tendency for β-H elimination after acrylate compared to 

tBA reactions (Figure 6.3c-d). As a result, PhOPOBr-NiSiCCOMe was observed as an 

intermediate. Further, acrylate insertion (step 1) and β-H elimination (step 2) are 

differentiable in the kinetic profile (Figure 6.3d), allowing direct, quantitative kinetic 

studies of  β-H elimination to elucidate the mechanism. With varying acrylate and 

pyridine concentrations (15 or 50 equiv. of  MA, 0~5 equiv. of  pyridine), a near-linear 

correlation was observed between the inverse of  pseudo-1st order rate constant for β-

H elimination (1/k2) and the pyridine concentration ([py], Figure 6.3e). These 

observations are consistent with pyridine being involved in the rate-limiting step of  β-

H elimination (step 2, Figure 6.3a, Experimental section 8). k2 does not depend on 

[MA] (Table S6.6, Figure S6.46), indicating that MA is not involved in this portion of  

the mechanism. Comparing MA and tBA reaction with PhOPOBr-Ni (Figure 6.3c vs 

3d), initial insertion (step 1) is faster with MA, the smaller monomer, as evidenced by 

the faster decrease of  PhOPOBr-Ni. In contrast, β-H elimination (step 2) is faster from 

the insertion product derived from the larger monomer, as evidenced by the kinetics 

of  internal olefin (IOSi) generation. For example, the amount of  tBuIOSi is nearly twice 

as the amount of  MeIOSi at ~3 h under otherwise identical conditions. 
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Figure 6.4. A potential catalyst deactivation pathway that generates phosphonium species. 

Effects of  Catalyst and Acrylate Structures on β-H Elimination  

Next, effects of  catalyst structure on acrylate-induced β-H elimination and 

subsequent reactions were investigated by comparing the reaction of  tBA with 

PhOPOBr-Ni and with MeOPOBr-Ni. Initial tBA insertion for the latter is faster by almost 

an order of  magnitude (0.042(1) min-1 vs 0.0061(1) min-1, Figure S6.32 vs S33), while 

subsequent β-H elimination is slower, as indicated by slower tBuIOSi generation (Figure 

6.3c vs Figure S6.31). These observations are consistent with the behavior observed 

when the size of  the monomer was changed – larger steric profiles induce lower rate 

of  insertion but faster β-H elimination. Competing with β-H elimination, side 

reactions likely generating phosphonium species were also observed with the smaller 

ligand (Figure S6.30-31), as indicated by the peak observed at ~8 ppm in the 31P{1H} 

NMR spectra of  MeOPOBr-Ni upon treatment with tBA. These species are potentially 

related to catalyst deactivation pathways during catalysis (Figure 6.4).66, 76 These species 

were not observed in reactions of  acrylate with PhOPOBr-Ni. These results suggest that 

the larger axial shielding in PhOPOBr-Ni compared to MeOPOBr-Ni is crucial for 
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stabilizing intermediates generated in acrylate-induced reactions and disfavoring 

undesired side reactions, as suggested by the higher activity (Table 1). However, this 

comes with a disadvantage of  a slower reaction with acrylate and, therefore, decreased 

incorporation into the polymer.  

Notably, analysis of  the polymers shows that although PhOPOBr-Ni produces 

copolymers with lower acrylate incorporation, it actually features significantly higher 

turnover frequencies of  acrylate (TOFtBA) compared to MeOPOBr-Ni under otherwise 

identical conditions (Table S6.2, by ~3 fold at 90 °C or ~10 fold at 110 °C). Given 

that the resting state of  this catalysis is the intermediate generated after acrylate 

insertion and that back to back tBA insertion is very slow,37 the higher TOFtBA implies 

that subsequent ethylene insertion and / or β-H elimination (Figure 6.1b) is faster with 

PhOPOBr-Ni compared to MeOPOBr-Ni. Additional analysis of  polymer microstructures 

may provide insights into the competition between β-H elimination and ethylene 

insertion after tBA insertion (Table S6.5). 

Investigation of  β-H Elimination via Analysis of  Copolymer Microstructures 

β-H elimination subsequent to acrylate insertion results in ester chain-ends, while 

competing ethylene insertion results in in-chain acrylate units (Figure 6.1b). In 

copolymers produced by POP-Ni, MeOPOBr-Ni, and PhOPOBr-Ni, 23~66% of  

unsaturated chain-ends are ester chain-ends despite acrylate content being below 3% 

in these samples, confirming that acrylate-induced β-H elimination is an important 

pathway for chain-termination. On the other hand, the majority of  tBA units locate 

in-chain (73~97%), indicating that ethylene insertion rather than β-H elimination 
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remains the major event occurring after tBA insertion. In this regard, the 

aforementioned higher TOFtBA of  PhOPOBr-Ni compared to MeOPOBr-Ni suggests that 

ethylene insertion after tBA insertion is faster with PhOPOBr-Ni than with MeOPOBr-

Ni. Changes in tBA concentration with PhOPOBr-Ni show minimal effects on the 

terminal tBA / total tBA ratio even though the total tBA is affected. This is consistent 

with kinetic results showing that tBA is not involved in the rate-determining step of  

β-H elimination, therefore, upon each insertion propagation vs termination is 

independent of  tBA concentration (Figure 6.5). Notably, doubling in terminal tBA / 

all tBA units and tripling in terminal tBA / chain were achieved by tunning reaction 

temperature, ethylene pressure and acrylate concentration. These results demonstrate 

potential strategies to control acrylate-induced β-H elimination and polymer 

microstructure. Changing the catalyst structure further expands on the range of  tBA 

incorporation profiles. 

 
Figure 6.5. Structural analysis of ethylene/acrylate copolymers (See Table S6.5 for details).  
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CONCLUSION 

In summary, PhOPOBr-Ni is a catalyst featuring excellent activity and thermostability 

in ethylene/acrylate copolymerization. Additionally, this ligand class allowed for 

investigations of  polar monomer (acrylate)-induced β-H elimination, an 

underexplored elementary step in polar polyolefin synthesis. Increased ligand sterics 

promote this transformation, while also being essential for preventing reactive 

intermediates from decomposition and thus affording efficient catalysis. A 

combination of  mechanistic and catalysis studies demonstrate the role of  acrylate-

induced β-H elimination as a chain-termination mechanism in copolymerization and 

its potential in controlling polymer microstructures, providing insights for future 

studies targeting catalyst developments and polymer synthesis. 
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EXPERIMENTAL SECTION 

1. Procedures for Synthesis of Ligands and Metal Complexes 

1.1. General Considerations 

All air- and water-sensitive compounds were manipulated under N2 or Ar using standard 

Schlenk or glovebox techniques. The solvents for air- and moisture-sensitive reactions were 

dried over sodium benzophenone/ketyl, calcium hydride, or by the method of  Grubbs.39 

Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; C6D6, was dried over 

a purple suspension with Na/benzophenone ketyl and vacuum transferred. t-Butyl acrylate 

was dried over 4 Å sieves for greater than 72h. 2.5 M nBuLi in hexanes were purchased from 

Sigma-Aldrich and used without further purification. 1,3-Dibromo-5-(tert-butyl)-2-

(methoxymethoxy)benzene,77 bis(dimethoxyphenyl)phosphine chloride,62 

bis(diphenoxyphenyl)phosphine chloride,34 py2Ni(CH2SiMe3)278 and 2-bromo-4-tertbutyl-5-

bis(dimethoxyphenyl)phosphino)phenol44 were synthesized according to literature procedures. 

All 1H, 13C, and 31P spectra of  organic and organometallic compounds were recorded on 

Varian INOVA-400, or Bruker Cryoprobe 400 spectrometers. 1H and 13C chemical shifts are 

reported relative to residual solvent resonances. 

1.2. Synthesis of  Ligands and Metal Complexes 

Ligand PhOPOBrH: A Schlenk flask fitted with a screw-in Teflon stopper was charged with a 

solution of 1,3-dibromo-5-(tert-butyl)-2-(methoxymethoxy)benzene (3.52 g, 10.0 mmol) in THF 

(40 mL) and cooled to -78 °C under nitrogen. A hexane solution of n-butyllithium (4 mL, 2.5 M, 

10.0 mmol) was added dropwise via syringe. After stirring for an additional 30 min at -78 °C, a 

solution of bis(2,6-diphenoxyphenyl)phosphine chloride (5.89g, 10.0 mmol) in THF (20 mL) 

was added dropwise via cannula. After complete addition, the reaction was allowed to warm up 
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to room temperature and stirred for an additional 3 h, yielding a yellow solution. The solution 

was then concentrated to ~20 mL and degassed MeOH (10 mL) and concentrated aqueous HCl 

(10 mL, degassed by three freeze-pump-thaw cycles with a liquid nitrogen bath prior to usage) 

were added. After stirring for 12 h under room temperature, volatiles were removed under 

vacuum. In a N2-filled glovebox (no exclusion of water), the resulting yellow residue was taken 

up in CH2Cl2 (20 mL), washed with saturated aqueous solutions of K2CO3 (3 x 10 mL) and 

NH4Cl (3 x 10 mL), dried over MgSO4, and filtered through Celite. The volatiles were removed 

under reduced pressure. In a glovebox (exclusion of water and oxygen), the resulting pale-yellow 

solid was was washed by cold pentane (3 x 20 mL), then dissolved in Et2O and filtered through 

Celite. The volatile materials were removed once more under vacuum, yielding PhOPOBrH 

(3.82g, 95% purity) as gel-like solids. This material was then used in metalation as the proligand 

without further purification. 1H NMR (400 MHz, C6D6, note: only resonances assigned to protons of the 

desired product were listed): δ 7.69 (dd, J = 9.7, 2.3 Hz, 1H, ArH), 7.33 (d, J = 2.3 Hz, 1H, ArH), 6.98 

– 6.92 (m, 8H, ArH), 6.85 – 6.75 (m, 12H, ArH), 6.72 – 6.64 (m, 3H, ArH + ArOH), 6.44 (dd, 

J = 8.2, 2.8 Hz, 4H, ArH), 0.99 (s, 9H, -Si(CH3)3); 31P{1H} NMR (162 MHz, C6D6): δ -51.70 (s). 

Complex PhOPOBr-Ni: In the glove box, to a solution of Py2Ni(CH2SiMe3)2 (44 mg, 0.119 

mmol) in benzene (4 ml) in a vial was added a solution of PhOPOBrH (92.9 mg, 0.119 mmol) in 

benzene (8 ml). The mixture was stirred for 2 h under room temperature, forming a red-brown 

solution. Volatile materials were removed under vacuum. The residue was extracted with pentane 

(3 x 5 mL), then washed by cold pentane (3 x 15 mL), pentane (3 x 5 mL) and hexanes (3 x 2 

mL), The solid was collected via vacuum filtration, and redissolved in Et2O, filtered through 

Celite. The volatile materials were removed once more under vacuum, yielding spectroscopically 

pure PhOPOBr-Ni (50 mg, 45%) as yellow-orange solids. 1H NMR (400 MHz, C6D6): δ 8.76 (dd, 

J = 4.9, 1.6 Hz, 2H, ArH), 7.71 – 7.65 (m, 1H, ArH), 7.51 (d, J = 2.3 Hz, 1H, ArH), 7.12 – 7.07 
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(m, 8H, ArH), 7.06 – 6.99 (m, 8H, ArH), 6.88 – 6.79 (m, 5H, ArH), 6.77 – 6.70 (m, 2H, ArH), 

6.56 – 6.48 (m, 5H, ArH), 0.90 (s, 9H, -tBu), -0.00 (s, 9H, -SiMe3), -0.61 (d, J = 9.8 Hz, 2H, 

NiCH2Si). 13C{1H} NMR (101 MHz, C6D6): δ 168.74 (d, J = 25.2 Hz, 1C, ArC), 160.01 (s, 4C, 

ArC), 155.86 (s, 4C, ArC), 151.68 (s, 2C, ArC), 136.44 (s, 1C, ArC), 135.97 (d, J = 7.6 Hz, 1C, 

ArC), 132.80 (s, 1C, ArC), 130.45 (s, 2C, ArC), 129.92 (s, 8C, ArC), 128.59 (s, 1C, ArC), 126.45 

(d, J = 2.8 Hz, 1C, ArC), 124.06 (s, 4C, ArC), 123.27 (s, 2C, ArC), 123.20 (d, J = 52.4 Hz, 1C, 

ArC), 120.56 (s, 8C, ArC), 114.06 (d, J = 44.4 Hz, 2C, ArC), 110.72 (d, J = 4.0 Hz, 4C, ArC), 

33.73 (s, 1C, -C(CH3)3), 31.65 (s, 3C, -C(CH3)3), 2.64 (s, 3C, SiMe3), -16.11 (d, J = 27.2 Hz, 1C, 

NiCH2Si); 31P{1H} NMR (121 MHz, C6D6): δ -2.49 (s, 1P). Anal. Calcd(%) for 

C55H53BrNNiO5PSi: C, 65.69; H, 5.31; N, 1.39. Found(%): C, 66.12; H, 5.40; N, 1.11. 

Complex MeOPOBr-Ni: In the glove box, to a solution of Py2Ni(CH2SiMe3)2 (44 mg, 0.119 

mmol) in benzene (4 ml) in a vial was added a solution of MeOPOBrH (63.3mg, 0.119 mmol) in 

benzene (8 ml). The mixture was stirred for 2 h under room temperature, forming a red-brown 

solution. Volatile materials were removed under vacuum. The residue was extracted with pentane 

(3 x 5 mL), then washed by pentane (3 x 10 mL), hexanes (3 x 5 mL) and Et2O (2 x 2 mL). The 

solid was collected via vacuum filtration, and redissolved in benzene, filtered through Celite. The 

volatile materials were removed once more under vacuum, yielding MeOPOBr-Ni (50 mg, 45%) 

as brown solids. 1H NMR (400 MHz, C6D6): δ 9.19 (d, J = 6.5 Hz, 2H, ArH), 7.68 (d, J = 2.3 

Hz, 1H, ArH), 7.62 (dd, J = 11.1, 2.4 Hz, 1H, ArH), 7.10 (t, J = 8.3 Hz, 2H, ArH), 6.93 – 6.81 

(m, 1H, ArH), 6.60 (t, J = 7.3 Hz, 2H, ArH), 6.28 (dd, J = 8.3, 3.7 Hz, 4H, ArH), 3.27 (s, 12H, -

OCH3), 1.13 (s, 9H, -tBu), -0.13 (s, 9H, -SiMe3), -0.59 (d, J = 9.2 Hz, 2H, NiCH2Si). 13C{1H} 

NMR (101 MHz, C6D6): δ 168.17 (d, J = 24.5 Hz, 2C, ArC), 161.73 (s, 4C, ArC), 151.60 (s, 2C, 

ArC), 136.61 (s, 1C, ArC), 135.60 (d, J = 7.4 Hz, 1C, ArC), 131.52 (s, 1C, ArC), 130.81 (s, 2C, 

ArC), 128.60 (s, 1C, ArC), 126.33 (d, J = 2.8 Hz, 1C, ArC), 123.75 (s, 2C, ArC), 112.74 (d, J = 
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15.2 Hz, 1C, ArC), 110.85 (d, J = 48.5 Hz, 1C, ArC), 104.69 (d, J = 4.6 Hz, 4C, ArC), 55.51 (s, 

4C, -OMe), 33.81 (s, 1C, -C(CH3)3), 32.02 (s, 3C, -C(CH3)3), 2.30 (s, 3C, SiMe3), -17.74 (d, J = 

30.0 Hz, 1C, NiCH2Si); 31P{1H} NMR (121 MHz, C6D6): δ -5.08 (s, 1P). Anal. Calcd(%) for 

C35H45BrNNiO5PSi: C, 55.50; H, 5.99; N, 1.85. Found(%): C, 55.02; H, 5.77; N, 1.72. 
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2. Topographical Analyses 

Results  

 
Figure S6.1. Topographical steric maps with %Vbur of POP-Ni, MeOPOBr-Ni, and PhOPOBr-Ni. 
The Ni atom defines the origin of xyz coordinate system. Only the P,O-ligand included in calculation 
and steric visualization. Blue indicates occupied space in the -z direction (toward back as drawn in a), 
where the phosphine-phenoxide ligands are located, and red indicates +z direction. See section S3 
for more details. 

 

Details for topographical analyses. Topographical maps of POP-Ni, MeOPOBr-Ni, and MeOPOBr-

Ni and corresponding percent buried volume data (%Vbur) were generated by Cavallo's SambVca 

2.1 (Salerno molecular buried volume calculation) program.73-74, 79-80  

More details for %Vbur calculation and steric maps:  

1) The nickel atom (Ni1) defines the center of the xyz coordinate system,  

2) Ni(PEt3)Ph fragment was excluded;  

3) Bondi radii was scaled by 1.17; 74 

4) Mesh spacing for numerical integration was 0.10;  

5) Sphere radius was set to 3.5 Å;  

6) H atoms were excluded.  
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7) xz-Plane was defined as shown in the figure below and the y -axis was defined by the right-

hand rule (for POP-Ni) or the reverse (for the other two). This is to ensure the larger axial 

shielding locates on the top for easier comparison. Note that for a specific complex, the %Vbur 

remained the same with Ni1 in the origin even the xyz coordination system rotated or flipped. 
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3. Procedures for Polymerization and Polymer Characterization 

3.1. General procedure for high throughput parallel polymerization reactor (PPR) runs.  

Polyolefin catalysis screening was performed in a high throughput parallel polymerization 

reactor (PPR) system. The PPR system was comprised of  an array of  48 single cell (6 x 8 

matrix) reactors in an inert atmosphere glovebox. Each cell was equipped with a glass insert 

with an internal working liquid volume of  approximately 5 mL. Each cell had independent 

controls for pressure and was continuously stirred at 800 rpm. Catalyst solutions were 

prepared in toluene. All liquids (i.e., solvent, tBA, and catalyst solutions) were added via robotic 

syringes. Gaseous reagents (i.e., ethylene) were added via a gas injection port. Prior to each 

run, the reactors were heated to 50 °C, purged with ethylene, and vented.  

All desired cells were injected with tBA followed with a portion of  toluene (This step was 

skipped for ethylene homopolymerization). The reactors were heated to the run temperature 

and then pressured to the appropriate psig with ethylene. Catalyst solutions were then added 

to the cells. Each catalyst addition was chased with a small amount of  toluene so that after the 

final addition, a total reaction volume of  5 mL was reached. Upon addition of  the catalyst, the 

PPR software began monitoring the pressure of  each cell. The desired pressure (within 

approximately 2-6 psig) was maintained by the supplemental addition of  ethylene gas by 

opening the valve at the set point minus 1 psi and closing it when the pressure reached 2 psi 

higher. All drops in pressure were cumulatively recorded as “Uptake” or “Conversion” of  the 

ethylene for the duration of  the run or until the uptake or conversion requested value was 

reached, whichever occurred first. Each reaction was then quenched by addition of  1% oxygen 

in nitrogen for 30 seconds at 40 psi higher than the reactor pressure. The pressure of  each cell 

was monitored during and after the quench to ensure that no further ethylene consumption 



 C h a p t e r  6  

 

 

 

341 

happens. The shorter the “Quench Time” (the duration between catalyst addition and oxygen 

quench), the more active the catalyst. In order to prevent the formation of  too much polymer 

in any given cell, the reaction was quenched upon reaching a predetermined uptake level of  

80 psig. After all the reactors were quenched, they were allowed to cool to about 60 °C. They 

were then vented, and the tubes were removed. The polymer samples were then dried in a 

centrifugal evaporator at 60 °C for 12 hours, weighed to determine polymer yield and used in 

subsequent IR (tBA incorporation), GPC, DSC and NMR (copolymer microstructures) 

analysis. 

3.2. General procedure for batch reactor runs for preparation of  ethylene/tBA copolymers.  

Polymerization reactions were conducted in a 2-L Parr batch reactor. The reactor was heated 

by an electrical heating mantle and cooled by an internal serpentine cooling coil containing 

cooling water. The water was pre-treated by passing through an Evoqua water purification 

system. Both the reactor and the heating/cooling system were controlled and monitored by a 

Camile TG process computer. The bottom of  the reactor was fitted with a dump valve, which 

empties the reactor contents into a lidded dump pot, which was prefilled with a catalyst-kill 

solution (typically 5 mL of  an Irgafos / Irganox / toluene mixture). The lidded dump pot was 

vented to a 15-gal. blowdown tank, with both the pot and the tank N2 purged. All chemicals 

used for polymerization or catalyst makeup are run through purification columns to remove 

any impurities that may affect polymerization. The toluene was passed through two columns, 

the first containing A2 alumina, the second containing Q5 reactant. The tert-butyl acrylate was 

filtered through activated alumina. The ethylene was passed through two columns, the first 

containing A204 alumina and 4 Å molecular sieves, the second containing Q5 reactant. The 

N2 used for transfers was passed through a single column containing A204 alumina, 4 Å 

molecular sieves and Q5 reactant. 
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The reactor was loaded first from the shot tank that contained toluene and tBA. The shot 

tank was filled to the load set points by use of  a differential pressure transducer. After 

solvent/acrylate addition, the shot tank was rinsed twice with toluene. Then the reactor was 

heated up to the polymerization temperature set point. The ethylene was added to the reactor 

when the reaction temperature was reached to maintain the reaction pressure set point. 

Ethylene addition amounts were monitored by a micro-motion flowmeter. 

The catalysts were handled in an inert atmosphere glovebox and were prepared as a solution 

in toluene. The catalyst was drawn into a syringe and pressure-transferred into the catalyst shot 

tank. This was followed by 3 rinses of  toluene, 5 mL each. Catalyst was added when the reactor 

pressure set point was reached. 

Immediately after catalyst addition the run timer was started. Ethylene was then added by 

the Camile to maintain reaction pressure set point in the reactor. These polymerizations were 

run for 60 min or until 40 g of  ethylene uptake. Then the agitator was stopped, and the bottom 

dump valve was opened to empty reactor contents into the lidded dump pot. The lidded dump 

pot was closed, and the contents were poured into trays placed in a lab hood where the solvent 

was evaporated off  overnight. The trays containing the remaining polymer were then 

transferred to a vacuum oven, where they were heated up to 140 °C under vacuum to remove 

any remaining solvent. After the trays cooled to ambient temperature, the polymers were 

weighed for yield/efficiencies and submitted for polymer testing if  so desired. 

3.3. Procedure for gel permeation chromatography (GPC).  

High temperature GPC analysis was performed using a Dow Robot Assisted Delivery 

(RAD) system equipped with a Polymer Char infrared detector (IR5) and Agilent PLgel Mixed 

A columns. Decane (10 µL) was added to each sample for use as an internal flow marker. 

Samples were first diluted in 1,2,4-trichlorobenzene (TCB) stabilized with 300 ppm butylated 
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hydroxyl toluene (BHT) at a concentration of  10 mg/mL and dissolved by stirring at 160°C 

for 120 minutes. Prior to injection the samples are further diluted with TCB stabilized with 

BHT to a concentration of  3 mg/mL. Samples (250 µL) are eluted through one PL-gel 20 µm 

(50 x 7.5 mm) guard column followed by two PL-gel 20 µm (300 x 7.5 mm) Mixed-A columns 

maintained at 160 °C with TCB stabilized with BHT at a flowrate of  1.0 mL/min. The total 

run time was 24 minutes. To calibrate for molecular weight (MW) Agilent EasiCal polystyrene 

standards (PS-1 and PS-2) were diluted with 1.5 mL TCB stabilized with BHT and dissolved 

by stirring at 160 °C for 15 minutes. These standards are analyzed to create a 3rd order MW 

calibration curve. Molecular weight units are converted from polystyrene (PS) to polyethylene 

(PE) using a daily Q-factor calculated to be around 0.4 using the average of  5 Dowlex 2045 

reference samples. 

3.4. Procedure for fourier-transform infrared spectroscopy (FTIR).  

The 10 mg/mL samples prepared for GPC analysis are also utilized to quantify tert-butyl 

acrylate (tBA) incorporation by Fourier Transform infrared spectroscopy (FTIR). A Dow 

robotic preparation station heated and stirred the samples at 160°C for 60 minutes then 

deposited 130 µL portions into stainless wells promoted on a silicon wafer.  The TCB was 

evaporated off  at 160°C under nitrogen purge.  IR spectra were collected using a Nexus 6700 

FT-IR equipped with a DTGS KBr detector from 4000-400 cm-1 utilizing 128 scans with a 

resolution of  4.  Ratio of  tBA (C=O: 1762-1704 cm−1) to ethylene (CH2: 736-709 cm−1) 

peak areas were calculated and fit to a linear calibration curve to determine total tBA. 

3.5. Differential scanning calorimetry (DSC).  

Differential scanning calorimetry analyses was performed on solid polymer samples using a 

TA Instruments, Inc. Discovery Series or TA Instruments, Inc., DSC2500, programmed with 
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the following method: Equilibrate at 175.00 °C; Isothermal for 3 minutes; Ramp 30.00 °C/min 

to 0.00 °C; Ramp 10.00 °C/min to 175.00 °C; Data was analyzed using TA Trios software. 

3.6. NMR characterization.  

NMR spectra of  ethylene/tBA copolymers were recorded on a Bruker 400 MHz using o-

dichlorobenzene at 120 °C. 1H NMR analysis of  copolymers were done using a relaxation time 

(0.2 s), and an acquisition time (1.8 s) with the number of  FID’s collected per sample (512). 

13C{1H} NMR analysis of  copolymers were done using 90° pulse of  17.2 µs, a relaxation time 

(22.0 s), an acquisition time (5.3 s), and inverse-gated decoupling with the number of  FID's 

collected per sample (1536). Analysis of  the spectra was based on literature.22, 37 
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4. Supplemental Data for Ethylene/tBA Copolymerization 

4.1. Analysis of  turnover frequency of  acrylate (TOFtBA)  

Table S6.2. Supplemental data for ethylene/acrylate copolymerization. 
Entrya catalyst T/°C [tBA]/M Act.b Mw/103 PDI %Mol tBA Tm/°C TOFtBAc 

1 MeOPOBr-Ni 90 0.05 1550 73.3 2.4 1.5 115 803 
2 MeOPOBr-Ni 90 0.10 720 47.0 2.2 3.4 106 750 
3 MeOPOBr-Ni 90 0.15 410 35.4 2.3 4.8 98.6 610 
4 PhOPOBr-Ni 90 0.025 29000 47.0 2.3 0.2 128 2400 
5 PhOPOBr-Ni 90 0.05 21000 38.5 2.3 0.3 126 2500 
6 PhOPOBr-Ni 90 0.10 9700 32.9 2.4 0.7 123 2500 
7 PhOPOBr-Ni 90 0.15 5700 30.0 2.3 1.0 120 1900 
8 MeOPOBr-Ni 110 0.10 440 17.8 2.4 2.9 107 420 
9 PhOPOBr-Ni 110 0.10 18000 26.0 2.4 0.7 123 4400 
10 PhOPOBr-Ni 110 0.15 10000 17.0 2.5 1.2 119 4100 

aUnless specified, V = 5 mL, [Ni] = 0.05 mM, ethylene pressure = 400 psi, toluene solvent. Polymerization was stopped 
after consuming a set amount of ethylene and each entry represents multiple replicated runs. Entries 2, 8, 6, 7, 9 were 
also included in table 1 as entry 1~5. See Experimental section 3 for detailed procedures and Table S6.4 for original 
catalytic runs. bActivity in 1000 kg/(mol·h). cTurnover frequency of TBA = Mol of tBA inserted / (Mol of catalyst x 
time (in hours)).  

As shown in the Table S6.2, PhOPOBr-Ni produces copolymers with lower acrylate 

incorporation compared to MeOPOBr-Ni. However, the former actually features a significantly 

higher turnover frequency of acrylate (TOFtBA) compared to the latter under otherwise identical 

conditions (e.g. entry 2 vs 6, or 3 vs 7, or 8 vs 9). It's also notable that the temperature shows 

significant impact on TOFtBA while the impact of tBA concentration is moderate. 
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4.2. Supplemental ethylene./acrylate copolymerization results. 

Table S6.3. Catalysis results for Figure 6.5 and Table S6.5. 

Entrya catalyst T/ºC E/psi A A/M Act.b Mwc PDI %Mol A Tm (ºC) 

1d POP-Ni 90 400 tBA 0.05 660 55.1 2.2 2.1 111 

2 MeOPOBr-Ni 90 400 tBA 0.05 1550 73.3 2.4 1.5 115 

3 PhOPOBr-Ni 90 400 tBA 0.05 21000 38.5 2.3 0.3 126 

4e PhOPOBr-Ni 90 400 tBA 0.15 5700 30.0 2.3 1.0 120 

5 PhOPOBr-Ni 90 200 tBA 0.15 910 21.9 2.1 1.5 118 

6 PhOPOBr-Ni 110 200 tBA 0.05 8300 15.9 2.4 0.7 123 

[a] V = 5 mL, [Catalyst] = 0.05 mM, ethylene pressure = 400 psi, toluene solvent; each entry represents multiple 
replicated runs (see section S3 for detailed procedure and Table S6.4 for original data). [b] Activity in kg/(mol·h). 
[c] kg/mol. [d] Reported in ref 1. [e] Also included in table 1 as entry 4. 
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4.3 Original polymerization runs for ethylene/tBA copolymerization 

Table S6.4 Original runs of  Table 1, S2~3. 
Entry catalyst T/ºC E (psi) A A/M time/s Yield/mg Act.c Mwd PDI %Mol A Tm (ºC) 

1 MeOPOBr-Ni 70 400 tBA 0.05 1050 55 754 112.2 2.8 2.4 114 

2 MeOPOBr-Ni 70 400 tBA 0.05 1390 72 746 127.5 2.5 2.3 114 

3 MeOPOBr-Ni 90 400 tBA 0.05 1003 111 1594 72 2.4 1.5 115 

4 MeOPOBr-Ni 90 400 tBA 0.05 1133 118 1499 74.6 2.5 1.5 116 

5 MeOPOBr-Ni 90 400 tBA 0.1 2057 105 735 46.7 2.2 3.3 106 

6 MeOPOBr-Ni 90 400 tBA 0.1 2223 105 680 47.3 2.2 3.4 106 

7 MeOPOBr-Ni 90 400 tBA 0.15 3601 104 416 35.5 2.2 4.9 98 

8 MeOPOBr-Ni 90 400 tBA 0.15 3601 103 412 35.2 2.3 4.7 99 

9 PhOPOBr-Ni 90 400 tBA 0.05 116 193 23922 37.9 2.3 0.3 126 
10 PhOPOBr-Ni 90 400 tBA 0.05 129 164 18317 39.1 2.3 0.3 126 

11 PhOPOBr-Ni 90 400 tBA 0.1 232 155 9610 33 2.4 0.7 122 

12 PhOPOBr-Ni 90 400 tBA 0.1 238 162 9816 32.7 2.3 0.8 123 
13 PhOPOBr-Ni 90 400 tBA 0.15 355 141 5717 30.1 2.3 1.0 121 
14 PhOPOBr-Ni 90 400 tBA 0.15 345 137 5714 29.9 2.3 0.9 120 
15 MeOPOBr-Ni 110 400 tBA 0.1 3600 119 476 27.7 2.4 3.0 107 
16 MeOPOBr-Ni 110 400 tBA 0.1 3600 109 436 25 2.3 3.2 107 
17 MeOPOBr-Ni 110 400 tBA 0.1 3601 103 412 25.2 2.4 2.6 107 
18 PhOPOBr-Ni 110 400 tBA 0.1 135 163 17353 18.8 2.5 0.7 123 
19 PhOPOBr-Ni 110 400 tBA 0.1 130 159 17550 18.1 2.4 0.7 122 
20 PhOPOBr-Ni 110 400 tBA 0.1 126 162 18550 16.5 2.5 0.7 123 
21 PhOPOBr-Ni 110 400 tBA 0.15 217 154 10241 6.6 2.5 1.2 120 
22 PhOPOBr-Ni 110 400 tBA 0.15 216 156 10241 7.2 2.5 1.1 120 
23 PhOPOBr-Ni 110 200 tBA 0.05 226 132 8414 15.7 2.8 2.4 114 

24 PhOPOBr-Ni 110 200 tBA 0.05 231 133 8282 16.2 2.5 2.3 114 

25 PhOPOBr-Ni 90 200 tBA 0.15 1471 94 920 21.5 2.1 1.6 116 

26 PhOPOBr-Ni 90 200 tBA 0.15 1547 98 912 21.7 2.1 1.5 117 

27 PhOPOBr-Ni 90 200 tBA 0.15 1841 115 899 22.4 2.2 1.5 121 

28 MeOPOBr-Ni 90 400 tBA 0.05 1003 111 1594 72 2.4 1.5 115 

29 MeOPOBr-Ni 90 400 tBA 0.05 1133 118 1499 74.6 2.5 1.5 116 

30 MeOPOBr-Ni 90 400 tBA 0.15 3601 104 416 35.5 2.2 4.9 98 

31 MeOPOBr-Ni 90 400 tBA 0.15 3601 103 412 35.2 2.3 4.7 99 

32 PhOPOBr-Ni 90 400 tBA 0.025 84 166 28339 48.4 2.3 0.2 128 

33 PhOPOBr-Ni 90 400 tBA 0.025 88 176 28925 45.6 2.2 0.2 128 

34 PhOPOBr-Ni 90 400 tBA 0.05 116 193 23922 37.9 2.3 0.3 126 

35 PhOPOBr-Ni 90 400 tBA 0.05 129 164 18317 39.1 2.3 0.3 126 

36 PhOPOBr-Ni 110 400 tBA 0.15 217 154 10241 6.6 2.5 1.2 120 

37 PhOPOBr-Ni 110 400 tBA 0.15 216 156 10241 7.2 2.5 1.1 120 
[a] V = 5 mL, [Catalyst] = 0.05 mM, ethylene pressure = 400 psi, toluene solvent; see Experimental section 3 for 
detailed procedure. [b] Activity in kg/(mol·h). [c] kg/mol. 
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5. Characterization of Ethylene/tBA Copolymers 

Microstructural analysis of ethylene/tBA copolymers 

The following sections summarize methods and results of microstructural analysis. Analysis 

of the spectra was based on literature.22, 34, 37 

 
Figure S6.2. Microstructural features identified in 1H and 31C{1H} NMR analysis. 

Copolymer samples A~F are ethylene/tBA copolymers produced in entry 1~6 of Table 
S6.4, respectively. 

 
Figure S6.3. 1H NMR spectra of ethylene/tBA copolymer A~F (top to bottom). 
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Figure S6.4. 1H NMR spectra of ethylene/tBA copolymer A~F (top to bottom, olefinic region). 

 

 
Figure S6.5. Scaled 13C{1H} NMR spectra of ethylene/tBA copolymer A~F (top to bottom, alkyl 

region). 
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Table S6.5. Microstructural analysis of  ethylene/acrylate copolymers.a 

 A B C D E F 

Catalyst 
POP-
Ni 

MeOPOBr-
Ni 

PhOPOBr-
Ni 

PhOPOBr-
Ni 

PhOPOBr-
Ni 

PhOPOBr-
Ni 

T (ºC) 90 90 90 90 90 110 

E/psi 400 400 400 400 200 200 

[tBA]/M 0.05 0.05 0.05 0.15 0.15 0.05 

%Mol tBA 2.1% 1.5% 0.3% 1.0% 1.5% 0.7% 

tBA/chain 18 15 1.9 4.2 5.5 1.5 

Terminal tBA/ chain 0.53 0.69 0.23 0.58 0.66 0.37 

%Terminal tBA/ 
tBA 

2.9% 4.6% 12.1% 14.0% 12.1% 27.2% 

Vinyl/chain 0.39 0.24 0.44 0.25 0.18 0.29 

2-Propenyl/ chain 0.08 0.06 0.33 0.16 0.16 0.31 

Vinyl+propenyl/E 
unitsb 0.06% 0.03% 0.13% 0.09% 0.10% 0.26% 

[a] Copolymer samples A~F are ethylene/tBA copolymers produced in entry 1~6 of Table S6.3, respectively. 
See Experimental section 4 for more details. [b] 'Vinyl+propenyl': the sum of numbers of the vinyl and 2-
propenyl units per chain. 'E units': the number of ethylene units in one chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 C h a p t e r  6  

 

 

 

351 

 
6. Investigations of Acrylate-Induced Reactions 

Procedures. Unless specified, 0.0059 mmol of the Ni catalyst prepared using the above 

procedure was dissolved in C6D6 and transferred to a J-Young tube. The solution was frozen in 

the Coldwell pre-cooled by a liquid nitrogen bath, and t-butyl acrylate (tBA) was added via 

syringe (Total volume = 0.50 ml). The resulting mixture was warmed up to thawing temperature 

and shaken vigorously prior to transferring to pre-heated NMR probe for acquisition of spectra 

at 25 ºC. NMR monitoring of tBA insertion were performed by monitoring the 1H and 31P{1H} 

NMR. 

 

tBA insertion into PhOPOBr-Ni 

 
Figure S6.6. 31P{1H} NMR monitoring of  reaction of  tBA with PhOPOBr-Ni (Condition: 

[PhOPOBr-Ni] = 0.0118 M, [tBA] = 0.177 M, solvent: C6D6, V = 0.5 mL). 
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Figure S6.7. 1H NMR monitoring of  reaction of  tBA with PhOPOBr-Ni (Condition: [PhOPOBr-

Ni] = 0.0118 M, [tBA] = 0.177 M, solvent: C6D6, V = 0.5 mL). 

 

 
Figure S6.8. 1H NMR monitoring of  reaction of  tBA with PhOPOBr-Ni (Olefinic region, 

condition: [PhOPOBr-Ni] = 0.0118 M, [tBA] = 0.177 M, solvent: C6D6, V = 0.5 mL). 

���������	
���

1h

3 h

5 h

7.5 h

12 h

24 h

�����������������������	��
���

1h

3 h

5 h

7.5 h

12 h

24 h



 C h a p t e r  6  

 

 

 

353 

 
Figure S6.9. 31P{1H} NMR spectra of  PhOPOBr-Ni (top) and tBA inserted products (bottom, 

after removal of  volatiles) 

 
Figure S6.10. 31P{1H} NMR spectra of  PhOPOBr-Ni (top) and tBA inserted products (bottom, 

after removal of  volatiles) 
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Figure S6.11. Identifying the internal olefin: 1H-1H COSY NMR spectrum of  products 

generated from tBA reaction with PhOPOBr-Ni. 

 

 

 
Figure S6.12. Identifying the internal olefin: 1H NMR characterization of  the internal olefin 

from the mixture generated from tBA reaction with PhOPOBr-Ni. 
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Figure S6.13. 1H NMR monitoring of  generation of  the internal olefin overtime (Condition: 

[PhOPOBr-Ni] = 0.0118 M, [tBA] = 0.177 M, solvent: C6D6, V = 0.5 mL). 
 
 

 
Figure S6.14. Identifying the internal olefin: GC-mass analysis of  the mixture generated from 

tBA reaction with PhOPOBr-Ni. 
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Figure S6.15. Identifying the tBA reinsertion product (PhOPOBr-Ni(py)CCO): 1H-1H COSY 

NMR spectrum of  products generated from tBA reaction with PhOPOBr-Ni. 
 
 
 
 

 
Figure S6.16. Identifying the tBA reinsertion product (PhOPOBr-Ni(py)CCO): 1H NMR 

spectrum of  products generated from tBA reaction with PhOPOBr-Ni. 
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MA insertion into PhOPOBr-Ni 

 
Figure S6.17. 31P{1H} NMR monitoring of  reaction of  MA with PhOPOBr-Ni (Condition: 

[PhOPOBr-Ni] = 0.0118 M, [MA] = 0.177 M, solvent: C6D6, V = 0.5 mL). 

 

 
Figure S6.18. 1H NMR monitoring of  reaction of  MA with PhOPOBr-Ni (Condition: [PhOPOBr-

Ni] = 0.0118 M, [MA] = 0.177 M, solvent: C6D6, V = 0.5 mL). 
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Figure S6.19. Identifying the internal olefin: 1H-1H COSY NMR spectrum of  products 

generated from MA reaction with PhOPOBr-Ni. 

 

 
Figure S6.20. Identifying the internal olefin and PhOPOBr-NiCCOM: 1H NMR characterization 

of  the internal olefin from the mixture generated from MA reaction with PhOPOBr-Ni. 
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Figure S6.21. Identifying the first MA product (PhOPOBr-NiSiCCOM): 1H-1H COSY NMR 

spectrum of  tBA reaction with PhOPOBr-Ni (15 min). 
 
 

 
Figure S6.22. Identifying the first MA product (PhOPOBr-NiSiCCOM): 1H NMR spectrum of  

products generated from tBA reaction with PhOPOBr-Ni. 
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tBA insertion into MeOPOBr-Ni 

 
Figure S6.23. 31P{1H} NMR spectra of  MeOPOBr-Ni + 50 tBA (t = 75 min), residue after 

removal of  volatiles (medium) and the product after addition of  2 equiv. of  pyridine (bottom). 

Addition of  excess tBA to MeOPOBr-Ni leads to generation of  new species featuring one 

broad resonance in 31P{1H} NMR spectrum (Figure S6.23), which are converted to two broad 

resonances after removal of  volatiles. After addition of  2 equiv. of  pyridine, these new broad 

resonances collapse to one sharp resonance.  

 
Figure S6.24. 1H NMR spectrum of  the tBA insertion product (MeOPOBr-NiSiCCO) with 2 

equiv. of  pyridine. 
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Figure S6.25. 1H-1H COSY NMR spectrum of  tBA insertion product (MeOPOBr-NiSiCCO) 

with 2 equiv. of  pyridine. 

 
Figure S6.26. 1H-13C HSQC NMR spectrum of  tBA insertion product (MeOPOBr-NiSiCCO) 

with 2 equiv. of  pyridine. 
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Based on 1H, 1H-1H COSY, 1H-13C HSQC NMR analysis (Figure S6.24-26), the major 

product was identified as MeOPOBr-Ni(py)CSiCO, the species generated after first tBA 

insertion.  

 
Figure S6.27. Possible observation of  the internal olefin: 1H-1H COSY NMR spectrum of  tBA 

insertion product (MeOPOBr-NiSiCCO) with 2 equiv. of  pyridine. 
 

 
Figure S6.28. Possible observation of  the internal olefin: 1H NMR spectrum of  the tBA 

insertion product (MeOPOBr-NiSiCCO) with 2 equiv. of  pyridine. 
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Though MeOPOBr-Ni(py)CSiCO is the major product (c.a. >90% NMR yields), other 

minor species were also observed during this reaction, including the internal olefin generated 

from β-H elimination. 

 
Figure S6.29. 1H NMR monitoring of reaction of tBA with MeOPOBr-Ni (Condition: [MeOPOBr-

Ni] = 0.0118 M, [tBA] = 0.177 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 
 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0



 C h a p t e r  6  

 

 

 

364 

 
Figure S6.30. 31P{1H} NMR monitoring of reaction of tBA with MeOPOBr-Ni (Condition: 

[MeOPOBr-Ni] = 0.0118 M, [tBA] = 0.177 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC. An 
external standard, Ph3PMe+Br-, was added in a sealed capillary) 

 
 

 
Figure S6.31. A kinetic profile of tBA insertion and subsequent reactions with MeOPOBr-Ni. 
(Purple: MeOPOBr-Ni (Ni0), brown: tBA inserted products, red: the internal olefin, blue: new 
species assigned to Ar3PR+ species based on literature.66, 76 Note: differentiation of the first 
insertion product, MeOPOBr-Ni(py)CSiCO and subsequent insertion product, MeOPOBr-
Ni(py)CCO, is challenging and thus only the sum of them are shown as brown circles). 
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NMR monitoring was conducted for an elongated period (Figure S6.29-30). Differentiation 

of  two tBA reinsertion products, MeOPOBr-Ni(py)CCO and MeOPOBr-Ni(py)CSiCO is 

challenging in both 1H and 31P{1H} NMR. Generation of  significant amount of  internal olefin 

was observed, though in a rate slower than that with PhOPOBr-Ni under otherwise identical 

conditions.  

In addition to the internal olefin and tBA inserted Ni complexes, new species featuring 

broad resonances ~8 ppm in 31P{1H} NMR spectra were also observed over time. These 

resonances are close to 31P{1H} resonances of  several reported phosphonium species 

(Ar3PR+).76 One possible pathway to generate phosphonium species after tBA insertion is 

reductive elimination from the tBA inserted products (Figure 6.4). Similar pathways have been 

reported with Pd methyl complexes.66 We proposed that similar process may also happen 

during ethylene/acrylate copolymerization by MeOPOBr-Ni and possibly other P,O-Ni catalysts 

as a pathway of  catalyst deactivation. Notably, neither of  above phenomena was observed in 

reaction of  tBA with PhOPOBr-Ni in aforementioned NMR studies, though it cannot be ruled 

out that decomposition of  PhOPOBr-Ni occurs via a similar pathway in catalysis. 
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Figure S6.32. Log plot of relative concentration of MeOPOBr-Ni vs time. (Condition: [MeOPOBr-
Ni] = 0.0118 M, [py] = 0.0236 M, [tBA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 40 ºC). 

 

 

 
Figure S6.33. Log plot of relative concentration of PhOPOBr-Ni vs time. (Condition: [PhOPOBr-Ni] 

= 0.0118 M, [py] = 0.0236 M, [tBA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 40 ºC). 
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7. Quantitative Kinetic Studies of Acrylate-Induced Reactions 

7.1. Procedures: 0.0059 mmol of Ni catalyst prepared using the above procedure was dissolved 

in a C6D6 solution of pyridine (2 equiv.) and transferred to a J-Young tube. The solution was 

frozen in the coldwell pre-cooled by a liquid nitrogen bath, and a set amount of methyl acrylate 

(MA) was added via syringe (Total volume=0.50 ml). The resulting mixture was warmed up to 

thawing temperature and shaken vigorously prior to transferring to pre-heated NMR probe for 

acquisition of spectra at 25 ºC. NMR monitoring of tBA insertion were performed by monitoring 

1H and 31P{1H} NMR spectra. 

Note: a large excess of tBA and a small amount of pyridine were added to make sure their 

concentrations remain similar during monitoring (pseudo-1st order conditions). 

 

7.2. Original kinetic plots: 

 
Figure S6.34. Log plot of relative concentration of PhOPOBr-NiSiCCOM vs time (Condition: 

[PhOPOBr-Ni] = 0.0118 M, [py] = 0, [MA] = 0.177 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 
ºC). 
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Figure S6.35. Log plot of relative concentration of PhOPOBr-NiSiCCOM vs time (Condition: 
[PhOPOBr-Ni] = 0.0118 M, [py] = 0, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 

 

 
Figure S6.36. Log plot of relative concentration of PhOPOBr-Ni vs time (Condition: [PhOPOBr-Ni] 

= 0.0118 M, [py] = 0.0039 M, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 
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Figure S6.37. Log plot of relative concentration of PhOPOBr-NiSiCCOM vs time (Condition: 

[PhOPOBr-Ni] = 0.0118 M, [py] = 0.0039 M, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 
25 ºC). 

 

 
Figure S6.38. Log plot of relative concentration of PhOPOBr-Ni vs time (Condition: [PhOPOBr-Ni] 

= 0.0118 M, [py] = 0.0059 M, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 
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Figure S6.39. Log plot of relative concentration of PhOPOBr-NiSiCCOM vs time (Condition: 

[PhOPOBr-Ni] = 0.0118 M, [py] = 0.0059 M, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 
25 ºC). 

 

 
Figure S6.40. Log plot of relative concentration of PhOPOBr-Ni vs time (Condition: [PhOPOBr-Ni] 

= 0.0118 M, [py] = 0.0118 M, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 
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Figure S6.41. Log plot of relative concentration of PhOPOBr-NiSiCCOM vs time (Condition: 

[PhOPOBr-Ni] = 0.0118 M, [py] = 0.0118 M, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 
25 ºC). 

 

 
Figure S6.42. Log plot of relative concentration of PhOPOBr-Ni vs time (Condition: [PhOPOBr-Ni] 

= 0.0118 M, [py] = 0.0236 M, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 
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Figure S6.43. Log plot of relative concentration of PhOPOBr-NiSiCCOM vs time (Condition: 

[PhOPOBr-Ni] = 0.0118 M, [py] = 0.0236 M, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 
25 ºC). 

 

 
 

 
Figure S6.44. Log plot of relative concentration of PhOPOBr-Ni vs time (Condition: [PhOPOBr-Ni] 

= 0.0118 M, [py] = 0.059 M, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 

y = -0.091(3)x + 2.45(5)
R² = 0.998

0

0.2

0.4

0.6

0.8

1

1.2

1.4

12 14 16 18 20 22

ln
([N

i-M
A1

]/[
St

an
da

rd
])

t/h

y = -0.095(3)x + 1.90(5)
R² = 0.9916

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

0 5 10 15 20 25 30 35ln
([N

i-S
T]

/[S
ta

nd
ar

d]
)

t/h



 C h a p t e r  6  

 

 

 

373 

 
Figure S6.45. Plot of relative concentration of PhOPOBr-NiSiCCOM vs time (Condition: [PhOPOBr-
Ni] = 0.0118 M, [py] = 0.059 M, [MA] = 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC. Red 

spots: experimental data, blue line: fitted curve.) 
• p=-0.02, SSR=0.153, k2=0.0742 (See below for methods) 

 

Methods for Figure S6.45. Pseudo-1st order rate constant of β-H elimination can be obtained based 

on changes of [Ni-ST] and [Ni-MA1] over time, which is shown below. 
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Based on (ii) and (iii), #+ ∙ [*] +	![*]!% = #& ∙ [&]' · )()!%   (iv) -> 

#+ ∙ ))"% ∙ 	 [*] + ))"% ∙ 	![*]!% = #& ∙ [&]' · ))"% ∙ )()!%   (v) -> 

!
!% ()

)"% ∙ 	 [*]) = #& ∙ [&]' · )()"()!)%   (vi) -> 

))"% ∙ 	 [*] = )!
)"()!

∙ [&]' · )()"()!)%+C  (vii) -> 

[*] = )!
)"()!

∙ [&]' · )()!%+C∙ 	 ))"%  (viii) 

t=0, [B]=0, ∴	C=− )!
)"()!

∙ [&]'   (ix) 

Based on (viii) and (ix), [*] = )!
)"()!

∙ [&]' · ()()!% − ))"%)  (x) 

(viii)/(iii) -> 
[*]
[#] =

)!
)"()!

∙ (1 − )(()"()!)%)  (xi) 

If p=#+ − #&, 
[*]
[#] =

)!
. ∙ (1 − )

(.%)   (xii) 

[B]/[A] can be obtained from spectra, thereby p is solved via minimizing the difference of  

calculated curve (y axis: [B]/[A], x axis: time) and curve generated from exp in excel (“solver” 

add-on). 
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7.3. Analysis of β-H elimination  

 
Table S6.6 Pseudo-1st order constants of the β-H elimination step (k2) under different pyridine 

and acrylate concentrations. 

Entry [MA]/[Ni] [py]/[Ni] k2-obs (elimination)/h 
1 15 0 0.107(2) 
2 50 0 0.116(3) 
3 50 0.33 0.108(1) 
4 50 0.5 0.104(2) 
5 50 1 0.099(2) 
6 50 2 0.091(3) 
7 50 5 0.0742 

 
Figure S6.46. Plot of pseudo-1st order rate constant of β-H elimination after MA insertion vs 1 / 
(equivalents of pyridine added) (Conditions: [PhOPOBr-Ni] = 0.0118 M, [py] = 0.0039-0.059 M, [MA] 
= 0.59 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC).  
 

As shown in the figure, a simple linear relationship in NOT observed between pseudo-1st 

order rate constant of the β-H elimination step (k2) and equivalents of pyridine. This suggests a 

kinetic profile more complex than the pathway featuring a fast dissociative pre-equilibrium (See 

section S8 for rationale and other possibilities). 
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8. Discussion of pathways of β-H elimination 

 
Case 1: Fast dissociation equilibrium (but Ka<<1, step a) followed by slow β-H transfer 

(step b) 

Rate = 
/#0$
[12]  [Ni-CCO-py] 

k(elimination) = 
/#0$
[12]   

This scenario is not consistent with Figure S6.46, as a simple linear relationship in NOT 

observed between pseudo-1st order rate constant of  the β-H elimination step (k2) and 

equivalents of  pyridine, and not consistent with Figure 6.3e, as the line is expected to cross 

the origin. 

 

Case 2: Slow exchange (concerted mechanism, step a) followed by fast β-H transfer (step 

b) 

Rate = ka 
/%

/&'[12]3/%
 [Ni-CCO-py] 

k(elimination) = ka 
/%

/&'[12]3/%
,  

[py]=0, k(elimination) = ka  

1/k(elimination) =  
/&'[12]3/"

/'/%
 

This scenario is consistent with Figure 6.3e. 
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Case 3: Dissociative mechanism – slow pyridine dissociation followed by fast β-H transfer 

(step 2) 

Rate = ka' 
)%4

)&'4[12]3)%4
 [Ni-CCO-py] 

Similar to case 2, this case is also consistent with Figure 6.3e. 

 

 

Case 4: Associative mechanism – slow coordination of  fifth ligand followed by fast 

subsequent steps. 

Rate = K	[Ni-CCO-py] (K is a constant independent of  pyridine concentration) 

This scenario is not consistent with Table S6.6. 

 

Case 5: Associative mechanism – fast coordination of  fifth ligand follow by slow pyridine 

dissociation. 

Rate = Kz''ka''
)%44

)&'44[12]3)%44
 [Ni-CCO-py] 

Similar as case 2, this case is also consistent with Figure 6.3e. 
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Case 6: Associative mechanism – slow coordination of  fifth ligand followed by fast 

subsequent steps 

Rate = K [Ni-CCO-py] (K is a constant independent of  pyridine concentration) 

This scenario is not consistent with Table S6.6. 

Case 7: Associative mechanism – fast coordination of  fifth ligand follow by slow pyridine 

dissociation. 

Rate = Kz'''ka'''
)%444

)&'444[12]3)%444
 [Ni-CCO-py] 

Similar as case 2, this case is also consistent with Figure 6.3e. 

 

Overall, the linear relationship revealed by Figure 6.3e is consistent with case 2,3,4,5,7 in which pyridine 
dissociation is slow. This scenario implies that pyridine plays an important role in β-H elimination. 
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10. Crystallographic Information 

 

 
Figure S6.47. Solid-State Structure of MeOPOBr-Ni (Green: Ni, Pink: P, Blue: N, Red: O, orange: Si, 
black: C). Ellipsoids are show at the 50% probability level. Hydrogen atoms and solvent molecules 
excluded for clarity.  

Special Refinement Details for Ni0: Complex MeOPOBr-Ni crystalizes in a P-1 space group with 

two full molecules in the asymmetric unit, as well as 3/8 THF molecule. A disorder was present in 

the 3/8 THF molecule and could not be modelled. The solvent mask (Olex® implementation of 

BYPASS/SQUEEZE) was used to suppress two sections of electron density likely corresponding to 

1/4 THF molecule and 1/8 THF molecule. The void was calculated to be near 51 electrons per unit 

cell, which would be close to 3/8 THF molecule per asymmetric unit (Z=4). 
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Figure S6.48. Solid-State Structure of PhOPOBr-Ni (Green: Ni, Pink: P, Blue: N, Red: O, orange: Si, 
black: C). Ellipsoids are show at the 50% probability level. Hydrogen atoms and solvent molecules 
excluded for clarity.  

Special Refinement Details for Ni0: Complex PhOPOBr-Ni crystalizes in a P21/n space group 

with one full molecule in the asymmetric unit, as well as one toluene molecule. A disorder was present 

in the one toluene molecule and could not be modelled. The solvent mask (Olex® implementation 

of BYPASS/SQUEEZE) was used to suppress one section of electron density likely corresponding 

to this one toluene molecule. The void was calculated to be near 184 electrons per unit cell, which 

would be close to one toluene molecule per asymmetric unit (Z=4). 
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Figure S6.49. Solid-State Structure of PhOPOBr-NiCCO (Green: Ni, Pink: P, Blue: N, Red: O, 
orange: Si, black: C). Ellipsoids are show at the 50% probability level. Hydrogen atoms and solvent 
molecules excluded for clarity.  

Special Refinement Details for Ni0: Complex PhOPOBr-NiCCO crystalizes in a P21/n space 

group with one full molecule in the asymmetric unit, as well as half toluene molecule. One methyl 

group on t-butoxy moiety is modelled with two-site disorder with half occupancies for each. A 

disorder was present in the one and a half pentane molecules and could not be modelled. The solvent 

mask (Olex® implementation of BYPASS/SQUEEZE) was used to suppress one section of electron 

density likely corresponding to this half toluene molecule. The void was calculated to be near 108 

electrons per unit cell, which would be close to half toluene molecule per asymmetric unit (Z=4). 
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Crystallographic Information 
Table S6.7. Crystal and refinement data for complexes MeOPOBr-Ni, PhOPOBr-Ni, and PhOPOBr-
NiCCO. 

 MeOPOBr-Ni PhOPOBr-Ni PhOPOBr-NiCCO 
Empirical formula C35H45BrNNiO5PSi C55H52BrNNiO5PSi C58H55BrNiO7P 
Formula weight 774.67 1089.82 1110.15 
Temperature/K 100 K 100 K 100 K 
Crystal system Triclinic Monoclinic Monoclinic 
Space group P-1 P21/n P21/n 
a/Å 13.161(3) 13.733(2) 13.546(13) 
b/Å 15.276(3) 17.573(2) 17.949(14) 
c/Å 21.447(5) 22.824(3) 22.94(3) 
α/° 102.207(10) 90 90 
β/° 101.799(18) 103.207(12) 105.05(4) 
γ/° 99.382(18) 90 90 
Volume/Å3 4028.4(16) 5363(1) 5386(9) 
Z 4 4 4 
ρcalcg/cm3 1.277 1.350 1.369 
μ/mm-1 1.581 1.209 1.188 
F(000) 1613 2280 2317 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
Reflections collected 128856 175043 75731 
Independent reflections 26181 16282 16453 
Goodness-of-fit on F2 1.039 1.073 0.941 
Final R indexes    
[I>=2σ (I)] 

R1 = 4.00 % 
R2 = 10.00% 

R1 = 4.02 % 
R2 = 11.40 % 

R1 = 10.31 % 
R2 = 22.97 % 

 

 
 

 

 

 

 

 

 



 C h a p t e r  6  

 

 

 

383 

 
REFERENCES 

 
 (1)  Osakada, K., Organometallic Reactions and Polymerization. Springer: 2014; Vol. 85. 

 (2)  Chen, C., Designing catalysts for olefin polymerization and copolymerization: beyond electronic and steric 
tuning. Nat. Rev. Chem. 2018, 2 (5), 6-14. 

 (3)  Nakamura, A.; Ito, S.; Nozaki, K., Coordination− insertion copolymerization of  fundamental polar monomers. 
Chem. Rev. 2009, 109 (11), 5215-5244. 

 (4)  Carrow, B. P.; Nozaki, K., Transition-metal-catalyzed functional polyolefin synthesis: effecting control through 
chelating ancillary ligand design and mechanistic insights. Macromolecules 2014, 47 (8), 2541-2555. 

 (5)  Chen, E. Y.-X., Coordination polymerization of  polar vinyl monomers by single-site metal catalysts. Chem. Rev. 
2009, 109 (11), 5157-5214. 

 (6)  Luckham, S. L. J.; Nozaki, K., Toward the Copolymerization of  Propylene with Polar Comonomers. Acc. Chem. 
Res. 2020. 

 (7)  Baur, M.; Lin, F.; Morgen, T. O.; Odenwald, L.; Mecking, S., Polyethylene materials with in-chain ketones from 
nonalternating catalytic copolymerization. Science 2021, 374 (6567), 604-607. 

 (8)  Hustad, P. D., Frontiers in olefin polymerization: Reinventing the world’s most common synthetic polymers. 
Science 2009, 325 (5941), 704-707. 

 (9)  Franssen, N. M.; Reek, J. N.; de Bruin, B., Synthesis of  functional ‘polyolefins’: state of  the art and remaining 
challenges. Chem. Soc. Rev. 2013, 42 (13), 5809-5832. 

 (10)  Tan, C.; Zou, C.; Chen, C., Material Properties of  Functional Polyethylenes from Transition-Metal-Catalyzed 
Ethylene–Polar Monomer Copolymerization. Macromolecules 2022. 

 (11)  Boffa, L. S.; Novak, B. M., Copolymerization of  polar monomers with olefins using transition-metal 
complexes. Chem. Rev. 2000, 100 (4), 1479-1494. 

 (12)  Zou, C.; Chen, C., Polar-functionalized, crosslinkable, self-healing, and photoresponsive polyolefins. Angew. 
Chem. Int. Ed 2020, 59 (1), 395-402. 

 (13)  Johnson, L. K.; Mecking, S.; Brookhart, M., Copolymerization of  ethylene and propylene with functionalized 
vinyl monomers by palladium (II) catalysts. J. Am. Chem. Soc. 1996, 118 (1), 267-268. 

 (14)  Younkin, T. R.; Connor, E. F.; Henderson, J. I.; Friedrich, S. K.; Grubbs, R. H.; Bansleben, D. A., Neutral, 
single-component nickel (II) polyolefin catalysts that tolerate heteroatoms. Science 2000, 287 (5452), 460-462. 
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 (63)  Guironnet, D.; Caporaso, L.; Neuwald, B.; Göttker-Schnetmann, I.; Cavallo, L.; Mecking, S., Mechanistic 
insights on acrylate insertion polymerization. J. Am. Chem. Soc. 2010, 132 (12), 4418-4426. 
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L.; Mecking, S., Activation and deactivation of  neutral palladium (II) phosphinesulfonato polymerization catalysts. 
Organometallics 2012, 31 (23), 8388-8406. 

 (67)  Wucher, P.; Roesle, P.; Falivene, L.; Cavallo, L.; Caporaso, L.; Göttker-Schnetmann, I.; Mecking, S., 
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ABSTRACT 

 

In this chapter we reported a class of in situ generated Ni-based multimetallic 

complexes based on a bisphosphine phenoxide ligand (POP). Several secondary metal 

(M2) additives that are coordinated by the phosphine in POP inhibit olefin 

polymerization. Further isolation and characterization of relevant metallocycles revealed 

a deactivation pathway involving the ligand on M2 (LM2) bridging between two metals. 

For a variety of metal halides, alkyls and alkoxides, phosphine coordination drives M2 to 

specific positions, which potentially enables facile formation of aforementioned 

metallocycles. On the other hand, Al(OiPr)3, as an secondary metal additive, is likely only 

coordinated by ether groups and promotes ethylene/acrylate copolymerization. Overall, 

these results reveal potential effects of ligands on M2 (LM2) on polymerization catalysis 

and the importance of M2's position, both of which should be considered in future 

catalyst design. 
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GENERAL INTRODUCTION 

Incorporation of  polar functionalities via coordination copolymerization can 

provide value-added polyolefins with precisely controlled physical and mechanical 

properties and potential degradability.1-6 Conceptually inspired by multinuclear active 

sites in metalloenzymes, multimetallic catalysts have been pursued for this 

polymerization.7-8 Over last two decades, a variety of  symmetric bimetallic catalysts 

have been reported featuring enhanced activity, stability, molecular weight (Mw) or 

polar monomers incorporation compared to their monometallic counterparts (Figure 

7.1a).9-22 On the other hand, asymmetric multimetallic catalysts with two or more metal 

centers differing in both binding environments and roles in catalysis are much less 

explored in catalytic synthesis of  polar polyolefins,23-25 though several examples 

focused on ethylene homopolymerization have been reported.26-34 

Previous mechanistic studies have identified polar monomer inserted species as the 

resting state of  catalysis (Figure 7.1b).35-41 It has been suggested that subsequent 

insertion is hindered by the preferential σ-coordination of  heteroatoms to the active 

metal center M1.39, 41 Destabilization of  this coordination can potentially promote 

further insertion, and thus is desirable. A specifically attractive strategy is introducing 

a Lewis acidic metal M2 proximal to M1 since the polar functionalities may prefer 

coordinating to M2 instead of  M1 and thus inhibit the formation of  aforementioned 

coordination (Figure 7.1c).7-8 
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Figure 7.1. a) Examples of  symmetric bimetallic catalysts for copolymerization involving 

polar monomers. b) Depiction of  polar monomer inserted species. c) Depiction of  potential 

cooperative effects of  M2 in polar monomer insertion. Grey spheres: polar groups.  

This concept has been demonstrated, and alkali metal cations were employed as M2 

in most examples.23-25 Specifically, Do group reported Pd-alkali catalysts that show 

enhancements in activity and copolymer Mw compared to the monopalladium 

counterpart.23 The precise role of  alkali ions remained unclear since they may not only 
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interact with polar monomers, but also increase M1's electrophilicity. Potentially related 

to the latter, the secondary metal cation led to decreases in polymer Mw or polar 

monomer incorporation and increases in polymer dispersity in several other examples, 

which are undesirable for their material applications.31-32, 42 In this regard, installing 

neutral Lewis acidic metal additives with X-type coordinating ligands (LM2) is attractive 

since the resulting multimetallic complexes would be overall neutral and change in 

electrophilicity of  the active metal center (M1) may be insignificant. 

In general, we prefer nickel-based catalysts due to their relatively high efficiency and 

low cost of  nickel.9-10, 39-40, 43-45 Specifically, our previously reported Ni bisphosphine 

phenoxide catalyst 1 represents a suitable candidate for investigation of  this approach. 

First, it showed state-of-art performance in activity, thermal stability and acrylate 

incorporation and thus further improvements are of  practical relevance.39, 46-48 Second, 

it features an additional phosphine moiety with four ether groups, which are suitable 

ligands for a variety of  metals. 

 
RESULTS AND DISCUSSION 

Screening of  Secondary Metal Additives 

To figure out the binding affinity of  1, we first screened several metal precursors 

with different X-type coordinating ligands (LM2) including ZnMe2, AlEt3, ZnCl2, 

Zn(OMe)2, Al(OiPr)3, KOtBu. Reaction was performed in toluene, or THF if  no 

reactivity was observed in toluene even at elevated temperatures. Among these 
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additives, several sets of  new peaks were observed in 1H and 31P{1H} NMR spectra 

with significant peak broadening upon addition of  metal alkyls and most metal 

alkoxides, implying generation of  multiple species (Figure 7.2, S2.1). Notably, addition 

of  ZnCl2 to 1 in toluene leads to one new set of  broad doublets appeared in 31P{1H} 

NMR spectrum, indicating generation of  one major compound. In the above cases, 

one of  the most significant changes is shift of  resonance for the free phosphine in 1, 

potentially indicating its coordination to the secondary metal. In contrast, Al(OiPr)3 

only leads to minute changes in both 1H and 31P{1H} NMR spectra (Figure 7.2, S7.2), 

implying a weak interaction. Resonances that shifted upon addition of  Al(OiPr)3 

includes that for both phosphines in 31P{1H} NMR spectrum and for several protons 

including those on methoxy groups in 1H NMR spectrum (Figure S7.2). This scenario 

is consistent with a weak interaction between aluminum and methoxy groups ortho to 

phosphine, instead of  phosphine coordination which typically leads to significant 

changes in 31P{1H} NMR. Other possibilities of  weak interactions cannot be ruled 

out. 

Structure and Reactivity of  Ni/Zn Heterobimetallics 

As shown above, addition of  ZnCl2 leads to the generation of  one major new 

species. Encouraged by this, we then conducted ethylene homopolymerization with a 

1:5 1/ZnCl2 mixture. Unexpectedly, negligible polymer production was observed, 

indicating severe activity suppression induced by ZnCl2. To elucidate how it quenches 

polymerization, isolation and characterization of  in-situ generated Ni/Zn 

heterobimetallics was pursued. 
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a 

Figure 7.2. Reaction of  1 with several secondary metal additives featuring different metal 

centers and ligands on them (alkyls, chloride and alkoxides). See SI for details. 

X-ray quality crystals were obtained from vapor diffusion of  hexanes into a cold 

toluene solution of  1/ZnCl2. Solid-state characterization by single crystal X-ray 

diffraction (scXRD) confirmed the identity of  a Ni/Zn heterobimetallic complex, 2 

(Figure 7.3-4). It features a square planar nickel center and a tetrahedral zinc center, 

each coordinated by one phosphine and the central phenoxide. The scenario is 

consistent with the abovementioned NMR studies regarding phosphine coordination. 

The Ni(1)-O(1) distance in 2 is significantly elongated comparing to that in 1 (1.983(2) 

Å for 2 vs 1.926(3) Å for 1), implying a weakened phenoxide coordination to nickel. 
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Figure 7.3. Preparation of  Ni-Zn heterobimetallic compounds. 

 
Figure 7.4. (Top) Solid-state structures of  2, 2Cl, 2Cl+ and (bottom) selected bond distances 

(in Å, structure of  1 reported in ref  39). Solvent molecules, anions, and hydrogen atoms have 

been omitted for clarity. Check Experimental section 5 for more details. 

In the NMR spectra of  2 (independent prepared or crystalized) in C6D6, one minor 

species was also observed (Figure AD7.5). Similarly, two new sets of  doublets 

appeared if  1 and ZnCl2 were mixed in THF (Figure AD7.2). One set is close to 

resonances of  2 and the other one is close to resonances of  the above-mentioned 

minor species. Consistent with this, vapor diffusion of  hexanes into THF solution of  

O
Ar2P PAr2

tBu

Ni

Me3Si

1

N

1 ZnCl2 O
Ar2P PAr2

tBu

Ni

Me3Si N

Zn

Cl
Cl

2

O
Ar2P P

O

tBu

MeO

Ni MeZn
ClCl

py

2Cl

Me3Si

pyZnCl3-

2Cl+

Ar

1 ZnCl2
2 py O

Ar2P P

O

tBu

MeO

Ni MeZn

pyCl

py
Me3Si

Ar

O
Ar2P PAr2

tBu

Ni

Me3Si N

Zn

Br
Br

3

Benzene

1 ZnCl2
THF

THF

1 ZnBr2
Benzene

excess ZnBr2, py
THF

O
Ar2P P

Ar

O

tBu

MeO

Ni
py

MeZn
BrBrBr

[Zn2Br6
2-]1/2

Zn
Br

py

3Br+

Other 
species

Other 
species



 C h a p t e r  7  
 
 

 
396 

an in-situ mixture of  1 and 1 equiv. of  ZnCl2 also led to crystallization of  two species, 

2 and a four-membered Ni/Zn metallocycles containing a bridged chloride (2Cl, Figure 

7.3-4). The latter is potentially generated from 2 via pyridine abstraction by zinc 

followed by chloride coordination to nickel. In 2Cl, the coordination geometry of  zinc 

transferred from tetrahedral to octahedral. In addition, the Ni(1)-Zn(1) distance in 2Cl 

is significantly shorter than that in 2 (3.323(1) Å vs 3.693(1) Å), along with significant 

shorter Ni(1)-O(1) (1.926(3) Å vs 1.983(2) Å) and Zn(1)-O(1) distance (2.005(3) Å vs 

2.116(2)), potentially due to the halide bridging in 2. 

Mimicking this stoichiometry in actual polymerization, we also examined the 

reaction of  2/2
Cl and excess ZnCl2. Notably, a cationic, chloride-bridged Ni/Zn 

heterobimetallic complex 2Cl+ was obtained in the presence of  2 equiv. of  pyridine in 

THF and its identity was confirmed by ScXRD (Figure 7.3-4). The counterion is 

pyZnCl3-. This compound was likely generated from 2
Cl via a terminal chloride 

abstraction by ZnCl2. Compared to the Ni/Zn metallocycle in 2
Cl, both bridged 

chloride and phenoxide in 2
Cl+ is closer to zinc than in 2

Cl, as evidenced by the 

elongated Ni(1)-O(1) and Ni(1)-Cl(1) distances and shortened Zn(1)-O(1), and Zn(1)-

Cl(1) distances in 2
Cl+. In addition, the Ni(1)-Zn(1) distance in 2

Cl+
 is 3.252(1) Å, 

shorter than that in 2Cl (3.323(1) Å). This distortion is potentially due to the generation 

of  a more electrophilic zinc after chloride abstraction. 

Overall, the generation of  2Cl and 2Cl+ revealed an underexplored role of  ligands on 

the secondary metal of  multimetallic olefin polymerization catalysts: bridging between 

two metals. Given the stability of  the four-membered Ni-Cl-Zn-O metallocycle, 
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replacement of  Ni-Cl bond by olefin coordination could be very challenging even in 

the presence of  a large excess of  ethylene. Indeed, negligible polymer generation was 

observed in ethylene polymerization by either 2/2
Cl or 2

Cl+. Though such four-

membered metallocycle were isolated with ZnCl2, similar process may happen with 

other additives featuring different metal centers or ligands on metal (LM2). For 

example, reaction of  1 equiv. of  1 and ZnBr2 in THF led to generation of  two new 

species with resonances similar to 2 and the other isomer (possible 2Cl) mentioned 

above. The identity of  major species is confirmed as 3 (Figure 7.3, S5.4), which is also 

inactive in ethylene polymerization. Further addition of  excess ZnBr2 led to the 

formation of  bromide bridged species (Figure 7.3). In addition, this process can also 

happen during polymerization (Figure 7.5). After ethylene coordination or β-H 

elimination, a four-membered metallocycle could generate after replacement of  

corresponding olefins by LM2. Formation of  similar metallocycles may also happen 

with other ligand frameworks if  two metals are in similar positions. For example, 

Tonks group have observed a metastable bromide-bridged NON-NiZn complex in 1H 

NMR.27 In general, the lack of  open coordination site for olefin after formation of  

this metallocycle could inhibit further monomer coordination and migratory insertion, 

leading to activity, Mw suppression or catalyst deactivation. 

To the best of  our knowledge, these structures represent the first few 

crystallographically characterized examples of  four-membered Ni/Zn metallocycles 

relevant to olefin polymerization. The additional phosphine donor proximal to nickel 

is the basis of  ligand POP's unique ability to support and stabilize such metallocycles. 



 C h a p t e r  7  
 
 

 
398 

Coordination of  this phosphine to M2 drives M2 proximal to nickel and thus make it 

possible for ligands on M2 bridging between two metals. 

 

Figure 7.5. Potential metallocycle formation in four cases: (I) in the absence of  

ethylene/before ethylene coordination, (II)/(III) after ethylene coordination, and (IV) after β-

H elimination. (L: pyridine or other ligands in the system, A: ligands on the second metal, R: 

alkyls/polymer chains on nickel, R': polar groups). 

Ethylene/Acrylate Copolymerization by In Situ Mixtures of  1 and Al additives 

To prevent the formation of  abovementioned four-membered metallocycle, 

inhibition of  phosphine coordination to M2 may be a strategy for 1. Notably, the weak 

interaction between 1 and Al(OiPr)3 implies the absence of  phosphine coordination. 

Indeed, a 1:5 1/Al(OiPr)3 mixture was still active in ethylene polymerization and 

furthermore, an increase in activity was observed compared to 1 alone (~1100 

kg/(mol*h) vs ~710 kg/(mol*h)) (Figure table S7.1). 

Encouraged by this, we next investigated the performance of  1/Al(OiPr)3 mixtures 

in ethylene/acrylate to evaluate effects of  Al(OiPr)3 in the presence of  polar 

monomers. This copolymerization is of  increasing interest due to the wide 

applications of  ester-functionalized polyolefins,6, 49-52   
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Table 7.1. Ethylene/tBA copolymerization. 
Entrya catalyst [tBA]/M Act.b Mw/103 PDI %Mol t-BA Tm (ºC) 

1 1 1000 550 54.3 2.1 2.1 110 

2 1 + 1 Al(OiPr)3 1000 940 51.1 2.3 2.2 111 

3 1 + 2 Al(OiPr)3 1000 990 51.6 2.3 2.1 110 

4 1 + 5 Al(OiPr)3 1000 1000 51.2 2.3 2.2 110 

5 1 2000 290 34.8 2.3 4.8 97 

6 1 + 1 Al(OiPr)3 2000 510 39.8 2.4 4.6 99 

7 1 + 1 AlEt3 1000 <10 N.D. N.D. N.D. N.D. 

8 1 + 1 Al(OEt)Et2 1000 480 56.1 2.4 2.1 111 

9 1 + 2 Al(OEt)Et2 1000 290 52.6 2.2 2.2 110 

10 1 + 5 Al(OEt)Et2 1000 90 48.0 2.4 2.3 109 

[a] Unless specified, V(total) = 5 mL, [Ni] = 0.25 µmol, ethylene pressure = 400 psi, T = 90 ºC, toluene 
solvent. Polymerization runs were stopped at 1h or when ethylene uptake reached 80.13 psi (<1 h). 
Each entry represents an average of multiply replicated runs (see Table S7.2 for original data). [b] Act. 
= (kg/(mol·h)). 

Compared to 1, in situ generated Ni-Al heterobimetallic species prepared by mixing 

1 and 1 equiv. of  Al(OiPr)3 showed a ~60% increase in activity, along with a <10% 

decrease of  Mw (Table 7.1, entry 1 vs 2). Notably, excess Al(OiPr)3 didn't show 

significant effect on the catalytic activity (comparing entry 2~4), potentially implying 

a saturation. Under higher tBA loading (entry 5 vs entry 6), an 80% increase in activity 

was observed with 1 equiv. of  Al(OiPr)3. Consequently, tBA incorporation reached 

4.6% with a catalytic activity of  510 kg/(mol·h). Comparing entry 1 vs 6, tBA 

incorporation increases by 120% while catalyst activity remains similar. This is of  

immediate practical relevance given that an increase in acrylate incorporation typically 

cooccurs with a decrease in catalyst activity. 
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Other Al additives were also examined to evaluate the effect of  LM2. Opposite to 

Al(OiPr)3, addition of  AlEt3 quenched ethylene/tBA copolymerization (Table 7.1, 

entry 7). This is potentially related to the generation of  multiple metal alkyl species as 

implied by in-situ NMR studies (Figure AD7.1). Al(OEt)Et2, an additive featuring both 

alkoxide and alkyl ligands, also showed detrimental effects on ethylene/tBA 

copolymerization (Table 7.1, entry 1, 8~10). It's notable that higher equivalents of  

Al(OEt)Et2 led to more severe activity suppression. 

The above results are consistent with the proposal that inhibition of  phosphine 

coordination to M2 could prevent activity suppression in polymerization induced by 

metallocycle formation. The difference between effects of  Al(OiPr)3, Al(OEt)Et2, and 

AlEt3 clearly demonstrated the influence of  L
M2 on polymerization. However, the 

origin of  Al(OiPr)3's promoting effect on catalysis remain unclear. Possibilities include 

aforementioned cooperative effect of  Al(OiPr)3 after acrylate insertion, or increase in 

steric hindrance induced by Al(OiPr)3. 

 
CONCLUSION 

In summary, we have demonstrated coordination chemistry and polymerization 

behavior of  a new class of  Ni-based multimetallic catalyst system based on our 

previous reported mononickel complex 1. ZnCl2, ZnBr2, and AlEt3, which are 

coordinated by the additional phosphine in 1, inhibit polymerization. On the other 

hand, Al(OiPr)3, which is likely only coordinated by ether groups, promotes both 
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ethylene polymerization and ethylene/tBA copolymerization. Further isolation and 

characterization of  several stable metallocycles revealed a deactivation pathway 

involving a ligand on M2 bridging between two metals. These results highlight a 

strategy that may promote catalysis: introducing a secondary metal additive that won't 

form stable metallocycle with the mononickel complex.  

It has been a long-standing interest on the role of  proximal secondary metal centers 

in olefin polymerization catalysis. Our results herein indicate that the ligand on the 

secondary metal (e.g. halides) can also strongly affect catalyst behavior, a topic 

underexplored in this field. This effect is especially important when two metal centers 

are in close proximity that allows the formation of  multimetallic metallocycles. 

However, the secondary metal needs to stay close to nickel to affect the catalysis. 

Circumventing or addressing this conflict should be taken into account in designing 

multimetallic catalysts for polar polyolefin synthesis. 
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EXPERIMENTAL SECTION 

General Considerations 

All air- and water-sensitive compounds were manipulated under N2 or Ar using standard 

Schlenk or glovebox techniques. The solvents for air- and moisture-sensitive reactions were 

dried over sodium benzophenone ketyl or calcium hydride or by the method of  Grubbs.53 

Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; C6D6, and THF-d8 

was dried over a purple suspension with Na/benzophenone ketyl and vacuum transferred; 

Ethylene (99.999%) for ethylene homopolymerization was purchased from Matheson Tri-Gas 

and equipped with a PUR-Gas in-line trap to remove oxygen and moisture before use. Tert-

butyl acrylate were dried over 4 Å sieves for greater than 72h, vacuum transferred, and passed 

over an activated alumina plug. Dimethoxybenzene, 1-methoxynaphthalene, and pyridine were 

dried over calcium hydride and vacuum-transferred or distilled prior to use. Secondary metal 

precursors were purchased from Sigma-Aldrich and used without further purification. 

Bis(dimethoxyphenyl)phosphine chloride,54 1,3-dibromo-5-(tert-butyl)-2-(methoxymethoxy)-

benzene,55 Nipy2(CH2Si(CH3)3,56 and mononuclear catalyst 139 were synthesized according to 

literature procedures. All 1H, 13C, and 31P spectra of  organic and organometallic compounds 

were recorded on Varian Mercury 300, Varian INOVA-400, or 500, or Bruker Cryoprobe 400 

spectrometers. 1H and 13C chemical shifts are reported relative to residual solvent resonances. 

Binding Studies with Secondary Metal Additives 

Conditions for Figure 3.2: Unless specified, 1: 4.9 mg, 0.005 mmol; secondary metal additive: 5 

equiv., 0.025 mmol; V(total): 0.5 mL.  

Reaction was performed in toluene, or THF if no reactivity was observed in toluene at elevated 

temperatures. The mixtures were stirred/rotated at room temperature for 20 min prior to spectra 
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collection unless specified. The 31P{1H} spectrum of 1 (top spectrum) was collected in toluene 

wand calibrated by an external standard. 

a) ZnMe2: 0.1 mL, 0.25 M, toluene solvent. The mixture was heated at 50 ºC for 20 min prior 

to spectrum collection. 

b) AlEt3: 0.1 mL, 0.25 M in toluene; toluene solvent. 

c) ZnCl2: 3.4 mg, 0.025 mmol; toluene solvent. 

d) Zn(OMe)2: 3.2 mg, 0.025 mmol; THF was used instead of toluene. The mixture was heated 

at 50 ºC for 20 min prior to spectrum collection. 

e) Al(OiPr)3: 5.1 mg, 0.025 mmol; toluene solvent. The mixture was heated at 50 ºC for 20 min 

prior to spectrum collection. 

f) KOtBu: 2.8 mg, 0.025 mmol; THF was used instead of toluene. 

 

 
Figure S7.1: 1H NMR spectra of: a) 1 (top) and b) 1 and 1 equiv. of AlEt3 (bottom, AlEt3: 0.03M in 
toluene) in C6D6. 
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Figure S7.2: 31P{1H} NMR spectra (left) and 1H NMR spectra (right, only the resonances for 
methoxy groups) of 1 (red) and 1 + 1 equiv. of Al(OiPr)3 (green, condition: 1: 5.8 mg, 0.0059 mmol; 
Al(OiPr)3: 1.2 mg, 0.0059 mmol; tol-d8: 0.5 mL; temperature: 70 ºC). 

Synthesis of Ni/Zn Compounds 

2/2Cl: In the glove box, to a solution of  1 (29.6 mg, 0.03 mmol) in THF (5 mL) was added 

a suspension of  1 equiv. of  ZnCl2 (4.1 mg, 0.03 mmol) in THF (0.5 mL). The mixture was 

stirred for 30 min under room temperature, forming a red-orange solution. 1H and 31P{1H} 

NMR spectra of  the reaction mixture indicate the generation of  two new species (10% C6D6 

was added for the 1H NMR experiment). 31P{1H} NMR (121 MHz, C6D6): δ -5.99 (d, 4JPP = 

12.1 Hz), -13.28 (d, 4JPP = 12.1 Hz), -65.80 (d, 4JPP = 12.1 Hz), -69.86 (d, 4JPP = 12.1 Hz). 

Mixture of  orange and red crystals were obtained via vapor diffusion of  hexanes into THF 

solution of  an in-situ mixture of  1 and 1 equiv. of  ZnCl2 and identified as 2 and 2Cl. 

Independent synthesis of 2 (with a small amount of  the other isomer, potentially 2Cl): In 

the glove box, to a solution of  1 (29.6 mg, 0.03 mmol) in THF (1.5 mL) was added a suspension 

of  0.9 equiv. of  ZnCl2 (3.7 mg, 0.027 mmol) in THF (0.5 mL). The mixture was stirred for 20 

min under room temperature, forming a red-orange solution. To this solution was added just 

thawed pentane (18 mL), allowing the formation of  a yellow suspension. Solids were collected 

via vacuum filtration, yielding 2 as orange powders (21.8 mg, 65%). 1H NMR (400 MHz, 

C6D6): δ 8.84-8.82 (m, 2H, PyH), 7.62-7.59 (m, 1H, PhH),  7.49−7.47 (m, 1H, PhH), 7.48−7.45 

(m, 1H, PhH), 7.24−7.20 (m, 1H, PhH), 7.06−7.04 (m, 4H, PhH), 6.96−6.94 (m, 1H, PyH), 

3.313.333.353.373.39-52.5-51.5-50.5-49.5-48.5-47.5-7.5-6.5-5.5-4.5-3.5-2.5



 C h a p t e r  7  
 
 

 
405 

6.65−6.63 (m, 2H, PyH), 6.39−6.37 (m, 4H, PhH), 6.26−6.24 (m, 4H, PhH), 3.57 (s, 12H, 

OCH3), 3.47 (s, 12H, OCH3), 1.10 (s, 9H, C(CH3)3), 0.26 (s, 9H, Si(CH3)3), -0.39−-0.42 (d, 3JHP 

=10.3 Hz, 2H, NiCH2Si) (Note: resonances assigned to the other isomer: δ 6.20−6.19 (m, 4H, 

PhH), 6.12−6.10 (m, 4H, PhH), 3.33 (s, 12H, OCH3), 3.28 (s, 12H, OCH3), 1.15 (s, 9H, 

C(CH3)3), 0.36 (s, 9H, Si(CH3)3); Other resonances correspond to this isomer are overlapped 

with resonances of  the major isomer). 13C{1H} NMR (101 MHz, C6D6): 163.48 (broad s, 4C, 

Ar-C), 161.73 (broad s, 4C, Ar-C), 152.03 (m, 4C, Ar-C), 136.65 (m, 1C, Ar-C), 131.85 (m, 6C, 

Ar-C), 131.15 (s, 4C, Ar-C), 124.57 (s, 2C, Ar-C), 104.38 (m, 10C, Ar-C), 56.07 (s, 4C, OCH3), 

55.51 (s, 4C, OCH3), 34.06 (s, 1C, C(CH3)3), 31.94 (s, 9C, C(CH3)3), 2.09 (s, 9C, SiMe3), -14.58 

(d, 2JCP = 30.5 Hz, 1C, NiCH2Si) (Note: resonances assigned to the other isomer: δ 161.58 

(broad s, 4C, Ar-C), 137.92 (m, 1C, Ar-C), 108.85-108.14 (m, Ar-C), 56.00 (s, 4C, OCH3), 55.16 

(s, 4C, OCH3), 34.21 (s, 1C, C(CH3)3), 32.03 (s, 9C, C(CH3)3), 2.98 (s, 9C, SiMe3). Other 

resonances corresponded to this isomer are overlapped with resonances of  the major isomer); 

31P{1H} NMR (121 MHz, C6D6): δ -5.62 (d, 4JPP = 10.1 Hz, 1P), -62.37 (d, 4JPP = 10.1 Hz, 1P). 

Anal. Calcd(%) for C51H63Cl2NNiO9P2Si: C: 54.74, H: 5.67, N: 1.25; found: C: 55.72, H: 6.03, 

N: 1.86. 

2Cl+ was obtained as red crystals via vapor diffusion of  hexanes into THF solution of  an 

in-situ mixture of  1 and 2 equiv. of  ZnCl2, or an in-situ mixture of  2/2Cl and 2 equiv. of  ZnCl2, 

in the presence of  excess (2~5 equiv.) of  pyridine. The resulting red crystals are poorly soluble 

in THF. 

3: In the glove box, to a solution of  1 (29.6 mg, 0.03 mmol) in THF (1.5 mL) was added 

a suspension of  1 equiv. of  ZnBr2 (6.8 mg, 0.03 mmol) in THF (1.0 mL). The mixture was 

stirred for 30 min under room temperature, forming a red-orange solution. 31P{1H} NMR 

spectrum of  this reaction mixture indicate the generation of  two new species assigned to 3 
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and possibly the bromide bridged analogue of  2Cl. 31P{1H} NMR (121 MHz, C6D6): δ -5.78 

(d, 4JPP = 12.4 Hz), -9.62 (d, 4JPP = 12.4 Hz), -63.42 (d, 4JPP = 12.4 Hz), -66.33 (broad d). To 

prepare 3 in high purity (>95%), a solution of  1 (29.6 mg, 0.03 mmol) in THF (2 mL) was 

mixed with 0.8 equiv. of  ZnBr2 (5.4 mg, 0.024 mmol) in THF (2 mL). The mixture was stirred 

for 30 min under room temperature. After removal of  volatiles, unreacted 1 was washed away 

by diethyl ether and desired products were collected via vacuum filtration (31.1 mg, 74%). 1H 

NMR (400 MHz, C6D6): δ 8.79-8.77 (m, 2H, PyH), 7.66−7.62 (dd, 3JHP = 10.8 Hz, 4JHH = 2.5 

Hz, 1H, PhH), 7.52−7.49 (dd, 3JHP = 9.3 Hz, 4JHH = 2.5 Hz, 1H, PhH), 7.12−7.11 (m, 1H, 

PyH), 7.04−7.00 (m, 4H, PhH), 6.63−6.60 (m, 2H, PyH), 6.39−6.36 (dd, 3JHH = 8.3 Hz, 4JHH 

= 3.6 Hz, 4H, PhH), 6.29−6.26 (dd, 3JHH = 8.3 Hz, 4JHH = 3.6 Hz, 4H, PhH), 3.58 (s, 12H, 

OCH3), 3.49 (s, 12H, OCH3), 1.13 (s, 9H, C(CH3)3), 0.26 (s, 9H, Si(CH3)3), -0.40−-0.43 (d, 3JHP 

= 10.1 Hz, 2H, NiCH2Si); 13C{1H} NMR (101 MHz, C6D6): 163.45 (s, 2C, Ar-C), 163.42 (s, 

2C, Ar-C), 161.72 (s, 4C, Ar-C), 152.07 (m, 4C, Ar-C), 136.80 (m, 1C, Ar-C), 131.97 (m, 6C, 

Ar-C), 131.20 (s, 4C, Ar-C), 124.70 (s, 2C, Ar-C), 104.35 (m, 10C, Ar-C), 56.11 (s, 4C, OCH3), 

55.58 (s, 4C, OCH3), 34.13 (s, 1C, C(CH3)3), 32.00 (s, 9C, C(CH3)3), 2.13 (s, 9C, SiMe3), -14.26 

(d, 2JCP = 30.5 Hz, 1C, NiCH2Si); 31P{1H} NMR (121 MHz, C6D6): δ -5.80 (d, 4JPP = 10.3 Hz, 

1P), -63.39 (d, 4JPP = 10.3 Hz, 1P). Anal. Calcd(%) for C51H63Br2NNiO9P2Si: C: 50.71, H: 5.26, 

N: 1.16; found: C: 52.43, H: 5.18, N: 0.99. 

Supplemental information for olefin copolymerization 

General procedure for Fisher-Porter type reactor runs for preparation of polyethylene. 

This high-pressure setup consists of a 3 oz Andrews glass pressure reaction vessel equipped 

with Swagelok valves and a gauge. For all ethylene homopolymerization, this setup was brought 

into the glove box with a magnetic stir bar and charged with a toluene mixture (5 mL) of the 

desired amounts of the nickel complex and the secondary metal additive (if applicable). The 
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setup was brought out of the box and clamped firmly over a hot plate which was preheated to 

desired temperature. The solution was stirred vigorously (1200 rpm). A nylon core hose 

equipped with quick connect adaptors was purged with ethylene for 1 minute and the pressure 

was set to 15 psi. The hose was connected to the setup and the setup was filled with ethylene. 

The pressure was increased to 100 psi. After the desired time (15 min), the ethylene hose was 

disconnected, the setup was vented and the reaction mixture was quenched with acidified 

methanol (3 times the reaction volume, 15 mL) to precipitate the polymer, which was collected 

as a white solid by filtration over a fine frit. All of the precipitates were dried under vacuum over 

at least 24 hours before the polymer masses were recorded.  

Ethylene homopolymerization results. 

Table S7.1 Ethylene homopolymerization results. 

Entrya Catalyst + n (equiv.) additive Act.(kg/(mol·h)) 

1 1 682 
2 1 747 
3 1 + 5 ZnCl2 52 
4 1 + 5 ZnCl2 17 
5 2/2Cl <10 
6 2/2Cl <10 
7 2Cl+ <10 
8 2Cl+ <10 
9 1 + 5 ZnBr2 <10 
10 1 + 5 ZnBr2 <10 
11 3 <10 
12 3 <10 
13 1 + 5 Al(OiPr)3 1322 
14 1 + 5 Al(OiPr)3 910 
15 1 + 5 AlEt3 <10 
16 1 + 5 AlEt3 <10 

aUnless specified, V(total) = 5 mL, [Ni] = 4 µmol, pressure = 100 psi, T = 70 ºC, toluene solvent, time = 15 min. 
bAct.=(kg/(mol·h)). 
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General procedure for for preparation of  polyethylene and ethylene/tBA copolymers. 

Polyolefin catalysis screening was performed in a high throughput parallel polymerization 

reactor (PPR) system. The PPR system was comprised of  an array of  48 single cell (6 x 8 

matrix) reactors in an inert atmosphere glovebox. Each cell was equipped with a glass insert 

with an internal working liquid volume of  approximately 5 mL. Each cell had independent 

controls for pressure and was continuously stirred at 800 rpm. Catalysts were prepared in 

toluene. All liquids (i.e., solvent, tBA, and catalyst solutions) were added via robotic syringes. 

Gaseous reagents (i.e., ethylene) were added via a gas injection port. Prior to each run, the 

reactors were heated to 50 °C, purged with ethylene, and vented.  

All desired cells were injected with tBA followed with a portion of  toluene (This step was 

skipped for ethylene homopolymerization). The reactors were heated to the run temperature 

and then pressured to the appropriate psig with ethylene. Catalyst were then added to the cells. 

Each catalyst addition was chased with a small amount of  toluene so that after the final 

addition, a total reaction volume of  5 mL was reached. Upon addition of  the catalyst, the PPR 

software began monitoring the pressure of  each cell. The desired pressure (within 

approximately 2-6 psig) was maintained by the supplemental addition of  ethylene gas by 

opening the valve at the set point minus 1 psi and closing it when the pressure reached 2 psi 

higher. The pressure of  each cell was monitored during and after the quench to ensure that 

no further ethylene consumption happens. The shorter the “Quench Time” (the duration 

between catalyst addition and oxygen quench), the more active the catalyst. All drops in 

pressure were cumulatively recorded as “Uptake” or “Conversion” of  the ethylene for the 

duration of  the run. After 1h, each reaction was then quenched by addition of  1% oxygen in 

nitrogen for 30 seconds at 40 psi higher than the reactor pressure. After all the reactors were 

quenched they were allowed to cool to about 60 °C. They were then vented and the tubes were 
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removed. The polymer samples were then dried in a centrifugal evaporator at 60 °C for 12 

hours, weighed to determine polymer yield and submitted for IR (tBA incorporation) and 

GPC (molecular weight) analysis. NMR analysis were performed separately for microstructural 

analysis. 

Original polymerization runs for ethylene/tBA copolymerization in high throughput parallel polymerization 

reactors (PPR)  

Table S7.2. Ethylene/tBA copolymerization by in-situ mixture of  1 and aluminum additives 

(Original data for Table 1) 

Entrya Catalyst + 
n (equiv.) additive 

[tBA]/[1] Act. b t (s) Mw*10-3 PDI %Mol  
tBA 

Tm 
(ºC) 

1c 1 1000 659 2250 53.08 2.2 2.24 110 
2c 1 1000 472 3601 53.98 2.2 1.99 111 
3c 1 1000 514 3447 55.79 2.2 2.01 111 
4c 1 + 1 Al(OiPr)3 1000 954 1857 53.30 2.3 2.16 111 
5c 1 + 1 Al(OiPr)3 1000 981 1600 49.43 2.2 2.22 110 
6c 1 + 1 Al(OiPr)3 1000 923 1653 50.63 2.4 2.21 111 
7c 1 + 2 Al(OiPr)3 1000 977 1666 52.21 2.2 2.15 110 
8c 1 + 2 Al(OiPr)3 1000 1002 1480 52.23 2.3 2.11 111 
9c 1 + 2 Al(OiPr)3 1000 1037 1582 50.32 2.2 2.14 110 
10c 1 + 5 Al(OiPr)3 1000 1000 1569 50.05 2.3 2.16 110 
11c 1 + 5 Al(OiPr)3 1000 1015 1590 52.10 2.4 2.09 110 
12c 1 + 5 Al(OiPr)3 1000 1008 1628 51.42 2.4 2.32 110 
13 1 + 1 Al(OEt)Et2 1000 476 3601 58.20 2.4 2.15 111 
14c 1 + 1 Al(OEt)Et2 1000 500 3369 54.57 2.2 2.06 111 
15c 1 + 1 Al(OEt)Et2 1000 458 3523 55.38 2.5 2.07 111 
16 1 + 2 Al(OEt)Et2 1000 324 3601 52.64 2.2 2.27 110 
17 1 + 2 Al(OEt)Et2 1000 272 3602 53.64 2.2 2.12 111 
18 1 + 2 Al(OEt)Et2 1000 252 3601 51.56 2.3 2.27 110 
19 1 + 5 Al(OEt)Et2 1000 108 3600 45.07 2.2 2.42 109 
20 1 + 5 Al(OEt)Et2 1000 100 3601 47.13 2.2 2.27 110 
21 1 + 5 Al(OEt)Et2 1000 84 3600 48.81 2.6 2.31 109 
22 1 + 1 AlEt3 1000 <10 3601 N.D. N.D. N.D. N.D. 
23 1 + 1 AlEt3 1000 <10 3601 N.D. N.D. N.D. N.D. 
24 1 + 1 AlEt3 1000 <10 3601 N.D. N.D. N.D. N.D. 
25 1  2000 280 3600 34.59 2.3 4.54 99 
26 1 2000 268 3601 35.04 2.4 5.01 94 
27 1 + 1 Al(OiPr)3 2000 514 3309 41.30 2.4 4.42 99 
28 1 + 1 Al(OiPr)3 2000 515 3494 38.24 2.3 4.69 100 
aUnless specified, V(total) = 5 mL, [Ni] = 0.25 µmol, ethylene pressure = 400 psi, T = 90 ºC, toluene solvent, 

time = 1 h. bAct. = (kg/(mol·h)). cPolymerization runs were stopped when ethylene uptake reached 80.13 psi (<1 
h). 
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Crystallographic Information 

 
Figure S7.3. Solid-state structure of 2. Ellipsoids are show at the 50% probability level. Hydrogen 

atoms and solvent molecules excluded for clarity. 
Special Refinement Details for 2: Complex 2 crystalizes in a P21/C space group with the full 

molecule, half of a benzene molecule and two THF molecules in the asymmetric unit. A disordered 
THF molecule is observed and is refined isotropically to prevent NPDs. 

 

 
Figure S7.4. Solid-state structure of 2Cl. Ellipsoids are show at the 50% probability level. 

Hydrogen atoms and solvent molecules excluded for clarity. Disordered dimethoxyphenyl and 
chlorides excluded for clarity. 

Special Refinement Details for 2Cl: Complex 2Cl crystalizes in a P21/n space group with the full 
molecule and one benzene molecule in the asymmetric unit. Two chlorides (Cl1 and Cl2) are 
modelled with two-site disorder with occupancies of 0.746 and 0.254. One of the dimethoxyphenyl 
group is also modelled with two-site disorder with occupancies of 0.746 and 0.254. 
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Figure S7.5. Solid-state structure of 2Cl+. Ellipsoids are show at the 50% probability level. 

Hydrogen atoms, solvent molecules, and the couterion excluded for clarity.  
Special Refinement Details for 2Cl+: Complex 2Cl+ crystalizes in a P-1 space group with the full 

molecule and one benzene molecule in the asymmetric unit.  
 

 
Figure S7.6. Solid-state structure of 3. Ellipsoids are show at the 50% probability level. Hydrogen 

atoms and solvent molecules excluded for clarity. 
Special Refinement Details for 2 Complex 3 crystalizes in a P-1 space group with the full 

molecule and one diethylether molecule in the asymmetric unit. 
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Figure S7.7. Solid-state structure of a bromide bridged Ni/Zn complex. Data quality is only 

sufficient for depicting the connectivity. Hydrogen atoms and solvent molecules excluded for clarity. 
 

Table S7.3: Crystal and refinement data (part 1) 
 2 2Cl 
Empirical formula C61.42H79.99Cl2NNiO10.86P2SiZn C57H69Cl2NNiO9P2SiZn 
Formula weight 1290.98 1194.14 
Temperature/K 100 K 100 K 
Crystal system Monoclinic Monoclinic 
Space group P21/C P21/n 
a/Å 13.826(2) 12.897(3) 
b/Å 17.674(2) 19.086(7) 
c/Å 26.488(3) 23.021(6) 
α/° 90 90 
β/° 91.636(11) 90.746(16) 
γ/° 90 90 
Volume/Å3 6470.2(15) 5666(3) 
Z 4 4 
ρcalcg/cm3 1.325 1.403 
μ/mm-1 2.677 2.989 
F(000) 2713 2504 
Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) 
Reflections collected 136826 51336 
Independent reflections 13826 11686 
Goodness-of-fit on F2 1.039 0.934 
Final R indexes [I>=2σ (I)]     R1 = 5.66 % 

R2 = 15.73 % 
    R1 = 6.40 % 

R2 = 17.76 % 
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Table S7.4: Crystal and refinement data (part 2) 

 2Cl+ 3 
Empirical formula C33.5H39.5Cl1.5N1.5Ni0.5O4.50PSi0.50Zn C55H73Br2NNiO10P2SiZn 
Formula weight 745.80 1282.07 
Temperature/K 100 K 100 K 
Crystal system Triclinic Triclinic 
Space group P-1 P-1 
a/Å 11.564(4) 12.358(13) 
b/Å 13.159(3) 14.836(6) 
c/Å 24.094(6) 17.474(11) 
α/° 82.753(18) 93.63(2) 
β/° 82.18(2) 99.68(3) 
γ/° 74.389(16) 110.98(3) 
Volume/Å3 3482.9(16) 2922(4) 
Z 4 2 
ρcalcg/cm3 1.422 1.457 
μ/mm-1 3.581 3.668 
F(000) 1548 1324 
Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) 
Reflections collected 58754  92640 
Independent reflections 13466  12436 
Goodness-of-fit on F2 1.084  1.495 
Final R indexes [I>=2σ (I)] R1 = 6.38 % 

R2 = 13.99 % 
 R1 = 3.83 % 
 R2 = 16.15 % 
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ABSTRACT 

 

Dinickel complexes (X-Ni2) supported by a BINOL-based ligand (X) was reported 

for ethylene/acrylate copolymerization. Mechanistic studies revealed that monomer 

insertions on both Ni center are possible, while insertion into the second Ni center is 

slower than the first one. Further, two proximal phenoxide moieties in the framework 

allow for binding with Na cation with a 1:1 X-Ni2:Na ratio. In ethylene/acrylate 

copolymerization, in-situ generated Ni2Na species shows significant increase in activity 

but decrease in copolymer Mw and acrylate incorporation compared to X-Ni2, which is 

consistent with results of mechanistic studies that Ni2Na species features slower acrylate 

insertion and faster β-H elimination. Further, fast shuttling of Na cation between 

different complexes was observed, potentially allowing efficient synthesis of high Mw 

copolymers with high acrylate incorporation, or bimodal copolymers with good 

molecular level entanglement and minimal phase separation. 
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GENERAL INTRODUCTION 

Nature positions multiple metal centers in close proximity and proper orientation in 

many enzymes to achieve exceptional activity and selectivity.1-3 Conceptually inspired 

by this, extensive efforts have been made toward developing abiotic multimetallic 

catalysts that exhibit similar beneficial properties.3-9 Specifically, a variety of  

multimetallic catalysts have been developed for olefin (co)polymerization, 

CO2/epoxide copolymerization, and lactide/lactone (co)polymerization, as catalyst 

efficiency and selectivity are also vital in these preparations.9-20 Indeed, many examples 

show enhancements in catalyst activity, selectivity of  monomer incorporation, polymer 

molecular weight (Mw) and microstructures compared to their mononuclear 

counterparts (Figure 8.1a). 

In polymer synthesis, a significant challenge is coordination copolymerization of  

ethylene and polar monomers.21-26 This copolymerization can provide value-added 

polyolefins with precisely controlled physical, mechanical properties and potential 

degradability.25, 27-32 In this regard, a large number of  transition metal catalysts have 

been developed for this preparation to date (Figure 8.1b).26, 33-48 Among them, Ni 

catalysts are of  special interest due to nickel's low oxophilicity and relative earth 

abundance.26, 44, 49 Despite this progress, major issues exist in this preparation, including 

low catalyst activity, stability and copolymer Mw.31, 50-63 This is generally credited to 

coordination of  polar group to the metal center that outcompetes vinyl coordination, 

slows subsequent insertion and leads to catalyst deactivation.42, 45, 64-73 
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Figure 8.1. Examples of  multimetallic polymerization catalysts (a), mononuclear (b) and 
multimetallic catalysts (c) for copolymerization of  ethylene and polar monomers, and catalyst 
design in this work(d). 

To address this, one strategy being of  increasing interest is aforementioned catalyst 

design featuring multiple metal centers in close proximity, which have been proposed 

to disfavor aforementioned inhibitory coordination of  polar groups.9, 74 Ni-based 
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multimetallic complexes have thus been studied for the copolymerization of  polar and 

nonpolar olefins, and the superiority of  multimetallic catalysts over their monometallic 

analogues have been observed in some cases (Figure 8.1c).51, 61, 75-90 Such favorable 

multimetallic effects have been explained by several mechanisms, such as metal-metal 

cooperativity or rigidity-induced inhibition of  deactivation.51, 74-76, 88 However, 

experimental mechanistic studies that support such rationale or elucidate the nature 

of  monomer interactions with multimetallic catalysts or the role of  each metal center 

in catalysis are far less frequently presented. 

 
RESULTS AND DISCUSSION 

Catalyst Design, Preparation and Characterization 

In the design of  a ligand for Ni-based multimetallic polymerization catalysts, a 1,1′-

bi-2-naphthol moiety was chosen as a suitable backbone with restricted but still tunable 

rotations around the aryl-aryl bonds. In the presented work, two phosphine-phenoxide 

motifs were used as binding sites for nickel on naphthyl rings due to the reported polar 

group tolerance of  P,O-Ni catalysts as well as the feasibility of  experimental 

mechanistic studies with this type of  single-component catalysts.29, 35, 69, 91-96 Further, 

two proximal phenoxide moieties may act as binding sites for additional alkali metal 

cations, allowing further tuning of  catalyst performance (Figure 8.1d). 
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Figure 8.2. Solid-state structure of  X-Ni2 in two views (Green: Ni, Pink: P, Blue: N, Red: O, 
orange: Si, black: C). Ellipsoids are shown in 50% probability. Hydrogen atoms and solvent 
molecules are excluded for clarity. 

This ligand (XH2) was synthesized by deprotonation of  MOM-protected 1,1′-bi-2-

naphthol with 2 equiv. of  nBuLi, followed by addition of  2 equiv. of  

bis(dimethoxyphenyl)phosphine chloride and MOM deprotection. The nickel 

complex (X-Ni2) was synthesized by reacting the dinaphthol with 2 equiv. of  

py2Ni(CH2SiMe3)2. Intermediates in which only 1 equiv. of  Ni precursor reacts with 

XH2 was not observed. In 1H NMR spectrum of  X-Ni2, the diasterotopic methylene 

(Ni-CH2Si) signals are found at δ ~-0.6 and ~-1.0 ppm. Single-crystal X-ray diffraction 

(scXRD) further confirms the molecular structure of  X-Ni2 (Figure 8.2). The distance 

between the two Ni centers is 7.727(1) A ̊ and the dihedral angle between two naphthols 
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is 112~118°. The coordination environment around each Ni is similar to that in 

previous reported Ni phosphine phenoxide complexes. Notably, the distance between 

two phenoxide-O (4.275(3) A ̊) is significantly smaller than twice of  the sum of  van 

der Walls radius of  Na and O atoms (~7.5 A ̊), implying further introduction of  Na 

cation between two dinaphthols is possible (Figure 8.1d). 

Na Binding Studies 

0~2 equiv. of  NaBArF
24 in THF was added to the C6D6 solution of  X-Ni2 and 

31P{1H} spectra was employed to probe Na binding (Figure 8.3, and Figure S8.1-2). 

Addition of  0.25 equiv. of  NaBArF
24 led to two broad resonances in 31P{1H} spectra 

with a ~3:1 ratio in 10 min. The major one (A) is close to the resonance of  X-Ni2. 

Two similar resonances with more significant line-broadening and a ~1:1 ratio was 

observed upon addition of  0.5 equiv. of  NaBArF
24, implying faster shuttling of  Na 

cation between different X-Ni2 molecules in this case. Notably, addition of  1 equiv. of  

NaBArF
24 led to disappearance of  peak A and significant sharpening of  peak B. 

Addition of  excess NaBArF
24 (>1 equiv.) led to no change in chemical shifts and 

minimal changes in peak B's broadness (Figure S8.2). Overall, the above scenario 

suggests fast binding of  Na cation to X-Ni2 in a 1:1 ratio and in-situ generation of  

Ni2Na species. Further, fast shuttling of  Na cation exists between different X-Ni2 

molecules may enable additional tuning of  catalyst behavior. 
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Figure 8.3. 31P{1H} NMR spectra of  in-situ mixture of  X-Ni2 and 0~1 equiv. of  NaBArF24 
(Referenced with an external standard, see Experimental section 3 for details). 

Ethylene/Acrylate Copolymerization 

Both X-Ni2 and in-situ generated Ni2Na species are highly active in ethylene/acrylate 

copolymerization (Table 1). To the best of  our knowledge, this represent first dinickel 

examples that are capable of  copolymerizing ethylene and fundamental polar 

monomers with polar groups directly attach to the vinyl, allowing for further structure-

performance studies. Increase in tBA concentration leads to increase in tBA 

incorporation and decrease in catalyst activity and copolymer Mw (Entry 1~3), 

consistent with the behavior of  reported mononuclear Ni phosphine phenoxide 

catalysts.35, 69, 91, 93-94 Notably, in-situ generated Ni2Na species (X-Ni2 + 1 equiv. of  

NaBArF
24) features significantly increased activity and produced copolymers with 

decreased copolymer Mw and acrylate incorporation compared to X-Ni2 (Entry 1 vs 

4, or 7 vs 8). Analysis of  ethylene uptake curves of  copolymerization reveals that both 

compounds remain highly active during catalysis and Ni2Na species feature faster chain 

propagation compared to X-Ni2 (Figure S8.4). Addition of  excess (>1 equiv.) 
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NaBArF
24 show minimal effect on ethylene copolymerization (Entry 4~6), consistent 

with 1:1 binding of  Na cation with X-Ni2. Compared to the difference observed in 

ethylene/acrylate copolymerization, addition of  1 equiv. of  NaBArF
24 leads to a less 

significant increase in activity, but similar decrease in polymer Mw in ethylene 

polymerization (entry 9 vs 10). Overall, X-Ni2 and in-situ generated Ni2Na species 

feature distinct performance in ethylene/acrylate copolymerization, while both are 

efficient catalysts for this preparation. 

Table 8.1. Ethylene/acrylate copolymerization results.[a] 

Entry Catalyst Tm/°C [tBA][b] Act. [c] Mw[d] PDI %Mol tBA Tm/°C 

1 X-Ni2 90 0.05 240 85.1 2.9 1.9 115 

2 X-Ni2 90 0.10 150 60.8 3.0 2.8 107 

3 X-Ni2 90 0.20 93 40.1 2.8 6.1 96 

4 X-Ni2 + 1 NaBArF
24

 90 0.05 820 31.7 2.6 0.7 120 

5 X-Ni2 + 2 NaBArF
24

 90 0.05 920 31.4 2.7 0.7 121 

6 X-Ni2 + 5 NaBArF
24

 90 0.05 870 33.9 2.4 0.8 120 

7 X-Ni2 110 0.05 170 53.2 3.7 2.0 115 

8 X-Ni2 + 1 NaBArF
24

 110 0.05 410 35.2 3.8 0.8 121 

9d X-Ni2 90 0 10*104 31.2 4.9 - 128 

10d X-Ni2 + 1 NaBArF
24

 90 0 14*104 10.7 4.3 - 122 

[a] V = 5 mL, [Catalyst] = 0.05 mM, ethylene pressure = 400 psi, solvent: 95% toluene + 5% THF; 
each entry represents multiple replicated runs (see Experimental section S5 for detailed procedure). [b] 
Mol/L. [c] Activity in 1000 kg/(mol·h). [d] kg/mol. 
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Acrylate Insertion Studies 

For catalysts featuring multiple metal centers in close proximity, one fascinating 

question is their role in catalysis. Based on catalyst structures and outcome in 

polymerization, it have been proposed that olefin insertion happens on multiple metal 

centers in some cases, while one or more metal center are inert from chain propagation 

in some other cases.17, 51, 75-77, 82, 97-98 However, monomer insertion studies that directly 

reveals the nature of  metal centers are far less presented. The dearth of  multinickel 

examples promoting acrylate insertion is also notable. In this regard, the reactivity of  

X-Ni2 with tBA was studied. Addition of  excess tBA leads to a color change from 

brown to dark red. Analysis of  1H and 31P{1H} NMR confirms the consumption of  

tBA, disappearance of  X-Ni2, appearance of  an intermdiate species featuring one -

CH2SiMe3 group linked to Ni that disappears over time afterwards, and appearance of  

another species without the -CH2SiMe3 group (Experimental section 7). Resonances 

in the aromatic region indicate that pyridine coordination was observed in both new 

species, which are assigned to X-NiNiCCO, the intermediate mono-inserted species, 

and the latter is assigned to X-(NiCCO)2, the double-inserted species (Figure 8.4).  
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Figure 8.4. a) Insertion of tBA into X-Ni2. b) Log plot of relative concentration of X-Ni2 vs time 
(Kinetics of the first insertion). c) Plot of relative concentration of X-Ni2 and X-NiNiCCO vs time 
and an approximation of second insertion kinetics with kA/kB = 1.364. (Condition: [X-Ni2] = 0.01 
M, [py] = 0.02 M, [tBA] = 0.5 M, solvent: C6D6, V(total) = 0.5 mL, T = 40 ºC). 

Quantitative kinetic measurements were conducted with additional pyridine 

and a large excess of tBA (Pseudo-1st order conditions). A linear relationship was 

observed in the log plot of [X-Ni2] over time (Figure 8.4d). Assuming tBA 

insertion into X-Ni2 follows the same mechanism as mononuclear Ni 

phosphine phenoxide complexes (d[Ni]/dt = (k1*[tBA]/[py])*[Ni]),69 the rate 

constant k1 independant of pyridine and tBA concentrations was obtained 

(0.00037 min-1). Under same assumptions, an estimation of k2, rate constant of 

tBA insertion into X-NiNiCCO independant of pyridine and tBA 

concentrations, was achieved via non-linear approximation and a k1/k2 ratio of 

~1.4 was obtained (Experimental section 8). This suggests that the first tBA 
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insertion into one Ni center, does affect the subsequent tBA insertion into 

another Ni center, though inhibitively. 

Consistent with lower acrylate incorporation observed in copolymerization, 

acrylate insertion significantly slows upon addition of NaBArF
24 (Experimental 

section 9). It also notable that a new olefinic species was observed with 

resonances close to the internal olefin, t-butyl-4-(trimethylsilyl)-2-butenoate, 

discussed in chapter 6. This scenario indicates that NaBArF
24 also promote β-H 

elimination, consistent with the lower copolymer Mw comparing entry 1,2 vs 

5,7 in table 1. 

 
OUTLOOK  

Efficient synthesis of  polar functional polyolefin remains a significant challenge in 

polymer synthesis. Specifically, ethylene/acrylate copolymers are of  high interest due 

to their wide applications. Despite extensive catalyst developments, a catalyst featuring 

high activity and ability to incorporate high levels of  acrylate is still lacking. In this 

work, X-Ni2 is a moderately active catalyst produce high Mw copolymers with high 

acrylate incorporation, while in-situ generated Ni2Na species are highly active catalyst 

with moderate Mw and acrylate incorporation. Fast exchange between these two 

species exists in solution, potentially occurring via Na shuttling. This phenomenon 

may provide a new strategy to address the above challenge. If  copolymerization was 

conducted with X-Ni2 and <1 equiv. of  NaBArF
24, two active species, X-Ni2 and in-

situ generated Ni2Na species, would present in catalysis, potentially allowing high 
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activity, copolymer Mw and acrylate incorporation together. Depending on the rate of  

the exchange, or Na shuttling, two type of  copolymerization behaviors may be 

observed, while both are of  interest. If  Na shuttling is faster than growing of  one 

polymer chain, then monodispersed ethylene/acrylate copolymers would be generated 

via a dynamic switched mechanism.99 Under this scenario, generation of  many polymer 

chains per catalyst is feasible together with chain growth control, which is not 

accessible with living copolymerization. A wide range of  copolymers with different 

molecular weights and molecular distributions are also accessible. On the other hand, 

if  Na shuttling is slower than growing of  one polymer chain, bimodal copolymers 

would be produced. Nevertheless, this shuttling phenomenon may prevent cluttering 

of  one species in solution and thus allow good molecular level entanglement and 

minimal phase separation in resulting copolymers. 

 
CONCLUSION 

In summary, dinickel complex (X-Ni2) supported by a BINOL-based ligand (X) was 

reported for ethylene/acrylate copolymerization. In addition, two proximal phenoxide 

moieties in the framework allow binding with Na cation with a 1:1 X-Ni2:Na ratio and 

consequent in-situ generation of  a Ni2Na species. X-Ni2 is moderately active in 

producing high Mw copolymers with high acrylate incorporation, while in-situ 

generated Ni2Na species is highly active and produce copolymers with moderate Mw 

and acrylate incorporation, which is consistent with results of  monomer insertion 

studies. Mechanistic studies also reveals that monomer insertions on both Ni center in 
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X-Ni2 are possible, while insertion into the second Ni center is ~30% slower than the 

first one. The distinct copolymerization behaviors of  X-Ni2 and in-situ generated 

Ni2Na species are significant, especially given that they are both high-performance 

catalysts. Further, fast shuttling of Na cation between different complexes was observed, 

and thus efficient synthesis of high Mw copolymers with high acrylate incorporation, or 

bimodal copolymers with good molecular level entanglement and minimal phase 

separation may be feasible, depending on the rate of Na cation shuttling. 
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EXPERIMENTAL SECTION 

1 General Considerations 

All air- and water-sensitive compounds were manipulated under N2 or Ar using standard 

Schlenk or glovebox techniques. The solvents for air- and moisture-sensitive reactions were 

dried over sodium benzophenone/ketyl, calcium hydride, or by the method of  Grubbs.100 

Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; C6D6, was dried over 

a purple suspension with Na/benzophenone ketyl and vacuum transferred. t-Butyl acrylate 

was dried over 4 Å sieves for greater than 72h. (±)-1,1'-Bi-2-naphthol, 2.5 M nBuLi in hexanes 

were purchased from Sigma-Aldrich and used without further purification. Chloromethyl 

methyl ether solution,101 2,2′-Bis(methoxymethoxy)-1,1′-binaphthalene,102 

bis(dimethoxyphenyl)phosphine chloride,103 and py2Ni(CH2SiMe3)2104 were synthesized 

according to literature procedures. All 1H, 13C, and 31P spectra of  organic and organometallic 

compounds were recorded on Varian INOVA-400, or Bruker Cryoprobe 400 spectrometers. 

1H and 13C chemical shifts are reported relative to residual solvent resonances. 
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2 Synthesis of  Ligands and Transition Metal Complexes 

Ligand BINOL-(POH)2: A Schlenk flask fitted with a screw-in Teflon stopper was charged 

with a solution of 2,2′-bis(methoxymethoxy)-1,1′-binaphthalene (3.76 g, 10.0 mmol) in THF (40 

mL) and cooled to -78 °C under nitrogen. A hexane solution of n-butyllithium (8.4 mL, 2.5 M, 

21.0 mmol) was added dropwise via syringe. After stirring for an additional 30 min at -78 ℃, the 

reaction was allow to warm up to 0 °C and stirred for an additional 4 h before cooled back to -

78 °C. Next, a solution of bis(2,6-dimethoxyphenyl)phosphine chloride (6.82 g, 20.0 mmol) in 

THF (20 mL) was added dropwise via cannula. After complete addition, the reaction was allowed 

to warm up to room temperature and stirred for an additional 6 h, yielding a bright yellow 

solution. To this solution was added degassed MeOH (10 mL) and concentrated aqueous HCl 

(10 mL, degassed by three freeze-pump-thaw cycles with a liquid nitrogen bath prior to usage). 

After stirring for 12 h under room temperature, volatiles were removed under vacuum. In a N2-

filled glovebox (no exclusion of water), the resulting yellow residue was taken up in CH2Cl2 (20 

mL), washed with saturated aqueous solutions of K2CO3 (3 x 10 mL) and NH4Cl (3 x 10 mL), 

dried over MgSO4, and filtered through Celite. The volatiles were removed under reduced 

pressure. In a glovebox (exclusion of water and oxygen), the resulting pale-yellow solid was 

dissolved in benzene and filtered through Celite. The volatile materials were removed once more 

under vacuum and the resulting mixture was washed by pentane (3 x 5 mL) and hexanes (3 x 5 

mL) and the solid was collected via vacuum filtration, yielding BINOL-(POH)2 (3.80 g, 44% 

yield) as a yellow powder.  

1H NMR (400 MHz, C6D6): δ δ 8.33 (d, J = 9.7 Hz, 2H, ArH), 7.56 (d, J = 7.3 Hz, 2H, ArH), 

7.33 (dd, J = 8.4, 1.2 Hz, 2H, ArH), 7.09-7.04 (m, 4H, ArH), 7.04 – 6.99 (m, 2H, ArH), 6.93 

(ddd, J = 8.3, 6.8, 1.4 Hz, 2H, ArH), 6.60 (s, 2H, ArOH), 6.27 (dd, J = 2.8, 1.8 Hz, 4H, ArH), 
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6.25 (dd, J = 2.8, 1.8 Hz, 4H, ArH), 3.13 (s, 18H, -OCH3); 13C{1H} NMR (101 MHz, C6D6): δ 

162.96 (d, J = 8.6 Hz, 4C, ArC), 162.86 (d, J = 8.6 Hz, 4C, ArC), 155.51 (s, 1C, ArC), 155.42 (s, 

1C, ArC), 134.98 (s, 2C, ArC), 134.27 (d, J = 27.9 Hz, 2C, ArC), 129.85 (d, J = 12.1 Hz, 4C, 

ArC), 134.61 (s, 2C, ArC), 129.47 (d, J = 2.8 Hz, 2C, ArC), 126.16 (s, 2C, ArC), 125.77 (s, 2C, 

ArC), 122.97 (s, 2C, ArC), 114.72 (d, J = 45.7 Hz, 2C, ArC), 114.02 (d, J = 48.0 Hz, 2C, ArC), 

113.74 (s, 2C, ArC), 105.92 (d, J = 136.4 Hz, 2C, ArC), 104.85 (s, 4C, ArC), 104.67 (s, 4C, ArC), 

55.74 (s, 12C, OCH3), 55.62(s, 12C, OCH3); 31P{1H} NMR (121 MHz, C6D6): δ -54.06 (s, 2P). 

 

BINOL-(PO-Ni)2 (or X-Ni2): In the glove box, to a solution of Py2Ni(CH2SiMe3)2 (44 mg, 

0.119 mmol) in benzene (4 ml) in a vial was added a solution of BINOL-(POH)2 (50.39 mg, 

0.0563 mmol) in benzene (8 ml). The mixture was stirred for 2 h under room temperature, 

forming a red-brown solution. Volatile materials were removed under vacuum. The residue was 

extracted with pentane (3 x 5 mL), then washed by pentane (3 x 5 mL) and hexanes (3 x 5 mL) 

and the solid was collected via vacuum filtration, yielding the complex X-Ni2 (55 mg, 73%) as a 

brown solid.  

1H NMR (400 MHz, C6D6): δ 8.43 (dd, J = 4.8, 1.7 Hz, 4H, PhH), 8.31 (d, J = 12.0 Hz, 2H, 

PhH), 7.95 (dd, J = 8.6, 1.0 Hz, 2H, PhH), 7.74 (dd, J = 8.1, 1.5 Hz, 2H, PhH), 7.21 – 7.07 (m, 

6H, PhH), 6.99 (ddd, J = 7.9, 6.5, 1.2 Hz, 2H, PhH), 6.60 – 6.52 (m, 2H, PhH), 6.34 (dd, J = 8.3, 

3.5 Hz, 4H, PhH), 6.28 (dd, J = 8.3, 3.5 Hz, 4H, PhH), 6.17 (t, J = 7.0 Hz, 4H, PhH), 3.34 (s, 

12H, -OCH3), 3.19 (s, 12H, -OCH3), -0.17 (s, 18H, -Si(CH3)3), -0.59 (t, J = 11.7 Hz, 2H, -

CHH'Si(CH3)3), -0.96 (dd, J = 12.1, 7.0 Hz, 2H, -CHH'Si(CH3)3); 13C{1H} NMR (101 MHz, 

C6D6): δ 169.14 (d, J = 21.2 Hz, 4C, ArC), 162.02 (d, J = 29.5 Hz, 8C, ArC), 151.35 (s, 4C, ArC), 

137.72 (s, 2C, ArC), 135.43 (s, 2C, ArC), 134.32 (d, J = 52.1 Hz, 2C, ArC), 130.46 (d, J = 38.3 

Hz, 4C, ArC), 128.66 (d, J = 2.8 Hz, 2C, ArC), 128.49 (s, 2C, ArC), 127.94 (s, 2C, ArC), 126.47 
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(d, J = 8.3 Hz, 2C, ArC), 124.44 (s, 2C, ArC), 122.85 (s, 4C, ArC), 118.28 (s, 2C, ArC), 112.23 

(d, J = 45.7 Hz, 2C, ArC), 111.60 (d, J = 48.0 Hz, 2C, ArC), 105.06 (d, J = 4.2 Hz, 4C, ArC), 

104.81 (d, J = 4.2 Hz, 4C, ArC), 55.57 (s, 4C, OCH3), 55.06 (s, 4C, OCH3), 2.48 (s, 6C, SiMe3), -

18.73 (d, J = 30.0 Hz, 2C, NiCH2Si); 31P{1H} NMR (121 MHz, C6D6): δ -5.52 (s, 2P). 
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3 Cation-Binding Studies  

Procedures: 0.005 mmol of  X-Ni2 prepared using the above procedure was dissolved in C6D6 

(0.4 mL). To this solution was added a certain amount of  THF solution of  NaBArF24 (0.05 

M). The mixture was transferred to a J-Young tube with a capillary insert with CDCl3 solution 

of  MePPh3+Br- inside as an external standard. Spectra were collected every 10 min on a Bruker 

Cryoprobe 400 spectrometer until no further change was observed. 

NMR spectra: 

 ���������������������

X-Ni2

X-Ni2 + 0.25 NaBArF24

X-Ni2 + 0.5 NaBArF24

X-Ni2 + 0.75 NaBArF24

X-Ni2 + 1 NaBArF24



 C h a p t e r  8  
 
 

 
436 

Figure S8.1. 31P{1H} NMR spectra of  in-situ mixture of  X-Ni2 and 0~1 equiv. of  NaBArF24. 

 
Figure S8.2. 31P{1H} NMR spectra of in-situ mixture of X-Ni2 and 1~2 equiv. of NaBArF24. 

 

 

 

 

 

 

 

 

 

 

 

X-Ni2 + 1 NaBArF24

X-Ni2 + 1.5 NaBArF24

X-Ni2 + 2 NaBArF24
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4 Crystallographic Information 

 
Figure S8.3. Solid-State Structure of X-Ni2 (Green: Ni, Pink: P, Blue: N, Red: O, orange: Si, black: 
C). Ellipsoids are show at the 50% probability level. Hydrogen atoms and solvent molecules excluded 
for clarity.  
Special Refinement Details for X-Ni2: Complex X-Ni2. crystalizes in a P3221 space group with 
one full molecule in the asymmetric unit, as well as two and a half pentane molecules. A disorder was 
present in the one and a half pentane molecules and could not be modelled. The solvent mask (Olex® 
implementation of BYPASS/SQUEEZE) was used to suppress one section of electron density likely 
corresponding to these one and a half pentane molecules. The void was calculated to be near 542 
electrons per unit cell, which would be close to one and a half pentane molecules per asymmetric unit 
(Z=8).  
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Crystallographic Information 
Table S8.1. Crystal and refinement data for complexes Ni0, RP*OAr-Nis, and PhP*OArO-Ni. 

 X-Ni2  
Empirical formula C70H79N2O10Si2P2Ni2 
Formula weight 1343.89 
Temperature/K 100 K 
Crystal system Trigonal 
Space group P3221 
a/Å 19.8368(14) 
b/Å 19.8368(14) 
c/Å 37.603(4) 
α/° 90 
β/° 90 
γ/° 120 
Volume/Å3 12814(2) 
Z 8 
ρcalcg/cm3 1.393 
μ/mm-1 2.057 
F(000) 5656 
Radiation CuKα (λ = 1.54178) 
Reflections collected 248658 
Independent reflections 16862 
Goodness-of-fit on F2 0.942 
Final R indexes [I>=2σ (I)] R1 = 3.63%, R2 = 10.89% 
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5 Procedures for Ethylene Homopolymerization and Ethylene/tBA Copolymerization 

General procedure for high throughput parallel polymerization reactor (PPR) runs. Polyolefin catalysis 

screening was performed in a high throughput parallel polymerization reactor (PPR) system. 

The PPR system was comprised of  an array of  48 single cell (6 x 8 matrix) reactors in an inert 

atmosphere glovebox. Each cell was equipped with a glass insert with an internal working 

liquid volume of  approximately 5 mL. Each cell had independent controls for pressure and 

was continuously stirred at 800 rpm. Catalyst solutions (with Ni(COD)2 if  necessary) were 

prepared in toluene. All liquids (i.e., solvent, tBA, and catalyst solutions) were added via robotic 

syringes. Gaseous reagents (i.e., ethylene) were added via a gas injection port. Prior to each 

run, the reactors were heated to 50 °C, purged with ethylene, and vented.  

All desired cells were injected with tBA followed with a portion of  toluene (This step was 

skipped for ethylene homopolymerization). The reactors were heated to the run temperature 

and then pressured to the appropriate psig with ethylene. Catalyst solutions were then added 

to the cells. NaBArF24 was then added as THF solution. Each catalyst addition was chased with 

a small amount of  toluene so that after the final addition, a total reaction volume of  5 mL was 

reached (95% toluene + 5% THF). Upon addition of  the catalyst, the PPR software began 

monitoring the pressure of  each cell. The desired pressure (within approximately 2-6 psig) was 

maintained by the supplemental addition of  ethylene gas by opening the valve at the set point 

minus 1 psi and closing it when the pressure reached 2 psi higher. All drops in pressure were 

cumulatively recorded as “Uptake” or “Conversion” of  the ethylene for the duration of  the 

run or until the uptake or conversion requested value was reached, whichever occurred first. 

Each reaction was then quenched by addition of  1% oxygen in nitrogen for 30 seconds at 40 

psi higher than the reactor pressure. The pressure of  each cell was monitored during and after 
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the quench to ensure that no further ethylene consumption happens. The shorter the “Quench 

Time” (the duration between catalyst addition and oxygen quench), the more active the 

catalyst. In order to prevent the formation of  too much polymer in any given cell, the reaction 

was quenched upon reaching a predetermined uptake level of  80 psig. After all the reactors 

were quenched, they were allowed to cool to about 60 °C. They were then vented, and the 

tubes were removed. The polymer samples were then dried in a centrifugal evaporator at 60 

°C for 12 hours, weighed to determine polymer yield and used in subsequent IR (tBA 

incorporation), GPC, DSC and NMR (copolymer microstructures) analysis.  

Measurement of  ethylene uptake curves. Upon addition of  the catalyst, the PPR software began 

monitoring the pressure of  each cell. The desired pressure (within approximately 2-6 psig) was 

maintained by the supplemental addition of  ethylene gas by opening the valve at the set point 

minus 1 psi and closing it when the pressure reached 2 psi higher. For example, the pressure 

was maintained between approximately 399-402 psi if  the original pressure was set to 400 psi. 

All drops in pressure were cumulatively recorded as “Uptake” or “Conversion” of  the ethylene 

for the duration of  the run. The unit of  this "Uptake" is in psi and the uptake curves over 

time were used to analyze the real-time activity of  catalysts and rates of  chain propagation. 

Procedure for gel permeation chromatography (GPC). High temperature GPC analysis was 

performed using a Dow Robot Assisted Delivery (RAD) system equipped with a Polymer Char 

infrared detector (IR5) and Agilent PLgel Mixed A columns. Decane (10 µL) was added to 

each sample for use as an internal flow marker. Samples were first diluted in 1,2,4-

trichlorobenzene (TCB) stabilized with 300 ppm butylated hydroxyl toluene (BHT) at a 

concentration of  10 mg/mL and dissolved by stirring at 160°C for 120 minutes. Prior to 

injection the samples are further diluted with TCB stabilized with BHT to a concentration of  

3 mg/mL. Samples (250 µL) are eluted through one PL-gel 20 µm (50 x 7.5 mm) guard column 
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followed by two PL-gel 20 µm (300 x 7.5 mm) Mixed-A columns maintained at 160 °C with 

TCB stabilized with BHT at a flowrate of  1.0 mL/min. The total run time was 24 minutes. To 

calibrate for molecular weight (MW) Agilent EasiCal polystyrene standards (PS-1 and PS-2) 

were diluted with 1.5 mL TCB stabilized with BHT and dissolved by stirring at 160 °C for 15 

minutes. These standards are analyzed to create a 3rd order MW calibration curve. Molecular 

weight units are converted from polystyrene (PS) to polyethylene (PE) using a daily Q-factor 

calculated to be around 0.4 using the average of  5 Dowlex 2045 reference samples. 

Procedure for Fourier-transform infrared spectroscopy (FTIR). The 10 mg/mL samples prepared for 

GPC analysis are also utilized to quantify tert-butyl acrylate (tBA) incorporation by Fourier 

Transform infrared spectroscopy (FTIR). A Dow robotic preparation station heated and 

stirred the samples at 160°C for 60 minutes then deposited 130 µL portions into stainless wells 

promoted on a silicon wafer. The TCB was evaporated off  at 160°C under nitrogen purge.  IR 

spectra were collected using a Nexus 6700 FT-IR equipped with a DTGS KBr detector from 

4000-400 cm-1 utilizing 128 scans with a resolution of  4. Ratio of  tBA (C=O: 1762-1704 

cm−1) to ethylene (CH2: 736-709 cm−1) peak areas were calculated and fit to a linear 

calibration curve to determine total tBA. 

Differential scanning calorimetry (DSC). Differential scanning calorimetry analyses was 

performed on solid polymer samples using a TA Instruments, Inc. Discovery Series or TA 

Instruments, Inc., DSC2500, programmed with the following method: Equilibrate at 175.00 

°C; Isothermal for 3 minutes; Ramp 30.00 °C/min to 0.00 °C; Ramp 10.00 °C/min to 175.00 

°C; Data was analyzed using TA Trios software. 

NMR characterization. NMR spectra of  ethylene/tBA copolymers were recorded on a Bruker 

400 MHz using o-dichlorobenzene at 120 °C. 1H NMR analysis of  copolymers were done 

using a relaxation time (0.2 s), and an acquisition time (1.8 s) with the number of  FID’s 
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collected per sample (512). 13C{1H} NMR analysis of  copolymers were done using 90° pulse 

of  17.2 µs, a relaxation time (22.0 s), an acquisition time (5.3 s), and inverse-gated decoupling 

with the number of  FID's collected per sample (1536). Analysis of  the spectra was based on 

literature.35, 69 
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6 Supplemental data for ethylene/tBA copolymerization 

Ethylene uptake curves  

 
Figure S8.4. Ethylene uptake curves of  ethylene/acrylate copolymerization by X-Ni2 and X-
Ni2+NaBArF24 under otherwise identical conditions (V = 5 mL, [Catalyst] = 0.05 mM, ethylene 

pressure = 400 psi, solvent: 95% toluene + 5% THF). 
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7 Investigations of  tBA insertion into X-Ni2 

Procedures: 0.005 mmol of X-Ni2 prepared using the above procedure was dissolved in C6D6 

and transferred to a J-Young tube. The solution was frozen in the coldwell pre-cooled by a liquid 

nitrogen bath, and t-butyl acrylate (tBA) was added via syringe (Total volume=0.50 ml). The 

resulting mixture was warmed up to thawing temperature and shaken vigorously prior to 

transferring to pre-heated NMR probe for acquisition of spectra at 25 ºC. NMR monitoring of 

tBA insertion were performed by monitoring the 1H and 31P{1H} NMR. 

 
Figure S8.5. 1H NMR monitoring of reaction of tBA with X-Ni2 (Condition: [X-Ni2] = 0.01 M, 

[tBA] = 0.4 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 

1H NMR, C6D6
7 min
20 min

40 min
60 min
120 min
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Figure S8.6. 1H NMR monitoring of reaction of tBA with X-Ni2 (-NiCH2Si- region, purple: X-
Ni2, yellow: new species, Condition: [X-Ni2] = 0.01 M, [tBA] = 0.4 M, solvent: C6D6, V(total) = 

0.5 mL, T = 25 ºC). 

 

 
Figure S8.7. 1H-1H COSY NMR spectrum of -NiCH2= Si- region (t 60 min). (Condition: [X-

Ni2] = 0.01 M, [tBA] = 0.4 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 
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As shown above, two new resonances appeared and disappeared overtime in the region of 

NiCH2SiR3 species. Based on this as well as the 1H-1H COSY NMR, these two resonances are 

tentatively assigned to monoinserted species, X-NiNiCCO. The disappearance of all 

NiCH2SiR3 species at the end implies that tBA inserts into both nickel centers in X-Ni2. 

 

 

 

 
Figure S8.8. 1H NMR spectrum of olefinic region (No appearance of new olefinic species). 
(Condition: [X-Ni2] = 0.01 M, [tBA] = 0.4 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 
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Figure S8.9. 31P{1H} NMR monitoring of reaction of tBA with X-Ni2. (Condition: [X-Ni2] = 0.01 

M, [tBA] = 0.4 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 
 

 
Figure S8.10. Plot of relative concentration of X-Ni2 (purple), and X-NiNiCCO (orange) vs time 

(Condition: [X-Ni2] = 0.01 M, [tBA] = 0.4 M, solvent: C6D6, V(total) = 0.5 mL, T = 25 ºC). 
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8 Kinetic studies of tBA insertion into X-Ni2 

Procedures: 0.005 mmol of X-Ni2 prepared using the above procedure was dissolved in a C6D6 

solution of pyridine (2 equiv.) and transferred to a J-Young tube. The solution was frozen in the 

coldwell pre-cooled by a liquid nitrogen bath, and 50 equiv. of t-butyl acrylate (tBA) was added 

via syringe (Total volume=0.50 ml). The resulting mixture was warmed up to thawing 

temperature and shaken vigorously prior to transferring to pre-heated NMR probe for 

acquisition of spectra at 40 ºC. NMR monitoring of tBA insertion were performed by monitoring 

1H NMR spectra. 

Note: a large excess of tBA and a small amount of pyridine were added to make sure their 

concentrations remain similar during monitoring (pseudo-1st order conditions). 

 
Figure S8.11. 31P{1H} NMR monitoring of reaction of tBA with X-Ni2. Top five: spectra were 

collected every ~696s (11.6 min). Others: spectra were collected every ~1392s (23.2 min) 
(Condition: [X-Ni2] = 0.01 M, [py] = 0.02 M, [tBA] = 0.5 M, solvent: C6D6, V(total) = 0.5 mL, T = 

40 ºC) 
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Figure S8.12. Plot of relative concentration of X-Ni2 (purple), and X-NiNiCCO (orange) vs time 
(Condition: [X-Ni2] = 0.01 M, [py] = 0.02 M, [tBA] = 0.5 M, solvent: C6D6, V(total) = 0.5 mL, T = 

40 ºC). 
 

 
Figure S8.13. Log plot of relative concentration of X-Ni2 vs time. (Condition: [X-Ni2] = 0.01 M, 

[py] = 0.02 M, [tBA] = 0.5 M, solvent: C6D6, V(total) = 0.5 mL, T = 40 ºC) 

Assuming tBA insertion into X-Ni2 follows a mechanism similar to that of mononuclear Ni 

phosphine phenoxide complexes (d[Ni]/dt = (k1*[tBA]/[py])*[Ni], the rate constant k1 independent 

of pyridine and tBA concentrations can be obtained (0.00037 min-1). 
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Figure S8.14. Log plot of relative concentration of nickel alkyls vs time (Note: each of X-Ni2 
counts two alkyls and each X-NiNiCCO counts one alkyl. Condition: [X-Ni2] = 0.01 M, [py] = 

0.02 M, [tBA] = 0.5 M, solvent: C6D6, V(total) = 0.5 mL, T = 40 ºC). 

The decay of [X-Ni2] follows a first order kinetics why the decay of nickel alkyls overall does 

not, indicates a difference in rates of first tBA insertion (tBA insertion into X-Ni2) and second 

tBA insertion (tBA insertion into X-NiNiCCOX-Ni2).  

 

[A]=[X-Ni2]/[X-Ni2]0 

[B]=[X-NiNiCCO]/[X-Ni2]0 

As shown above, concentration of [A] and [B] over time can be obtained from NMR 

monitoring, which allows determination of rate constant of first insertion (shown above) and 

estimation of rate constant of second insertion (shown below). 

Based on figure S8.10, ln([A]) = -0.00818*t-0.06, [A]=[X-Ni2]/[X-Ni2]0, ka = 0.00818 
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([*]
(& = 0.00818( ∙ [+] − .* ∙ [/]   (ii) 

[B]cal = ∑ (([*](& ),-,(/)
1
2-% *((t(i)-t(i-1))   

= ∑ (0.00818( ∙ [+]345,&-&(2) − .7 ∙ [/]89:,&-&(2))1
2-% *((t(i)-t(i-1))   (iii) 

[+]345,&-&(2)  can be obtained from (i) and [/]89:,&-&(2)  can be obtained from NMR 

monitoring. A set of [B]cal can be obtained based on a given number of k2 (k2-est). By minimizing 

the derivation between [B]exp and [B]cal, k2 may be solved. 

 

Below shown [B]cal curves with kA/kB=1, 1.25, 1.5 and 1.75: 

 
Figure S8.15. Plot of relative concentration X-NiNiCCO vs time and four sets of approximation 
with different kA/kB values (Condition: [X-Ni2] = 0.01 M, [py] = 0.02 M, [tBA] = 0.5 M, solvent: 

C6D6, V(total) = 0.5 mL, T = 40 ºC).  

Based on figure S8.12, kA/kB is between 1.25 and 1.50. By minimizing the SSR of [B]exp and [B]cal 

(([B]exp-[B]cal)2), an estimated value of kA/kB can be obtained (1.364). Assuming tBA insertion 

into X-NiNiCCO follows a mechanism similar to that of mononuclear Ni phosphine 

phenoxide complexes (d[Ni]/dt = (k*[tBA]/[py])*[Ni], the rate constant k2 independent of pyridine and 

tBA concentration can be obtained (kB = k2*[tBA]/[py], k2=0.00027 min-1). 
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Figure S8.16. Plot of relative concentration X-NiNiCCO vs time an approximation with kA/kB = 
1.364. (Condition: [X-Ni2] = 0.01 M, [py] = 0.02 M, [tBA] = 0.5 M, solvent: C6D6, V(total) = 0.5 

mL, T = 40 ºC). 
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9 Investigations of  tBA insertion into in-situ generated Ni2Na species 

Procedures: 0.005 mmol of X-Ni2 prepared using the above procedure was dissolved in of C6D6. 

To this solution was added THF solution (0.05 mL) of NaBArF24 (1 equiv.). The mixture was 

transferred to a J-Young tube and frozen in the coldwell pre-cooled by a liquid nitrogen bath. t-

Butyl acrylate (tBA) was added via syringe (Total volume=0.50 ml). The resulting mixture was 

warmed up to thawing temperature and shaken vigorously prior to transferring to pre-heated 

NMR probe for acquisition of spectra at 25 ºC. NMR monitoring of tBA insertion were 

performed by monitoring the 1H and 31P{1H} NMR. 

 
Figure S8.17. 1H NMR monitoring of reaction of tBA with in-situ generated Ni2Na species. 

(Condition: [X-Ni2] = 0.01 M, [tBA] = 0.4 M, solvent: 10% THF-H8/90% C6D6, V(total) = 0.5 
mL, T = 25 ºC). 
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Figure S8.18. 1H NMR monitoring of reaction of tBA with in-situ generated Ni2Na species 

(Olefinic region, appearance of one new olefinic resonance, Condition: [X-Ni2] = 0.01 M, [tBA] 
= 0.4 M, solvent: 10% THF-H8/90% C6D6, V(total) = 0.5 mL, T = 25 ºC). 

 

 
Figure S8.19. 1H NMR monitoring of reaction of tBA with in-situ generated Ni2Na species (-SiR3 
region, appearance of two new SiMe3 resonance with one labelled in red, Condition: [X-Ni2] = 

0.01 M, [tBA] = 0.4 M, solvent: 10% THF-H8/90% C6D6, V(total) = 0.5 mL, T = 25 ºC). 
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Figure S8.20. 31P{1H} NMR monitoring of reaction of tBA with in-situ generated Ni2Na species 
(Condition: [X-Ni2] = 0.01 M, [tBA] = 0.4 M, solvent: 10% THF-H8/90% C6D6, V(total) = 0.5 

mL, T = 25 ºC). 
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ABSTRACT 

 

2-(Diarylphosphinomethyl)pyridine (PCHN) and 2-(diarylphosphinoamino)pyridine 

(PNHN) was prepared and their coordination chemistry with NiII was investigated. 

Neutral Ni(L)R complexes supported by anionic P,N ligands feature a partially 

dearomatized pyridyl ring and a weaker pyridine-N coordination compared to reported 

neutral P,N-Ni complexes. The nature of the bridging group (-CH2- vs -NH2-) between 

phosphine and pyridine was found to affect isomerization occurring during metalation 

and reactivity of resulting Ni complexes with ethylene. Specifically, a metal-ligand aryl 

exchange was observed in reaction of (PEt3)NiPhCl with deprotonated 2-

(diarylphosphinoamino)pyridine. Though not able to produce polyethylene, PNN-

based catalysts indeed consumed ethylene under polymerization conditions. 
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GENERAL INTRODUCTION 

Nickel phosphine complexes are widely utilized as catalysts in organic reactions and 

olefin polymerizations.1-5 Specifically, P,O-chelated nickel complexes, with the "P" 

being diaryl phosphine and the "O" being sulfonate, phenoxide or enolate, are popular 

catalysts for coordination copolymerization of  ethylene and polar monomers.6-25 These 

complexes typically feature a neutral phosphine as a strong "L"-type donor and an 

anionic "O" as a weak "X"-type donor (Figure AA.1a). Both the ligand asymmetry and 

the overall neutral structure are important for catalysts' high activity and tolerance 

toward polar groups.7, 12, 26-28 

 
Figure AA.1. a) Examples of  reported P,O-Ni complexes; b) examples of  P,N-Ni complexes; 
c) P,N ligands in this work (left) and prepared coordination mode (right). 
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Though demonstrating promising in polar polyolefin synthesis, their activities are 

still below practical threshold.3, 6 Parallel to steric or electronic tuning of  reported P,O-

ligands, another direction is to develop new ligands that feature potentially similar 

steric and electronic profile of  reported P,O-ligands. P,N-type ligands is a potential 

choice (Figure AA.1b). However, metalation of  neutral phosphine-amine ligands leads 

to cationic nickel complexes, which are prone to polar group-induced deactivation and 

thus show low activity in copolymerization with polar monomers.29-31 The nickel center 

in neutral complexes supported by phosphine-amino ligands are less electrophilic, 

however, they are not an active catalysts for the conversion of  ethylene to oligomers 

or polymers, potentially due to the significantly stronger coordination of  amino-N to 

nickel compared to analogous "O" coordination in high-performance PO-Ni 

complexes.32-35 

We envisaged that a weak N-coordination in neutral P,N-Ni complexes may be 

essential for activity in coordination polymerization, which could be achieved via 

partially delocalization of  electron on the anionic "N"-donor.36 Two ligands, 2-

(diarylphosphinomethyl)pyridine (PCHN) and 2-(diarylphosphinoamino)pyridine 

(PNHN) were prepared (Figure AA.1c). Deprotonation of  them leads to anionic 

ligands (PCN and PNN) with partially dearomatized pyridine ring and delocalized 

electron. Subsequent salt metathesis generates corresponding neutral P,N-chelated 

nickel complexes. Notably, metal-phosphine aryl exchange was observed in reaction 

of  PCN with the nickel precursor, tmedaNiPhCl. Though not able to produce 
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polyethylene, PNN-based catalysts indeed consumed ethylene under polymerization 

conditions, consistent with our proposal. 

 
Figure AA.2. Preparation of  PNHN (a) and PCHN (b). 

 
RESULTS AND DISCUSSION 

Preparation of  P,N ligands 

2-(diarylphosphinoamino)pyridine (PNHN) was prepared by reacting 2-

aminopyridine and bis(dimethoxyphenyl)phosphine chloride in the presence of  

triethylamine (Figure AA.2a). In 31P{1H} NMR of  PNHN, a sharp singlet around 0 

ppm was observed. Preparation of  2-(diarylphosphinomethyl)pyridine (PCHN) 

requires deprotonation of  2-methyl pyridine by tBuLi, and subsequent phosphine 

addition generates the desired proligand and LiCl (Figure AA.2b). A sharp singlet 

around -40 ppm was observed in 31P{1H} NMR of  PNHN, which is significantly 

differenct from PCHN that of  but close to triaryl phosphine. 

Preparation and characterization of  PNN-Ni complexes 

Reaction of  PNHN and py2Ni(CH2SiMe3)2 generated a neutral nickel dialkyl 

complexes (PNHN-NiCSi
2) quantitatively, which is characterized by 1H, 31P{1H} NMR 
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spectra as well as single-crystal X-ray diffraction (scXRD) studies (Figure AA.3). In 

solution, generation of  SiMe4 was observed overtime at elevated temperatures (e.g. 

40 °C), along with a new species featuring a singlet at ~60 ppm in 31P{1H} NMR 

spectrum. This scenario potentially indicates generation of  a nickel monoalkyl 

complex via protonolysis. Partial decomposition that generated nickel black was also 

observed, which made further purification of  this complex challenging. Vapor 

diffusion of  hexanes into the crude mixture with a ~95% conversion of  PNHN-

NiCSi
2 in toluene generated single crystals that allows structure determination. scXRD 

revealed a structure of  neutral Ni(L)R type complex, PNN-Ni(py)CSi, in which the 

pyridine is cis to pyridyl group in PN ligand and trans to phosphine (Figure AA.3). 

Most single-component Ni catalysts for coordination polymerization are also Ni(L)R-

type complexes, and thus PNN-Ni(py)CSi is an attractive target. However, 

preparation of  PNN-Ni(py)CSi in larger scale via crystallization was attempted but 

showed no success yet. 

An alternative synthesis route toward neutral Ni(L)R compounds is deprotonation 

of  by a base, followed by salt metathesis with L2NiPhCl (e.g. (PEt3)2NiPhCl). Several 

common bases, including tBuLi, LiCH2SiMe3, or NaHMDS, led to a suspension after 

deprotonation, and mixtures of  several species after reaction with (PEt3)2NiPhCl. On 

the other hand, deprotonation by KHMDS in THF leads to generation of  a 

homogenous, pale green solution, of  which the 31P{1H} NMR spectra features a broad 

resonance around 20 ppm that is distinct from that of  PNHN. This is consistent with 

deprotonation of  PNHN and generation of  PNN-K (Figure AA.3). Subsequent 
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reaction with (PEt3)NiPhCl leads to generation of  three sets of  peaks in the 31P{1H} 

NMR spectra, one broad singlet around -20 ppm corresponding to free PEt3 that can 

be removed under vacuum, and two sets of  doublets. One set of  doublets (A) features 

a relative small coupling constant of  ~20Hz, and another one (B) features a large 

coupling constant of  ~180Hz. Therefore, we proposed that A corresponds to one 

isomer of  desired compound with (cis-PNN-Ni(P)Ph, Figure AA.3), and B 

corresponds corresponding to one isomer of  desired compound with PEt3 and 

diarylaminophosphine trans to each other (trans-PNN-Ni(P)Ph. The former isomer 

is the major isomer (83%). The identity of  the major isomer was confirmed by scXRD 

studies of  the single crystals obtained from concentrated ether solutions. 

Analogous nickel phenyl complex, PNN-Ni(py)Ph, was prepared by salt metathesis 

of  PNN-K and tmedaNiPhCl in the presence of  pyridine (Figure AA.3). Though it's 

challenge to determine its exact structure in solution. Results of  scXRD studies are 

more consistent with the assignment of  trans-isomer that feature pyridine (ligand L) 

and diarylaminophosphino trans to each other. It's notable that such trans-isomer is 

the minor isomer for PNN-Ni(P)Ph. This difference is potentially attributed to the 

difference in electronic effects between PEt3 and pyridine. 

Notably, a dearomatized pyridyl ring was observed in all three Ni(L)R complexes, 

PNN-Ni(py)CSi, PNN-Ni(P)Ph, and PNN-Ni(py)Ph. For example, the C2-C3 

distance in the pyridyl ring of  in PNN-Ni(P)Ph (1.431(5) Å) is significantly longer 

than bond distance of  C3-C4 (1.374(5) Å). However, it is still shorter than aliphatic C-

C bond distance (~1.5 Å), for example, the C-C bond distance in PEt3. This scenario 
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indicates the existence of  retained partial aromaticity, and potential electron 

delocalization. The Ni-N distance in aforementioned three neutral Ni(L)R complexes 

(e.g. 1.981(2)Å for PNN-Ni(P)Ph) is significantly longer than that  in reported neutral 

PN-Ni complexes, for example, the neutral Ni(PMe3)Ph complexes supported by 

diarylamido phosphine ligands (1.947(5) Å).37 This is potentially resulted from electron 

delocalization and indicating a weakened N-coordination. 

 
Figure AA.3. Synthesis and of  PNHN-NiCSi2, PNN-Ni(py)CSi, and PNN-Ni(P)Ph, 
PNN-Ni(py)Ph. H-atoms are excluded for clarity. 
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Preparation and characterization of  PCN-Ni complexes 

Metalation of  PCHN proligand was achieved via a slightly different route. tBuLi was 

used for deprotonation and subsequent metathesis generated a set of  doublets 

featuring relatively small coupling constants (~30Hz) in the 31P{1H} NMR spectrum, 

implying generation of  a cis-isomer. The other isomer, trans-isomer that features a 

larger coupling constant, was not observed. In the 1H NMR spectrum, two different 

sets of  resonances was observed for two dimethoxyphenyl groups that originally 

linked to phosphine. This scenario is not consistent with proposed Ni(PEt3)Ph 

compound in which two dimethoxyphenyl groups are chemically equivalent. scXRD 

studies of  single crystals obtained from concentrated ether solutions revealed a 

structure of  a square planar Ni complex with two phosphine cis to each other, PCN-

Ni(P)ArO2. Notably, one dimethoxyphenyl group moved to nickel while the phenyl 

group originated linked to nickel in the precursor moved to the phosphine in the PN 

ligand (Figure AA.5). Due to limitations in the quality of  single crystals, only 

connectivity data was obtained. 

 
Figure AA.5. Synthesis and solid-state structures of  PCN-Ni(P)ArO2. H-atoms are excluded 
for clarity. 
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Figure AA.6. Potential pathways for metal-ligand aryl transfer with a PCN-Ni type complex 
(a) and for a generalized PO-Ni complex during catalysis (b). 
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Mecking has proposed a similar metal-phosphine carbyls exchange with phosphine-

sulfonate Pd catalysts, while the Pd complex generated after exchange have not been 

isolated.38 The isolation of  PCN-Ni(P)ArO2 provides a first Ni example, and a direct 

evidence of  this exchange process with metal phosphine complexes. 

Table AA.1. Reactivity of  PN-Ni complexes with ethylene and tBA 

Entrya catalyst T (ºC) [tBA]/M uptake/(psi*Vre) 

1 PNN-Ni(P)Ph 90 0 26 

2 PNN-Ni(py)Ph 90 0 24 

3 PCN-Ni(P)ArO2  90 0 7 

4 PNN-Ni(py)Ph 70 0.05 33 

5 PNN-Ni(py)Ph 90 0.05 27 

6 PNN-Ni(py)Ph 110 0.05 12 

[a] V(total)=5 mL, [Ni]=0.25 µmol, ethylene pressure=400 psi, toluene solvent, t=1 h, each entry 
represents three replicated runs. 

 

Figure AA.7. Ethylene uptake curves (first 20 min) of  one ethylene polymerization under 
condition of  entry 1(left) and 2(right), table AA.1. 
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Ni(P)Ph, PNN-Ni(py)Ph, and PCN-Ni(P)ArO2 were also tested in ethylene 

polymerization and ethylene/tBA copolymerization. However, no polymer production 

was observed, while ethylene consumption was indeed observed (Table AA.1). The 

presence of  tBA did not affect ethylene consumption, while higher reaction 

temperature leads to lower ethylene uptake. This scenario implies a temperature-

dependent catalyst deactivation pathway. Further, ethylene uptake curves indicate 

ethylene consumption indeed happened at the early stage (c.a. first 60 s, Figure AA.7) 

but stopped quickly afterwards, implying fast catalyst decomposition. One rationale is 

the "N" coordination in these complexes is too weak to stabilize the active center. In 

addition, alkyl exchange from Ni to phosphine may be facile with these catalysts, given 

the observance of  quantitative aryl exchange with PCN-supported Ni complexes. 

 
CONCLUSION 

Five neutral nickel complexes based on 2-(diarylphosphinomethyl)pyridine (PCHN) 

and 2-(diarylphosphinoamino)pyridine (PNHN) proligands were prepared and 

crystallographically characterized. Neutral Ni(L)R complexes supported by anionic P,N 

ligands feature a partially dearomatized pyridyl ring and a weaker pyridine-N 

coordination compared to reported neutral P,N-Ni complexes. Notably, a rarely 

observed metal-ligand aryl exchange was observed in reaction of (PEt3)NiPhCl with 

deprotonated 2-(diarylphosphinoamino)pyridine, provides insights into catalysts 

deactivation and reactivation. Though being able to consume ethylene, these complexes 
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deactivates quickly under polymerization conditions and thus are not suitable for olefin 

polymerization catalysis. 
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EXPERIMENTAL SECTION 

General Considerations 

All air- and water-sensitive compounds were manipulated under N2 or Ar using standard 

Schlenk or glovebox techniques. The solvents for air- and moisture-sensitive reactions were 

dried over sodium benzophenone ketyl or calcium hydride or by the method of  Grubbs.39 

Deuterated solvents were purchased from Cambridge Isotopes Lab, Inc.; C6D6, and C7D8 was 

dried over a purple suspension with Na/benzophenone ketyl and vacuum transferred. 

Ethylene (99.999%) was purchased from Matheson Tri-Gas and used without further 

purification. 2-picoline was dried by stirring over CaH2 for greater than 12 hours and distilling. 

2-aminopyridine was purified by sublimation. PEt3 was purchased from Sigma Aldrich and 

purified by distillation prior to use. t-butyl acrylate was dried over 3 Å sieves for greater than 

72h, vacuum transferred, and passed over an activated alumina plug. 

Bis(dimethoxyphenyl)phosphine chloride,40 (Et3P)2NiPhCl,41 and tmedaNiPhCl42 were 

synthesized according to literature procedures. All 1H, 13C, and 31P spectra of  organic and 

organometallic compounds were recorded on Varian INOVA-400, or 500, or Bruker 

Cryoprobe 400 spectrometers. 1H and 13C chemical shifts are reported relative to residual 

solvent resonances. 
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Synthesis of  Ligands and Transition Metal Complexes 

2-(bis(dimethoxyphenyl)phosphinomethyl)pyridine (PCHN): In the glove box, to a 

thawing solution of  2-picoline (116 mg, 1.25 mmol) in THF (5 mL) was added a hexane 

solution of  nBuLi (0.5 mL/2.5M, 1 equiv.). The yellow solution was stirred while warming to 

room temperature for 30 min. After stirring for additional 30 min, the mixture was cooled to 

-78 °C, and a THF solution (5 mL) of  bis(dimethoxyphenyl)phosphine chloride (403 mg, 0.95 

equiv.) was added. The mixture was then stirred while warming up to room temperature slowly 

for 2 h. Next, all volatiles were removed from solution which was triturated with n-pentane (3 

x 5 mL). The resulting residue was washed by n-pentane (15 mL). The solids were collected 

via a filtration yielding spectroscopically pure PCHN (351 mg, 71 % Yield).  

1H NMR (400 MHz, C6D6): δ 8.44 (d, J= 3.9 Hz, 1H, ArH), 7.21-7.18 (m, 1H, ArH), 7.06-

6.95 (m, 3H, ArH), 6.52 (ddt,  J= 7.3, 4.9, 1.2 Hz, 1H, ArH), 6.27 (dd,  J= 8.3, 2.4 Hz, 4H, 

ArH), 4.51 (d,  J= 2.3 Hz, 2H, -PCH2-), 3.23 (s,  12H, -OCH3). 13C{1H} NMR (101 MHz, 

C6D6): δ 162.54 (d, J= 8.2 Hz, 4C, Aryl-C), 161.62 (d, J= 11.7 Hz, 2C, Aryl-C), 148.84 (s, 1C, 

Aryl-C), 134.49 (s, 1C, Aryl-C), 128.97 (s, 2C, Aryl-C), 123.25 (d, J= 9.4 Hz, 1C, Aryl-C), 119.67 

(s, 1C, Aryl-C), 116.92 (d, J= 116 Hz, 1C, Aryl-C), 104.41 (s, 4C, Aryl-C), 55.66 (s, 4C, -OCH3), 

36.22 (d, J= 16.2 Hz, 1C, -PCH2-).  31P{1H} NMR (121 MHz, C6D6, 298 K): δ - 39.33 (s, 1P). 

2-(bis(dimethoxyphenyl)phosphinoamino)pyridine (PNHN): In the glove box, to a 

thawing toluene solution (10 mL) of  2-aminopyridine (109 mg, 1.16 mmol) was added a THF 

solution of  bis(dimethoxyphenyl)phosphine chloride (387 mg, 0.98 equiv.). The mixture was 

then stirred while warming up to room temperature slowly for 2 h. All volatiles were removed 

from filtrate and the resulting solid was washed by n-pentane (15 mL) and Et2O (5 mL), then 

dissolved in toluene (20 mL). Next, precipitates were removed via a filtration, and volatiles 

were removed once more, yielding spectroscopically pure PNHN (361 mg, 78 % Yield).   
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1H NMR (400 MHz, C6D6): δ 8.25 (broad d, 1H, ArH), 7.76-7.66 (m, 2H, ArH), 7.14-7.07 

(m, 1H, ArH), 7.00 (t, J= 8.2 Hz, 2H, ArH), 6.37 (dd, J= 8.2 Hz, 5.4 Hz, 4H, ArH), 6.22 (d,  

J= 1.9 Hz, 1H, ArH), 3.30 (s,  12H, -OCH3). 13C{1H} NMR (101 MHz, C6D6): δ 162.51 (d, J= 

9.4 Hz, 4C, Aryl-C), 161.06 (d, J=30.5Hz, 2C, Aryl-C), 148.63 (s, 1C, Aryl-C), 136.88 (s, 1C, 

Aryl-C), 130.21 (s, 2C, Aryl-C), 117.83 (d, J=22.8 Hz, 1C, Aryl-C), 113.82 (s, 1C, Aryl-C), 

109.20 (d, J=25.0 Hz, 1C), 104.89 (s, 4C, Aryl-C), 55.66 (s, 4C, -OCH3). 31P{1H} NMR (121 

MHz, C6D6, 298 K): δ - 0.81 (s, 1P). 

PNHN-NiCSi2: In the glove box, to a solution of  pyNi(CH2SiMe3)2 (23.8 mg, 0.06 mmol) 

in toluene (2 mL) was added a thawing solution of  PNHN (23.9 mg, 0.06 mmol) in toluene (2 

mL). After stirring for 30 min, all volatiles were removed from solution which was triturated 

with n-pentane (3 x 5 mL). The resulting residue was washed by n-pentane (5 mL) and the 

solids were collected via a filtration yielding spectroscopically pure PNHN-NiCSi2 (31.6 mg, 

84 % Yield). 

1H NMR (400 MHz, C6D6): δ 8.73 (d, J= 5.3 Hz, 1H, ArH), 7.00 (t, J= 8.3 Hz, 2H, ArH),6.78 

(td, J= 6.9, 1.4 Hz, 1H, ArH), 6.36 (d, J= 6.7 Hz, 1H, ArH), 6.21 (dd, J= 8.3, 3.2 Hz, 4H, ArH), 

6.14 (ddd, J= 7.1, 5.9, 1.3 Hz, 1H, ArH), 5.83-5.78 (m,  1H, Aryl-C), 3.20 (s,  12H, -OCH3), 

0.57 (s, 9H, -Si(CH3)3), 0.43 (d,  J = 6.9 Hz, 2H, -NiCH2-), 0.36 (s, 9H, -Si(CH3)3), 0.30 (d,  J = 

20.0 Hz, 2H, -NiCH2-). 31P{1H} NMR (121 MHz, C6D6, 298 K): δ 42.85 (s, 1P). 

PNN-Ni(P)Ph: In the glove box, to a precooled (-78 °C) solution of  the ligand PNHN 

(24mg, 0.06 mmol) in tetrahydrofuran (THF) (2 mL) was added a precooled (-78 °C) solution 

(2 mL) of  KHMDS (13 mg, 1.05 equiv.) in THF. The mixture was then slowly warmed up to 

room temperature. After stirring for additional 30 min, all volatiles were removed from 

solution which was triturated with pentane (2 x 5 mL). The resulting residue was then dissolved 

in toluene (4 mL) and cooled to -78 °C. To this solution was added a toluene solution (2 mL) 
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of  (PEt3)2NiPhCl (24 mg, 0.99 equiv.). The mixture was then slowly warmed up to room 

temperature and stirred for additional 24 h. All volatiles were then removed from solution 

which was triturated with pentane (2 x 5 mL). The resulting residue was then washed with 

pentane (10 mL), hexanes (5 mL), and diethyl ether (3 mL), yielding spectroscopically pure 

PNN-Ni(P)Ph as yellow solids (25.7 mg, 66 % Yield).  

The major isomer (cis-PNN-Ni(P)Ph). 1H NMR (400 MHz, C6D6): δ 7.92 (ddd, J= 7.6, 3.9, 

1.5 Hz, 2H, ArH), 7.20 (td, J= 7.6, 1.5 Hz, 2H, ArH), 7.03-6.91 (m, 4H, ArH), 6.82 (d, J= 8.6 

Hz, 1H, ArH), 6.72-6.63 (m, 1H, ArH), 6.21 (dd, J= 8.3, 3.3 Hz, 4H, ArH), 5.56-5.48 (m, 1H, 

ArH), 3.28 (s,  12H, -OCH3), 1.23-1.13 (m, 6H, -PCH2-), 0.64 (dt, J= 15.0, 7.6 Hz, 9H, -

PCH2CH3). 13C{1H} NMR (101 MHz, C6D6): δ 174.56 (d, J= 10.9 Hz, 4C, Aryl-C), 171.50 

(dd, J=73.0, 45.4 Hz, 2C, Aryl-C), 161.89 (s, 1C, Aryl-C) 149.31 (d, J=6.3 Hz, 2C, Aryl-C) 

137.06 (s, 2C, Aryl-C), 135.48 (d, J=3.8 Hz, 1C, Aryl-C), 129.48 (s, 1C, Aryl-C), 126.73 (dd, 

J=4.9, 2.6 Hz, 2C, Aryl-C), 122.51 (s, 1C, Aryl-C), 117.35 (d, J=44.9 Hz, 1C, Aryl-C), 115.74 

(d, J=25.5 Hz, 1C), 105.13 (d, J=3.7Hz, 4C), 104.00 (s, 1C, Aryl-C), 55.90 (s, 4C, -OCH3), 

16.46 (dd, J=27.2, 4.8 Hz, 3C, -PCH2-), 7.66 (d, J=3.3 Hz, 3C, -PCH2CH3). δ 31P{1H} NMR 

(121 MHz, C6D6, 298 K): δ 60.20 (d, J= 44.4 Hz, 1P), 13.75 (d, J= 44.4 Hz, 1P). 

The minor isomer (trans-PNN-Ni(P)Ph). Resonances of  the ArHs in trans-PNN-Ni(P)Ph were 

not included as they overlapped heavily with that in cis-PNN-Ni(P)Ph. 1H NMR (400 MHz, C6D6): δ 

3.19 (s,  12H, -OCH3), 1.02 (tdd, , J= 7.6, 5.5, 2.6 Hz, 6H, -PCH2-), 0.86 (dt, J= 15.0, 7.6 Hz, 

9H, -PCH2CH3). 13C{1H} NMR (101 MHz, C6D6): δ 55.69 (s, 4C, -OCH3), 14.71 (d, J=19.8 

Hz, 3C, -PCH2-), 8.02 (s, 3C, -PCH2CH3). 31P{1H} NMR (121 MHz, C6D6, 298 K): δ 61.44 (d, 

J= 273 Hz, 1P), 5.55 (d, J= 273 Hz, 1P). 

PNN-Ni(py)Ph: In the glove box, to a precooled (-78 °C) solution of  the ligand PNHN 

(40mg, 0.1 mmol) in tetrahydrofuran (THF) (2 mL) was added a precooled (-78 °C) solution 
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(2 mL) of  KHMDS (20.5 mg, 1.05 equiv.) in THF. The mixture was then slowly warmed up 

to room temperature. After stirring for additional 30 min, all volatiles were removed from 

solution which was triturated with pentane (2 x 5 mL). The resulting residue was then dissolved 

in toluene (6 mL) and added to a precooled (-78 °C) suspension of  (tmeda)NiPhCl (27 mg, 

0.95 equiv.) in toluene (4 mL). The mixture was then warmed up to room temperature and a 

small amount of  pyridine (0.05 mL) was added and the resulting suspension was stirred for 

additional 24 h. All volatiles were then removed from solution which was triturated with 

pentane (2 x 5 mL). The resulting residue was then washed with pentane (10 mL), hexanes (10 

mL), and diethyl ether (3 mL), yielding spectroscopically pure PNN-Ni(py)Ph as yellow 

solids (22.7 mg, 37 % Yield).  

1H NMR (400 MHz, C6D6): δ 8.62 (d, J= 5.3 Hz, 2H, ArH), 7.51 (d, J= 7.3 Hz, 2H, ArH), 

7.11 (t, J= 8.2 Hz, 2H, ArH), 6.99 (d, J= 8.4 Hz, 2H, ArH), 6.95-6.84 (m, 1H, ArH), 6.75 (dd, 

J= 7.9, 6.8 Hz, 2H, ArH), 6.67-6.60 (m, 1H, ArH), 6.52 (dd, J= 7.8 Hz, 1H, ArH), 6.42 (dd, J= 

6.2, 1.9 Hz, 1H, ArH), 6.33 (dd, J= 8.2, 3.7 Hz, 4H, ArH), 6.26 (d, J= 6.6 Hz, 2H, ArH), 5.71 

(td, J= 6.2, 1.5 Hz, 1H, ArH), 3.28 (s,  12H, -OCH3), 1.23-1.13 (m, 6H, -PCH2-), 0.64 (dt, J= 

15.0, 7.6 Hz, 9H, -PCH2CH3). 13C{1H} NMR (101 MHz, C6D6): δ 171.77 (s, 1C, Aryl-C), 

161.39 (s, 4C, Aryl-C), 159.77 (dd, J=41.1 Hz, 2C, Aryl-C), 150.21 (s, 2C, Aryl-C), 145.22 (s, 

1C, Aryl-C), 136.58 (s, 2C, Aryl-C), 135.44 (s, 1C, Aryl-C), 135.06 (s, 1C, Aryl-C), 129.55 (s, 

2C, Aryl-C), 124.84 (s, 2C, Aryl-C), 123.83 (s, 2C, Aryl-C), 120.52 (s, 1C, Aryl-C), 115.97 (d, 

J=67.1 Hz, 1C, Aryl-C), 115.60 (d, J=25.6 Hz, 1C, Aryl-C), 104.89 (s, 4C, Aryl-C), 104.20 (s, 

1C, Aryl-C), 55.83 (s, 4C, -OCH3-). 31P{1H} NMR (121 MHz, C6D6, 298 K): δ 64.97 (s, 1P). 

PCN-Ni(P)ArO2: In the glove box, to a precooled (-78 °C) solution of  the ligand PNHN 

(40mg, 0.1 mmol) in tetrahydrofuran (THF) (2 mL) was added a precooled (-78 °C) solution 

(2 mL) of  tBuLi (6.4 mg, 1.0 equiv., 0.1 mmol) in n-pentane. The mixture was then slowly 
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warmed up to room temperature. After stirring for additional 30 min, all volatiles were 

removed from solution which was triturated with pentane (2 x 5 mL). The resulting residue 

was then dissolved in toluene (4 mL) and cooled to -78 °C. To this solution was added a 

toluene solution (2 mL) of  (PEt3)2NiPhCl (39.2, 0.95 equiv.). The mixture was then slowly 

warmed up to room temperature and stirred for additional 24 h. All volatiles were then 

removed from solution which was triturated with pentane (2 x 5 mL). The resulting residue 

was then washed with pentane (10 mL) and hexanes (5 mL), yielding PCN-Ni(P)ArO2 as red 

solids (15.0 mg, 46 % Yield).  

1H NMR (400 MHz, C6D6): δ δ 8.08-8.04 (m, 2H, ArH), 7.19-7.18 (m, 2H, ArH), 7.13-6.93 

(m, 4H, ArH), 6.87 (d, J= 6.5 Hz, 1H, ArH), 6.46-6.33 (m, 6H, ArH), 5.29 (d,  J= 4.4 Hz, 1H, 

-PCH=), 3.66 (s,  6H, -OCH3), 3.50 (s,  6H, -OCH3), 1.18 (td, J= 7.6, 4.5 Hz, 6H, ArH), 0.62 

(dt, J= 14.7, 7.6 Hz, 9H, ArH). 31P{1H} NMR (121 MHz, C6D6, 298 K): δ 7.74 (d, J= 54.1Hz, 

1P), -5.39 (d, J= 54.1 Hz, 1P). 

 

 

 

 

 

 

 

 

 

 



 Appendix A  
 
 

 
482 

Protonolysis of  PNHN-NiCSi2 

 
Figure SAA.1. 1H (left) and 31P{1H} (right) NMR spectra of  PNHN-NiCSi2 (top) and the mixture 
after being heated at 40 °C for 24 h. 
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Supplemental information for olefin copolymerization 

General procedure for high throughput parallel polymerization reactor (PPR) runs. 

Polyolefin catalysis screening was performed in a high throughput parallel polymerization 

reactor (PPR) system. The PPR system was comprised of  an array of  48 single cell (6 x 8 

matrix) reactors in an inert atmosphere glovebox. Each cell was equipped with a glass insert 

with an internal working liquid volume of  approximately 5 mL. Each cell had independent 

controls for pressure and was continuously stirred at 800 rpm. Catalysts were prepared in 

toluene. All liquids (i.e., solvent, tBA, and catalyst solutions) were added via robotic syringes. 

Gaseous reagents (i.e., ethylene) were added via a gas injection port. Prior to each run, the 

reactors were heated to 50 °C, purged with ethylene, and vented.  

All desired cells were injected with tBA followed with a portion of  toluene (This step was 

skipped for ethylene homopolymerization). The reactors were heated to the run temperature 

and then pressured to the appropriate psig with ethylene. Catalyst were then added to the cells. 

Each catalyst addition was chased with a small amount of  toluene so that after the final 

addition, a total reaction volume of  5 mL was reached. Upon addition of  the catalyst, the PPR 

software began monitoring the pressure of  each cell. The desired pressure (within 

approximately 2-6 psig) was maintained by the supplemental addition of  ethylene gas by 

opening the valve at the set point minus 1 psi and closing it when the pressure reached 2 psi 

higher. The pressure of  each cell was monitored during and after the quench to ensure that 

no further ethylene consumption happens. The shorter the “Quench Time” (the duration 

between catalyst addition and oxygen quench), the more active the catalyst. All drops in 

pressure were cumulatively recorded as “Uptake” or “Conversion” of  the ethylene for the 

duration of  the run. After 1h, each reaction was then quenched by addition of  1% oxygen in 

nitrogen for 30 seconds at 40 psi higher than the reactor pressure. After all the reactors were 
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quenched they were allowed to cool to about 60 °C. They were then vented and the tubes were 

removed. The polymer samples (if  any) were then dried in a centrifugal evaporator at 60 °C 

for 12 hours, weighed to determine polymer yield. 
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Crystallographic Information 

 
Figure SAA.2: Solid-State Structure of  PNHN-NiCSi2. Ellipsoids are show at the 50% 

probability level. Hydrogen atoms excluded for clarity.  

 

 

 
Figure SAA.3: Solid-State Structure of  PNN-Ni(py)CSi. Ellipsoids are show at the 50% 

probability level. Hydrogen atoms excluded for clarity.  
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Figure SAA.4: Solid-State Structure of  PNN-Ni(P)Ph (cis-isomer). Ellipsoids are show at the 

50% probability level. Hydrogen atoms excluded for clarity.  

 

 
Figure SAA.5: Solid-State Structure of  PNN-Ni(py)Ph. Ellipsoids are show at the 50% 

probability level. Hydrogen atoms excluded for clarity.  
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Figure SAA.6: Solid-State Structure of  PCN-Ni(P)ArO2(connectivity).  
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Chapter 2 

 
Figure AB2.1. 1H NMR spectrum of POPH in C6D6. 

 

 
Figure AB2.2. 13C{1H} NMR of POPH in C6D6. 



 A p p e n d i x  B  
 
 

 
493 

 
Figure AB2.3. 31P{1H} NMR spectrum of POPH in C6D6. 

 

 
Figure AB2.4. 1H NMR Spectrum of D in C6D6. 
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Figure AB2.5. 13C{1H} NMR Spectrum of D in C6D6. 

 

 
Figure AB2.6. 1H NMR Spectrum of PONapH in C6D6. 
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Figure AB2.7. 31P{1H} NMR spectrum of PONapH in C6D6. 

 
Figure AB2.8. 13C{1H} NMR spectrum of PONapH in C6D6. 
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Figure AB2.9. 1H NMR spectrum of 1 in C6D6. 

 

 
Figure AB2.10. 13C{1H} NMR spectrum of 1 in C7D8. 
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Figure AB2.11. 31P{1H} NMR spectrum of 1 in C6D6. 

 
Figure AB2.12. 1H NMR spectrum of 2 in C6D6. 
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Figure AB2.13. 13C{1H} NMR spectrum of 2 in C6D6. 

 
Figure AB2.14. 31P{1H} NMR spectrum of 2 in C6D6. 
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Figure AB2.15: 1H NMR spectrum of 2-lut in C6D6. 

 
Figure AB2.16. 31P{1H} NMR spectrum of 2-lut in C6D6. 
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Figure AB2.17. 1H NMR spectrum of 3 in C6D6 (top). 1H NMR spectrum of 3 + 1 equiv. pyridine 

in C6D6 (middle). 1H NMR spectrum of 3 + 5 equiv. pyridine in C6D6 (bottom). 

 
Figure AB2.18. 31P{1H} NMR spectrum of 3 in C6D6 (top). 31P{1H} NMR spectrum of 3 + 1 

equiv. pyridine in C6D6 (middle). 31P{1H} NMR spectrum of 3 + 5 equiv. pyridine in C6D6 
(bottom). 
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Figure AB2.19. 1H NMR spectrum of 4 in C6D6. 

 
Figure AB2.20. 31P{1H} NMR spectrum of 4 in C6D6. 
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Figure AB2.21. 31P{1H} NMR spectrum of 4 in C7D8(top). 31P{1H} NMR spectrum 4 + 10 
equivalents of pyridine in C6D6(bottom). 

 
Figure AB2.22. 1H NMR spectrum of 5 in C6D6 
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Figure AB2.23 13C{1H} NMR spectrum of 5 in C6D6 

 

 
Figure AB2.24. 31P{1H} NMR spectrum of 5 in C6D6 
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Figure AB2.25. 13C{1H}-1H HSQC NMR Spectrum of 5 in C7D8 

 

 
Figure AB2.26. 31P{1H} Variable-Temperature NMR Spectra of 5 in C7D8 
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Chapter 3 

  
Figure AB3.1. 1H NMR of 1lut-Me in C6D6 (*: residue toluene, ^: residue free lutidine) 

 
Figure AB3.2. 13C{1H} NMR of 1lut-Me in C6D6. 

 
Figure AB3.3. 31P{1H} NMR of 1lut-Me in C6D6. 
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Figure AB3.4. 1H NMR of 2-CCO in C6D6. 

 

 
Figure AB3.5. 31P{1H} NMR NMR of 2-CCO in C6D6. 

 
Figure AB3.6. 31P{1H} NMR of 1-CCO in Tol-d8 at different temperatures (top to bottom: -
90 °C, -60 °C, -40 °C, -20 °C, -0 °C, 25 °C, 40 °C, 60 °C). 
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Figure AB3.7. 1H NMR Spectra of conversion of 1-CCO (top) to 1P-CCO (bottom)upon 

ACdition of PEt3. 

 
Figure AB3.8. 31P{1H} NMR Spectra of conversion of 1-CCO (top) to 1P-CCO (bottom)upon 

ACdition of PEt3. 

 
Figure AB3.9. 1H NMR of 1P-CCO in C6D6. 
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Figure AB3.10. 13C{1H} NMR of 1P-CCO in C6D6. 

 
Figure AB3.11. 31P{1H} NMR of 1P-CCO in C6D6. 

Formation of 2et-CCO from the ACdition of 4 atm. of ethylene to a solution of 2-CCO 

 
Figure AB3.12 31P{1H} NMR spectra of 2-CCO (top) and 2-CCO + 4 atm. ethylene (bottom) 
(temperature: -80 °C, solvent: C7D8) 
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Figure AB3.13 1H NMR spectra of 2-CCO (top) and 2-CCO + 4 atm. ethylene (bottom) 
(temperature: -80 °C, solvent: C7D8) 

31P{1H} NMR showing formation of 2hex-CCO from 2-CCO and 1-hexene 

 
Figure AB3.14 31P{1H} NMR spectra of 2-CCO (top) and 2-CCO + 200 equiv. of 1-hexene 
(bottom) (temperature: -80 °C, solvent: C7D8) 
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Figure AB3.15 1H NMR spectra of 2-CCO (top) and 2-CCO + 200 equiv. of 1-hexene (bottom) 

(temperature: -80 °C, solvent: C7D8) 

Formation of 2et*-CCO from the ACdition of 4 atm. of 13C labelled ethylene to a solution 

of 2-CCO 

 
Figure AB3.16 31P{1H} NMR spectrum of 2et*-CCO (temperature: -90 °C, solvent: C7D8) 
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Figure AB3.17 1H NMR spectrum of 2et*-CCO in the presence of 4 atm. ethylene (temperature: -
90 °C, solvent: C7D8) 

 
Figure AB3.18 13C{1H} NMR spectrum of 213et-CCO in the presence of 4 atm. ethylene 
(temperature: -90 °C, solvent: C7D8) 

 

 

 

 

-40-30-20-100102030405060708090100110120130140150160170180190200210220230240

95100105



 A p p e n d i x  B  
 
 

 
512 

Formation of 2py-CCO from the ACdition of pyridine to a mixture of 2-CCO and 2et-

CCO 

 
Figure AB3.19 31P{1H} NMR spectra of (top) 2-CCO (acrylate insertion compound, C) + 2et-CCO 
(B) and (bottom) 2-CCO + 2et-CCO + 2py-CCO. (Temperature: -90 °C, solvent: C7D8) 

 
Figure AB3.20 31P{1H} NMR spectra of 2-C8H13 (temperature: 25 °C, solvent: C6D6) 
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Figure AB3.21 1H NMR spectra of 2-C8H13 (temperature: 25 °C, solvent: C6D6) 

 
Figure AB3.22 13C{1H} NMR spectra of 2-C8H13 (temperature: 25 °C, solvent: C6D6) 
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Figure AB3.23 13C{1H}-1H HSQC NMR Spectrum of 2-C8H13 (temperature: 25 °C, solvent: 
C6D6) 

 
Figure AB3.24 31P{1H} NMR Spectra of 2-C8H13 at different temperatures (solvent: C7D8). 
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Figure AB3.25 1H NMR Spectra of 2-C8H13 at different temperatures (Olefinic region, solvent: 
C7D8). 

 
31P{1H} NMR Spectrum of PONap-Ni-CCO + POP-Ni-CCO-Py 

 

Figure AB3.26 31P{1H} NMR of mixture of 1py-CCO + 2-CCO (top), 1py-CCO (medium) and 
1-CCO (bottom) in C6D6 
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Figure AB3.27 31P{1H} NMR of mixture of 1py-CCO + 2-CCO (top), 1py-CCO (medium) and 
2-CCO (bottom) in C6D6 

 

Figure AB3.28 31P{1H} NMR spectrum of mixture of 2lut-CCO at -90 °C in tol-d8. 
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Figure AB3.28 31P{1H} NMR spectrum of thermodynamic mixture of 2-CCO and 2et-CCO at -

90 °C in tol-d8. 

 

Figure AB3.29. 31P{1H} NMR spectrum of thermodynamic mixture of 2-CCO and 2hex-CCO at 
-90 °C in tol-d8. 
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Figure AB3.30. 31P{1H} NMR spectrum of thermodynamic mixture of 2et-CCO and 2lut-CCO 
at -90 °C in tol-d8. 

 

Figure AB3.31. 1H NMR spectrum of thermodynamic mixture of 2-CCO and 2et-CCO at -90 °C 
in tol-d8. 
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Figure AB3.32. 31P{1H} NMR spectrum of thermodynamic mixture of 2py-CCO and 2lut-CCO 
at -90 °C in tol-d8. 

 
Figure AB3.33. 1H NMR spectrum of 1P in C6D6. 
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Figure AB3.34. 13C{1H} NMR spectrum of 1P in tol-d8. 

 
Figure AB3.35. 31P{1H} NMR spectrum of 1P in tol-d8. 

 
Figure AB3.36. 31P{1H} NMR spectrum of 1P in tol-d8 at different temperatures (top to bottom: 
25 °C, 50 °C, 70 °C, 90 °C) 
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Figure AB3.37. 1H NMR spectrum of 1pico in C6D6. 

 
Figure AB3.38. 31P{1H} NMR spectrum of 1pico in C6D6. 

 
Figure AB3.39. 1H NMR spectrum of 1py-Me in C6D6. 
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Figure AB3.40. 31P{1H} NMR spectrum of 1py-Me in C6D6. 

 
Figure AB3.41. 31P{1H} NMR spectrum 2P. 
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Figure AB3.42. 31P{1H} NMR spectrum 2P. 
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Chapter 4 

 
Figure AB4.1. 1H NMR spectrum of 3', 5'-Di-tert-butyl-4'-methoxyacetophenone in CDCl3. 

 
Figure AB4.2. 13C{1H} NMR spectrum of 3', 5'-Di-tert-butyl-4'-methoxyacetophenone in CDCl3. 

 
Figure AB4.3. 1H NMR spectrum of bis(diphenoxyphenyl) phosphine chloride in C6D6. 
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Figure AB4.4. 31P{1H} NMR spectrum of bis(diphenoxyphenyl) phosphine chloride in C6D6. 

 

 
Figure AB4.5. 1H NMR spectrum of MePOPhH in C6D6. 

 
Figure AB4.6. 13C{1H} NMR spectrum of MePOPhH in C6D6. 
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Figure AB4.7. 1H-13C HSQC NMR spectrum of MePOPhH in C6D6. 

 
Figure AB4.8. 31P{1H} NMR spectrum of MePOPhH in C6D6. 

 
Figure AB4.9. 1H NMR spectrum of MePOPhCF3H in C6D6. 
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Figure AB4.10. 13C{1H} NMR spectrum of MePOPhCF3H in C6D6. 

 
Figure AB4.11. 19F NMR spectrum of MePOPhCF3H in C6D6 

 
Figure AB4.12. 31P{1H} NMR spectrum of MePOPhCF3H in C6D6. 
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Figure AB4.13. 1H NMR spectrum of PhPOPhH in C6D6.  

 
Figure AB4.14. 13C{1H} NMR spectrum of PhPOPhH in C6D6. 

 
Figure AB4.15. 1H-13C HSQC NMR spectrum of PhPOPhH in C6D6. 

-100102030405060708090100110120130140150160170180190200210

3
8
.7
0

3
8
.9
1

5
5
.4
2

1
0
4
.5
7

1
1
5
.5
2

1
1
5
.8
2

1
2
5
.1
2

1
2
5
.1
6

1
2
5
.2
0

1
2
5
.2
3

1
2
6
.0
2

1
2
9
.3
1

1
2
9
.3
5

1
2
9
.8
9

1
3
2
.6
1

1
3
2
.9
3

1
3
3
.2
4

1
4
1
.0
3

1
6
2
.6
4

1
6
2
.7
3

1
9
6
.9
1

1
9
7
.0
1



 A p p e n d i x  B  
 
 

 
529 

 
Figure AB4.16. 31P{1H} NMR spectrum of PhPOPhH in C6D6. 

 
Figure AB4.17. 1H NMR spectrum of PhPOMesH in C6D6. 

 
Figure AB4.18. 13C{1H} NMR spectrum of PhPOMesH in C6D6. 
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Figure AB4.19. 31P{1H} NMR spectrum of PhPOMesH in C6D6. 

 
Figure AB4.20. 1H NMR spectrum of PhPOPhCF3H in C6D6. 

 
Figure AB4.21. 13C{1H} NMR spectrum of PhPOPhCF3H in C6D6. 
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Figure AB4.22. 19F NMR spectrum of PhPOPhCF3H in C6D6. 

 

 
Figure AB4.23. 31P{1H} NMR spectrum of PhPOPhCF3H in C6D6. 

 
Figure AB4.24. 1H NMR spectrum of PhPOArOMeH in C6D6 (*: residual THF). 
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Figure AB4.25. 13C{1H} NMR spectrum of PhPOArOMeH in C6D6 (*: residual THF). 

 
Figure AB4.26. 31P{1H} NMR spectrum of PhPOArOMeH in C6D6. 

 

 
Figure AB4.27. 1H NMR spectrum of MePOPh-Ni in C6D6. 
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Figure AB4.28. 13C{1H} NMR spectrum of MePOPh-Ni in C6D6. 

 
Figure AB4.29. 31P{1H} NMR spectrum of MePOPh-Ni in C6D6. 

 
Figure AB4.30. 1H NMR spectrum of MePOPhCF3-Ni in C6D6. 
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Figure AB4.31. 13C{1H} NMR spectrum of MePOPhCF3-Ni in C6D6. 

 
Figure AB4.32. 19F NMR spectrum of MePOPhCF3-Ni in C6D6. 

 
Figure AB4.33. 31P{1H} NMR spectrum of MePOPhCF3-Ni in C6D6. 
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Figure AB4.34. 1H NMR spectrum of PhPOPh-Ni in C6D6. 

 
Figure AB4.35. 13C{1H} NMR spectrum of PhPOPh-Ni in C6D6. 

 
Figure AB4.36. 31P{1H} NMR spectrum of PhPOPh-Ni in C6D6. 
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Figure AB4.37. 1H NMR spectrum of PhPOMes-Ni in C6D6. 

 

 
Figure AB4.38. 13C{1H} NMR spectrum of PhPOMes-Ni in C6D6 (*: hexenes). 

 
Figure AB4.39. 31P{1H} NMR spectrum of PhPOMes-Ni in C6D6. 
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Figure AB4.40. 1H NMR spectrum of PhPOPhCF3-Ni in C6D6. 

 
Figure AB4.41. 13C{1H} NMR spectrum of PhPOPhCF3-Ni in C6D6. 

 
Figure AB4.42. 19F NMR spectrum of PhPOPhCF3-Ni in C6D6. 
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Figure AB4.43. 31P{1H} NMR spectrum of PhPOPhCF3-Ni in C6D6. 

 
Figure AB4.44. 1H NMR spectrum of PhPOArOMe-Ni in C6D6. 

 
Figure AB4.45. 13C{1H} NMR spectrum of PhPOArOMe-Ni in C6D6. 



 A p p e n d i x  B  
 
 

 
539 

 
Figure AB4.46. 31P{1H} NMR spectrum of PhPOArOMe-Ni in C6D6. 

 
Figure AB4.47. 1H NMR spectrum of PhP*OArO-Ni in C6D6. 

 
Figure AB4.48. 13C{1H} NMR spectrum of PhP*OArO-Ni in C6D6. 
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Figure AB4.49. 31P{1H} NMR spectrum of PhP*OArO-Ni in C6D6 
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Chapter 5 

 
Figure AB5.1. Representative 31P{1H} NMR spectra for exchange studies. Top/Red spectrum: 2-
PEt3 (in C6D6); Bottom/Green spectrum: Mixtures upon addition of excess pyridine to 2-PEt3 
(Condition: 2-PEt3: 0.0059 mmol, pyridine: 5.9 mmol, no additional solvent, T: 25 °C) 
 

 
Figure AB5.2. Comparison of mixture generated in exchange studies (Top/Red spectrum, also 
shown as the bottom spectrum in Figure AB5.1) and independently synthesized 2-py (bottom/Green 
spectrum, in C6D6). 
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Figure AB5.3. Comparison of 2-PEt3 (Top/Red spectrum, in C6D6) and mixture generated in 
exchange studies (Bottom/Green spectrum, condition: To the benzene solution of 2-PEt3 was added 
1500 equiv. of pyridine, the mixture was then stirred overnight, and volatiles were then removed.  

 

 
Figure AB5.4. Comparison of mixture generated in exchange studies (Top/Red spectrum, also 
shown as the bottom spectrum in Figure AB5.3) and 2-py (Bottom/Green spectrum, in C6D6).  
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Figure AB5.5. 31P{1H} NMR spectrum of 2-py in C6D6. 

 
 
 
 
 
 

 
Figure AB5.6. 1H NMR spectrum of 2-py in C6D6. 

 

-150-130-110-90-70-50-30-101030507090110130

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.0

0
.9
6

2
.0
0

3
.9
3

1
.0
0

2
.3
5

4
.1
2

8
.1
4

1
1
.4
3

3
.1
2

2
.0
1

3
.9
3



 A p p e n d i x  B  
 
 

 
544 

 
Figure AB5.7. 1H-1H COSY NMR spectrum of 2-py in C6D6. 

 
 
 
 
 
 
 
 

 
Figure AB5.8. 13C{1H} NMR spectrum of 2-py in C6D6. 
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Figure AB5.9. 1H-13C HSQC NMR spectrum of 2-py in C6D6. 

 
 

Figure AB5.10. 31P{1H} NMR spectrum of 2-PPh3 in C6D6. 
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Figure AB5.11. 1H NMR spectrum of 2-PPh3 in C6D6. 
 
 

 
Figure AB5.12. 31P{1H} NMR spectrum of MeOPOBrH in C6D6. 
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Figure AB5.13. 1H NMR spectrum of MeOPOBrH in C6D6. 
 
 
 

 
Figure AB5.14. 13C{1H} NMR spectrum of MeOPOBrH in C6D6. 
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Figure AB5.15. 31P{1H} NMR spectrum of 1-py in C6D6. 

 
 

 
Figure AB5.16. 1H NMR spectrum of 1-py in C6D6. 
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Figure AB5.17. 13C{1H} NMR spectrum of 1-py in C6D6. 

 
 
 
 
 
 

 
Figure AB5.18. 1H-13C HSQC NMR spectrum of 1-py in C6D6. 
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Figure AB5.19. 31P{1H} NMR spectrum of 1-PEt3 in C6D6. 
 
 

Figure AB5.20. 1H NMR spectrum of 1-PEt3 in C6D6. 
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Figure AB5.21. 13C{1H} NMR spectrum of 1-PEt3 in C6D6. 
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Chapter 6 

 
Figure AB6.1: 1H NMR spectrum of PhOPOBrH in C6D6. 

 

 
Figure AB6.2: 31P{1H} NMR spectrum of PhOPOBrH in in C6D6. 
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Figure AB6.3: 1H NMR spectrum of PhOPOBr-Ni in C6D6. 

 

 
Figure AB6.4: 13C{1H} NMR spectrum of PhOPOBr-Ni in C6D6. 
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Figure AB6.5: 1H-13C{1H} HSQC NMR spectrum of PhOPOBr-Ni in C6D6. 

 

 
Figure AB6.6: 31P{1H} NMR spectrum of PhOPOBr-Ni in in C6D6. 
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Figure AB6.7: 1H NMR spectrum of MeOPOBr-Ni in C6D6. 

 
 
 
 

 
Figure AB6.8: 13C{1H} NMR spectrum of MeOPOBr-Ni in C6D6. 
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Figure AB6.9: 1H-13C{1H} HSQC NMR spectrum of MeOPOBr-Ni in C6D6. 

 
 
 

 
Figure AB6.10: 31P{1H} NMR spectrum of MeOPOBr-Ni in in C6D6. 
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Chapter 7 

 
Figure AB7.1: 1H NMR spectrum of 1 + 1 equiv. of ZnCl2 in 10% C6D6/90% THF-H8. 

 

 
Figure AB7.2: 31P{1H} NMR spectrum of two isomers (crude mixture of 1 + 1 equiv. of ZnCl2) in 

10% C6D6/90% THF-H8. 
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Figure AB7.3: 1H NMR spectrum of 2 in in C6D6 (*: the other isomer, -: toluene, only resonances 

of 2 is integrated). 
 

 
Figure AB7.4: 13C{1H} NMR spectrum of 2 in C6D6 (-: toluene). 

 
Figure AB7.5: 31P{1H} NMR spectrum of 2 in in C6D6 (*: the other isomer). 
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Figure AB7.6: 31P{1H} NMR spectrum of two isomers (crude mixture of 1 + 1 equiv. of ZnBr2) in 

THF-H8. 

 
Figure AB7.7: 1H NMR spectrum of 3 in C6D6 (*: the other isomer, -: toluene, only resonances of 

3 is integrated). 

 
Figure AB7.8: 13C{1H} NMR spectrum of 3 in C6D6 (-: toluene). 
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Figure AB7.9: 31P{1H} NMR spectrum of 3 in in C6D6. 
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Chapter 8 

 
Figure AB8.1: 1H NMR spectrum of BINOL-(POH)2 in C6D6. 

	
Figure AB8.2: 13C{1H} NMR spectrum of BINOL-(POH)2 in C6D6 (*: Et2O). 

 
Figure AB8.3: 31P{1H} NMR spectrum of BINOL-(POH)2 in in C6D6. 
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Figure AB8.4: 1H NMR spectrum of BINOL-(PO-Ni)2 (X-Ni2) in C6D6. 

 
Figure AB8.5: 13C{1H} NMR spectrum of BINOL-(PO-Ni)2 (X-Ni2) in C6D6. 
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Figure AB8.6: 1H-13C{1H} HSQC NMR spectrum of BINOL-(PO-Ni)2 (X-Ni2) in C6D6. 

 
Figure AB8.7: 31P{1H} NMR spectrum of BINOL-(PO-Ni)2 (X-Ni2) in in C6D6. 
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Appendix A 

 
Figure AB.AA.1: 1H NMR spectrum 2-(bis(dimethoxyphenyl)phosphinomethyl)pyridine (PCHN) 

in C6D6 (*: THF). 

 
Figure AB.AA.2: 13C{1H} NMR spectrum of PCHN in C6D6 (*: THF). 

 
Figure AB.AA.3: 31P{1H} NMR spectrum of PCHN in C6D6. 
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Figure AB.AA.4: 1H NMR spectrum 2-(bis(dimethoxyphenyl)phosphinoamino)pyridine (PNHN) 

in C6D6. 

 
Figure AB.AA.5: 13C{1H} NMR spectrum of PNHN in C6D6. 

 
Figure AB.AA.6: 31P{1H} NMR spectrum of PNHN in C6D6. 

 

-0.50.51.52.53.54.55.56.57.58.59.510.5

1
2
.2
6

4
.1
1

1
.0
0

2
.0
6

1
.0
3

2
.0
0

0
.9
1

3
.2
9
9
5

6
.2
1
8
9

6
.2
2
3
8

6
.2
2
5
9

6
.2
3
9
5

6
.2
4
6
3

6
.3
5
7
7

6
.3
7
2
9

6
.3
8
8
0

6
.9
8
3
7

7
.0
0
4
4

7
.0
2
5
0

7
.1
0
3
9

7
.1
2
2
8

7
.1
3
1
8

7
.7
1
0
4

7
.7
1
7
5

7
.7
3
1
9

7
.7
3
8
9

7
.7
5
0
6

8
.2
4
3
2

8
.2
5
5
8

-100102030405060708090100110120130140150160170180190200210220

5
5
.6
6
4
7

1
0
4
.8
0
2
0

1
0
9
.0
7
8
5

1
0
9
.3
2
7
4

1
1
3
.8
1
8
5

1
1
7
.7
1
9
4

1
1
7
.9
4
5
9

1
3
0
.2
1
4
1

1
3
6
.8
7
9
8

1
4
8
.6
3
4
0

1
6
0
.9
1
2
2

1
6
1
.2
1
4
8

1
6
2
.4
6
0
2

1
6
2
.5
5
3
5

-100-80-60-40-20020406080100120140

-
0
.8
0
0
6



 A p p e n d i x  B  
 
 

 
566 

 

 
Figure AB.AA.7: 1H NMR spectrum of PNHN-NiCSi2 in C6D6. 

 

 

 

 
Figure AB.AA.9: 31P{1H} NMR spectrum of PNHN-NiCSi2 in C6D6. 
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Figure AB.AA.10: 1H NMR spectrum PNN-Ni(P)Ph in C6D6 (Integration of resonances of the 
minor isomer not included). 

 

 
Figure AB.AA.11: 13C{1H} NMR spectrum of PNN-Ni(P)Ph in C6D6 (Resonances of the minor 

isomer not included). 

 

 
Figure AB.AA.12: 31P{1H} NMR spectrum of PNN-Ni(P)Ph in C6D6. 
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Figure AB.AA.13: 1H NMR spectrum PNN-Ni(py)Ph in C6D6. 

 

 
Figure AB.AA.14: 13C{1H} NMR spectrum of PNN-Ni(py)Ph in C6D6. 

 

 
Figure AB.AA.15: 31P{1H} NMR spectrum of PNN-Ni(py)Ph in C6D6. 
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Figure AB.AA.16: 1H NMR spectrum PCN-Ni(P)ArO2 in C6D6. 

 
 

 
Figure AB.AA.18: 31P{1H} NMR spectrum of PCN-Ni(P)ArO2 in C6D6. 
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APPENDIX C 

Miscellaneous X-Ray Crystal Structures 
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Part 1 POP supported mono- and multimetallic complexes (Beyond nickel) 

 

 
Figure AC.1. A Zn complex supported by POP ligands. 

 
 
 

 
Figure AC.2. A dizinc complex supported by POP ligands (Connectivity only). 
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Figure AC.3. A dipalladium complex supported by two POP ligands (Connectivity only). 
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Part 2 Mononickel complexes supported by POP 
 

 
Figure AC.4. Structure of POP-Ni(dmf). 

 
 
 

 
Figure AC.5. Structure of POP-NiC8H13. 
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Figure AC.6. Structure of POPPhO-Ni. 

 
 
 

 
Figure AC.7. A Ni complex supported by the bis(bis(2-biphenyl)phosphine)phenoxide ligand. 
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Figure AC.8. A pincer-like Ni complex supported by the bis(bis(2-biphenyl)phosphine)phenoxide 

ligand. 
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Part 3 Nickel-based multimetallic complexes supported by POP 

 

 
Figure AC.9. A dinickel complex with a bridged pyridine (Connectivity only). 

 
 
 

 
Figure AC.10. A symmetric dinickel complex with a bridged chloride (Connectivity only). 
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Figure AC.11. A dinickel complex with a bridged chloride (Connectivity only). 

 
 
 

 
Figure AC.12. A dinickel complex with a bridged bromide. 
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Part 4 Structures relevant to catalyst decomposition  

 

 
Figure AC.13. A diphosphonium-based compound with NiCl42- as the dianion. 

 
 
 

 
Figure AC.14. A NiCl-based compound with an octahedral Ni center. 
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Figure AC.15. A dinickel compound generated after tBA insertion. 
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Part 5 Structures based on other PO ligands  

 

 
Figure AC.16. A mono-Ni compound based on the XH2 ligand. 

 
 
 

 
Figure AC.17. A B(C6F5)3 adduct of the XH2 ligand. 
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Figure AC.18. Structure of a Ni2Na2 complex based on the napdiol-based bisphosphine ligand. 
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Figure AC.19. Structure of PhPOterphenyl-Ni(PEt3)Ph (with Alex Hong). 
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Part 6 Structures based on ligands beyond POs.  

 

 
Figure AC.20. Structure of a P,C-Ni complex. 

 
 
 

 
Figure AC.21. Structure of a N,N-Zn complex. 
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Figure AC.22. Structure of a dizinc complex featuring a P3N3 core. 
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Figure AC.23. Structure of a Ni5 cluster. 
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Figure AC.24. Structure of a pincer-type P,N-Ni complex. 
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