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ABSTRACT 

 

Upgrading Hydrocarbons and Olefins with Organometallic Catalysis: Reaction, Kinetics, 

and Mechanism 

 

by  

 

Chan Young Park 

 

In attempts to develop tandem catalysis of alkane dehydrogenation and polyol 

deoxydehydration, the reactivity of a (tBuPCP)IrH2/H4 (PCP=[κ3-2,6-C6H3(CH2PtBu2)2]) and 

methyltrioxorhenium was explored. The resulting bimetallic complex, 

[(tBuPCP)Ir(ReO3)(H)], which was stable at low-temperature, quickly turned into 

[(tBuPCP)Ir(ReO4)(H)] at room temperature. The reactivity of these highly oxophillic 

bimetallic complexes was studied. With NMR and DFT studies, the pathway of bimetallic 

formation was elucidated.  

Ethylene/1-hexene copolymerization by a single-site hafnium salan-type catalyst 

activated by B(C6F5)3 produced high 1-hexene-incorporated copolymers. The composition 

dependence on monomer concentrations and reaction time was explored. Deuterium labeling 

experiments revealed that primary sites decreased as secondary sites increased over the 

course of the reaction. The secondary sites showed no reactivity towards the polymerization 

of ethylene and 1-hexene. High 1-hexene concentration suppressed catalyst deactivation. In-
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situ NMR demonstrated a positive comonomer effect, where higher kobs of ethylene and 1-

hexene were achieved with increased [1-hexene]0. 

New methods (in-situ NMR with high-pressure NMR cell and batch reactor with Auto-

Sampler) for quantitative kinetic study of selective ethylene tri/tetra-merization by chromium 

N-phosphinoamidine were developed. The monomer consumption and 1-hexene versus 1-

octene product formation in real-time was reported for various catalysts.  
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CHAPTER I. Introduction 

A. Upgrading Natural Gas 

Natural gas is an abundant source of energy with over 187 trillion cubic meters reserved 

worldwide (2014).1 Currently, the majority of natural gas (more than 90 %), is burned to 

make energy such as heating and electrical power.2-3 This ineffective usage of natural gas 

clearly indicates a lack of technology developments. Thus, chemical transformations of light 

aliphatic hydrocarbons from natural gas to produce more valuable chemicals such as 

functionalized or higher molecular weight hydrocarbon have received much interest in both 

academia and industry.2, 4-6 The most well-established processes of methane from natural gas 

include the Gas-to-Liquids (GTL) conversion process via Fischer–Tropsch catalysis (making 

liquid fuels)7, oxidative coupling of methane (making ethylene)8, and methane oxidation 

(making methanol)9. Other than GTL, the oxidative reaction of methane is not economically 

attractive due to their low selectivity from the over-oxidation.10 More recently, oxidation of 

natural gas with non-oxygen-containing agents have been developed to eliminate over-

oxidation and byproducts such as water and carbon oxides.11-12  
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Scheme 1.1. Examples of alkane dehydrogenation by various pincer-iridium catalysts.  

 

In addition to the methane, typically natural gas consists of 1 – 25% of unsaturated 

aliphatic hydrocarbons, mostly C2 through C6.3 Because these higher alkanes are easier to 

handle, there have been many studies of dehydrogenation of alkane to make the 

corresponding alkene by transition-metal complexes.13 In 1979, the first example of 

stoichiometric alkane dehydrogenation by [IrH2(Me2-CO)(PPh3)2]+ with tert-butylethylene as 

hydrogen acceptor.14 Since then, catalytic studies of alkane dehydrogenation by various 

transition metals including rhenium, iridium, and rhodium were reported.15-17 In 1999, 

Jensen reported catalytic alkane dehydrogenation by a highly active iridium complex with 

PCP pincer ligand18 (developed by Moulton and Shaw).17 The novel PCP-Ir catalyst was one 

of the first examples to dehydrogenate alkane without hydrogen acceptor as well (Scheme 

1.1). This initial acceptorless dehydrogenation had much lower turnover frequency (TOF) of 

1.41 h-1, which was about 700 times slower than transfer dehydrogenation with hydrogen 

acceptor. This was partially due to the fact that the build-up of hydrogen pushing the 

equilibrium to the reactant.17, 19 
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Followed by Jensen’s work, alkane dehydrogenation using pincer-iridium has been 

heavily investigated by Goldman, Brookhart, and Milstein.20-21 The conditions were 

optimized and the effect of metal, ligand variation, temperature, hydrogen acceptor, and 

additives have been studied thoroughly. Goldman and coworkers elucidated the mechanism 

of dehydrogenation and transfer-dehydrogenation of alkane by pincer-iridium by 

experimental and DFT studies (Scheme 1.2).22-23 The study revealed (pincer)IrH2 is the 

thermodynamically resting state, and that formation of Ir (I), or removal of hydride from 

iridium, is the rate-determining step with or without hydrogen acceptor. This study was 

consistent with the experimental results that catalytic activity was significantly reduced 

without hydrogen acceptor and that hydrogen build-up inhibited further dehydrogenation of 

alkane.  

 

Scheme 1.2. Simplified mechanism of alkane dehydrogenation by pincer-iridium complex 

with tert-butylethylene as hydrogen-acceptor. 
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Goldman and Brookhart reported tandem catalysis of alkane dehydrogenation and olefin-

metathesis, or metathesis of alkanes to produce ethane and longer n-alkanes (Scheme 1.3).24 

This innovative tandem catalysis eliminated the need for sacrificial additives as the “resting 

(pincer)IrH2” was activated by alkene intermediates. Further experimental and mechanistic 

studies improved the activity by optimizing the conditions and using more thermally stable 

rhenium metal oxides for olefin metathesis.25 However, this novel alkane metathesis had no 

control over product selectivity; the products ranged from C2 to C30 when n-hexane was used 

as a reactant. In addition, the overall catalytic activity was severely restricted by the 

operating temperature. At practical conditions for alkane dehydrogenation (around 200 °C), 

Mo olefin metathesis catalysts were degrading quickly.  

 

 

Scheme 1.3. Catalytic cycle of alkane metathesis, tandem catalysis of alkane 

dehydrogenation and olefin metathesis, catalyzed by pincer iridium and Schrock-type Mo 

complexes by Goldman and Brookhart.24  
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Goldman and Brookhart reported tandem catalysis of alkane dehydrogenation and olefin-

metathesis, or metathesis of alkanes to produce ethane and longer n-alkanes (Scheme 1.3).24 

This innovative tandem catalysis eliminated the need for sacrificial additives as the “resting 

(pincer)IrH2” was activated by alkene intermediates. Further experimental and mechanistic 

studies improved the activity by optimizing the conditions and using more thermally stable 

rhenium metal oxides for olefin metathesis.25 However, this novel alkane metathesis had no 

control over product selectivity; the products ranged from C2 to C30 when n-hexane was used 

as a reactant. In addition, the overall catalytic activity was severely restricted by the 

operating temperature. At practical conditions for alkane dehydrogenation (around 200 °C), 

Mo olefin metathesis catalysts were degrading quickly.  

 

 

 

Scheme 1.4. Proposed catalytic cycle of coupled alkane dehydrogenation of light alkane and 

deoxydehydration of diols from biomass.   
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Inspired by the successful tandem catalysis.24-26, we envisioned to couple alkane 

dehydrogenation with deoxydehydration of oxygen-rich products from biomass conversion 

(Scheme 1.4). Our group previously studied deoxydehydration of biomass-derived polyols 

catalyzed by methyltrioxorhenium (MTO) with reductant (alcohol or hydrogen).27-28 The 

proposed cycle was proposed to be beneficial for both catalytic cycles: (1) MTO acts as a 

hydrogen acceptor and (2) (pincer)IrH2 acts reductant. The only byproduct of the proposed 

reaction is water, which was shown to not degrade the (PCP)Ir catalyst.29 An expected 

obstacle of the proposed cycle is that the two catalyst sites, which are in low concentrations, 

need to interact during the reaction. We proposed that this issue could be relieved by 

designing a bimetallic Ir-Re catalyst. Chapter 2 describes the formation of the Ir-Re 

bimetallic complex from the reaction between (PCP)IrH2 and MTO. The temperature-

sensitive behavior and reactivity of Ir-Re complexes were studied with in-depth NMR and 

DFT studies.  

 

B. Upgrading Olefins 

Global production of plastics has reached around 350 million metric tons in 2018 and 

has been growing over 10 million metric tons per year since 2005.30 Out of the entire plastic 

production, olefin polymerization is the largest plastic industrial process, with over 150 

million metric tons per year globally in 2018.30-33 Most of the polyolefin production consists 

of polyethylene and polypropylene resins and small fractions of high-value polymers such as 

block copolymers.34  
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In the early 1950s, Ziegler-Natta and Phillips chromium catalysis technology completely 

reformed the existing non-catalyzed polyethylene and polypropylene resins process.34 Since 

then, in-depth research optimized the technology by increasing productivity and removing 

purification steps.35 Since the 1990s, the development of metallocene single-site catalysts 

allowed the chemical industry to produce polymers with better control of composition 

distributions and branching.35-36 More recently, post-metallocene single site catalysts with 

tunable organometallic ligands enabled precise control polyolefin regio-/stereoselectivity,34, 

37-38 development of olefin block copolymers via chain shuttling polymerization,39-40 and 

high-temperature reactions (above 120 °C) while maintaining high activities and polymer 

properties with constrained geometry catalysts.40-41 Kol and coworkers also introduced post-

metallocene salan-like ligands with an extra donor pendant arm.42-44 With group IV 

transition metals, their catalysts showed high activity towards 1-hexene polymerization.  

In many applications, polyolefin resins contain a small fraction of comonomers (e.g. α-

olefin). The addition of a comonomer to olefin polymerization yields copolymers with 

tunable mechanical and thermal properties. Most importantly, incorporation of α-olefin in 

ethylene polymerization yields semicrystalline linear ethylene copolymers with a low 

density, linear low-density polyethylene (LLDPE).45 With its unique rheological properties 

due to significant numbers of short branches and lack of long branching, LLDPE has been 

widely used for films and packaging. The production of LLDPE accounts for roughly 37% 

market share of all polyethylene resins manufactured in the United States in 2012.45  

Today, the production of LLDPE resins is heavily dictated by Ziegler-Natta catalysts, 

Phillips catalysts, and metallocene catalysts.46 However, the development of 
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copolymerization based on single-site catalysts that yield uniform compositions and tunable 

properties has attracted much attention in both academia and industry.34, 37, 40-41, 45 Our group 

reported multi-response kinetic data as well as kinetic modeling of 1-hexene polymerization 

based on single-site Zr, Hf–amine bis(phenolate) catalysts, M[tBu-ONXO]Bn2 (where X = 

THF, pyridine, NMe2, furan, SMe), activated by B(C6F5)3.47-50 The kinetic modeling of 1-

hexene polymerization of these systems yielded rate constants for the key elementary 

reaction steps. The success of these kinetic modeling exercises has motivated us to explore 

the uncharted area of copolymerization of ethylene and α-olefin, in this case, the 

commercially relevant 1-hexene. Chapter 3 describes ethylene/1-hexene copolymerization by 

hafnium salan-type catalyst. The effects of monomer concentration, reaction time, and 

catalyst concentration on reactivity and copolymer composition have been studied. The 

catalyst deactivation behavior and comonomer effects are explained.  

With the rapidly growing production of LLDPE, the demand for α-olefin also has been 

increasing. Traditionally, about 40% of the entire LLDPE resins worldwide was 

manufactured with 1-butene due to its low price and availability from the distillation of 

refinery streams.45 However, ethylene copolymers with higher α-olefin such as 1-hexene and 

1-octene have been increasing because of the superior mechanical properties compared to 

copolymers with 1-butene.45 Recently developed by Chevron Phillips Chemicals and Sasol, 

chromium catalysts with organometallic ligands are extremely active towards selective 1-

hexene/1-octene productions.51 Our group studied the kinetics of ethylene trimerization 

catalyzed by a highly active chromium N-phosphinoamidine catalyst, provided by Chevron 

Phillips Chemical Company,52 using in-situ high-pressure NMR techniques.53 Our kinetic 
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study with quantitative kinetic modeling enabled us to propose a simple metallacyclic 

mechanism with established rate constants. The success of these kinetic studies via high-

pressure operando NMR techniques has motivated us to explore a more complex tri-

/tetramerization of ethylene to give 1-hexen and 1-octene. Chapter 4 describes development 

of new methods to study the kinetics of ethylene consumption and 1-hexene/1-octene 

formation. We report preliminary results from the developed methods and describe the 

limitation and areas in need of improvements. 
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CHAPTER II. Formation and Reactivity of Ir-Re Bimetallic Complexes 

from the Reaction of Methyltrioxorhenium and PCP-Iridium hydride 

A. Introduction 

Heterobimetallic complexes have shown interesting reactivity because of a polar metal-

metal bond and unique two reactive sites.1-3 In biology, Ni-Fe bond is used in hydrogenase 

enzymes.4-5 Various inorganic Ta-Ir6-7 and Zr-Ir8-9 complexes studied by Bergman have 

shown dinuclear oxidative addition and substrate coordination reactions based on the large 

electronegativity difference between the two metal sites. More recently, catalysis involving 

two active sites such as Zr-Co for hydrosilylation10-11 and Pd-Ti for allylic substitution12 

have been reported. Cooperation of unique metal sites to benefits the overall catalysis.  

Due to the oxygen-richness in bio-derived molecules, removing oxygen is crucial to 

make valuable chemicals from biomass.13 Our group and others have shown that rhenium 

based catalysts are effective at deoxydehydration (DODH) of diols and polyols in the 

presence of a reductant such as alcohol or H2.14-18 Utilizing readily available and cheap 

chemical reductants is attractive. Upgrading light hydrocarbons, which are abundant from 

natural gas, have been studied extensively.  Our idea is to couple DODH of diols and 

polyols and alkane dehydrogenation of light alkane (Scheme 2.1).  
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Scheme 2.1. Proposed conversion of light hydrocarbons with biomass-derived glycerol using 

a bimetallic Ir-Re system. 

 

The concept of tandem catalysis of alkane dehydrogenation has been demonstrated in the 

literature.19-21 As shown in Scheme 2.1, the hydride of pincer-based Ir catalysts would reduce 

MTO to methyldioxorhenium (MDO). The latter has been shown to regenerate MTO from 

diols and activated Ir to dehydrogenate hydrocarbons.16, 22 Thorough mechanistic and DFT 

studies have shown that release of hydride from iridium is the turn-over limiting step, and 

we hypothesized that MTO can act as hydrogen acceptor.23-26 Before investigating the 

tandem catalysis, we wanted to understand the fundamental chemistry and reactivity of 

iridium pincer complexes and MTO.  
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Scheme 2.2. The reaction of (PNP)IrH2 complex with MTO 

In this regard, we have recently reported that the reaction of (PNP)IrH2 (A) with 

methyltrioxorhenium (MTO) gave the bimetallic complex [(PNP)(H)Ir-(CH2)-(O)-

Re(O)2][PF6] (B) with the liberation of H2 (Scheme 2.2).27 We proposed that the reaction 

initiates with the oxo coordination of MTO to iridium. Loss of dihydrogen followed by the 

C-H activation by iridium give complex B as the final product.27 Our DFT investigation 

combined with experimental kinetics revealed that the structural isomer [(PNP)(Me)Ir-

ReO3][PF6] (C) can be in equilibrium with B  upon switching the solvent from methylene 

chloride to acetonitrile via methyl bridged Ir-Re center. While compounds B and C were 

isolated and characterized by NMR and X-ray techniques, others were proposed structures 

from DFT calculations. Herein, we report the reaction of MTO with (PCP)IrH2 (1a) to give a 

different iridium-rhenium bimetallic complex (PCP)Ir(ReO3)(H) (2a) with a loss of methane. 

The reaction chemistry of 2a either via disproportionation or with another equivalent of 
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MTO leads to (PCP)Ir(H)(-(O)ReO3)] (4), which was characterized structurally. The 

reaction pathways of 1a with MTO were studied via DFT calculations providing insights 

into the mechanism.  

 

B. Results and Discussion 

 

Scheme 2.3. Reaction chemistry of (PCP)IrH2 complex 1 with MTO 

Synthesis of complex 1 resulted in a mixture of two complexes (PCP)IrH2 (1a) and 

(PCP)IrH4 (1b) as reported in the literature.28 Pure 1a and 1b were obtained from the 

mixture by applying vacuum or bubbling hydrogen, respectively.29 Mixing one equivalent of 

MTO with the mixture of 1a and 1b at 273 K for 4 hours resulted in formation of the 

bimetallic complexes (PCP)Ir(ReO3)(H)  2a and (PCP)Ir(ReO3)(H)(H2) 2b and methane, 
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which were observed by low-temperature 1H and 31P{1H} NMR (Scheme 2.3). The mixture 

of 1a and 1b with MTO at 233 K only results in 2a with the loss of methane observed by 1H 

NMR at δ 0.22. As the temperature increased to 273 K, formation of 2b and additional 

methane was observed in the duration of 4 hours. Elucidating the structures of 2a and 2b 

was not straightforward because they were unstable above 273 K and attempts to obtain 

single crystals of 2a and 2b were not successful. We adopted a combination of NMR and 

reaction chemistry in tandem with DFT calculations to propose the structures of 2a and 2b.  

The formation of methane was confirmed by deuterium labeling experiments. The 

reaction of (PCP)IrD2 (1a-D2) and MTO formed CH3D, which was observed at δ 0.21 with 

triplet from H-D coupling of J = 1.9 Hz in 1H NMR. Furthermore, the reaction between 1a 

and deuterated MTO (CD3ReO3) resulted in CHD3, and the 1H NMR showed a distinct 

signal at δ 0.18 with heptet (J = 1.5 Hz) splitting pattern. The labeling studies confirmed that 

methane formed from the CH3 of MTO and one of the hydrides from (PCP)Ir(H)n (n = 2 or 

4). 

Bubbling CO gas into the reaction solution of 2a at 273 K over 2 h resulted in clean 

formation of (PCP)Ir(H)(ReO3)(CO) (3) having CO trans to the hydride. The structure of 

complex 3 was confirmed unambiguously by IR, NMR, and single crystal X-ray 

crystallography, thereby confirming the elemental composition of complex 2a. Interestingly, 

the reaction of 2b and CO gas also resulted in 3 cleanly, suggesting that dihydrogen ligand of 

2b is weakly coordinated to the Ir center.  
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Chart 2.1. Possible structures for complex 2a. 

Based on the release of methane as well as the formation of CO adduct 3, possible 

structures of complex 2a are shown in Chart 2.1. We used variable temperature-NMR for 

further elucidating the structure. At 233 K, the 1H NMR signal for the Ir-H appeared at δ -

36.2 as a broad singlet. Previously reported PCP complexes of Rh, Co, and Pd with η2-Carene-

H agostic bond showed distinctively more deshielded hydride signal near 4 ppm30-33 and 

thereby eliminated the possibility of structure 2a-1. Upon enriching 2a with 17O by using 17O 

enriched MTO, 17O{1H} NMR spectrum (at 230 K) showed a single peak at 773 ppm, which 

can be assigned to Re oxo functionality. This eliminated the possibility of structure 2a-2 as 

we observed 17O NMR signal of previously reported oxo bridged (tBuPNP)Ir-O-Re complex 

appeared at 565 ppm.27 In addition, no significant broadening of the 773 ppm signal was 

observed at variable temperature from 230 K to 273 K; broadening is characteristic for 17O 

signals attributed to μ-oxo ligands.27 The distinct upfield hydride signal of 2a is 

characteristic of a hydride ligand trans to a vacant site in contrast to a hydride trans to 

ligands (2a-3), which are shifted downfield. Thus, 2a-4 with the hydride trans to a vacant 

site must be the structure of 2a.     

Analogously (PCP)Ir(ReO3)(D2)(D) (2b-D) was formed by the reaction of MTO and 

deuterium-labeled 1b (1b-D4), (synthesized by bubbling D2 into the solution of 1a. In the 
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1H-NMR of 2b-D, the broad Ir-dihydride ligand signal at δ -3.0 became triplet resulting from 

H-D splitting (J = 1.8 Hz) as shown in Figure 2.1. No effect on the signal at -3.0 ppm by 

1H{31P} NMR by phosphorous nuclei indicated that the triplet of Ir(H2)is from H-D coupling 

and Ir-D must be coupled to Ir(H2). On the other hand, the triplet splitting of the Ir-H signal 

disappeared in 1H{31P} NMR. 

 

Figure 2.1. Top to bottom: 1H-NMR of 1b-D and (PCP)Ir(ReO3)(D)(H2) (2b-D), 1H{31P}-

NMR of 1b-Dn and (2b-D) at 233K. 

 

The structure of 2b was also investigated by variable temperature 1H and 31P{1H} NMR. 

At 233 K, two types of 1H NMR signals corresponding to Ir-H of 2b  at δ -3.0 (broad singlet) 

and δ -12.6 (broad triplet) with a 2:1 ratio. These two signals showed a strong correlation in 

the COSY NMR experiment at 233 K, consistent with the structure of 2b with iridium 

having both dihydrogen as well as hydride ligands (Figure 2.2). Interestingly 2b also 

exhibited temperature-dependent fluxional behavior. As the temperature was raised to 260 

K, the hydride signal at δ -12.6 became sharper but the dihydrogen signal was not affected. 

Furthermore, 1H{31P} NMR experiment resulted in a broad singlet for the hydride. The 

overall broadness of the hydride signal can be attributed to the fast exchanges of structural 

isomers or different conformers. Thus we propose that the structure of 2a is appropriate to be 
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2D with a square pyramidal around the metal center and the hydride on axial position and 

structure of the 2b has dihydrogen ligand trans to Ir-H (Figure 2.2). 

 

Figure 2.2. Structure of complex 2b. 

 

Both complexes 2a and 2b were stable at 273 K. However, at 298 K, they underwent a 

disproportionation reaction (over 2 days) to form (PCP)Ir(H)(ReO4) (4) (isolated yield = 

35%) and (PCP)Ir(H)(ReO2) (5). Complex 5 was only observed by NMR and attempts to 

isolate it was not successful and lead to intractable compounds. The formation of a black 

precipitate during the course of this reaction indicated that complex 5 was not stable. 

Analogous Re(III) complexes with vacant sites were reported to be reactive and form 

polymers analogous to methyldioxorhenium (MDO).34 In 1H NMR, complexes 4 and 5 

showed signals at -40 and -45 ppm, respectively, and were consistent with their hydride 

structure with no ligand trans to the hydride. By contrast, adding another equivalent of MTO 

to complex 2 at 273 K resulted in complex 4 with an isolated yield of 73% and black 

precipitate with no formation of complex 5.34 Introduction of CO gas into the toluene 

solution of isolated 4 at room temperature gave the CO adduct 6 cleanly. On the other-hand 

introduction of tert-butyl isocyanide resulted in the formation of complex 7 with perrhenate 
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as the anion and breaking of the Ir-Re bond in complex 4. Both complexes 6 and 7 were 

unambiguously characterized by multinuclear NMR and single-crystal X-ray crystallography.  

Because the reduction of MTO to MDO requires strong reducing agents like 

trimethylphosphine, utilization of the oxophilicity of 2 in catalysis was warranted.35  Stable 

bimetallic complexes are useful in catalysis. In that context in order to check the utility of 2 

in catalytic applications, stable Ir-Re bond in complex 2 is a necessity. So the addition of a 

bridging ligand such as bis(dimethylphosphino)methane (dmpm) could be helpful in 

maintaining the Ir-Re bond. Adding dmpm to the toluene solution of 2 at 195 K resulted in 

adduct 8, which was confirmed by NMR and X-ray crystallography (Scheme 2.4).  

 

Scheme 2.4. Reaction of complex 2 with bis(dimethylphosphino)methane  (dmpm) at 195 K 

 

In 1H NMR observation of a doublet of triplet of doublet at δ –12.5 (JH-P = 130, 18, 5 Hz) 

for the hydride ligand was consistent with the structure of 8. In addition to the triplet (JH-P = 

13 Hz) by PCP ligand and large doublet (JH-P = 130 Hz) by phosphine trans to the Ir-H, there 

is a doublet with a weak coupling (JH-P = 5 Hz) by the uncoordinated phosphorus. The 

31P{1H} of 8 exhibited broad singlet at δ 50, –55, and –61 (roughly 2:1:1 ratio), which was 

unusual because 31P{1H} of the phosphines coordinated to iridium usually show up 

relatively downfield like 50 ppm. The selective 1H{31P} NMR experiment at δ –55 of 8 

removed the large doublet and resulted in a triplet of doublet at δ –12.2 (JH-P = 18, 5 Hz), 
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suggesting that the unusual shift is from the weakly coordinated dmpm. Furthermore, the 

other two phosphorus signals were assigned by the selective 1H{31P} NMR experiments. The 

introduction of trimethylphosphine to 8 at room temperature rapidly afforded 9, which could 

be independently synthesized by adding PMe3 to a solution of 2 at 268 K (Scheme 2.5). The 

replacement of dmpm with PMe3 confirmed the weak coordination between (PCP)Ir and 

dmpm of 8.  

 

 Scheme 2.5. The reaction of complex 8 with PMe3 

  

Complexes 3, 6, 7, and 8 have iridium with octahedral geometry whereas 4 has square 

pyramidal geometry around the iridium atom leaving a vacant site trans to the H atom 

(Figure 2.3, Table 2.1). The bond angles around Ir showed that the structures were not 

significantly distorted. The iridium-rhenium bond length in 3 is 2.608(2) Å and longer than 

the bond length reported for B (2.4915(5) Å), suggesting a weaker Ir-Re bond in 3.27 

Furthermore, terminal Re-O bonds lengths of 3 were slightly longer (~0.06 Å) than those of 

complexes with ReO4 (4, 6, 7). The iridium-phosphorus of dmpm bond lengths of 8 (2.43(1) 

Å) was slightly longer than PCP-iridium bond lengths (2.37(1) Å).  
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Table 2.1. Comparison of bond lengths, bond angles and dihedral angle of complexes 3, 4, 

6, 7, and 8. 

Bond length 

and  bond 

angles 

3 4  6 7 8 

C(ipso)-Ir 2.11 (3) 2.031(9) 2.05(1) 2.10(2) 2.10(5) 

Ir-O  2.09(1) 2.192(8)   

Re-O (bridged)  1.80(1) 1.748 (8)   

Re-O 

(terminal) 

1.76(3), 

1.79(3), 

1.78(3) 

1.698(9), 

1.73(1), 

1.68(1) 

 1.695(9), 

1.69(1), 

1.72(1) 

1.69(2), 

1.72(3), 

1.67(2), 

1.70(3) 

1.72(4), 

1.71(4), 

1.70(5)  

Ir-CO 1.90(4)  1.95(1) 2.01(1), 

2.02(2) 

 

Ir-H 1.64(3)  1.81 (1) 1.60(1) 1.53(5) 

Ir-Re 2.602(2) 3.8569(6) 3.798  2.5564 (5) 

Ir-(PCP) 2.363(9), 

2.365(8) 

2.321(2), 

2.315(2) 

2.356(3), 

2.362(3) 

2.353(8), 

2.317(8) 

2.37(1), 

2.37(1) 

Ir-P3     2.43(1) 

C(ipso)Ir-Re 173.9(9) 177.4(2) 169.75  177.68 

H-Ir-C(O) 172(2)  170(4) 169.0(9), 

90.6(9) 

 

C(ipso)-Ir-P-

Re 

-173.85 179.5(2) 170.5(3)   
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Figure 2.3. X-ray structure of complexes 3, 4, 6, 7, 8. Hydrogen atoms and counter ions are 

omitted for clarity. Carbons are in gray, iridium in darker blue, rhenium in light blue, 

phosphorus in yellow, oxygen in red, nitrogen in purple. 
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The reactivity of complexes 1 with MTO when compared to previously studied complex 

A revealed completely different chemistry. We propose that complex 1 reacts with MTO as a 

simple Lewis acid-base reaction to release methane and form 2 whereas A initiates with oxo 

coordination of MTO to iridium. To study the reaction mechanism, the reaction between 1 

and MTO was monitored by 1H and 31P NMR at 268 K. For A, we observed the broadening 

of the Ir-H signal as it reacted with MTO, which showed a fast equilibrium between A and 

intermediate A’ (Scheme 2.2). However, no significant change in the Ir-H peak of 1 was 

observed as the reaction proceeded.  

We also investigated the reaction of MTO with complex 1a by DFT to get a better 

understanding of the reaction pathway leading to the formation of complex 2a with the 

release of methane. Four possible scenarios for MTO’s interaction with complex 1a were 

considered and discussed below (Figure 2.4).  
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Figure 2.4. Possible attacks of MTO. Carbons are in gray, iridium in light blue, rhenium in 

green, phosphorus in yellow, nitrogen in dark blue, and hydrogen in white. 

 

(4-A) Formation of methyl bridged complex of MTO, resulting in Ir-Re analogous to the 

structure reported earlier27, (4-B) Lewis-acid base complex between Ir and MTO, (4-C) 

Interaction of methyl group in MTO to Ir metal center of 1a,  (4-D) η2-coordination of the C-

H bond in MTO to Ir metal center in 1a. Out of four possibilities, the elimination of CH4 

occurred only from 4-A. In all other scenarios, the dissociation of the complexes resulted in 

no reaction and thereby these approaches were ignored. The pathway from 4-A leading to 

form 2a is shown with the potential energy diagram in Figure 2.5. 
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Figure 2.5. Potential energy diagram of the reaction between 1a and MTO to form 2a. 

 

We have located one transition state at 2.22 kcal/mol from the initial structure 4-A in 

Figure 2.4 which is consistent with the experimental observation. The structure of this 

transition state is shown in Figure 2.6. That TS happens as a first step just before structure 

5a. Ir-CH3 distance is equal to 2.77 Å while Re-CH3 is at 2.21Å. 

 

 

 

Figure 2.6. The transition state found for the reaction. 
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With the DFT study, the pathway for the formation of 2a from MTO and 1a is described 

in Figure 2.7. To start with, CH3, Re and Ir share one of the H from IrH2 (7-A) followed by 

elongation of Ir-Re bond (7-B). Subsequent stages are the elongation of the Ir-CH3 bond (7-

C) followed by CH3 coming closer to ReO3 (7-D) and H closer to CH3 eventually breaking 

the Ir-H bond. The next step is the formation of methane (7-E). The final step is the 

tightening of the Re-Ir bond with the simultaneous movement of CH4 away from Ir and Re 

(7-F). 
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Figure 2.7. Reaction sequence of scenario d from the MTO attack on complex 1. 

Carbons are in gray, iridium in light blue, rhenium in green, phosphorus in yellow, nitrogen 

in dark blue, and hydrogen in white. 
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C. Conclusion 

The reaction between [(PCP)IrH2] (1a) and methyltrioxorhenium (MTO) at 273 K 

formed [(PCP)Ir(ReO3)(H)] (2a) with the concurrent release of methane. The formation of 

methane was confirmed by deuterium labeling study. The addition of CO into a solution of 

2a resulted in the formation of a stable bimetallic complex [(PCP)Ir(ReO3)(CO)(H)] (3) at 

273 K, confirming the elemental composition of 2a. At room temperature, 2a underwent a 

disproportionation reaction to form [(PCP)Ir(ReO4)(H)] (4), which was also formed by 

adding excess MTO to the solution of 2a. Addition of a bridging phosphine ligand, 1,2-

bis(dimethylphosphino)methane (dmpm), to a solution of 2a formed 

(PCP)Ir(ReO3)(dmpm)(H) 8 with one phosphorus bound to Ir. DFT results on the 

mechanism and reaction pathway of formation of 2a are reported. 

 

D. Experimental Procedure 

1. General Considerations 

All reactions were performed in an argon-filled glove box or using standard Schlenk 

techniques under argon unless otherwise specified. Solvents were degassed, purified with a 

solvent purification system (Pure Process Technology INC), and stored over activated 

molecular sieves prior to use. Benzene-d6 and toluene-d8 were dried with CaH2, distilled 

under argon, and stored over molecular sieves. All other reagents were purchased from 

commercial vendors (Fischer Scientific and Sigma) and used without further purification. 
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[(tBuPCP)Ir(H)4]36 (1), CDReO3
37, CH3ReO3 (17O-enriched)38 were prepared according to the 

published procedure. 

One-dimensional and two-dimensional NMR spectra were recorded on a Bruker 

DRX500-1 NMR spectrometer equipped with a 5mm TXI Z-gradient cryoprobe or a Bruker 

DRX-500-2 NMR spectrometer equipped with a 5 mm broadband (BBFO) probe and. 

Bruker TopSpin software (version 1.3) was used for data acquisition and MestReNova 

(version 9.0) was used for processing of spectra. All spectra obtained were referenced to 

residual solvent peaks accordingly. Infrared spectra were recorded on a Thermo-Nicolet 

Nexus FT-IR spectrometer, operated in transmission mode using KBr Pellets. 17O{1H} NMR 

was referenced to D2O. All electrospray ionization analyses were carried out on a Waters 

Micromass ZQ (Waters Corp, Milford, MA) mass spectrometer system. The cone voltage 

was set to 20 V for all mass spectral analyses. Typical background source pressure was 1.2 x 

10-5 torr as read by an ion gauge. The sample flow rate was approximately 60 μL/min. The 

drying gas was nitrogen. The LCQ is typically scanned to 2000 amu. 

2. Reactions 

2.1 Reaction of complex 1 with MTO. Formation of [(tBuPCP)Ir(ReO3)(H)] (2) 

In a typical reaction, a toluene-d8 solution (0.2 mL) of [(tBuPCP)Ir(H)4] (1) (20 mg, 0.040 

mmol) was placed in a capped NMR tube equipped with a septum. A toluene-d8 solution 

(0.3 mL) of MTO (8.5 mg, 0.040 mmol) was placed in a capped vial equipped with a 

septum. After both solutions were cooled to –78 °C using a dry ice/acetone bath, the MTO 

solution was added to the NMR tube containing 1 via syringe. After the addition, the 

reaction mixture was placed in an ice bath for 2 hours where the color change was observed 
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from orange to dark brown. 1H NMR (225K, 500 MHz, toluene-d8): 7.07 (t, 1H, JHH = 7.7 

Hz, Aryl-H), 6.97 (d, 2H, JHH = 7.4 Hz, Aryl-H), 2.94 (br vt, 4H, -CH2), 1.14 (br, 36H, tBu), 

–12.55 (br t, 1H, JPH= 12.6 Hz, Ir-H). 31P{1H} NMR (225K, 500 MHz, toluene-d8): 59.4 (s). 

The 17O enriched complex 2 was prepared following the same procedure with 17O enriched 

MTO. 1H NMR (225K, 500 MHz, toluene-d8): 7.07 (t, 1H, JHH = 7.7 Hz, Aryl-H), 6.97 (d, 

2H, JHH = 7.4 Hz, Aryl-H), 2.91 (br vt, 4H, -CH2), 1.13 (br, 36H, tBu), –12.49 (br t, 1H, JPH= 

12.6 Hz, Ir-H). 31P{1H} NMR (225K, 500 MHz, toluene-d8): 60.4 (s). 17O{1H} NMR (225K, 

500 MHz, toluene-d8): 773.1. 

2.3. Reaction of complex 2 with CO. Formation of [(tBuPCP)Ir(ReO3)(CO)(H)] (3) 

To the crude product in a capped NMR tube obtained from the formation of 

[(tBuPCP)Ir(ReO3)(H)] (2) described above (0.040 mmol) in an ice bath, CO was injected via 

syringe, resulting in a slow color change from dark brown to dark yellow. After 2 hours in a 

chiller at 0 °C, the solvent was dried, and the yellow residue was washed with pentane. 1H 

NMR (500 MHz, C6D6): 7.03 (t, 1H, JHH = 7.4 Hz, Aryl-H), 6.97 (d, 2H, JHH = 7.1 Hz, Aryl-

H), 2.97 (q of vt, JPH = 3.3 Hz, 4H, -CH2), 1.34 (vt, 18H, J = 7.2 Hz, tBu), 1.19 v(t, 18H, J = 

7.2 Hz, tBu), –9.41 (t, 1H, JPH=15.6 Hz, Ir-H). 13C{1H} NMR (500 MHz, toluene-d8): 181.3 

(CO), 151.0 (i-Ar), 147.7 (o-Ar), 125.4 (m-Ar), 121.3 (p-Ar), 43.82 (-CH2), 38.1 (C(CH3)2), 

29.8 (C(CH3)2). 31P{1H} NMR (500 MHz, toluene-d8): 56.8 (s).  

2.4. The disproportionation of complex 2. Formation of [(tBuPCP)Ir(ReO4)(H)] (4) and 

[(tBuPCP)Ir(O)2(H)] (5) 

A toluene-d8 solution (0.5 mL) of [(tBuPCP)Ir(H)4] (1) (20 mg, 0.040 mmol) was placed 

in a capped vial equipped with septum. A toluene-d8 solution (0.5 mL) of MTO (8.5 mg, 
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0.040 mmol) was placed in a capped vial equipped with a septum. After both solutions were 

cooled to –78 °C using a dry ice/acetone bath, the MTO solution was added to the vial 

containing 1 via syringe. After the addition, the reaction mixture was placed in an ice bath 

for 2 hours where the color change was observed from orange to dark brown. The vial was 

then left at room temperature for 2 days. The 1H and 31P NMR shows complex 4 and 

unidentified complex in 1:1 ratio. [(tBuPCP)Ir(ReO4)(H)] (4): 1H NMR (500 MHz, toluene-

d8): 6.85 (d, 2H, JHH = 7.5 Hz, Aryl-H), 6.77 (t, 1H, JHH = 7.0 Hz, Aryl-H), 2.97 (q of vt, 4H, 

-CH2), 1.09 (m, 36H, tBu), –43.78 (br, 1H, Ir-H). 31P{1H} NMR (500 MHz, toluene-d8): 72.8 

(s). [(tBuPCP)Ir(O)2(H)] (5): 1H NMR (225K, 500 MHz, C6D6): 7.27 (d, 2H, JHH = 7.3 Hz, 

Aryl-H), 7.17 (t, 1H, JHH = 7.5 Hz, Aryl-H), 3.50 (br vt, 4H, -CH2), 1.14 (br, 36H, tBu), –

36.21 (br t, 1H, JPH= 10.0 Hz, Ir-H). 31P{1H} NMR (500 MHz, toluene-d8): 66.8 (s).  

2.5. The reaction of complex 2 with MTO. Formation of [(tBuPCP)Ir(ReO4)(H)] (4) 

To the crude product in a capped vial obtained from the formation of 

[(tBuPCP)Ir(ReO3)(H)] (2) described above (0.040 mmol) in an ice bath, MTO (8.5 mg, 

0.040 mmol) in toluene-d8 was injected, resulting in formation of bubbles and black 

precipitates. After 6 hours in a chiller at –0 °C, the dark solution was filtered through celite 

and dried thoroughly. The maroon residue was washed with pentane to remove excess MTO.  

2.6. Alternative route to synthesize [(tBuPCP)Ir(ReO4)(H)] (4) 

In a 15-mL Schlenk flask, [(tBuPCP)Ir(H)4] (1) (50 mg, 0.085 mmol) and MTO (42 mg, 

0.085 mmol) were dissolved in toluene (5 mL), resulting formation of bubbles and black 

precipitates. After stirred for 1 day, the dark solution was filtered through celite and dried 

thoroughly. The maroon residue was washed with pentane to remove excess MTO.  
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2.7. The reaction of complex 4 with CO. Formation of [(tBuPCP)Ir(ReO4)(CO)(H)] (6) 

In a 15-mL Schlenk flask, [(tBuPCP)Ir(ReO4)(H)] (4) (15 mg, 0.021 mmol) was dissolved 

in toluene-d8 (0.8 mL). The solution was stirred under CO atmosphere for 2 hours where the 

color change was observed from maroon to colorless. 1H NMR (500 MHz, THF-d8): 6.80 (d, 

2H, JHH = 7.5 Hz, Aryl-H), 6.71 (t, 1H, JHH = 7.3 Hz, Aryl-H), 3.39 (q of vt, JPH = 4.3 Hz, 

4H, -CH2), 1.54 (t, 18H, J = 7.3 Hz, tBu), 1.35 (vt, 18H, J = 7.2 Hz, tBu), –5.41 (vt, 1H, JPH= 

14.6 Hz, Ir-H). 13C{1H} NMR (500 MHz, THF-d8): 184.9 (CO), 146.3, 126.6, 125.0, 122.5, 

37.0, 36.7, 35.7, 30.0, 29.0. 31P{1H} NMR (500 MHz, THF-d8): 62.8 (s). 

2.8. The reaction of complex 4 with t-butyl isocyanide. Formation of 

[(tBuPCP)Ir(CNtBu)2(H)]-[ReO4]- (7) 

To the toluene solution (5 mL) of [(tBuPCP)Ir(ReO4)(H)] (4) (15 mg, 0.021 mmol), t-

butyl isocyanide (0.07 mL, 0.619 mmol) was added. After stirred for 2 hours, the maroon 

solution became pale yellow. The solution was washed with pentane to remove excess t-

butyl isocyanide. 1H NMR (500 MHz, toluene-d8): 6.95 (d, 2H, JHH = 7.4 Hz, Aryl-H), 6.81 

(t, 1H, JHH = 7.5 Hz, Aryl-H), 3.47 (q of vt, JPH = 4.5 Hz, 4H, -CH2), 1.47 (s, 9H, CNtBu), 

1.39 (vt, 18H, 7.1 Hz, tBu), 1.23 (s, 9H, CNtBu), 1.20 (vt, 18H, 6.9 Hz, tBu), –12.60 (vt, 1H, 

JPH= 14.6 Hz, Ir-H). 
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CHAPTER III. Ethylene/1-Hexene Copolymerization by Single-Site 

Hafnium Amine Bis-(Phenolate) Catalyst: Insights into Deactivation 

Pathways  

A. Introduction 

Previously, our group studied 1-hexene polymerization by single-site Ti, Zr, Hf–amine 

bis(phenolate) catalysts activated by B(C6F5)3.1-4 The studies demonstrated that complex 

fundamental steps of the olefin polymerization can be studied with the multi-response 

kinetic data including 1-hexene consumption profiles, active-site quantifications, end-group 

concentrations, and the change of molecular weight distribution of the polymer. The 

quantitative kinetic model was built with the experimental kinetic results and enabled us to 

obtain rate constants for the elementary reaction steps. With the successful studies of 

mechanistic and kinetic investigations, we were motivated to explore the uncharted area of 

copolymerization of ethylene and α-olefin. The objective of this study is to understand 

elementary kinetic steps and mechanisms of ethylene/1-Hexene copolymerization with 

multi-response data, including the ones mentioned above and the evolution of the 

copolymer’s E/H compositions (Scheme 3.1).  



 

 

44 

 

 

 

Scheme 3.1. Elementary kinetic steps used in kinetic modeling for copolymerization of 

ethylene/1-hexene by Hf/B(C5F6)3 system 
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Herein, we report kinetic analysis of ethylene/1-hexene copolymerization catalyzed by 

hafnium salan-type catalyst. We developed an ethylene/1-hexene copolymerization system 

with Hf[tBu-ONTHFO]Bn2 activated by B(C6F5)3, yielding high 1-hexene-incorporated 

copolymers. Triads composition of the resulting copolymer studied by 13C NMR and its 

dependence on monomer concentrations and reaction time was explored. The GPC analysis 

showed the resulting copolymers have dispersity (Đ) lower than 2.0, suggesting that the 

catalyst behaves as a single-site catalyst in copolymerization. Deactivation of the Hf catalyst 

during copolymerization was observed, and over the course of the reaction, primary active-

sites decreased as secondary sites increased.  Catalyst deactivation was found to be sensitive 

to the initial concentration of monomers. In-situ NMR experiments of ethylene/1-hexene 

copolymerization demonstrated a positive comonomer effect – both kobs of ethylene and 1-

hexene increase with increased [1-hexene]0. 

B. Catalyst Selection 

The salan-type ligand was prepared as previously reported. Hf[t-Bu-ONTHFO]Bn2 was 

prepared by reacting the ligand in toluene with HfBn4. Previously, we studied 1-hexene 

homopolymerization using various Hf, Zr, Ti catalysts with salan-type ligands with different 

pendant arms.3 We chose Hf[t-Bu-ONTHFO]Bn2 as it showed a good activity with the slow 

misinsertion rate for 1-hexene polymerization.  
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Scheme 3.2. Ethylene/1-hexene copolymerization by Hf[t-Bu-ONTHFO]Bn2/B(C5F6)3 system 

at 25 °C 

 

C. Batch Ethylene/1-Hexene Copolymerization 

Batch ethylene/1-hexene copolymerizations were studied in a 25 mL Schlenk flask in a 

1-hexene/toluene solution under a constant feed of 1 bar of ethylene atmosphere at 25 °C 

(Figure SI 3.1). Precatalyst, Hf[t-Bu-ONTHFO]Bn2, was activated by B(C6F5)3 in ethylene 

saturated 1-hexene/toluene solution to initiate the polymerization reaction. The activated 

catalyst [Hf[t-Bu-ONTHFO]Bn][B(C6F5)3Bn] is excellent for α-olefin, 1-hexene, insertions 

over a wide range of ethylene incorporation (Scheme 3.2, Table 3.1).  

Ethylene/1-hexene triads composition and ethylene incorporation calculated from 

quantitative 13C NMR using the method of Seger and Maciel are summarized in Table 3.1 

(Figure SI 3.2).5 With the increase in [1-hexene]0 from 0.10 to 1.5 M, EEE, EEH, and EHE 

decreased while HHH increased (Table 3.1, runs 1-4). In our system, HEH and EHH triads 

showed no dependence on [1-hexene]0 or reaction time. With the [1-hexene]0 is higher than 

0.5 M, the resulting copolymers did not have any EEE blocks and favored HHH. Over the 

reaction, the triads were not significantly affected, especially when [1-hexene]0 was above 

1.5 M, which is attributed to the large excess of the remaining [1-hexene] compared to 

[ethylene] (Table 3.1 runs 4, 6, and 8). At lower [1-hexene]0 of 0.5 M, slight increases in 

EEH and EHE and decrease in HHH were observed (Table 3.1 runs 3, 5, and 7).  
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Table 3.1. 13C Characterization of Ethylene/1-Hexene Copolymers  

Runa Time (min) [H]0 (M)b % Ec EEE EEH EHE HEH EHH HHH 

1 30 0.1 75 39 30 15 6 12 0 

2 30 0.25 55 10 31 16 13 26 4 

3 30 0.5 26 1 9 5 16 31 39 

4 30 1.5 13 2 4 3 14 27 51 

5 10 0.5 22 0 7 4 17 32 41 

6 10 1.5 16 0 4 2 12 24 58 

7 90 0.5 32 1 14 8 17 32 27 

8 90 1.5 19 0 7 3 14 27 50 

aConditions: [cat.] = 3.00 mM; solvent = added desired amount of 1-hexene and diluted with 

toluene to 10 mL; [B(C5F6)3] = 1.1 eq; ethylene pressure = 1 bar; temp = 25 °C. b[cat.] = 5.00 

mM cPercent ethylene in the copolymer was determined by 13C NMR. dTriads calculated by 
13C NMR.   
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Copolymerizations were done at a variety of 1-hexene concentrations to study 

copolymers with a wide range of ethylene incorporation (Table 3.2). The Mw/Mn remains 

low (below 2.0) even at high conversions, indicating that the Hf/B(C6F5)3 behaves as a 

single-site catalyst. The ethylene incorporation varied from 75 % to 15% as [1-hexene]0 

increased from 0.10 M to 2.5 M (Table 3.2, runs 1-9). At [1-hexene]0 = 0.5 M, ethylene 

incorporation increased as 1- hexene was consumed over time; however, at higher [1-

hexene]0 of 1.5 M, increase in ethylene incorporation was not observed (Table 3.2, runs 6-8). 

A significant decrease in productivity over the reaction and relatively low conversions of 1-

hexene suggested catalyst deactivation over time. The catalyst lost its activity at a higher 

catalyst loading of 6.0 mM as well, and 1-hexene conversion and the polymer yield reached 

its plateau after 30 min (Table 3.2, runs 10-12). The deactivation at higher catalyst 

concentration confirms that catalyst death is not due to a fixed impurity in reagents. 

Interestingly, higher [1-hexene]0 resulted in higher 1-hexene conversion and increased 

productivity. Our results of [1-hexene]0 dependence on conversion are in agreement with 

literature results on the positive comonomer effect, where the addition of comonomer 

increases the productivity of overall polymerization, in both homogeneous and 

heterogeneous copolymerization.6-9  
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Table 2. Ethylene/1-Hexene copolymerization with Hf[t-Bu-ONTHFO]Bn2/B(C5F6)3 at 25 °C 

Runa Time (min) [H]0 (M)b ∆ [H] (M)c ∆[H] (%)c yield (g) prodd % Ee 

1 30 0.1 0.038 39.2 0.081 5.4 75 

2 30 0.25 0.111 43.4 0.143 9.5 54 

3 10 0.5 0.123 25.2 0.202   40.4 22 

4 30 0.5 0.206 40.4 0.264   17.6 26 

5 90 0.5 0.281 57.2 0.313 6.9 32 

6 10 1.5 0.488 33.5 0.184   36.8 16 

7 30 1.5 0.680 46.8 0.675   45.0 13 

8 90 1.5 1.118 75.8 1.075   23.9 19 

9 90 2.5 2.017 82.2 1.869   41.6 15 

10f 10 0.5 0.284 58.0 0.313   33.4 17 

11f 30 0.5 0.439 87.3 0.390   16.8 47 

12f 90 0.5 0.448 89.2 0.395 5.7 46 

aConditions: [cat.] = 3.00 mM; solvent = added desired amount of 1-hexene and diluted with 

toluene to 10 mL; [B(C5F6)3] = 1.1 eq; ethylene pressure = 1 bar; temp = 25 °C. b[cat.] = 5.00 

mM c[H] was determined by 1H NMR. d Productivity = (g polymer)/(mmol h) ePercent 

ethylene in the copolymer was determined by 13C NMR. f[cat.] = 6.00 mM. 

 

 

To understand the catalyst deactivation behavior and the comonomer effect, the active-

sties during copolymerization were quantified following Landis’s deuterium-labeling 

method.10 There are three possible active-sites during ethylene/1-hexene copolymerization 

(Scheme 3.3). At the end of each batch reaction, MeOD was added to quench the 

polymerization and label the resulting copolymer with deuterium, which was quantified in 
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2H NMR. We observed two types of active sites at δ 0.83 (DH2C−Polymer; primary) and 

1.22 (DH(Bu)C−Polymer; secondary) in 2H NMR. The primary active sites result from a 

1,2-insertion of 1-hexene and that of ethylene were not distinguishable by 2H NMR. 

 

 

Scheme 3.3. Possible Active-sites Prepared by Adding MeOD during the Copolymerization 

of Ethylene/1-Hexene.   

 

The active-site counting results with varying reaction time, initial concentration of 1-

hexene, and catalyst loading are shown in Figures 3.1–3.3. Copolymerization with [1-

hexene]0 = 0.50 M at 10 min showed only 35 % of the precatalyst as primary sites, which 

decreased to 5 % over 90 min (Figure 3.1). On the other hand, the secondary active sites 

increased to 15 % over 90 min. No increase in the weight of copolymer after 90 min 

suggested that the secondary sites are not active for polymerization of ethylene or 1-hexene 

in our system. The decrease in productivity due to dormant behavior of secondary sites in 

olefin polymerizations has been observed in a wide range of catalysts11 while some studies 

showed active secondary sites.12 There are proposed mechanisms of its inactive nature such 

as the high steric hindrance at the active center.11 The inactive secondary sites can be 
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activated by undergoing chain transfer (β-H elimination or β-H transfer) or recovery (1,2-

insertion of a monomer). In our study of 1-hexene homopolymerization, a small percentage 

of secondary sites were observed and the increase in sites over the course of reaction was not 

observed.3 However, we observed polymer with vinylene end-group, which is a chain-

transfer product from 2,1-insertion of 1-hexene. With kinetic modeling, we established that 

krecovery is ~7 times faster than kmis-insertion in 1-hexene homopolymerization. Our 

copolymerization results suggest that the presence of ethylene increases secondary sites and 

inhibits the recovery of those secondary sites.  

 

 

Figure 3.1. Active-sites at different reaction time, quantified by deuterium labeling. [cat.] = 

3.00 mM; ethylene pressure = 1 bar; [H]0 = 0.5 M; ethylene pressure = 1 bar; red is % 1° 

site; blue is % 2° site. 
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Next, the active-sites of a range of [1-hexene]0 were quantified after 90 min of reaction 

(Figure 3.2). With higher [1-hexene]0, both primary and secondary active sites can be 

observed even at the end of the reaction. Having more 1-hexene somehow preserved the 

catalyst by suppressing deactivation. At a higher [cat.] at 6 mM, we observed a significant 

increase in primary sites (83%) during the early part of the reaction (Figure 3.3). At 90 min, 

the primary sites were below 15% regardless of [cat.]. With higher [cat.], the conversion of 

1-hexene was ~2 times higher at 30 min (Table 3.1, run 4,11); it is possible that the higher 

catalyst loading benefited less from the commoner effect after 30 min. It is worthy to note 

that the secondary sites were growing at the same rate for both catalyst loading.  
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Figure 3.2. Active-sites at different [H]0, quantified by deuterium labeling. [cat.] = 3.00 mM; 

ethylene pressure = 1 bar; reaction time = 90 min; ethylene pressure = 1 bar; red is % 1° site; 

blue is % 2° site; black is a total % site. 

 

 
 

Figure 3.3. Active-sites at different reaction time with different catalyst loadings. ethylene 

pressure = 1 bar; [H]0 = 0.5 M; [cat.] = 3mM (circle); [cat.] = 6 mM (triangle). red is % 1° 

site; blue is % 2° site; black is a total % site. 
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Figure 3.4. Effect of additional 1-hexene on active-sites. [H]0 = 0.5 M; [cat.] = 3mM. For the 

second-shot experiment, at 10 min of reaction, 1.0 M of 1-hexene was added. red is % 1° 

sites; blue is % 2° sites. 

 

 

To understand the [1-hexene]0 effect on catalyst deactivation, a second-shot of 1-hexene 

was added to a running copolymerization reaction at 10 min and quenched at 30 min. The 

active site count was compared to the reaction without the additional second-shot of 1-

hexene (Figure 3.4). With the second-shot of 1-hexene, the decrease in the primary site was 

suppressed by a factor of 3, confirming that high [1-hexene] prevents catalyst deactivation. 

The large increase in secondary site showed that it has no dependence on [1-hexene]0. 
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Figure 3.5. End-group analysis of the batch copolymerization of ethylene/1-hexene. [H]0 = 

1.5 M 

Next, chain transfer reactions were investigated via quantifying vinyl end groups of the 

resulting copolymer. There are two possible mechanisms of chain transfer: monomer 

dependent and monomer independent pathways. In our copolymerization study, we only 

observed β-H elimination, as the formation of vinylidene had no dependence on monomer 

concentration (Figure 3.5). In the copolymerization of ethylene/1-hexene, there are three 

possible end groups: vinylidene, vinyl, and vinylene (Scheme 3.1). In our study, we only 

observed the formation of vinylidene. Vinyls and vinylenes were not observed. However, we 

observed secondary active-sites from 2,1-insertion of 1-hexene (Scheme 3.3). It is evident 

that the secondary sites, which are inactive for polymerization, do not undergo chain-

transfer. Additionally, the rate of recovery of the misinsertion products must be much slower 

than the rate of misinsertion.  
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D. In-situ NMR Ethylene/1-Hexene Copolymerization 

In-situ NMR ethylene/1-hexene copolymerization was prepared in an NMR tube with a 

septa-cap filled with precatalyst in ethylene saturated toluene, 1-hexene, and internal 

standard. The reaction was started by adding B(C6F5)3 solution in toluene and the 

consumptions of both monomers ethylene and 1-hexene were monitored by 1H NMR at 25 

°C. Both consumptions of ethylene and 1-hexene displayed first-order behavior and kobs are 

summarized in Table 3.3. Interestingly, kobs of ethylene/1-hexene in copolymerization were 

much faster than kobs of ethylene homopolymerization. The kobs of ethylene increased by a 

factor of 2 when as little as 0.3 equivalent of 1-hexene was added. The NMR scale 

copolymerization demonstrated a positive comonomer effect as well. In NMR studies, the 

active sites could not be quantified due to the small scale. However, the NMR studies 

demonstrated that large excess of [1-hexene]0 results in higher productivity. The same 

phenomena are observed in batch copolymerization. Additionally, kobs for both 1-hexene and 

ethylene were constant throughout the reaction and no catalyst deactivation was observed in 

the NMR scale. It further confirms that the catalyst death is not due to an impurity in the 

reagents.  
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Table 3.3. NMR ethylene/1-hexene copolymerization by Hf[tBu-ONTHFO]Bn2 /B(C6F5)3 at 

25 °C 

Runa XH/XE
c kobs_H (10-4 s-1)d kobs_E (10-4 s-1)d 

1c 0 -c 5.8 

2 0.3 3.0 7.9 

3 0.8 4.0 11.7 

4 3.7 8.3 25.5 

5 17.0 11.4 44.9 

aConditions: solvent = added desired amount of 1-hexene and diluted with toluene to 2.0 

mL; reaction volume = 2.75 mL; [cat.] = 5.00 mM; [act.] = 1.1 eq; temp = 25 °C. b1-hexene 

was not added cconcentration was monitored by 1H NMR. d\Fitted to 1st order.  

 

The catalyst deactivation is only observed in a batch reactor with a constant feed of 

ethylene. Thus, the deactivation in a batch copolymerization could be attributed to (1) a large 

excess of ethylene and (2) building up of secondary sites, which is not dependent on [1-

hexene]0. The active-site counting and second-shot results demonstrate that increasing [1-

hexene], or with lower relatively lower [ethylene], preserves primary active sites. 

 

E. Conclusion 

Copolymerization of ethylene and 1-hexene by a single-site catalyst, Hf[t-Bu-

ONTHFO]Bn2, activated by B(C6F5)3 yielded copolymers with high 1-hexene incorporation. 

The 13C NMR-based triad analysis showed that the E/H incorporation ratio is dependent on 

[1-hexene]. Catalyst deactivation was observed during the copolymerization. Deuterium 

labeling experiments showed the primary sites decreased and secondary sites (inactive) 
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increased over the course of the reaction. Excess of 1-hexene preserved the catalyst activity 

for longer, suggesting that the deactivation is dependent on [ethylene]. The positive 

comonomer effect of 1-hexene was observed by in-situ NMR experiments.  

 

F. Supporting Information 

 
Figure SI 3.1. Ethylene saturation experiment. 1-hexene of 1.5 M in 10 mL toluene solution 

at 1 bar ethylene.  

 

For the kinetic modeling study, we examined the rate of ethylene saturation in 1-

hexene/toluene mixture in batch reactions. Typical reaction solution with toluene and 1-

hexene was degassed and saturated with ethylene by stirring vigorously. At a predetermined 

time, an aliquot was collected, and ethylene was quantified by 1H NMR. Figure SI 3.1 shows 

that 72 mM of ethylene (78 % to maximum saturation) was dissolved within the first 1 

minute of saturation. We established that the replenishment of ethylene is fast compared to 
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the reaction rate; thus, the ethylene concentration was assumed to be constant in a batch 

reaction. 

 
Figure SI 3.2. 13C NMR spectrum of the ethylene/1-hexene copolymer prepared. %E = 39 

 

G. Experimental Procedure 

1. General Consideration  

All reactions were performed in an argon-filled glove box or using standard Schlenk 

techniques under argon unless otherwise specified. Ethylene (99.999%), purchased from 

Praxair, was filtered through Oxiclear purifier (RGP-R1-500) for polymerization. Solvents 

were degassed, purified with a solvent purification system (Pure Process Technology INC), 

and stored over activated molecular sieves before use. Benzene-d6, 1-hexene, and toluene-d8 

were dried with CaH2 and stored over activated molecular sieves. B(C6F5)3 was purchased 

from Strem and purified by sublimation. HfBn4 was purchased from Strem and used as 
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received. All other reagents were purchased from commercial vendors (Fischer Scientific 

and Sigma) and used without further purification. 6,6′-((((Tetrahydrofuran-2-yl)methyl)-

azanediyl)bis(methylene))bis(2,4-di-tert-butylphenol), t-Bu-ONTHFO ligand, and Hf[t-Bu-

ONTHFO]Bn2 were prepared following literature procedures.1, 13-14 All 1H, 2H, and array 

NMR experiments were done on a Varian Unity Inova AS600 600MHz with Varian triple 

resonance 1H/13C/15N probe with PFG, 5mm at 25 °C unless otherwise specified. 

Quantitative 13C NMR was collected on Agilent 400-MR spectrometer using 5mm One 

NMR Probe with PFG operating at 70 °C with an inverse gated decoupled pulse sequence 

with NOE turned off, a relaxation delay of 4.0 s, and acquisition time of 1.8 s. 

2. NMR scale copolymerization of ethylene and 1-hexene 

The procedure for NMR scale copolymerization was adopted and modified from 

literature.2, 4 In a typical experiment, a vacuum storage flask inside a glovebox was charged 

with 2.5 mL of 50:50 (v/v) toluene/toluene-d8 and a stir bar. The toluene solution was 

degassed by freeze-pump-thaw and placed under 1.5 bar of ethylene while stirring 

vigorously at room temperature for 30 minutes before taking into the inert atmosphere 

glovebox. To a 2 mL volumetric flask, Hf[tBu-ONTHFO]Bn2 (0.01233 g, 0.0138 mmol), 

diphenylmethane (0.02062 g, 0.123 mmol) and 1-hexene (0.1041 g, 1.237 mmol) were 

added and diluted with the ethylene saturated toluene. The catalyst solution was transferred 

to a capped NMR tube and sealed with a screw-cap septum. B(C6F5)3 (0.00774 g, 0.0151 

mmol) was dissolved in 0.75 mL of the ethylene saturated toluene and sealed in a vial with a 

screw-cap septum. The vial containing the activator solution was pierced with a 1 mL 

syringe and placed in an Ar-filled bag and equilibrated to 25 °C. The NMR tube was placed 
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in the spectrometer and allowed to equilibrate to 25 °C with a VT controller. A spectrum was 

collected to quantify the initial monomer concentrations relative to diphenylmethane. The 

NMR tube was removed, and the activator solution was added to the solution by piercing the 

NMR tube’s septum while the syringe remained in the Ar bag. After shaking the reaction 

mixture for approximately 30 s, it was placed back in the spectrometer. Spectra were 

acquired at regular time intervals until the reaction reached at least 90% completion. 

3. Batch copolymerization of ethylene and 1-hexene 

The procedure for batch scale copolymerization was adopted and modified from 

literature.1 The method of Manual Quench is based on literature.10 For a typical 

copolymerization, B(C6F5)3 (0.02414 g, 0.0472 mmol) was added to a 3 mL volumetric flask 

and diluted with toluene. The activator solution was transferred to a 5 mL vial with a screw-

cap septum. The vial containing the activator solution was pierced with a 5 mL syringe and 

placed in an Ar-filled bag and equilibrated to 25 °C. To a 10 mL volumetric flask, 1-hexene 

(1.894 g, 22.50 mmol) was added and diluted with toluene. Using a 3 mL volumetric flask, 

3.0 mL of the solution was transferred to a vial with diphenylmethane to quantify the initial 

1-hexene concentration by 1H NMR analysis. To a 25 mL Schlenk flask, Hf[tBu-

ONTHFO]Bn2 (0.0269 g, 0.0300 mmol), a 7.0 mL aliquot of the 1-hexene solution, and a stir 

bar were added. The flask was sealed and moved from the glovebox to a Schlenk line under 

an ethylene atmosphere. Ethylene was bubbled into the solution at −78 °C for 5 minutes. The 

solution remained under 1 bar of ethylene for an additional 30 minutes while the temperature 

slowly equilibrated to 25 °C in a temperature-regulated water bath. The reaction started by 

adding the activator solution into the flask while the syringe remained in the Ar bag.  After a 
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predetermined time, the reaction was quenched by injecting 1.0 mL of methanol-d4. To 

quantify 1-hexene consumption, a 1.0 mL aliquot from the quenched solution was removed 

and added to a vial with diphenylmethane for 1H NMR analysis. The remaining solution was 

dried under vacuum before dissolving in toluene and filtered through a silica plug to remove 

the quenched catalyst. Evaporation of the solvent under mild heat yielded colorless 

poly(ethylene-co-1-hexene), and the weight of the polymer was measured.  

4. Copolymer Characterization 

For 13C NMR analysis, samples were prepared by dissolving ca. 200 mg of the 

copolymer in 0.7 mL benzene-d6 containing ca. 4 mg of chromium(III) acetylacetonate as a 

spin relaxation agent.43 All quantitative 13C NMR measurements were taken on an Agilent 

400 at 70 °C with an inverse gated decoupled pulse sequence with NOE turned off, a 

relaxation delay of 4.0 s, and acquisition time of 1.8 s. 

For 2H analysis, samples were prepared by dissolving ca. 100 mg of the copolymer in 0.7 

mL benzene. Diluted CDCl3 in benzene (0.625 μL, 7.78 μmol) as used as an internal 

standard for the quantification of active sites. All active site measurements were taken on a 

Varian AS600 spectrometer at 25 °C with lock off and shimmed on benzene. 

For vinyl end group analysis, samples were prepared by dissolving ca. 100 mg of the 

copolymer in 0.7 mL benzene-d6 and diphenylmethane was used as an internal standard for 

the quantification of end groups. All vinyl measurements were taken on a Varian AS600 

spectrometer at 25 °C. 

For GPC analysis, poly(ethylene-co-1-hexene) samples dissolved in chloroform with 

0.25% triethylamine. The solutions were passed through a 0.2 μm filter. GPC analysis was 
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done on a Waters Alliance HPLC System, 2690 Separation Module, samples were injected 

through a 40 μL injection loop and passed through Agilent, PLgel, 5 µm MiniMIX-D, 250 x 

4.6 mm and guard (MW linear range 200 - 400,000 g/mol) at a flow rate of 0.35 mL/min. 

The analysis made using Waters 2410 Differential Refractometer and Waters 2998 

Photodiode Array Detector. Molecular weights were assigned by way of a universal 

calibration curve created with polystyrene standards ranging from 580 g/mol to 3,114,000 

g/mol. 

5. Ethylene saturation experiment 

To a 10 mL volumetric flask, 1-hexene (1.894 g, 22.50 mmol) was added and diluted 

with toluene. The 10 mL solution was transferred to a 25 mL Schlenk flask. The flask was 

sealed and moved from the glovebox to a Schlenk line under an argon atmosphere. The 

solution was degassed by freeze-pump-thaw and the temperature was equilibrated to 25 °C 

in a temperature-regulated water bath. The flask was placed under 1 bar of ethylene 

atmosphere while stirring vigorously. A 0.5 mL aliquot of the solution was removed with a 

syringe at the desired time and was added to a capped NMR tube filled with the 1 mL 

diphenylmethane and toluene-d8 solution. Ethylene saturation was quantified using a Varian 

AS600 spectrometer at 25 °C. 

6. Second-shot of 1-hexene experiment 

To a 10 mL volumetric flask, 1-hexene (1.894 g, 22.50 mmol) was added and diluted 

with toluene. The 10 mL solution was transferred to a 25 mL Schlenk flask. The flask was 

sealed and moved from the glovebox to a Schlenk line under an argon atmosphere. The 
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solution was degassed by freeze-pump-thaw and the temperature was equilibrated to 25 °C 

in a temperature-regulated water bath. The flask was placed under 1 bar of ethylene 

atmosphere while stirring vigorously. A 0.5 mL aliquot of the solution was removed with a 

syringe at the desired time and was added to a capped NMR tube filled with the 1 mL 

diphenylmethane and toluene-d8 solution. Ethylene saturation was quantified using a Varian 

AS600 spectrometer at 25 °C. 
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CHAPTER IV. Kinetic Studies of Selective Ethylene Tri-/Tetramerization 

by Chromium N-phosphinoamidine Catalysts 

A. Introduction 

With the rapidly growing production of high-quality polyethylene copolymer resins 

(HDPE, LLDPE, and VLDPE), the demand for α-olefin has been increasing.1-2 Historically, 

many industrial processes involved non-selective ethylene oligomerization systems including 

alkylaluminums (pioneered by Karl Ziegler)3 and nickel catalysts by Shell (Shell Higher 

Olefin Process, SHOP)4. The non-selective ethylene oligomerization via the Cossee-type 

mechanism yielded C4 to C20 products, which required further distillation process. Thus, the 

development of selective oligomerization process with well understood catalytic sites has 

been explored.1 Recent progress of selective ethylene oligomerization process by Chevron 

Phillips Chemical Company1, 5 and Sasol6-8 yielded more than 90% selectivity for 1-hexene 

and/or 1-octene with high productivity. These two systems produced highly selective 

products because of the metallacyclic mechanism. In spite of the increased interest in 

metallacyclic mechanism since early 2000, unanswered questions still exist such as 

oxidation states of the intermediates, the elementary steps, and kinetic dependence on 

ethylene.9-11 The detailed kinetic study based on direct measurements of ethylene 

consumption and/or product formations has been challenging because these ethylene 

oligomerization studies were often studied in batch reactors that can withstand the high 

pressure of gas (above 50 bar).  
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Recently, our group studied the kinetics of ethylene trimerization catalyzed by a highly 

active chromium N-phosphinoamidine (Cr-(P,N)) catalyst, provided by Chevron Phillips 

Chemical Company5, using in-situ high-pressure NMR techniques.12 Our kinetic study with 

quantitative kinetic modeling supported a metallacyclic mechanism and established rate 

constants. We reported that at least one of the first two ethylene coordination steps to the 

active-site must be reversible in order to fit key features of the kinetic results. In addition, we 

also established a Cossee-type step that led to an undesired polymerization of ethylene. The 

success of these kinetic studies via high-pressure operando NMR techniques has motivated 

us to explore a more complex tri-/tetramerization of ethylene. Herein, we demonstrate two 

possible methods to study the kinetics of ethylene tri-/tetramerization by chromium N-

phosphinoamidine pre-catalyst activated by modified methylaluminoxane (MMAO): (1) in-

situ 1H NMR using high-pressure NMR cell and (2) high-pressure reactor connected to an 

auto-sampler. We report preliminary results from the developed methods and describe the 

limitation and areas to improve. 

In our studies, the pre-catalysts 1 – 4 (provided by Chevron Phillips Chemical Company) 

were studied for selective ethylene oligomerization (Scheme 4.1).5 The expected selectivity 

of 1-hexene to 1-octene produced at 70 °C (25 °C for catalyst 1) based on reported results 

are shown in Scheme 4.1.5  
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Scheme 4.1. Selective ethylene tri/tetra-merization catalyzed by N-phosphinoamidine-

chromium catalysts activated with modified methylaluminoxane-3A (MMAO-3A) 

B. Development of In-situ 1H NMR Using High-pressure NMR Cell 

Recently, we reported a high-pressure NMR method to collect reliable and reproducible 

kinetic data including concentrations of monomer and product in ethylene trimerization.12 

We adopted and modified the method from our recent study. The high-pressure NMR cell 

and its set-up are shown in Figure 4.1. This system with a zirconia tube can withstand up to 

1000 bar of pressure and 125 °C in temperature, which allowed us to study reaction kinetics 

at a condition comparable to the industrial process.1 In a typical experiment, pre-catalyst, 

activator, solvent, and an internal standard are mixed in a glovebox filled with argon and 

loaded into the NMR tube. Then the tube is sealed and connected to our pressure system as 

shown in Figure 4.1. Because of the air-sensitivity of these oligomerization catalysts, we 

cycled the gas lines using a connected vacuum pump and charged the tube with hydrogen 

and ethylene.  



 

 

70 

 

 

 

Figure 4.1. High-pressure NMR cell (left) and the set-up 

In our previous study, we showed that the reaction does not start due to slow ethylene 

diffusion in cyclohexane through the small surface area in the NMR tube without mixing.12 

The diffusion rates of ethylene and hydrogen in aromatic solvents (benzene-d6 and toluene-

d8), which needed to use, were also much slower than a typical reaction time as well. As 

shown in Figure 4.2, there is no ethylene or hydrogen dissolved in a benzene-d6 solution 

before shaking the NMR cell. This slow diffusion of ethylene was an attractive feature to us, 

as no reaction is expected during the gas addition and NMR instrument preparation 

including loading, lock, shim, tune, and elevating/stabilizing the temperature. The slow 

diffusion of ethylene enabled us to monitor most of the oligomerization progress by a highly 
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active catalyst via mixing the solution (by vigorously shaking the NMR cell) at the 

spectrometer.  

 

Figure 4.2. 1H NMR of a typical oligomerization reaction (a) after shaking and (b) before 

shaking the NMR tube cell. 600 MHz, ethylene = 52 bar, H2 = 5 bar, solvent = toluene-d8, IS 

= internal standard (diphenylmethane)  

C. Detection of 1-Hexene and 1-Octene in Real-Time.  

Next, we examined if ethylene and the products from tri/tetra-merization could be 

distinguishable by high-field 1H NMR. In our initial 1H NMR analysis of 1-hexene and 1-

octene in cyclohexane-d12, all signals including the characteristic olefinic signals as well as 

CH2 and CH3 overlapped completely. With aromatic solvents like benzene-d6 and toluene-

d8, however, the CH3 signal of 1-hexene and 1-octene were distinguishable by 1H NMR 

(a) 

(b) 
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(Figure 4.3). Our control experiments, with a different FID processing method (sin bell), 

demonstrated that the CH3 signals were well-resolved to quantify the products by 1H NMR 

(Figure SI 4.1). 

 

 

Figure 4.3. 1H NMR of a 1-hexene and 1-octene mixture in benzene-d6.600 MHz, IS = 

internal standard (diphenylmethane), used sine bell apodization at ~15°. 

 

In our initial studies, we observed that the oligomerization results were sensitive to 

different batches of the activator solutions. To eliminate this inconsistent activator issue, we 

used the MMAO-3A in heptane solution (AkzoNobel) that our collaborator (Dr. Orson 

Sydora from Chevron Phillips Chemical) provided. Heptane had to be removed completely 

from the activator solution in order to differentiate the alkene products based on the CH3 

regions in 1H NMR. Before drying the solvent, the CH3 regions were crowded with heptane 

and other volatile solvents in the activator solution (Figure 4.4a). After removing the solvent 



 

 

73 

 

 

under vacuum for 10 min and dissolving MMAO-3A residues in benzene-d6, 1-hexene and 

1-octene were well-separated (Figure 4.4b). Modification of the activator solution reduced 

the catalytic activity slightly while preserving the selectivity, which could be due to the loss 

of alkylaluminum that was present in MMAO.13  

 

 

Figure 4.4. 1H NMR of a mixture of 1-hexene, 1-octene, and MMAO-3A (a) as received; (b) 

after drying the MMAO-3A under vacuum for 10 min. 600 MHz, solvent: benzene-d6 

 

D. Catalyst Activation and Reaction Conditions  

Activation of pre-catalyst with an aluminum-based activator such as AlR3 and methyl 

methylaluminoxane (MAO) derivatives is a crucial step for selective oligomerization of 

ethylene. Many examples of the chromium-based pre-catalyst have halide ligands that are 
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alkylated by the activator in order to make vacant coordination sites.1, 6-8, 14-15 After the 

alkylation, the active center is left with three vacant sites for the metallacycloalkane 

intermediate and one ethylene. Hagen and co-workers demonstrated that this activation is a 

slow process and incomplete alkylation intermediate could be the cause of undesired 

polymerization sites.16 In addition, excess of MAO, unlike alkylaluminum, acts as a 

scavenger for impurity and increases productivity. Thus, a large excess of activator (above 

300 equiv), and a long premix time (10-120 min) for alkylation are required before 

introducing ethylene.  

The N-phosphinoamidine chromium pre-catalysts have distinctive sky-blue color, which 

turns into amber (dark yellow) color after activation by MMAO-3A.5 After excessive drying 

MMAO-3A under vacuum, we observed significant negative effects. MMAO-3A dried 

under vacuum for over 2 hours resulted in slow polymerization of ethylene instead of 

oligomerization. Drying MAO derivatives is known to slowly remove alkylaluminum, which 

is important for the reactivity and stability of the activator, and change the structure of 

MMAO.8, 13 After 12 hours of drying, MMAO-3A did not activate the (Cr-(P,N)) pre-

catalyst. Addition of different concentrations various AlR3 (AlMe3, AlEt3, AlBui
3) did not 

restore its activity unlike published works by Gambarotta and Duchateau.13, 15 Thus, for in-

situ NMR studies, we dried MMAO-3A/heptane for less than 10 min, which affected the 

reactivity slightly.  

A typical array 1H NMR spectrum is shown in Figure 4.5. The concentrations of 

ethylene, 1-hexene, and 1-octene were quantified referenced to an added internal standard. 

During the reaction, we observed all the signals were broadened due to dissolved gas. 
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Additional control experiments confirmed that a small amount of unknown signals appeared 

in the CH3 region after activation of Cr pre-catalyst with dried MMAO-3A in the absence of 

ethylene (Figure SI 4.2). However, we concluded that we could get reliable kinetic data with 

an addition of GC analysis.  

The N-phosphinoamidine chromium pre-catalysts have distinctive sky-blue color, which 

turns into amber, dark yellow, color after activated by MMAO-3A.5 After excessive drying 

MMAO-3A under vacuum, we observed significant negative effects. MMAO-3A dried 

under vacuum for over 2 hours resulted in slow polymerization of ethylene instead of 

oligomerization. Drying MAO derivatives is known to slowly remove alkylaluminum, which 

is important for the reactivity and stability of the activator, and change the structure of 

MMAO.13, 15 After 12 hours of drying, MMAO-3A did not activate the (Cr-(P,N)) pre-

catalyst. Addition of different concentrations various AlR3 (AlMe3, AlEt3, AlBui
3) did not 

restore its activity unlike published works by Gambarotta and Duchateau.13, 15 Thus, for in-

situ NMR studies, we dried MMAO-3A/heptane for less than 10 min, which was affected 

the reactivity slightly.  
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Figure 4.5. An array of 1H NMR collected for a typical ethylene tri-/tetramerization 

reaction. 600 MHz, temp = 70 °C, solvent = benzene-d6, M = monomer (ethylene), P = 

products (signals of 1-hexene and 1-octene), IS = internal standard (diphenylmethane), O = 

CH3 peak of 1-octene, H = CH3 peak of 1-hexene, y-axis = time (min), 1H NMR collected 

every 10 min.  

 

A typical array 1H NMR spectrum is shown in Figure 4.5. The concentrations of 

ethylene, 1-hexene, and 1-octene were quantified referenced to an added internal standard. 

During the reaction, we observed all the signals were broadened due to dissolved gas. 

Additional control experiments confirmed that a small amount of unknown signals appeared 

in the CH3 region after activation of Cr pre-catalyst with dried MMAO-3A in the absence of 

ethylene (Figure SI 4.2). However, we concluded that we could get reliable kinetic data with 

an addition of GC analysis.  
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E. In-situ 1H NMR Experiments Using High-pressure NMR Cell 

The pre-catalysts7 were activated by stirring in a d-MMAO, which is dried MMAO-3A 

under vacuum for 10 min (Scheme 4.1), solution in benzene-d6 for 30 – 120 min. Then the 

solution was charged ethylene (40 – 55 bar) and hydrogen (5 bar). The addition of hydrogen 

in selective oligomerization increased the catalyst activity possibly due to hydrogen 

facilitating chain transfer of any undesired polymer sites and, therefore, reducing the 

polyethylene byproducts.  

First, selective trimerization of ethylene was studied with catalyst 1 that makes more 

than 99% of 1-hexene at 25 °C. As shown in Figure 4.6 a, the ethylene consumption and 1-

hexene production time profiles were monitored by 1H NMR. The reactivity and rate of 

monomer consumption were comparable to our recent ethylene trimerization study using 

high-pressure NMR.2 MMAO-3A was dried under vacuum for 10 min and the drying effect 

on reactivity was investigated under the same condition (Figure 4.6). Catalyst 1 activated 

with d-MMAO resulted in a decrease in 1-hexene yield by 10% (0.05 M) and no significant 

effect on the rate of the reaction. As reported by Bercaw and coworkers, the decrease in 1-

hexene yield could be attributed to the cotrimerization of 1-hexene with ethylene or 

formation of polyethylene.17  
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(a) 

 

Figure 4.6. Ethylene consumption (orange) and 1-hexene production (blue) time profile for 

ethylene trimerization with catalyst 1 activated by (a) untreated MMAO-3A and (b) dried-

MMAO-3A. [catalyst] = 1.0 mM, 600 equiv of MMAO-3A, [ethylene] = 1.63 M, Phydrogen = 

5 bar, temp = 25 °C, solvent = benzene-d6 

 

 

 

(b) 
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Figure 4.7. Consumption of hydrogen during ethylene trimerization with catalyst 1 activated 

by (a) untreated MMAO-3A and (b) dried-MMAO-3A shown by an array 1H NMR. 

[catalyst] = 1.0 mM, 600 equiv of MMAO-3A, [ethylene] = 1.63 M, Phydrogen = 5 bar, temp = 

25 °C, solvent = benzene-d6 

The hydrogen consumption during the ethylene trimerization with catalyst 1 activated by 

(a) untreated MMAO and (b) d-MMAO are shown in Figure 4.7. Hydrogen was observed to 

be used slowly without affecting the reactivity in our previous study.12 In addition to the 

polyethylene formation, the rapid depletion in hydrogen is another feature of the catalytic 

system with d-MMAO in our studies.  

Time profiles of ethylene tri/tetra-merization by catalyst 2/d-MMAO-3A are shown in 

Figure 4.8 and 4.9. In Figure 4.8, the production of alkene was calculated according to the 

vinyl signals in 1H NMR. Figure 4.9 showed that each product was increasing spontaneously 

and 1-hexene is not an intermediate for 1-octene formation. At the end of the reaction, the 
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[alkene]final was 0.4 M. However, based on the CH3 signals, the sum of [1-hexene]final and 

[1-octene]final was above 0.65 M (Figure 4.9 a). This is due to the fact that the CH3 signals of 

1-hexene and 1-octene are overlapped with other proton signals, including leached 

alkylaluminum, in the solution (Figure 4.5). To resolve the issue, we calibrated the 

concentration of each product by referencing the first data point as zero (Figure 4.9 b). After 

calibration, the ratio between 1-hexene and 1-octene was 63%, which showed the relative 

ratio was accurate. To evaluate that the calibration, concentration of each product at the end 

of the reaction was collected and quantified by GC. The product concentration based on GC, 

[1-hexene] = 0.17 M and [1-octene] = 0.12 M, near-identical to the values obtained from 1H 

NMR after calibration (Figure 4.8 c).   

 

 

Figure 4.8. Ethylene consumption and alkene formation time profile for ethylene 

oligomerization with catalyst 2 activated by d-MMAO-3A. orange: ethylene consumption, 

blue: alkene formation, [catalyst] = 1.0 mM, 700 equiv of MMAO-3A, [ethylene] = 2.03 M, 

Phydrogen = 5 bar, temp = 70 °C, solvent = benzene-d6 
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Figure 4.9. Ethylene consumption and 1-hexene/1-octene formation time profile for 

ethylene oligomerization with catalyst 2 activated by d-MMAO-3A. (a) black: 1-hexene, red: 

1-octene, (b) black: 1-hexene, red: 1-octene, referenced. [catalyst] = 1.0 mM, 700 equiv of 

MMAO-3A, [ethylene] = 2.03 M, Phydrogen = 5 bar, temp = 70 °C, solvent = benzene-d6 

 

(a) 

(b) 
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Next, ethylene oligomerization of catalyst 3 with d-MMAO-3A was studied by 1H NMR 

and each alkene production was confirmed by GC (Figure 4.10). Similar to the system with 

catalyst 2, the concentration of 1-hexene and 1-octene gradually increased to roughly 0.25 

M.  

 

  

 

Figure 4.10. Ethylene consumption and product formation time profile for ethylene 

oligomerization with catalyst 3 activated by d-MMAO-3A. (a) orange: ethylene 

consumption, blue: alkene formation, (b) black: 1-hexene, red: 1-octene, referenced. 

[catalyst] = 1.0 mM, 780 equiv of MMAO-3A, [ethylene] = 2.36 M, Phydrogen = 5 bar, temp = 

70 °C, solvent = benzene-d6 

(a) 

(b) 
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The described in-situ 1H NMR experiments with high-pressure NMR cell resulted in 

reproducible and reliable ethylene consumption as well as 1-hexene/1-octene production, 

which was confirmed by GC. However, this is after the calibration with two assumptions: (1) 

the changes in CH3 regions are sorely dependent on 1-hexene and 1-octene production and 

(2) there is no significant change in the CH3 signals due to an unexpected reaction that 

makes impurities. Polyethylene formation, although it is in small quantity, is another area we 

have to address in the future. The 1-octene forming catalysts are shown to cause more 

polymerization1, 8, 17-18, which could reduce the headspace inside of the tube. We envision 

that selecting tri/tetra-merization catalytic systems with minimal side reactions (no leaching 

or polyethylene formation, this described method of operando 1H NMR technique with high-

pressure NMR cell would produce very high-quality data for kinetic and mechanistic studies.  

 

F. Batch Reaction with Auto-sampling 

In addition to high-pressure NMR cell, we studied the kinetics of selective ethylene 

oligomerization by an auto-sampler (the Parr 4878 Automated Liquid Sampler) from Parr 

Instrument Company. Auto-sampler enabled us to collect multiple liquid samples from the 

pressured reactor under high temperature and pressure. The extracted samples were then 

analyzed by GC for the quantification of 1-hexene and 1-octene. Although we are limited to 

fewer data points compared to the NMR study, we no longer had to alter the MMAO, which 

reduced the reactivity by increasing polyethylene formation.  

The pre-catalysts 3 – 4 were activated with MMAO-3A (700 equiv) for 2 hours, and it 

was charged with ethylene and hydrogen to produce 1-hexene and 1-octene selectively. 
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These catalysts under batch conditions with 50 bar of ethylene at 70 °C were reported to be 

highly active with productivity over 430,000 gproductgCr
-1h-1 with less than 0.5 wt% 

polyethylene. Our initial studies of pre-catalyst 3 at 70 °C resulted in very poor catalytic 

activity and polyethylene formation (Figure 4.11 a). After careful investigation, we observed 

that the temperature in the reactor reached above 90 °C during the ramping in the Parr 

system. It was reported most of the current oligomerization catalysts, other than recently 

developed PNP-type catalysts by Dow, including the Cr- N-phosphinoamidine catalysts are 

not stable and lose their activity above 70 °C.1 Repeating the same experiment at 60 °C 

instead resulted in a notable increase in activity with selectivity matched with the reported 

values (Figure 4.11 b). However, a significant amount of polyethylene, about 22 wt. % 

compared to the alkene products, were observed.   

 



 

 

85 

 

 

 

 

Figure 4.11. Product formation time profile for ethylene oligomerization with catalyst 3 

activated by MMAO-3A at a different temperature: (a) at 70 °C and (b) 60 °C. black: 1-

hexene, red: 1-octene. [catalyst] = 0.10 mM, 700 equiv of MMAO-3A, Pethylene = 50.0 bar, 

Phydrogen = 5 bar, solvent = cyclohexane and ethylbenzene. 

 

 

 

(a) 

(b) 
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With selective ethylene trimerization catalyst 4 (about 96% 1-hexene), the overall 

activity was much higher with low [1-octene] (Figure 4.12). The significantly lower 

polyethylene was collected (less than 1 wt. %), which is similar to the reported results.  

 

Figure 4.12. Product formation time profile for ethylene oligomerization with catalyst 4 

activated by MMAO-3A. black: 1-hexene, red: 1-octene. [catalyst] = 0.10 mM, 700 equiv of 

MMAO-3A, Pethylene = 52.0 bar, Phydrogen = 5 bar, temp = 60 °C, solvent = cyclohexane and 

ethylbenzene 

 

The fact that the catalyst 4 did not undergo ethylene polymerization is good evidence that 

this batch reactor with auto-sampling could be a viable way to study ethylene 

tri/tetramerization. In the literature, the polymerization of ethylene is known to be caused by 

a lack of heat transfer that results in hot spot buildup.1 The degradation or change in active-

sites is detrimental to the oligomerization of ethylene. If we address the overheating issues of 

the reactor and carefully optimize the conditions, this method could be practicable for kinetic 

study.  
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G. Conclusion 

We described two methods to obtain kinetic data of ethylene tri-/tetramerization 

catalyzed by industrially impactful chromium/MMAO system: (1) operando 1H NMR 

spectroscopy using high-pressure NMR tube cell and (2) pressured reactor connected to an 

auto-sampler. We demonstrated that these methods have great potential to monitor both 

ethylene consumption and product formation with high sensitivity. In the NMR studies of 

ethylene tetramerization, leaching unknown impurities during the reactions hindered us from 

obtaining reliable kinetic data. In both methods of NMR and batch studies, the degradation 

of catalytic sites into polymerization sites resulted in significant polyethylene byproducts. 

With a better selection of the catalyst and activator, the methods described in this thesis will 

enable us to study the kinetics and mechanism of ethylene tri-/tetramerization. 
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H. Supporting Information 

 

Figure SI 4.1. 1H NMR of 1-hexene/1-octene mixture in benzene-d6. (a) after Lorentzian 

apodization at 0.20 Hz; (b) after bell apodization at 15°. 

 

Using aromatic solvents (benzene-d6 and toluene-d8), instead of cyclohexane-d12, made 

the CH3 of 1-hexene and 1-octene distinguishable with a slight overlap in 1H NMR. When a 

typical FID processing method of Lorentzian apodization at 0.20 Hz was used, the CH3 

signals were slightly overlapped (SI 4.1 A). By using sine bell apodization at ~15°, we could 

resolute the signals with good separation (SI 4.1 B). With sine bell apodization, the overall 

gain was reduced but the integrations of two signals were not affected. 
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Figure SI 4.2. 1H NMR of 1-hexene/1-octene mixture with activated catalyst 2 by 600 equiv 

of d-MMAO-3A in benzene-d6.  

Catalyst 2 was activated by 600 equiv of d-MMAO-3A (dried for 10 min) for 2 hours 

and mixed with 1-hexene/1-octene. Figure SI 4.2 shows that additional signals (labeled in 

red) are present in the CH3 regions. The additional signals were not observed with MMAO-

3A. We suspect that the structure of MMAO is altered during the drying process and 

unknown compounds like alkylaluminum are leached.  
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Figure SI 4.3. Ethylene calibration in different solvent; hydrogen pressure = ca. 5 bar. (a) 

solvent = benzene-d6; (b) solvent = cyclohexane-d12. 

(a) 

(b) 
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Figure SI 4.4. Calibration plot for 1-hexene for GC analysis (NMR scale), IS = 

diphenylmethane 

 

Figure SI 4.5. Calibration plot for 1-octene for GC analysis (NMR scale), IS = 

diphenylmethane 
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Figure SI 4.6. Calibration plot for 1-hexene for GC analysis (Batch scale), IS = nonane 

 

 

Figure SI 4.7. Calibration plot for 1-octene for GC analysis (Batch scale), IS = nonane 
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I. Experimental Procedure 

1. General Consideration 

All reactions were performed in an argon-filled glove box or using standard Schlenk 

techniques under argon unless otherwise specified. Ethylene (99.999%), purchased from 

Praxair, was filtered through Oxiclear purifier (RGP-R1-500) for oligomerization. Solvents 

were degassed, purified with a solvent purification system (Pure Process Technology INC), 

and stored over activated molecular sieves prior to use. Benzene-d6, cyclohexane-d12, and 

toluene-d8 were dried with CaH2 and stored over activated molecular sieves. MMAO-3A in 

heptane (7% Al) was purchased from Akzo Nobel Polymer Chemicals and used as received. 

Diphenylmethane was purchased from Aldrich and stored over molecular sieves before use. 

All other reagents were purchased from commercial vendors (Fischer Scientific and Sigma) 

and used without further purification. Precatalysts were prepared and provided by our 

collaborator (Dr. Orson Sydora from Chevron Phillips Chemical). The high-pressure NMR 

cell with a zirconia tube (the NMR cell 13/105) and its manifold were purchased from 

Daedalus Innovations. Gases were added to the NMR tube using an in-house-built gas line. 

The pressure-reactor and Automated Liquid Sampler (4878) were purchased from Parr 

Instrument Company. All 1H and array NMR experiments were done on a Varian Unity 

Inova AS600 600MHz with Varian triple resonance 1H/13C/15N probe with PFG, 5mm at 25 

°C unless otherwise specified. The 1-hexene/1-octene mixture from NMR and batch studies 

were analyzed by gas chromatography/flame ionization detection (GC-FID) (Model 7890A, 

Agilent Technologies, Santa Clara, CA) using response factors relative to the internal 

standard of heptane or diphenylmethane. 
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2. In-situ 1H NMR Experiments Using High-pressure NMR Cell 

The procedure for NMR scale copolymerization was adopted and modified from 

literature.12 In a typical experiment with catalyst 1, catalyst (0.0038 g, 5 μmol), MMAO-3A 

(1.1783 g, 600 equiv), and diphenylmethane (1.6823 g, 10 mmol) were mixed and diluted to 

10.0 mL in a volumetric flask with benzene-d6. A 0.25 mL fraction of this solution and an 

additional 0.25 mL of benzene-d6 were mixed and placed in the zirconia NMR tube. The 

sealed NMR tube cell was taken out of the glovebox and connected to the gas line. After the 

line was purged under vacuum, hydrogen gas (5 bar) was added to the NMR cell followed by 

the addition of ethylene gas (50 bar). As long as the NMR cell was not physically disturbed, 

gases were not dissolved in the solution. The NMR cell was carefully placed in the 

spectrometer, and the temperature of the spectrometer was set to the desired temperature (25 

– 80 °C) and set all parameters. After the temperature equilibrated, the tube was taken out 

and the reaction was started by shaking the NMR cell for 30 seconds. Then the cell was 

transferred into the spectrometer, and the reactions were monitored by array 1H NMR.  

3. Batch Reaction with Auto-sampling 

The procedure for NMR scale copolymerization was adopted and modified from 

literature.5 A 75 mL stainless steel reactor from Parr Instrument Company was dried under 

vacuum for over 24 hours. In a typical experiment with catalyst 3, catalyst (0.0022 g, 0.1 

mM), MMAO-3A (0.962 g, 600 equiv), ethylbenzene (1.0 g), and cyclohexane (ca. 10 mL) 

were added to a 20-mL vial containing a stir bar. The solution was stirred for 0.5 – 2 hours 

before diluted to 25 mL with the addition of nonane as an internal standard (0.254 g, 1.981 

mmol). The reactor was transferred out of the glovebox and connected to the gas lines and 
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the auto-sampler. The reactor was then heated to 5 °C below the reaction temperature, 

charged with hydrogen and ethylene and increased the temperature to the desired 

temperature. At every 10 min, the auto-sampler collected ca. 0.75 mL of the reaction 

solution, which was quickly sealed and cooled in an ice-bath. Once cooled, the solution was 

diluted with cyclohexane (ca. 1 mL) and filtered through a plug of silica to remove 

catalyst/activator and prepared as a GC sample. Each sample was analyzed by GC-FID. At 

the end of the reaction, the reaction was cooled in an ice-bath. When the reactor temperature 

reached below 25 °C, the unreacted ethylene and hydrogen gas were vented. The reactor 

solids were collected by filtering the reaction and cleaning the reactor walls. The solids were 

dried under vacuum and mild heat and weighted.  
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