A Catalyst Design for Preparation of
Ultrahigh Molecular Weight
Polyethylene

by
Bodkhe Dnyaneshwar Vitthal
10CC15A26019

A thesis submitted to the
Academy of Scientific & Innovative Research
for the award of the degree of
DOCTOR OF PHILOSOPHY
in
SCIENCE
Under the supervision of
Dr. Samir H. Chikkali (Supervisor),

Dr. H. V. Pol (Co-Supervisor)

CSIR-National Chemical Laboratory, Pune

Ac SﬁR

Academy of Scientific and Innovative Research
AcSIR Headquarters, CSIR-HRDC campus
Sector 19, Kamla Nehru Nagar,
Ghaziabad, U.P. — 201 002, India

December 2024



Certificate

This is to certify that the work incorporated in this Ph.D. thesis entitled, “A Catalyst
Design for Preparation of Ultrahigh Molecular Weight Polyethylene”, submitted by
Bodkhe Dnyaneshwar Vitthal to the Academy of Scientific and Innovative Research
(AcSIR) in fulfillment of the requirements for the award of the Degree of Doctor of
Philosophy in Science, embodies original research work carried-out by the student. We,
further certify that this work has not been submitted to any other University or
Institution in part or full for the award of any degree or diploma. Research material(s)
obtained from other source(s) and used in this research work has/have been duly
acknowledged in the thesis. Image(s), illustration(s), figure(s), table(s) etc., used in the

thesis from other source(s), have also been duly cited and acknowledged.

Q@%&" Wx-ﬁL 1%}';*,

(Signature of Student) (Signature of Co-Supervisor) (Signature of Supervisor)

Dnyanehswar V. Bodkhe Dr. H. V. Pol Dr. Samir H. Chikkali
Date: 30-12-2024 Date: 30-12-2024 Date: 30-12-2024



STATEMENTS OF ACADEMIC INTEGRITY

| Bodkhe Dnyaneshwar Vitthal, a Ph.D. student of the Academy of Scientific and
Innovative Research (AcSIR) with Registration No. 10CC15A26019 hereby
undertake  that, the thesis entitled “A Catalyst Design for Preparation of
Ultrahigh Molecular Weight Polyethylene” has been prepared by me and that the
document reports original work carried out by me and is free of any plagiarism in
compliance with the UGC Regulations on “Promotion of Academic Integrity and
Prevention of Plagiarism in Higher Educational Institutions (2018)” and the CSIR

Guidelines for “Ethics in Research and in Governance (2020) .

(g

Signature of the Student
Date :30-12-2024
Place: Pune

It is hereby certified that the work done by the student, under my/our supervision, is
plagiarism-free in accordance with the UGC Regulations on “Promotion of Academic
Integrity and Prevention of Plagiarism in Higher Educational Institutions (2018)” and
the CSIR Guidelines for “Ethics in Research and in Governance (2020) .

i \Pati

Signature of the Co-supervisor Signature of the Supervisor
Name: Dr. H. V. Pol Name: Dr. Samir H. Chikkali
Date: 30-12-2024 Date: 30-12-2024

Place: Pune Place: Pune



Dedicated to

Late Tarabai V. Bodkhe

You will always be remembered.......



Special Thanks

Dr. Samir Chikkali

Father

Brother

S . =

I extend my heartfelt gratitude
to my supervisor, Dr. Samir
Chikkali, for his unwavering
support and motivation
throughout my research journey.
He is not only a true gentleman
but also one of the most
disciplined and focused
individuals 1 have ever
encountered. His punctuality,
dedication, and meticulous
approach to research have left a
lasting impression on me. For all
of this, I am deeply grateful.

Dr. Ketan Patel and
Dr. Shilpi

I owe my deepest gratitude to
my father. Mr. Vitthal G.
Bodkhe, whose unwavering
support, discipline, and
sacrifices have been  the
foundation of my journey. His
wisdom and belief in me have
shaped my character and
inspired me to strive for
excellence. He is my greatest
role model, and for all he has

done, I am forever grateful.

Sister

I extend my heartfelt
gratitude to my brother, Mr.
Mukteshwar V. Bodkhe,
whose constant support,
encouragement, and belief in
me have been invaluable. His
guidance, camaraderie, and
unwavering presence have
shaped my journey, inspiring
me to aim higher and stay
grounded. I am truly blessed
to have him by my side.

Wife

I extend my heartfelt gratitude to
Dr. Ketan and Dr. Shilpi for their
unwavering support and
encouragement throughout my
journey. Their guidance and care
have been mnothing short of
exceptional, and they have truly
treated me like a younger brother.

I am deeply grateful to my elder
sister for her constant love,
support, and guidance. Her
presence and encouragement
have been a true source of
strength, and I am fortunate to
have her by my side.

I would like to express my deepest
gratitude to my wife for her
unwavering love, patience, and
support. She has been my constant
pillar of strength, always standing by
me through every challenge. Her
encouragement, understanding, and
belief in me have been invaluable. 1

am truly blessed to have her in my life.




Acknowledgements

This thesis brings together all my work from the past nine years at the Polyolefin
Laboratory at CSIR-NCL. Many people have greatly supported me throughout my
Ph.D. journey. I want to take this chance to thank all of them.

I would also like to thank my co-supervisor, Dr. Harshvardhan Pol for his advice,
guidance, supports and encouragements during every stage of this research work. I
would also (ike to thank Dr. C. S. Gopinath, Dr. Sakya Sen and Dr. S. Kadhiravan for
being my doctoral advisory committee (DAC) members and providing me valuable

suggestions during the DAC meetings.

I am grateful to Dr. Ashish Lele, Director, CSIR-NCL, Prof. A. XK. Nangia, (Former
Director, NCL), Dr. Suresh Bhat, HoD, PSE Division, and Dr. Asha S. K., (Former
HoD, PSE Division) for giving me this opportunity and providing all necessary
infrastructure and facilities. I also acknowledge the UGC for the financial support in

terms of junior and senior research fellowships.

I'would like to thank all my Seniors Dr. Vijay Koshti, Dr. Shahaji Gaikwad, Dr. Ketan
Patel, Dr. Swechcha pandey, Bhausaheb Rajput, Dr. Satej Deshmukh, Dv. Nilesh
Mote, Dr. Sandip Pawal, Dr. Seena Josef and juniors Dr. Ravi Gote, Dr. Rohit Kumar,
Dr. Rajkumar, Amol Chandanshive, Kishor Khopade, and Dr. Tanuja Tewari,
Poonam Gupta, Manisha Singh, Suhas Parit, Maulali Shaikh, Rohan Ramekar and
Uday Paulbudhe for their valuable scientific advice and help in lab practices which
I greatly acknowledge and other lab colleagues Anirban Sen, Dr. Shailaja Jawoor, Dr.
Neha Kathewad, Dv. Palash Banerjee, Dr. Raghuvendra Rangappa, for keeping
healthy environment in the lab and for their valuable scientific discussions. A special
thanks to Tanuja, Rohit, Anirban, Rajkumar, XKishor, Moulali for their
encouragement, scientific discussions, help, and unwavering support throughout my

Ph.D.

I extend my thanks to our collaborators Dinesh Shinde, Satish Pandole and Meghna
for the suggestions with NNMR measurements and Kumar Venka, Dr. Manoj Mane
for DFT analysis and understanding. Also, A special thanks to Poorvi Purohit for the

GPC measurement and data analysis. I would also (ike to thank Mrs. B. Santhakumari,



for HRMS analysis, Dr. Sapna Ravindranathan, Dr. Ajit Kumar and Dr. Uday
Kiran for NMR facilities.

Also, I am thankful to Dr. Punji and his group members Dr. Shrikant, Dr.
Hanumanprasad, Dr. Vineeta, Dr. Ulhas, Dr. Dilip, Dv. Rahul Jagtap, Dr. Dipesh,
Dr. Sidhheshwar, Anand, Sadhana, Suryadev, Dv. Vijaykumar and Shana, for their
time and cooperation. Also, I would like to thank research trainees of the polyolefin

lab Abhijit, Yash, Shafi, Aakansha and Pradip for their cooperation.

My sincere thanks to the people in various parts of the institute, AcSIR and SAC office
staff for their cooperation. I would also (ike to acknowledge all the staff members of
X-ray single crystal analysis, NMR, Mass spectroscopy, Microanalysis, IR, Library,
Administration and technical divisions of NCL for their assistance during the course

of my work.

A special thanks goes to all my friends from CSIR-NCL for the cherished friendships
and creating wondevful atmosphere around me outside the lab. I would [ike to extend
my gratitude to all my friends who have supported me from postgraduation to my
Ph.D. Special thanks to Dr. Satish Akolkar, Dr. Vijay Sapner, Dr. Mubarak Shaikh,
Dr. Prabhakar Pawayr, Dr. Govakh Jachak, Dr. Amol Gade for their invaluable help.

Further, I would like to thank my college friends for always being there for me.

My family is always source of inspiration and great moval support for me in
perceiving my education, I am thankful to God for having me such a supportive
family. The words are insufficient to express my gratitude towards my family. I
would (ike to take this opportunity to express my gratitude to my parents, the late
Tarabai Bodkhe, and Vitthal Bodkhe for their immense love, sacrifice, blessings,
unconditional support, and encouragement. I express my deep and paramount
gratitude to my brothers Mukeshwavr Bodkhe and My sisters Pushpa, Mohini, Tanuja,
Shana who stood up behind me throughout my PA.D. career and became my strong
moral support. Without their constant support and encouragement, I could not stand
with this dissertation. I extend my deepest gratitude to my Son Ajinkya, whose
innocent laughter and pure spirit have brought immense joy, love, and comfort while
writing this thesis. I would also (ike to thank my in-laws Marotirao Nage and Lata
Nage, Avinash Nage, Gayatri Nage for her care and undevstanding. I would also like
to show my deep gratitude to my velatives The late Gulabrao Kurhade, Late Usha



Sable (Sister), Late tulasabai Shelar (Aunt) Pandhrinath Kurhade, Pooja kRurhade,
Babasaheb Sabale and Usha Sabale, babsaheb padale and nephew are Gaurav,
Prashant, Vishal, Jagdish, Krishna, Shivaraj, Rajendra, Amol and nieces Shradha,
Pranali, gwari, Babali, Rohini. Also, I would (ike to thanks my friends without there
I am nothing are Deepak Ighe, Rahul Ighe, Sagar Ighe, Vijay Sapner, Satish Akolkar,
Mubarak Shaikh, Prabhakar Pawar, Ravindra Pawar, Anil Pawar,

Above all, T owe it all to Almighty God for granting me the wisdom, health and

strength to undertake this research task and enabling me to its completion.

Dnyaneshwar....



Table of content

Chapter 1. Introduction

1.1. Introduction
1.1.1 Early years in olefin polymerization
1.2. Types of polyethylene
1.2.1. Types of high-density PE
1.2.2. Ultrahigh molecular weight polyethylene (UHMW-PE)
1.2.2.1. Definition
1.2.2.2. Characteristic Features
1.2.2.3. Applications
1.2.3. Challenges to achieve UHMWPE
1.3. New developments in UHMWPE catalyst family
1.3.1. Principles for choosing a catalyst
1.3.2. Kinetics and chain growth mechanisms
1.3.3. B-H transfer to metal center
1.3.4. B-H transfer to incoming monomer
1.3.5. Mechanisms of chain transfer to main group metal alkyls
1.3.6. Transfer free polymerization (living polymer)
1.3.7. Reaction conditions
1.4. Families of catalysts
1.5. Catalyst family and their performance
1.5.1. Mg-Ti catalysts
1.5.2. Metallocene
1.5.3. Post-metallocene
1.5.4. Bis(imino)phenoxy group 4 complexes
1.6. Structural features
1.7. Type of metal complexes
1.7.1. Effect of transition metal cation
1.7.2. Effect of ligand environment
1.7.3. Early transition metal complexes active in producing UHMWPE
1.8. Concept of entanglement and disentanglement

1.9. Characterization tools for UHMWPE

—

O© O O 0 0 0 9 9 N Y U NN

[\ I NS R i e e e e e e e T e T e T S
—_ O O O 0 O 9 N O nm kA WD = O O



1.10. Summary 22
1.11. Aim of the thesis 23
1.12. References 25

Chapter 2. Inverting the Reactivity of an Aldehyde and Amine to

Benzoxazinones: Mechanistic Understanding 28
2.1. Abstract 29
2.2. Introduction 29
2.3. Results and discussion 33
2.3.1. The Schiff-Benz reaction 33
2.3.2. Mechanistic investigations 37
2.3.3. Computational insights 39
2.4. Experimental section 41
2.4.1. General methods and material 41
2.4.2. General procedure for the synthesis of Benzoxazinones 42
2.4.3.  2-(2,6-difluorophenyl)-5-methyl-1,2-dihydro-4H-benzo[d][1,3]oxazin-4-one
(compound 14) 43
2.4.4.  5-methyl-2-(perfluorophenyl)-1,2-dihydro-4H-benzo[d] [1,3] o0xazin-4-one
(compound 15) 50
2.4.5. Tracking the progress by NMR spectroscopy 59
2.4.6. 1sotopic (*®0) labeling investigation 61
2.4.7. Tracking the reaction by UV-visible spectroscopy 64
2.4.8. Gram scale experiment 65
2.4.9. Computational details 66
2.5. Conclusions 7
2.6. References 78

Chapter 3. Ti-iminocarboxylate Catalyzed Polymerization of Ethylene to
Highly Crystalline, Disentangled, Ultrahigh Molecular Weight Polyethylene

83

3.1. Abstract 84
3.2. Introduction 84
3.3. Results and discussion 86
3.3.1. Synthesis of imine carboxylate ligand (L1) and its titanium complex 86

3.4. Ethylene polymerization 89



3.5. Highly crystalline, disentangled ultrahigh molecular weight polyethylene 94

3.6. Experimental Section 96
3.6.1. Materials and methods 96
3.6.2. Synthesis of 2-((4-methoxybenzylidene) amino) benzoic acid (L) 97
3.6.3. Synthesis of [bis-dimethylamido-Ti-(bis-iminocarboxylate)] (Cat.1) 102
3.6.4. General procedure for ethylene polymerization 107
3.7. Polymer characterization 111
3.7.1. DSC (Differential Scanning Calorimetry) 111
3.7.2. High-Temperature Gel Permeation Chromatography (HT-GPC) 119
3.7.3. High-Temperature NMR Spectroscopy 123
3.8. Determination of percentage crystallinity and disentanglement in UHMWPE 124
3.8.1. % Crystallinity 124
3.8.2. Disentanglement studies by DSC 126
3.8.3. Commercial UHMWPE studies by DSC for comparison 129
3.9. Conclusions 130
3.10. References 131

Chapter 4. Sterically Tailored Phenoxy-imine Titanium Complexes as a

Catalysts for the Preparation of Ultrahigh Molecular Weight Polyethylene

136

4.1. Abstract 137

4.2. Introduction 137

4.3. Results and discussion 139

4.3.1. Rational ligand design 139

4.3.2. Rationale for titanium complex 141

4.3.3. Synthesis of phenoxycycloalkylimine ligands and their Ti-complexes 144

4.4. Ethylene polymerization using Cat.1 — Cat.3 151
4.4.1. Disentangled ultrahigh molecular weight polyethylene with high

crystallinity (d-UHMWPE) 157

4.5. Experimental section 159

4.5.1. Materials and methods 159

4.6. Ligand synthesis 160

4.6.1. 3-(tert-butyl)-6((cyclohexylimino)methyl) phenol (L1) 160



4.6.2. 2-(tert-butyl)-6-(((2-methylcyclohexyl) imino) methyl) phenol (L2)
4.6.3. 2-(tert-butyl)-6-(((2-(tert-Butyl) cyclohexyl) imino) methyl) phenol (L3)
4.7. Titanium complex synthesis
4.7.1. [Bis-dimethylamido-Ti-(bis-[N-(3-tert-butylsalicylidene)
cyclohexylaminato])](Cat.1)
4.7.2. [Bis-dimethyl amido-Ti-(bis-[N-(3-tert-butylsalicylidene) 2-
methylcyclohexylaminato])] (Cat.2)
4.7.3. [Bis-dimethyl amido-Ti-(bis-[N-(3-tert-butylsalicylidene) 2-tert-
butylcyclohexylaminato])] (Cat.3)
4.8. X-ray photoelectron spectroscopy (XPS)
4.9. Buried volume quantification
4.10. Procedure for ethylene polymerization
4.10.1. Polymer characterization
4.10.2. DSC (Differential Scanning Calorimetry)
4.11. Determination of percentage crystallinity and disentanglement in UHMWPE
4.11.1. % Crystallinity
4.11.2. Disentanglement studies by DSC
4.12. Determination of Mw by HT-GPC
4.13. Conclusions
4.14. References

Chapter 5. Summary and Outlook

5.1. Summary
5.2. Outlook

5.3. References

Abstract
List of Publications and Patents
Curriculum Vitae

Publications Copies

165
172
181

181

187

194
199
201
202
203
203
223
223
223
225
251
252

254
255
259
262



aq
Benz.
Mv
Mn
Mw
PDI
Tm

Ti (NMe2)s
ccDC
CDCl3

cm

conv

CSD

Da
DCM
DEPT
HSQC
HMBC
DFT
DMF
DSC
Equiv
ESI-MS
EtOH
EtOACc
etc

Fig.
FTIR

gm

ABBREVIATIONS

Aqueous

Benzoxazinone

Viscosity average molecular weight
Number average molecular weight

weight average molecular weight
Polydispersity index

Melting temperature

Crystallinity
Tetrakis(dimethylamino)titanium (1V)
Cambridge Crystallographic Data Centre
Deuterated chloroform

Centimeter

Conversion

Cambridge Structural Database

Doublet

Dalton

Dichloromethane

Distortionless enhancement by polarization transfer
Heteronuclear Single Quantum Coherence
Heteronuclear Multiple Bond Correlation
Density functional theory
Dimethylformamide

Differential scanning calorimeter
Equivalent

Electro-Spray lonization Mass-Spectroscopic
Ethanol

Ethyl acetate

et cetera

Figure

Fourier-transform infrared spectroscopy

Grams



HCI
hr
Hz
LN

M*
MeOH
mg
MgSO4
MHz
min

mL
mmol
n-BuLi
Na2SO4
NEtz
NMR

RT(rt)

Rt

Rf

br

S

t

Tol.

TLC
WAXD
TOF

MAO
HT-GPC
TDMAT
TiCly
d-entangled PE
UHMWPE

Hydrochloric acid

Hour

Hertz

Liquid nitrogen

Multiplet

Molecular ion

Methanol

Milligrams

Magnesium sulfate
Megahertz

Minutes

Milliliter

Millimole

n-Butyllithium

Sodium sulfate

Triethyl amine

Nuclear Magnetic Resonance
Quartet

Room temperature

Retention time

Retention factor

Broad

Singlet

Triplet

Toluene

Thin layer chromatography
Wide-angle X-ray diffraction
Turnover frequency
Methylaluminoxane

High Temperature Gel Permeation Chromatography
Tetrakis dimethyl amido titanium precursor
Titanium tetrachloride
Disentangled Polyethylene
Ultrahigh Molecular Weight Polyethylene



¢ __SYNOPSIS_ ¢

A Catalyst Design for Preparation of
Ultrahigh Molecular Weight
Polyethylene




Synopsis of the Thesis to be submitted to the Academy of

&
Ac SYR Scientific and Innovative Research for Award of the Degree

of Doctor of Philosophy in Sciences/ Engineering

Name of the Candidate Bodkhe Dnyanehswar Vitthal

Degree Enrollment No. &Date | Ph-D- in Chemical Sciences (10CC15A26019);

Aug-2015

Laboratory CSIR-National Chemical Laboratory, Pune

Title of the Thesis A Catalyst Design for Preparation of Ultrahigh Molecular
Weight Polyethylene

Research Supervisor Dr. Samir H. Chikkali

Co-supervisor Dr. H. V. Pol

1. Introduction:

The thesis, titled “A Catalyst Design for Preparation of Ultrahigh Molecular Weight
Polyethylene” is organized into five chapters. Chapter-1 provides a literature review on
significant advancements in the area of catalyst development for the production of UHMWPE and
highlights the challenges in achieving ultrahigh molecular weight polymer (UHMWPE) synthesis.
The chapter also explores methods to specifically produce disentangled UHMWPE rather than its
entangled counterpart.!> Chapter-2 presents a surprise encountered during the synthesis of imine
carboxylate ligand backbone, leading to detailed investigations into the formation of
benzoxazinone.> Chapter-3 details the synthesis of a neutral titanium (Cat.1) complex, [bis-
dimethylamido-Ti-(bis-iminocarboxylate)]. Cat. 1 was synthesized by treating [Ti (NMez)4] with
2-((4-methoxybenzylidene) amino) benzoic acid, yielding the desired complex [bis-
dimethylamido-Ti-(bis-iminocarboxylate)]. The identity of Cat.1 was confirmed through a
combination of 1D and 2D NMR spectroscopy and mass spectrometry. Various cocatalysts were
tested for activation, among which MMAO (modified methylaluminooxane) was found to be the

most effective.* Chapter- 4 presents sterically tuned three different cyclohexylphenoxyimine

b Y- e
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ligands and their corresponding titanium complexes. These complexes were characterized using
multiple spectroscopic techniques, The steric bulk was calculated using DFT, and its effects on
ethylene polymerization were studied for the production of disentangled UHMWPE.Chapter-5

summarizes the findings and outlines potential directions for future research.

2. Methodology and Results

Chapter 2: Inverting the Reactivity of an Aldehyde and Amine to Benzoxazinones:

Mechanistic Understanding

Schiff-base reactions have long been pivotal in synthetic chemistry, enabling the construction of a
wide range of functional molecules. However, the inherent reversibility of these reactions poses
significant challenges, including low yields and poor selectivity, particularly when synthesizing
complex molecules such as benzoxazinones. Benzoxazinones are a valuable class of compounds
with applications as a prodrug in pharmaceuticals and fine chemical manufacturing. Traditional
synthetic approaches for these compounds often require harsh conditions or exhibit limited scope,
restricting their practical and industrial utility. The key challenge lies in achieving selective
suppression of Schiff-base formation while promoting alternative pathways for benzoxazinone

synthesis.

In response to these challenges, a groundbreaking synthetic strategy has been developed,
leveraging secondary interactions to regulate the reactivity of amines and aldehydes. Specifically,
the strategic placement of an ortho-substituent suppresses Schiff-base formation and enhances
benzoxazinone production. This innovative approach introduces hydrogen-bonding motifs at the

hemiaminal intermediate stage, effectively directing the condensation reaction.

Experimental evidence demonstrates the efficacy of our strategy, with reactions such as 2-amino-
6-methylbenzoic acid and benzaldehyde achieving 86% selectivity for the desired benzoxazinone.
Impressively, the reaction with pentafluoro benzaldehyde resulted in quantitative benzoxazinone
formation. The robustness of the strategy was highlighted by the synthesis of a 30-compound

library and successful gram-scale production. Remarkably, the reaction remained insensitive to
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electronic substituent effects, delivering high yields across a range of electron-donating and
electron-withdrawing substituents. Even aliphatic aldehydes like cyclohexane carboxaldehyde

achieved near-quantitative benzoxazinone yields. (Scheme 1)

O oy Cm
Path-I Path-Il
X = COOH
T CHO T OH, SO4H
. Grey . |
| OH 'fl Areas H-o !
O e
&y OO
! H H '
X Y :
T -HOH T -HOH

Fliping modus

Q operandi ©
E — H
! Classical Single step
! Imine Benzoxazinone
|

__________________________________________________________

Scheme 1: Benzoxazinone synthesis by Schiff base reaction and reactivity modulation.

The mechanistic investigations, supported by low-temperature NMR, UV—Vis spectroscopy, and
isotopic labeling, confirmed the predominance of Pathway B, with DFT calculations showing it as
the lowest energy route (20 kcal/mol lower than Pathway A and 35 kcal/mol lower than Pathway
C). These findings underscore the critical role of weak secondary interactions in enabling precise

control over reaction outcomes.

This work addresses the limitations of conventional methods by offering a scalable, selective, and

versatile approach to benzoxazinone synthesis. It sets the stage for broader applications of this

Dnyaneshwar V. Bodkhe Dr. Samir H. Chikkali Dr. H. V. Pol



strategy in pharmaceutical and fine chemical industries, transforming how Schiff-base chemistry

is applied to complex molecular architectures.

Chapter 3: Ti-iminocarboxylate Catalyzed Polymerization of Ethylene to Highly
Crystalline, Disentangled, Ultrahigh Molecular Weight Polyethylene

Disentangled ultrahigh molecular weight polyethylene (d-UHMWPE) is a niche, highly sought-
after, and emerging class of engineering polyethylene. However, the synthesis of d-UHMWPE

is uncommon and is equally challenging. Here, we report a Ti-iminocarboxylate complex that

produces d-UHMWPE under ambient polymerization conditions.

O
\ i) Toluene, 0 °C

) /
N + [Ti(NMe,) N—Tj—
2 [ 24‘ )rt, 2hrs 7 X I\¢N
OoH Nl %
‘\)
o)
L1 Me  Gat1

Scheme 2: Synthesis of amido Ti-iminocarboxylate complex Cat.1.

Treatment of tetrakis(dimethylamido-titanium) [Ti(NMez)s] with 2-((4-methoxybenzylidene)
amino) benzoic acid produced a novel titanium complex (Cat.1) [bis-dimethylamido-Ti-(bis-
iminocarboxylate)] (Scheme 2). The identity of Cat.1 was unambiguously ascertained using a
combination of 1-2D NMR spectroscopy and mass analysis. Cat.1 was activated using various
co-catalysts, and MMAO (modified methylaluminoxane) outperformed the others. Screening of
polymerization parameters suggested an Al/Ti ratio of 1000, 4 bar ethylene pressure, 35 °C
temperature, and a polymerization time of 30 minutes as the optimal condition. Under the
optimized polymerization conditions, Cat.1 polymerizes ethylene to ultrahigh molecular weight
polyethylene with a weight average molecular weight (My) of 2.5 x 10° g/mol. The thermal
behavior of the prepared material disclosed a highly crystalline [crystallinity y (DSC) 96%],
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strictly linear polyethylene. Detailed thermal analysis of the nascent polyethylene using a
specifically designed DSC method revealed the existence of a high melting peak at 139-140 °C,
which is a hallmark of disentangled UHMWPE. Thus, a homogeneous, single-site ethylene
polymerization catalyst has been developed, which upon activation with MMAO produced

highly crystalline &-UHMWPE.

Chapter 4: Sterically Tailored Phenoxy-imine Titanium Complexes as a Catalyst
for the Preparation of Ultrahigh Molecular Weight Polyethylene

Ultrahigh molecular weight polyethylene (UHMWPE) is a highly desirable material due to its
exceptional properties, including high molecular weight, excellent mechanical strength, and
chemical resistance. These attributes make it invaluable for applications in industries ranging from
medical devices to engineering materials. However, the synthesis of UHMWPE demands precise
control over the polymerization process to achieve the desired molecular weight and polymer
architecture. Despite advances in catalyst design, significant challenges remain in controlling key

mechanistic aspects of ethylene polymerization.

One critical challenge is 8-hydride transfer, a process that prematurely terminates polymer chain
growth by transferring a 8-hydrogen from the polymer chain back to the metal center. This
undesirable reaction pathway limits the molecular weight of the polymer, making it difficult to
achieve UHMWPE. Addressing 8-hydride transfer requires catalysts that not only exhibit high
activity and stability but also effectively suppress this transfer mechanism while maintaining

efficient chain propagation.

In this study, a series of phenyl cyclohexylimine titanium complexes (Scheme 3) were synthesized
and evaluated for their ability to polymerize ethylene into UHMWPE. By strategically introducing
steric bulk around the active site, the complexes aimed to modulate catalytic activity and molecular
weight minimized B-hydride elimination. However, excessive steric congestion, as observed in the
case of catalyst C3, hindered monomer access and reduced activity, emphasizing the delicate

balance required for optimal catalyst design.
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Using methyl aluminoxane (MMAO) as the cocatalyst, reaction parameters e optimized
polymerization conditions, including an Al/Ti ratio of 2000, 2 bar ethylene pressure, 40 °C
temperature, and a polymerization period of 10 minutes. Under these conditions, C2 (catalyst 2)
demonstrated exceptional performance, producing disentangled UHMWPE with a weight average
molecular weight (Myw) of 2.75 x 10° g/mol. The resultant polymer exhibited high crystallinity
(95%) and a melting peak at 140—143 °C, reflecting the suppression of B-hydride transfer and

successful chain propagation.

~N

OH

tBu

Scheme 3: Structure of phenoxy imine ligands and their Ti-phenoxycycloalkylimine complexes

C1-C3.

3. Conclusions and outlook

This study presents a dual approach to the synthesis of benzoxazinones and UHMWPE using novel
synthetic strategies and catalysts. The first part of the research focuses on regulating the reactivity

of amines and aldehydes through secondary interactions by introducing ortho-substituents. This
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strategy effectively suppresses Schiff base formation while enhancing the production of
benzoxazinones, a class of prodrugs. Mechanistic insights, supported by computational modeling,
show that the ortho-substituent facilitates hydrogen bonding during the hemiaminal stage, guiding
the reaction along a low-energy pathway. This method demonstrated broad substrate scope, high
selectivity, and scalability, with reactions showing insensitivity to electronic effects. The approach
offers a sustainable and scalable method for synthesizing benzoxazinones, with significant
potential in pharmaceutical and fine chemical applications. In the second part, a titanium-based
catalyst, [bis-dimethylamido-Ti-(bis-iminocarboxylate)] complex (Cat.1), was synthesized and
evaluated for ethylene polymerization, producing Ultra High Molecular Weight Polyethylene
(UHMWPE). Under optimized conditions and MMAO activation, Cat.1 produced UHMWPE
with a molecular weight of 2.5 million g/mol and 96% crystallinity. Advanced DSC analysis
showed the formation of disentangled UHMWPE (d-UHMWPE), confirming the catalyst's
effectiveness. Furthermore, the study explored the role of steric bulk in enhancing catalytic
performance, achieving high activity and UHMWPE production with a molecular weight of 2.75
x 10° g/mol, high crystallinity (95%), and a melting peak at 140—143 °C. These findings contribute
to efficient catalyst design and offer a scalable route for UHMWPE synthesis.

Further modifications to the titanium catalyst could lead to improved catalytic activity, high
polymerization rates with potentially lower operational costs. The results presented in this Thesis
suggest that there is enough room for rational catalyst design and UHMWPE production using
these catalysts. Additionally, scaling up the process for industrial applications remains a key focus,
with efforts aimed at maximizing polymer quality and consistency while minimizing
environmental impact. The focus of this Thesis was only titanium, Zr and Hf could be equally
effective in producing d-UHMWPE. Therefore, a future direction could be replacing titanium in
Cat.1, C1-C3 with Zr and Hf, and examining the performance of the resultant zirconium and
hafnium in the production of d-UHMWPE. The findings offer a solid foundation for the
development of highly efficient, scalable methods for UHMWPE production, with applications in

diverse industrial fields.’
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1.1. Introduction

1.1.1. Early years in olefin polymerization

Olefin polymerization is known for several decades. The different types of polymers, polyethylene
(PE) and polypropylene (PP) are two of the most commonly used ones worldwide.! These versatile
materials have revolutionized various industrial sectors, including packaging, automotive,
construction, and textiles. Polyethylene and polypropylene offer exceptional properties and
therefore are widely used.? These polymers possess a unique combination of strength, flexibility,
chemical resistance, and thermal stability, making them ideal for a wide range of applications.
Their low cost, lightweight, and ease of processing further contribute to their popularity.
Polyethylene is widely used for packaging materials, including plastic bags, films, and bottles. It
is also employed in the manufacturing of pipes, wire insulation, and automotive components.
Polypropylene, on the other hand, finds applications in food packaging, textiles, medical devices,
and automotive parts. The demand for these polymers continues to grow as industries seek

lightweight, durable, and
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Figure 1.1: Significant advancements in the development of polyolefins.

sustainable materials. The global production of polyolefins is close to 200 million tons per annum

and it is bound to increase in the near future.*

Moving back in time, we may follow the history of the synthesis of polyethylene and

polypropylene, which has an intriguing tale before we take the stock of the most recent
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advancements in olefin polymerization. Around the end of the 19'" century, for the first time, traces
of polyethylene were observed during a thermal decomposition reaction of diazomethane, which
was named “polymethylene”. During that period, the field of polymer science was underdeveloped
and was not accepted by the community. German chemist Hermann Staudinger proposed that
polymers consist of long chains, connected through covalent bonds. This theory was initially met
with skepticism, but it was eventually widely accepted and laid the foundation of rational polymer
science. In 1933, Fawcett and Gibson at the Imperial Chemical Industry (ICI) found a white
powdery material on the reactor wall while performing a high-pressure condensation reaction of
ethylene and benzaldehyde (Figure 1.1). When they were repeating the experiment without
benzaldehyde, the reactor exploded and the project was halted. It took a couple of years to
understand this and develop radical polymerization of ethylene to polyethylene. The ICI process
operates at high pressure (1000-4000 bars) and high temperature (200-300 °C). After this
discovery, several academic groups-initiated research programs on ethylene polymerization to

make polyethylene.

The major breakthroughs were reported in the early 1950s. The first one was by Hogan and
Banks at the Phillips Petroleum Company who reported low molecular weight oligomer from
gaseous olefin using nickel oxide supported by alumina or silica.? In 1951, when researching how
supported nickel and chromium oxides affect silica or alumina, they found solid HDPE in their
reactor.! In the 1950s, Ziegler, at the Max Planck Institute in Miilheim, Germany, made a
significant breakthrough in ethylene polymerization. Before embarking on the journey of
polyethylene, he was investigating the reactivity of alkyl lithium/alkyl aluminum compounds with
ethylene. These organometallic reagents formed the foundation for his development of the
"Aufbaureaktion," a process enabling the synthesis of 1-olefins, aliphatic alcohols (known as alfol
synthesis), and high-purity alumina through the oxidation of alkyl aluminum compounds. By a
stroke of luck, Ziegler discovered that the presence of nickel had a profound effect on the
"Autbaureaktion" by favoring chain termination, resulting in I-butene production. This
Unexpected occurrence, known as "the nickel effect," was attributed due to the autoclave's nickel
content resulting from before hydrogenation reactions. In the 1950s, Professor Karl Ziegler's
pioneering work laid the foundation for the revolutionary field of metal-catalyzed olefin

polymerization. Ziegler's students embarked on extensive metal screening experiments,
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investigating the interplay of different metal precursors with alkyl aluminum compounds. By 1953,
Ziegler's team explored combinations of triethyl aluminum with diverse transition metal
compounds such as chromium, vanadium, manganese, and platinum. A breakthrough emerged
when zirconium acetylacetonate paired with triethyl aluminum yielded an impressive conversion
rate of over 90% for introduced ethylene. This success led to the birth of a the patented "Miilheim
Atmospheric Process," renowned for its operation at lower temperatures and ethylene pressures
below 55 bars. The collaborative efforts of Ziegler and the Italian chemist Professor Giulio Natta
reached a pinnacle in March 1954 with propylene's stereospecific polymerization. Employing a
catalyst of Ziegler comprising titanium trichloride and triethyl aluminum, their groundbreaking
achievement earned them the Nobel Prize in Chemistry in 1963. The impact of Ziegler and Natta's
discovery reverberated across olefin polymerization, ushering in subsequent catalyst developments
like metallocene’s, methylaluminoxane (MAOQO), and post-metallocene’s. Despite the longevity and
extensive use of the Ziegler-Natta catalytic process, its ability to create specialty materials through
parameter manipulation continues to inspire both academic and industrial research. Generations of
Ziegler-Natta catalysts have evolved, initially focusing on hypercognizing the process, resulting
in supported Ziegler-Natta catalysts. Overcoming the limitations of heterogeneity, the shift towards
homogeneous catalysts was catalyzed by Cossee and Arlman's monometallic mechanism proposal
in 1964, which is now widely accepted. The advent of MAO marked a turning point in
homogeneous olefin polymerization catalysts, introducing novel polyolefin materials. This
breakthrough set the stage for homogenous catalysis in stereoregular olefin polymerization, with
subsequent developments including metallocene’s, post-metallocene’s, and other catalysts finding

niche markets for specialty applications.*

Ultimately, the manipulation of ethylene, propylene, and higher a-olefins within polyolefin
chains empowers the tailoring of diverse physical and chemical properties, resulting in a vast array
of polymers. Seven decades after its inception, the field of olefin polymerization remains dynamic,
with the demand for polyolefins continuing to influence and shape our daily lives. One of the most
popular synthetic polymers among the different classes of polyolefins is polyethylene (PE), which
has the simplest repeating unit of methylene (-CH2-). PE’s long-term demand (high density, Linear
low-density and low-density polyethylenes (LLDPE and LDPE) were projected to reach a

production volume of 99.6 million metric tons by 2018, valued at $164 billion.> A small portion
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of this requirement will be met by the high-pressure radical polymerization method but majority
of it will be produced by metal catalyzed coordination polymerization route. In 1950s, Karl Ziegler
discovered catalytic pathway to produce PE at low pressure and temperature. In this process,
catalyst determines how monomer will be inserted in a polymer chain and thus effectively defines
micro-structural properties of formed polymer. Based on density, branching content, cross linking

and molecular weight, PE can be classified into several categories.®

1.2 Types of polyethylene
Table 1. There are three types of polyethene
Polyethylene Density (g/cm?3)
PE with a low density (LDPE) 0.910-0.940
Linear low-density PE (LLDPE) 0.910-0.920
High density PE (HDPE) 0.941-0.967

1.2.1 Types of high-density PE
A polymer whose density 0.941-0.967 is known as high density polyethylene, or HDPE. An

extremely high strength to density ratio characterizes this thermoplastic. With a wide range of uses,
including storage bottles and pipes, HDPE is a particularly adaptable plastic. High density
polyethylene has an elevated melting point when compared to other polymers.

Table 2. The classification of linear PE Classification based on density, molecular weight, and melt flow

index (MFTI) is outlined as follows:

MFI (g/10 min) (190 Melting

Density Molecular Weight
Polyethylene °C/2.16 kg ASTM Temperature (Tn)
(g/cm?) (Mw) (x 10° g/mol)
D1238) ©0O)

HDPE 0.94-0.97 0.1-100 0.1-0.5 125-135

HMW HDPE 0.94-0.97 0.01-0.1; 2-14 (HLMI)* 0.2-1.0 130-135

UHMW PE = 0.94-0.97 Lack of Flow > 32 135-148

Notes:
P HLMI: High Load Melt Index. 2 Molecular weight exceeds 3 x 10¢ g/mol.

The linear polymer known as high molecular weight high-density polyethylene (HMW HDPE)
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has an average molecular weight between 0.2 and 1.0 million g/mol, either as a homopolymer or
copolymer. To improve processability during melting, these polymers are often engineered with a
broad or bimodal molecular weight distribution. HMW HDPE is known for its excellent
mechanical properties, including high rigidity, outstanding abrasion resistance, and strong
chemical durability. It is commonly processed through methods such as injection molding, blow

molding, film extrusion, and pipe extrusion.’

1.2.2. Ultrahigh molecular weight polyethylene (UHMW-PE)

1.2.2.1 Definition

A linear polyethylene with an average molecular weight (Mv) greater than 3 million g/mol is
referred to as ultra-high molecular weight polyethylene (UHMWPE) in accordance with ASTM
specifications.® In contrast to ordinary HDPE, which is several orders of magnitude longer at 700
to 1800 monomer units, PE chains are usually 100,000 to 250,000 units long. At temperatures
about 130 °C, they are soluble in solvents with a high boiling point. As a result, techniques for
high temperature polymer characterization must be used, such as high temperature GPC and
diluted solution viscosity. Due to the UHMWPE's exceptionally high melt viscosity, measuring the
melt flow is challenging. Additionally, UHMWPE cannot be processed using traditional methods
that are utilized for HDPE.

Ultrahigh molecular weight polymers are often chosen for demanding applications due to the
unique properties imparted by their high molecular weight, including high resistance to corrosive
chemicals, good impact strength, and biocompatibility. In addition to heart valves, bulletproof
armor, gear, UHMWPE fibers are utilized to make advanced medical devices such as implants for
the hip, knee, and spine. Demand for some resources has increased recently.®

Other classes of PE typically display branched and linear chain architectures and serve wide array
of uses in rigid food containers, hoses and tubing, Industrial packaging films, food packaging
films, garbage bags, plastic bags, pipes, wire and cable coatings and coverings, storage containers,
and several other consumer goods. However, these classes fail to deliver properties where high
impact strength, high abrasion resistivity, low coefficient of friction is required. To meet these
demands ultrahigh molecular weight polyethylene (UHMW-PE) was introduced, which attracted

significant attention due to its unmatchable physical and mechanical properties. Notably,
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UHMWPE has higher ultimate strength, impact strength, greater abrasion and wear resistance than

any other known PE grades.°
1.2.2.2 Characteristic features

With a molecular mass typically ranging from 1 to 6 million g/mol, UHMWPE is made up of
incredibly long chains that strengthen intermolecular connections through Van der Waals bonds,
also known as "entanglement," to better transfer load to the polymer backbone. As a result, the
material becomes extremely durable and outperforms all other thermoplastics in terms of impact
strength. UHMW-PE is harmless, tasteless, and odorless. It is very resistant to corrosive chemicals,
except for oxidizing acids. It absorbs very little moisture & its coefficient of friction is quite low.
It is highly resistant to abrasion. and is self-lubricating; in certain forms, it is 15 times more
resistant than carbon steel. The unique feature such as light weight, chemical internes, impact
resistance, biocompatibility associated with UHMWPE makes it a special polymer that can serve

demanding applications.
1.2.2.3 Applications

UHMW-PE fibres are utilised in armour, specifically in vehicle armour and personal armour. It is
being used in the manufacturing of high-performance sails, climbing gear, cut-resistant gloves,

bow strings and suspension lines on

Gears cut-resistant gloves

hip, knee joint Bulletproof vest

Figure 1.2: Applications of UHMWPE.

sport parachutes and gliders, clothing in yachting, aircraft to name a few.
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In ice rinks where typical ice creation and maintenance are impractical due to ambient temperatures
or energy expenditures, UHMWPE sheet is also utilized as synthetic ice. The material is ideal for
this use because of its resilience to abrasion and cutting. Since the 1980s, UHMW-PE has been
used as a biomaterial for hip joint, knee joint, and implants of spine. Additionally, UHMW-PE is
utilized in the manufacturing of fluid seals and bearings. For medium-sized machinery tasks, it
performs well in unlubricated, lube, water, and pneumatic approach. Although it is more

appropriate for soft mating surfaces, it has good abrasion resistance.

With ever growing applications, UHMW-PE is finding more takers and the market is bound to
grow. 2 This has been evident from a patent search that revealed More than 300 patents have been

granted to various businesses in the recent past.!!
1.2.3 Challenges to achieve UHMWPE

The synthesis of UHMWPE is not straightforward and requires careful catalyst design. The
equilibrium of three essential rates determines the polymer's molecular weight: The propagation
rate (kp), the rate of transfer (k«), and the rate of termination (k;). The synthesis of UHMWPE
requires that the propagation rate is much higher than the termination and transfer rates.

To achieve this balance, a suitable catalyst must be designed that consists of an appropriate metal
cation and ligand framework. The metal center should be highly acidic or oxophilic, allowing the
chain to grow faster. At the same time, the ligand should force the B-H out of the metal-plan and
suppress the rates of transfer and termination.

The synthesis of UHMWPE requires a carefully designed catalyst that balances the rate of
propagation, transfer, and termination. The catalyst should have an acidic metal canter and a ligand
that suppresses the latter two rates. The correct choice of reaction parameters also plays a crucial

role in synthesizing UHMWPE with the desired molecular weight and physical properties.*?

1.3 New developments in UHMWPE catalyst family

1.3.1 Principles for choosing a catalyst
It is quite difficult and definitely not simple to repeatedly insert ethylene into a polyethylene
molecule to produce one with such a large molecular weight. Simply expressed, in order to

generate extraordinarily large molecular weight, either the rate of propagation (kp) must be

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 8



Chapter 1

increased, transfer rate (ki) must be decreased, or both must occur. To achieve this, one or more of
the following concepts should be used in the design of catalysts; a) high electrophilicity should be
present in the metal center, b) The division of the slowest possible pace should be used for the
transfer to an activator or B-hydride, aluminum, or comonomer. c¢) The proper ratio of steric and
electronic effects at the catalytic centre must be provided by the ligands around the metal in order
to maximize the insertion rate and decrease the transfer rate. d) The maximum Mw that can be
reached with a particular catalyst depend on several factors, including the catalyst, the activator,
and reaction parameters like temperature and monomer concentration. Therefore, when aiming for
UHMWPE synthesis, reaction conditions should be considered.

1.3.2 Kinetics and chain growth mechanisms

The efficiency of an ethylene insertion reaction to produce ultrahigh molecular weight
polyethylene depends on the relative rates of chain propagation and chain transfer. The following
are the main chain scission processes that are typically seen in ethylene insertion reactions.

1.3.3 B-H transfer to metal center

When the metal centre abstracts an H-atom from the growing polymer chain's B-C to create an M-
H bond (M-transition metal), a polymer that has a vinyl terminated chain end is created (Scheme
1.1). Testing examination revealed that metal hydrides and olefins are produced by the efficient -
hydride transfer facilitated by post-metallocene-based catalysts, cationic group 4 metallocene

alkyl, and group 3 metallocene alkyl. The method by which B-H is transferred to metal is

unimolecular.
r M
H p e
PR B-H
LM\2<NIe ——>  ML-H + /J\p
I-\; H transfer .
Chain-end

a-Hydrogens
——  LM—"P

Chain-start

Scheme 1.1: B-H transfer to the metal center.
1.3.4. B-H transfer to incoming monomer
This bimolecular reaction follows the insertion of the olefin. And the primary chain termination

method for olefin polymerization supported by group 4 metal catalysts is B-Hydrogen transfer
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(BHT) to monomer (Scheme 1.2). Regarding the monomer concentration, this process adheres to

first-order kinetics.

- Me
S, B-H LM~ + )\p
LM ) . HP Chain-end
H“) ("P Transfer N
H Me

p

Chain-start

Scheme 1.2: B-H transfer to the monomer.

1.3.5. Mechanisms of chain transfer to main group metal alkyls

Homogenous olefin polymerization depends heavily on chain transfer between alkyls in the main
group and transition element complexes (Scheme 1.3). Cocatalysts like TMA or MAO are good
examples of how to adjust Mw and end groups of polymers. More crucially, transfer of chain
presents the opportunity to enhance the chains number formed by each catalytic site in live
coordination polymerization. This is used in the quick and reversible chain transfer to chain
transfer agent (CTCTA) process used in coordinative chain transfer polymerization (CCTP), which
involves main group metal alkyls such AIR3, ZnR», and MgR. Extremely narrow molecular weight
distributions result from the requirement that CTCTA be performed considerably more quickly

than monomer insertion under CCTP circumstances.

H
Me_ Me  Chain Me

LM p LA MLMe | Al P

S transfer Me H

Hy pH Me

o \)\

LM p
Chain-start

Scheme 1.3: Chain transfer to the aluminum in polymerization.
1.3.6. Transfer free polymerization (living polymer)
When there is little to no transfer reaction during an ethylene insertion reaction, it is referred as
transfer free polymerization. In theory, this technique can produce large molecular weight

polymers because the polymer chain continues to develop until the monomer is exhausted. "Living
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Polymerization" is another name for this kind of transfer-free polymerization. One metal complex
is bonded to one polymer chain end during live polymerization, making the reaction stoichiometric
with regard to the metal. The literature has sufficiently covered this subject.

A novel mechanism of coordinated catalytic chain transfer polymerization (CCTP) has been
presented in order to get beyond the restriction of stoichiometric catalyst need while still allowing
transfer free polymerization, an ordinary live coordination chain transfer polymerization process.
Reversible trans-metalation between an active transition metal alkyl species (Mx) that drives chain
growth and a stand-in main group metal alkyl species (M) is known as CCTP. By allowing for the
synthesis of more polymer chains per active center, the technique overcomes the crucial constraint
of living polymerization, "one polymer chain per active center." Although the basic idea seems
very simple, large molecular weight polymers require careful balancing of the transition metal

precatalyst, activator, and main group metal alkyl species.’

[Mx]"-R, + eMz(Ry), [Mx]"-Rb + eMz(Ra)(Rb)
active surrogate active surrogate
=z
Z

Scheme 1.4: Coordinative chain transfer polymerization mechanism (Mx: Active transition metal
propagating center; Mz: Inactive main group metal alkyl (polymeryl) species; Ra and Rb: polymeric groups
of chain lengths a and b.

1.3.7. Reaction conditions

The rate of ethylene insertion and competing transfer processes are strongly influenced by the
reaction circumstances. The amount of ethylene that dissolves in a diluent depends on the reaction
temperature. The solubility of ethylene drops above a specific temperature, resulting in a reduced
kp. In general, chain transfer reactions have larger activation energies than insertion reactions, and
as the temperature rises, the proportional rate of propagation to transfer decreases.'® The pace of
the transfer process slows down and the molecular weight grows. At longer reaction times, a
noticeable broadening of the molecular weight distribution has been seen. Increasing ethylene
pressure is generally reported to increase the rate of insertion due to higher monomer

concentration. The type of diluent has a variety of effects on the polymerization reaction. Metal
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catalyst and monomer solubility depend on the kind of solution. Increasing ethylene pressure is
generally reported to increase the rate of insertion due to higher monomer concentration. The type
of diluent has a variety of effects on the polymerization reaction. Metal catalyst and monomer
solubility depend on the kind of solution. The active center of metallocene complexes is cationic
in nature. Therefore, solvation and ion-pair separation will be significantly impacted by the
solvent's polarity. One of the important aspects that has a significant impact on both k;, and ki is
the nature of the co-catalyst or activator. For the production of high molecular weight polyethylene,
organo aluminums are frequently utilized as an activator with Mg-Ti type catalysts. Methyl
aluminoxane is used as an activator with complexes of the metallocene class. During the ethylene
insertion and polymerization processes, both types of organoaluminium activators take part in
chain transfer reactions. It is also possible to use non-nucleophilic activators with metallocene type
complexes. The most popular activators are from tris-pentafluoro phenyl boranes. Chain transfer

reactions to the activator are reduced, which is a benefit of boron activators.'*

1.4. Families of catalysts
Three different groups of catalysts are primarily used in gas phase or slurry procedures to make
UHMWPE.

1) Mg-Ti heterogeneous catalysts.

2) Supported or homogeneous metallocene complexes.

3) Phenoxy-imine (FI) or other post metallocene that are homogeneous or heterogeneous.
In this class the typical composition of catalyst is TiCls epitaxially adsorbed on anhydrous MgCl.
supports and activated with aluminum alkyls. The Chain transfer to aluminum and monomer
happens when the polymerization temperature is over 60 °C. However, with the right
modifications, a Mg-Ti catalyst system can produce UHMWPE with a molecular weight (Mw)
that is nearly 10 million g/mol. Because of the closeness of the active sites in the supported Mg-Ti
catalysts, the polymer chains grow close to one another. Furthermore, heterogeneous catalysts have
many active sites with various reactivities that result in the production of polymers with a wide
range of molecular weights. The closeness of developing chains in these systems enhances the
likelihood of chain entanglement, and the high polymerization temperature used in them decreases
the crystallization rate. Using standard melt processing methods, it is challenging to process an
entangled UHMWPE. Furthermore, flaws at the grain boundary are produced during processing

of entangled UHMWPE. In items like knee-joint prostheses, the presence of such grain boundaries
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between particles of several nanometer size creates weak areas that cannot bear mechanical force.
Homogeneous catalytic systems have received a great deal of attention for olefin polymerization
during the past 25 years. They include catalysts from group 4 metallocene di-Cp and early
transition metals with bidentate ligands, primarily bis (phenoxy imine).'® Due to advantageous f-
agnostic interactions, Group 4 zirconium based metallocene complexes have a greater tendency to
B-hydrogen transfer reaction. Therefore, it is challenging to produce PE utilizing such catalyst
complexes with a weight average molecular weight >10° g/mol. However, there are known
exceptions, and under certain polymerization conditions, a few metallocene complexes are known
to form PE with a Mw > 10° g/mol. Due to the more open ligand framework of group 4 transition
metal catalysts, mono-cyclopentadienyl complexes of these metals favors f -hydrogen transfer
reactions and typically do not result in high molecular weight PE. Under particular reaction
circumstances, bis-phenoxy imine group 4 metal complexes show the traits of transfer free
polymerization. As a result, these catalysts may produce PEs with unusually high molecular

weight 1617

i
Post- metallocene L . Metallocene

Sv

Figure 1.3: Types of homogeneous and heterogeneous catalysts often used in UHMWPE production.

1.5. Catalyst families and their performance

Based on the nature of catalysts used in coordination polymerization, catalysts have been

divided in to two groups: (i) heterogeneous, (ii) homogeneous. In the heterogeneous systems the
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catalyst is supported on various supports such as silica or magnesium dichloride which makes it
insoluble in the polymerization medium, while for homogeneous systems, the catalyst is soluble

in the polymerization medium.

1.5.1. Mg-Ti catalysts

Heterogeneous catalyst family is mostly based on titanium complexes supported on
suitable support (SiO2, MgCl,). Back in 1960’s, development of MgClz-supported titanium
catalysts showed high efficiency towards ethylene polymerization and generated significant
interest in polyolefin industry. Despite of its high activity for ethylene polymerization at
commercial level, rational design of a well-defined catalyst for polyolefin was largely missing.
Kinetic experiment indicate that MgCl. acts as a support, it could increase concentration of active
species and function as an activator, and thus enhancing propagation rate.'® These catalytic systems
operate at polymerization temperature in between 60-100 °C, which leads to increased Kp.
However, at this temperature, rates associated with transfer reaction become more accessible and
thus reduce selectivity towards chain growth mechanism. Only in handful articles high selectivity
towards kp over ky, and PE with molecular weight in the order of 1-10 million g/mol has been
reported. Careful selection of concentration of catalyst, choice of co-catalyst, mole ratio of
catalyst/co-catalyst components, additives (internal and external donors) coupled with controlled
reaction parameter (reaction temperature and monomer pressure) is crucial to produce UHMWPE.

Striking features of such catalytic systems are, the Mg-Ti systems produce PE particles
with controlled morphology, high bulk density, show less reactor fouling and reveal uniform
particle size distribution. Major drawbacks associated with these systems are; 1) Multiple active
sites that leads to a broad molecular weight distribution (MWD), 2) presence of vinyl end groups
in polymer chain, and 3) increased chain entanglement density (imposes difficulty in processing).
Therefore, nature of the catalytic system greatly influences polymer morphology, final structure,
processibility properties of the polymer.® Recent advances in catalyst design have significantly
improved the control over ethylene polymerization, enabling the synthesis of ultrahigh molecular
weight polyethylene with tailored properties.?°,?,?

Unlike heterogeneous catalyst, homogeneous catalyst can offer an opportunity to
tailor catalytic sites at molecular level. In this regard, a family of single site catalyst called
metallocene and post-metallocene were introduced. These systems possess well defined catalytic
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sites homogenized in reaction media, and are capable of producing polyolefin with narrow
molecular weight distribution.
1.5.2. Metallocene
Metallocene’s are organometallic coordination compounds in which a transition metal is
Sandwiched to and only to the face of two cyclopentadienyl ligands. These were discovered in
1952 by Fischer, which were soluble in organic solvent and were initially used to investigate the
mechanism of Ziegler polymerization in presence of co-catalyst. Discovery of methyl aluminoxane
(MAO) in 1980’s by Sinn and Kaminsky revolutionized the field of metallocene catalyzed olefin
polymerization. This catalytic system displayed outstanding catalytic activity which was found to
be about 10000 times more active than the classical Mg-Ti system. This initial discovery paved
the way for subsequent developments and performance of metallocene catalyst in olefin
polymerization was reported. Structurally, metallocene consists of two five membered aromatic
ring that can be connected by a bridging unit (ansa metallocene complexes) or without bridging
group. The two aromatic ligands can be of the same type or different, i.e., cyclopentadienyl,
indenyl, or fluorenyl. By now, the effect of substitution on certain positions of the two aromatic
ligands and/or the bridge on polymerization rate and stereo- and regio- selectivity of a-olefins is
well established. Though, these catalysts family are known to undergo frequent transfer reaction
(making them inaccessible for achieving molecular weight >10° gmolt), few metallocene catalysts
are capable of producing polyethylene with a molecular mass >10° gmol™.
It is most likely that structures with large steric bulk, effectively block the transfer or/and
termination through B-H elimination reaction and thus, yield high molecular weight polymers.
Another crucial parameter was found to be temperature. Temperature played an important role in
slowing down the possible reaction pathway responsible for transfer or/and termination. It is
believed that polymerization at higher temperature leads to increased transfer or/and termination
reactions and reduces ethylene selectivity towards insertion.?® Through strategic modifications in
the ligand framework, metallocene catalysts can achieve ultrahigh molecular weight polyethylene
synthesis with precise control over molecular architecture and properties.?*,2°

In fact, metallocene catalyst provided an opportunity to systematically investigate the
relationship between metallocene structure, polymerization mechanism and polymer properties.
This rational understanding led to the development of ansa-metallocenes for stereo-selective

polymerization of propylene. The unique features of metallocene’s led to widespread patenting
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and consequent patent infringements and litigations, which actually slowed down the pace of
commercialization of metallocene grade polyolefins. At present metallocene technology is being
practiced on industrial scale and the contribution of metallocene grade polyolefins is limited to
only 5-8 % of the total polyolefin market.

1.5.3. Post-metallocene

Progressive research in olefin polymerization continued past metallocene’s and gave rise to new
family of catalyst called as post-metallocene. These newly designed catalytic families generated
substantial interest as they offered an excellent opportunity, to improve and control resultant
polymer properties, to explore new monomer combinations which were inaccessible by
metallocene catalyst. Post-metallocene’s comprise of many metal complexes with early as well as
late transition metals with diversified ligand frameworks. However, for present study, we
considered early transition metal olefin polymerization catalysts as they furnish linear high
molecular weight PE, whereas late metal catalysts based on nickel or palladium typically give rise
to low molecular weight polymers with branched structures due to chain walking mechanism.

In early transition metal complexes, family of catalysts developed by Fujita and his group at Mitsui
chemicals Japan, created significant interest, as these metal complexes provide better control over
propagation and transfer/termination rates. This catalyst family consists of non-symmetric
bidentate ligand framework and they are phenoxy—imine, pyrrolide—imine, indolide—imine,
phenoxy—pyridine, phenoxy—ether, or imine—pyridine chelate ligands.?5,2" 28 29

1.5.4. Bis(imino)phenoxy group 4 complexes

Based on the concept of “ligand-oriented catalyst design”, Fujita and co-workers introduced a
family of catalysts called phenoxy-imine systems (Figure 1.4). A systematic investigation was
under taken to pin point the effect of structural changes in the phenoxy-imine catalyst on the
polymer properties and elaborate literature is now available. Rational understanding followed and

structural tuning led to the development of a versatile class for olefin polymerization catalysts.
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Figure 1.4: Bis(phenoxy) imine group 4 metal complexes.

1.6. Structural features

Bis (phenoxy- imine) group 4 metal complexes adopt a distorted Octahedral geometry around the
metal centre with two chelating ligands having two imine nitrogen’s, two phenolic oxygens, and
two non-spectator ligands. Notably, this type of catalyst is reported to exhibit five possible
structural isomers (Figure 1.5) that are in dynamic equilibrium, which are distinguishable based

on the nature of bonding in the axial and equatorial position.
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Figure 1.5: Five possible isomers for bis(phenoxy-imine) group 4 metal complexes.
All five isomers are in dynamic equilibrium in solution state hence, it is difficult to identify a
specific isomer responsible for ethylene polymerization. Out of these five isomers three isomers
(A-C) are considered to be active in olefin polymerization because of cis arrangement of two
chloride atoms (Figure 1.4) (Considered as potential site for polymerization). Out of these three
isomers, isomer A and B is defined by their arrangement of imine nitrogen and phenolic oxygen
atoms either in cis- or trans- position. Whereas, isomer C is characterized by its cis- arrangement

with regards to imine nitrogen, phenolic oxygen atoms and non-spectator ligands. All these
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isomers are in dynamic equilibrium with each other and their presence in the solution has been
verified by spectroscopy and X-ray analysis. Thus, presence of these isomers in phenoxy-imine
catalysts becomes an important feature in understanding their performance in polymerization. It is
suggested that isomerization (fluxional behavior) occurs via metal imine nitrogen bond
dissociation because of labile nature of the imine-nitrogen. Hence, substitution pattern on imine
nitrogen and reaction temperature greatly influences liability of imine nitrogen. At time of
isomerisation, catalyst conformation changes where one of the metal nitrogen coordinate bonds is
released after which rotation of the ligand occurs. This free rotation can generate a situation where
all nitrogen’s, oxygens and non-spectator ligands are arranged in ciscis isomer with respect to each
other (Figure 1.6). Existence of such fluxionality in solution renders the possibility of differential
kinetics of polymerization and creates ambiguity regarding the nature of active site in chain growth

polymerization.
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Figure 1.6: The three isomers of phenoxy-imine system in olefin polymerization.
The bis(phenoxy)imine group 4 metal complexes with specific substitution have shown
immense potential to yield ultrahigh molecular weight polyethylene under suitable reaction
conditions. Thus, a comprehensive picture of how substitution in metal complexes and reaction

parameters influence chain growth mechanism will be presented in the following sections.®

1.7. Type of metal complexes

The mechanism by which ethylene is polymerized will ultimately determine the microstructure
and therefore the properties of the resultant PE. An early transition metal complex (due to higher
Lewis’s acidity) has higher propensity towards C-C bond formation as compared to late transition

metal complexes.
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1.7.1. Effect of transition metal cation

Because of higher Lewis’s acidity, early transition metal complexes show higher activity in chain
growth polymerization. In addition to this, size of metal cations has significant impact on the
generated polymer's molecular weight. From first row to second row, ionic radii increase of (Ti*"
(0.68 A) & 0.86 A for Zr*"). Although the two complexes have the same structures, a larger
zirconium congener has less shielding and more sterically exposed space than a titanium congener.
As a result, B-hydride transfer is easily experienced by zirconium. It is believed to be one of the
primary causes of the decline in molecular weight.> According to previous research, altering the
transition metal causes a polyethylene's molecular weight to rise in the following order: Ti > Zr.*>
4 Because of the thermodynamically stronger Hf-C bonds, the majority of hafnium complexes

produce polymers with larger molecular weights than their comparable zirconium complexes.*?

1.7.2. Effect of ligand environment

Suitable ligand backbone with the proper ratio of steric and electronic characteristics is extremely
crucial and can greatly influence kp/ky ratio. It was found that the phenoxy group raised the MW
of generated PE in ortho to an increase in steric bulk. Even in the instance of zirconium, increasing
the steric crowding on the imine phenyl ring further was beneficial. The interaction between [3-
hydrogen and the metal centre is probably significantly inhibited by steric crowding surrounding
the metal centre, leading to an increase in MW. The electronic environment around the metal can
either reduce the electrophilic character of the metal or increase the electrophilicity. It has been
noted that higher MW is the result of greater metal centre electrophilicity. However, substituting
electron withdrawing group in either Ry and Rs or R1-Rs (position) has significantly suppressed
the ky/k: rate and under defined reaction conditions the catalysts start behaving like a living
polymerization catalyst.

1.7.3. Early transition metal complexes active in producing UHMWPE

Many other research groups contributed in producing UHMWPE based on early transition metal
complexes. Mainly these families are of group 4 metal complexes of calix [4] arene, bulky
monoanionic bidentate guanidine and anilido-imine tetra-azane, that enabled ultra-high selectivity
towards ethylene polymerization to produce UHMWPE. Further, few half-sandwich chromium
complexes reported by Mu, Ender and Jin are found to be active in producing molecular mass of

polyethylene in the range of 10°g/mol™!.3*
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1.8. Concept of entanglement and disentanglement

The entanglements are intermolecular topological interactions and are physically crossed linked
(Van der Waals forces) between the long chains. With their interconnected hooks, these
entanglements resembled cooked spaghetti. Figure 1.7(a) shows a schematic illustration of

entanglement.

a) Entanglement of UHMWPE b) Disentanglement of UHMWPE

/ Entanglement

Figure 1.7: A model depicting pictorial form of chain a) entanglement and b) dis-entanglement.
Ultra-High Molecular Weight Polyethylene (UHMWPE) Below its melt temperature, it may be
conventional compression-mold into semi-transparent, mechanically coherent films and displays
solid-state flow behavior (figure 1.7(b)). The scattered UHMWPE increases the blend's tensile
strength when combined with HDPE. This improvement is credited to the effective dissolution of

UHMWPE into the HDPE matrix, showcasing its potential for reinforcing polymer blends.

1.9. Characterization tools for UHMWPE
The fundamental challenge in the field of UHMWPE is a characterization of formed polymer. In
case of UHMWPE, the important characteristic features are MW, MWD, the presence of branches,

and melting temperature. Structure-activity relationship can be established if comprehensive
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picture for the microstructural property of synthesized polymer can be obtained. Light scattering,
melt rheometric (for Mw), solution viscosity (for Mv), and Gel permeation chromatography, or
GPC, is another name for size exclusion chromatography (SEC), for Mz and Mn) are the analytical
methods used to quantify molecular mass and MWD of UHMWPE. However, in case of
UHMWPE above 2-4 million g/mol, HT-GPC measurements usually fail to give consistent results
as the polymer sample is difficult to dissolve in the typical solvents used in GPC studies due to
extremely high molecular masses. Rastogi and colleagues (2008) demonstrated that the melt
rheology approach is a suitable determining method for the molecular mass and molecular wight
distribution of UHMWPE (between 2 and 10 million g/mol) with a higher degree of accuracy than
GPC. Furthermore, it was discovered that this method was more suitable for detecting the existence
of chain branching, providing a more comprehensive and trustworthy image of the microstructural
characteristics of a polymer that was formed.

With DSC, heating rate of 10 °C per minute, there is a noticeable melting peak at 140 °C when
UHMWPE nascent sample is present. The entangled versus disentangled nature of UHMWPE was
probed using two techniques, namely, DSC and rheology. Rastogi and co-workers have developed
a DSC method that allows access to the two states of UHMWPE.® This method was employed
and the melting temperature was recorded at a time interval of 5, 15, 30, and 60 minutes (Figure
1.7). The 5-minute DSC thermogram disclosed two melting temperatures, one at 134 and another
at 139.5 °C. These two curves indicate the Tm of the entangled and the disentangled domain
respectively. As the hold time (Figure 1.8, center, step B-C) increases, the disentangled domain
starts to convert to an entangled domain, which is a thermally stable state. Consistent with the
DSC's conclusions, the rheological analysis revealed that an equilibrium storage modulus of 1.82

MPa is attained after 37 hours.
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Figure 1.8: Thermal protocol developed to demonstrate disentangled nature of UHMWPE. Thermal
protocol: Ramp 1: 50 °C to 160 °C (A-B) @ 10 °C/min. hold @160C for 5 min. (B—C). Ramp 2: Cooling
to 128 °C @ 10 °C/min. (C-D) and hold at 128 °C for 180 min. (D-E). Ramp 3: Cooling to 50 °C at 10

°C/min. (E-F) and hold at 50 °C for 1 min. (F-G). Ramp 4: Heating from 50 to 160 °C at 10 °C/min. (G-
H).

1.10. Summary

More efficient load transfer to the polymer backbone is possible with UHMW-PE. Consequently,
it has the highest impact strength of any thermoplastic currently produced, making it an extremely
durable material. UHMW-PE can become a demanding substance with a broad variety of uses.
However, processing of UHMW-PE in melt state makes them intractable via conventional
processing routes because of presence of high degree of entanglement (high melt viscosity), which

leads to in-homogeneity or fusion defects, a common problem in all the products prepared from
UHMW-PE so far.

It has been clearly defined how nature of catalyst combined with reaction parameters significantly
influenced MW, MWD and entanglement density in UHMW-PE. Homogeneous catalysts as
compared to heterogeneous ones provides well defined single catalytically active center,
effectively producing disentangled nascent UHMW-PE with very narrow molecular weight

distribution directly from reactor by controlled polymerization conditions, and showed improved
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processibility as compared with commercially fully entangled UHMW-PE (Heterogeneous
Ziegler-Natta catalyst). However, the direct synthesis of highly disentangled UHMW-PE via
solvent free route using well-defined single site catalyst provides substantial benefits for polymer
processing because it does not have the disadvantages of gel spinning. where huge amount of
solvent needs to be processed at high temperature. Whereas, catalytic route for polymer production
provides economic and environmental advantages over the existing gel spun process. Thus,
catalytic route has enhanced the processability of the material. Thus, processed materials show

improved mechanical performance which are free from grain boundaries.

1.11. Aim of thesis

The main objective of the thesis is to develop a stable and easily accessible synthesized alternative
catalytic system for olefin polymerization, addressing the limitations of existing systems. This
involves exploring new ligand designs that offer improved stability and simpler synthetic protocols
compared to traditional imine-based ligands. Specifically, the research focus is on nonsymmetric
imine backbones as potential candidates for ligand design, aiming to create complexes suitable for
olefin polymerization. The envisioned ligand design and complexes are expected to maintain the
essential components necessary for effective polymerization while offering enhanced stability and
simplified synthesis procedures. In our pursuit of developing group 4 metal polymerization
catalysts that can generate UHMW-PE, or ultra-high molecular weight polyethylene, we will

prepare selected a bidentate monoanionic imine based [N, COO", O] ligand motif (Figure 1.9)
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Figure 1.9: Imine based ligands framework.

This ligand framework offers the potential for forming complexes with enhanced metal-nitrogen
bond strength in octahedral geometry. The imine ligand framework possesses a lower HOMO-
LUMO gap, providing electronic flexibility essential for maintaining the electrophilicity of group
4 metal complexes. Through careful selection of amine and aldehyde components, steric and
electronic parameters of the ligand is readily modulable. Therefore, the development of group 4
metal polymerization catalyst systems has made remarkable progress, with significant implications
in both academic and industrial realms. It has been discovered that the activity and stereo
selectivity of these catalytic complexes are significantly influenced by the ligand structure. In
general, catalysts with sterically encumbered substituents on the carboxylate and aldehyde rings
exhibit improved performance. Higher polymerization activity results from this structural
alteration, which also increases the active species' electrophilicity and frees up more space for
polymerization. Therefore, our research aims to capitalize on these insights to optimize catalyst

systems for the production of UHMWPE.
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Chapter 2

Inverting the Reactivity of an Aldehyde and Amine
to Benzoxazinones: Mechanistic Understanding

This chapter is partly adapted from following publication

J. Org. Chem. 2017, 82, 4342-4351.
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2.1 Abstract:

This study introduces a strategy to control Schiff-base reactions, a fundamental step in chemistry.
The approach, guided by computational models, allows for the quantitative formation of
Benzoxazinones, overcoming the limitations of reversible Schiff-base reactions. The "Schiff-
Benz" reaction is demonstrated to be versatile, producing various Benzoxazinones with different
electronic substituents. The method's generality is confirmed through a library of
Benzoxazinones, and its practical utility is highlighted by scaling up to a gram scale. Mechanistic
insights reveal a hydrogen-bonding motif directing the reaction towards Benzoxazinone
formation. This innovative approach provides a competitive alternative to traditional methods for

Benzoxazinone synthesis in pharmaceutical and fine chemical manufacturing.
2.2 Introduction

The reversible condensation reaction between an aldehyde and an amine, resulting in the
formation of a carbon-nitrogen double bond, stands as one of the most fundamental and
widespread processes in the field of chemistry.l 2 The foundational work of Hugo Schiff has
significantly contributed to understanding this reaction, rightfully acknowledged by naming it
after him.> # Over time, substantial progress has been achieved, leading to a comprehensive
understanding of the mechanistic intricacies of this reaction.® Depending on the specific
substitutions involved, the products of this condensation are referred to as imines, Schiff bases,
or Salen's compounds. Schiff bases, in particular, play diverse roles as synthetic intermediates,
ligands, and catalysts in various applications. They are extensively utilized in processes such as
the cycloaddition reaction in Penicillin synthesis,® 7 ligands® and catalysts® in molecular
recognition, nano-science,’ and are influential in determining the activity of enzymes and
proteins.!*1* The synthetic applications of imines encompass a wide range, including but not
limited to umpolung reactions,}* multicomponent reactions,”® and contributions to the
development of Metal-Organic Frameworks (MOF)* and Covalent Organic Frameworks
(COF).Y" This versatility underscores the importance of imines in contemporary synthetic
chemistry, showcasing their applicability across diverse chemical processes and material

synthesis methodologies.
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Figure 2.1: Condensation of an amine and aldehyde to imine (Schiff-base: path-1) and H-bonding assisted
reversed condensation (path-11). Energy optimized structures of hemiaminal intermediates; 2-

aminobenzoic acid (bottom left-A), and 2-amino-6-methylbenzoic acid (bottom right-B).
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Despite the extensive range of applications for Schiff bases, establishing a clear structure-
reactivity relationship between aldehydes and amines proves challenging. The intrinsic reactivity
of these reaction partners results from a complex interplay of various factors, including inductive
effects, conjugative effects, steric effects, and innate strains. Structural modifications, such as
substitutions on the reactants, can often lead to a complete shutdown of the intended reaction,
redirecting the course of reactivity in an entirely different direction. Consequently, achieving the
desired alteration in the reactivity of an amine and an aldehyde in a condensation reaction
requires meticulous tailoring of the reaction partners. The amine-aldehyde condensation reaction
is known to progress through the formation of a hemiaminal, denoted as X in Figure 2.1, which
serves as an intermediate to the subsequent formation of an imine (Im).*® The hemiaminal,
however, is highly unstable, leading to the condensation of NH and H-C-OH fragments and the
liberation of water, ultimately resulting in the formation of an imine with a sp?-carbon.
Recognizing that altering the amine group or the aldehyde functionality would effectively halt
the reaction, the authors propose a novel strategy. This involves introducing a competitive proton
in close proximity to the hydroxy group, facilitating the construction of benzoxazinones (Bz)
products with a sp3-carbon. This innovative approach offers a solution to selectively manipulate
the reactivities of the amine and aldehyde components, steering the reaction towards the desired

outcome of benzoxazinone formation.
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Benzoxazinones, known for their extensive medical history as biologically active compounds
and their current utilization as drug intermediates,'® % have traditionally been synthesized
through multistep methods.?2?® Recent advancements in the field have introduced alternative
approaches to access benzoxazinones.?* Yoshida et al demonstrated a direct route via aryne
chemistry, while Nikpour and colleagues reported a synthesis involving the reaction between
anthranilic acid and benzaldehyde, yielding dihydrobenzoxazinones under specific conditions.?®
Zhang et al utilized hypervalent iodine compounds for a single-step C-H activation strategy,?
and Beller and co-workers employed iron-catalyzed asymmetric hydrogenation.?’ In this context,
a new synthetic strategy is proposed, aiming to regulate the reactivity of amine and aldehyde
partners in a condensation reaction through weak secondary interactions.?® 2 Referred to as the
"flipped reaction,” this method is presented as a straightforward, selective, and metal-free
alternative to recent metal-catalyzed coupling reactions.?* 2° 2 The flipped reaction successfully
establishes two new carbon-heteroatom bonds, resulting in the formation of medicinally
important benzoxazinones. The versatility of the flipped reaction is demonstrated by its
application in a single-step inverted condensation protocol, leading to the synthesis of a diverse
library of benzoxazinones. Mechanistic investigations, coupled with density functional theory
(DFT) calculations, rule exclude the potential of ring-closing after in-situ imine production.
Rather, the proposed mechanism involves hydrogen-bond-assisted ring-closing to produce
benzoxazinones. The significance of this synthetic strategy lies in its fundamental advancement
in science, offering a simple, selective, and versatile approach to modulate Schiff-base reactions.

2.3 Results and discussion

2.3.1 The Schiff-Benz reaction

We envisioned that the commercially available amino acid, anthranilic acid, would be the most
suitable candidate for our study due to its appropriate acidity and directional characteristics,

which are conducive to facilitating the reversed condensation reaction.
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Chart 2.1: Schiff-Benz reaction and rection scope of benzoxazinones. NMR yield is indicated by

numbers in brackets.

To test our hypothesis, we opted for benzaldehyde (2) as the aldehyde partner alongside

anthranilic acid (1). The condensation reactions were conducted in ethanol under reflux

conditions, with the substrates activated using a catalytic amount of acetic acid. Monitoring

the reaction's progress through proton NMR analysis revealed the formation of imine as the

major product, constituting 80 % of the outcome. Additionally, two new resonances emerged

at 6.19 and 4.84 ppm, indicating the presence of other reaction products.
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Figure 2.3: Variable temperature stacked *H NMR spectra of a reaction between an aldehyde(l) and
amine (*) (11) in CDsCN; ii) addition of 0.75 equivalent of 11 at 0 °C; iii) NMR recorded at 20 °C; iv)
NMR recorded at 40 °C; v) NMR recorded at 60 °C; vi) addition of 0.25 equivalent of (I11), NMR at 60
°C; vii) addition of 0.25 equivalent of (11), NMR at 60 °C.

To our satisfaction, a detailed structural analysis of the condensation products using 2D NMR
techniques, including COSY, HSQC, and HMBC, unveiled the presence of a minor fraction,
approximately 20%, comprising cyclized Benzoxazinone 5 (refer to Chart 2.1). In our pursuit of
entirely redirecting reactivity towards the annulation reaction, we utilized more electrophilic
benzaldehydes. This strategic shift resulted in an increased formation of Benzoxazinones
Notably, the use of the highly electrophilic pentafluorobenzaldehyde led to a substantial 48%
yield of 2-(per fluorophenyl)-1,2-dihydro-4H-benzo[d] [1,3] oxazin-4-one 9. Despite our efforts
to enhance the Benzoxazinone yields through the exploration of various reaction parameters, our

endeavors were not notably successful at this stage. The unequivocal identity of compound 14
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(refer to Chart 2.1) was established through a single crystal X-ray diffraction analysis (Figure
2.4). The crystal structure of compound 14 demonstrated monoclinic unit cell arrangements
within the space group P1l/c. Notably, the molecular structure of 14 exhibited a noticeably
extended C-N bond (N2-C24 = 1.430(5) A) when compared to the typical imine bond range
(C=N 1.26-1.30). This observation decisively excluded the presence of a C=N double bond in the

compound.

Figure 2.4: Molecular structure of compound 14 (hydrogen atoms except N-H and C-H have been deleted
for clarity and thermal ellipsoids are drawn at 50% probability level); selected interatomic distance [A]
and angles [°]: C24-N1 1.428, C17-N1 1.371, C24-04 1.447, 04-C23 1.360, C23-C16 1.465; C17-N1-
C24 114.74, N1-C24-04 108.43, C24-04-C23 115.91, O4-C23-C16 117.34. The dihedral angle between
the planes defined by C17-N1-04 and N1-C24-O4 is 49.58°.

Remarkably, the resulting six-membered ring displays an intriguing non-planar geometry,
adopting a half-boat conformation wherein one of the carbon atoms extends out of the plane.
Interestingly, this is the first time that we are aware of an amine and aldehyde condensation
process with 14 as the primary and effective product. To identify the requirements of the reversed
condensation reaction and to understand lower selectivity towards Benzoxazinone, we turned our
attention to DFT. The energy minimized structures (Figure 2.1 bottom) revealed that ortho-
substitution on the 2-aminobenzoic acid orients the carboxylic-OH in close proximity.
Intermediate A without any ortho-substitution displayed a C-HO---HOOC-Ar distance of 1.86 A,

whereas the methyl substituted analogue B revealed a shorter distance of 1.82 A. Although these
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distances are just indicative, the theoretical revelations paved the way for experimental design
and we set out to evaluate the reactivity of 2-amino-6-methylbenzoic acid. In fact, treatment of
2-amino-6-methylbenzoic acid with benzaldehyde under identical conditions produced the
annulated Benzoxazinone product 11 with excellent selectivity (86%) (Chart 2.1).

2.3.2 Mechanistic investigations

Understanding the basic procedures for reversing the condensation reaction from the textbook
will be crucial to comprehending reversed reactivity and may even reveal the synthetic
possibilities of this change. In a Schiff base reaction, nucleophilic attack of amine on the
aldehydic carbocation leads to the generation of the crucial hemiaminal intermediate.®® The
underlying imine mechanism with different rates (K:-Ks) has been investigated in depth by
Sayer3!: 32 and others.® However, none of these mechanistic proposals touch upon the reactivity
reversal and thus fail to explain the observed cyclization (Fig.2.3). Therefore, a sixth-rate
constant (Ke) is proposed. The rate constant Ks can follow, at least theoretically, three (A, B, C)
different pathways to arrive at Benzoxazinone (IV) (Fig.2.5). First, the possibility of
rearrangement of imine (111) to benzoxazinone (1V) (proposed by Nikpour,? Azarifar®* although
the starting compounds employed in the proposed mechanism were different) cannot be
completely ignored. In our attempts to understand the modus operandi; we investigated this

reaction using a set of NMR, UV-vis spectroscopy and DFT calculations.
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Figure 2.5: Proposed reaction pathways to Benzoxazinone (1V), (Ri= Fs).

To nail down the possible intermediates, NMR tube reaction of 2-amino-6-methylbenzoic acid
with pentafluoro-benzaldehyde was attempted and proton NMR spectroscopy was used to track
the reaction's development. (Chart 2.1 compound 3). Even at 0°C, instantaneous formation of
Benzoxazinones was observed with traces of imine (Figure 2.5). As the reaction mixture's
temperature increased from 0°C to 60°C, gradual decrease in the intensity of methyl (2.41 ppm
*) resonance in (I1) and concomitant increase in the intensity of methyl group in (I1V) at 2.60
ppm (m) was observed. Interestingly, only traces of imine (8-9 ppm) could be observed (Fig.
2.23). These findings rule out the possibility of formation of imine (route A) as the first step and
subsequent conversion of (111) to (1V) [D (Ke)]. The NMR findings were corroborated by UV-
vis, which revealed the absence of a C=N charge transfer band (at 319 nm) and attested to the
formation of Benzoxazinone with a characteristic band at 291 nm, which was confirmed by DFT
(ESI Fig. 2.29, 2.30 respectively). In order to differentiate between route B and C, we labeled the
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anthranilic acid oxygen (with ¥O-isotope). Tracking the progress by 3C NMR revealed a
resonance at 77.52 ppm, which clearly indicated retention of labeled oxygen in the
Benzoxazinone product (Fig 2.26). The observed isotopic (**0) dependence of 13C chemical shift
is in agreement with literature reports (Figure 2.27). The NMR observations were further
supplemented by ESI-MS (Fig 2.28) A pseudo-molecular ion peak was found at m/z = 332.06
[M+H] *. wherein the mass of oxygen is 18 Da. Therefore, it is very likely that route B is the

most preferred mechanistic pathway for the reversed condensation reaction.

2.3.3 Computational insights

To obtain detailed insights in the Schiff-Benz reaction, we sought the assistance of DFT and the
energies associated with potential routes A, B and C was calculated. Figure 2.5 depicts the
energy barriers for hemiaminal formation and the rate determining dehydration reaction for the
three routes. The initial formation of hemiaminal was identical for the three routes with a AG =
10.4 kcal/mol. As is evident, route B proved to be the preferred pathway with the lowest barrier
of 29.5 kcal/mol, as compared to 51.1 kcal/mol (uphill by +21 kcal/mol) for Pathway A and 64.9
kcal/mol (uphill by +35 kcal/mol) for Pathway C (Fig. 2.6). The lowest barrier for route B is
most likely due to the secondary interaction between the acidic proton of the carboxylic acid and
the hydroxyl group of the hemiaminal. The ortho- (to COOH) substituent likely facilitates the
spatial orientation of the acidic proton and brings it to the close proximity of the hydroxyl group,
leading to the favored water elimination. The above DFT results therefore complement the
experimental findings and reveal the existence of secondary interactions that totally alter the
course of the reaction to produce benzoxazinone via a mechanism that changes our perception of

Schiff condensation.
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Figure 2.6: DFT calculated (A, B, C) mechanistic pathways with free energies (kcal.mol?) for various

transition states and (E) Benzoxazinone as an important building block for drugs and prodrugs.

The thus produced Benzoxazinones are pharmaceutically important molecules that are
commercially used to treat obesity (V),*® to lower cholesterol levels (VI) and as an anti-
inflammatory prodrug (V11).3” We anticipate that many other reactions can be reengineered by
installing a competitive source of secondary interactions to invert the modus operandi of these

reactions.3®
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2.4. Experimental section:

2.4.1 General methods and material:

Starting materials for the experiments were purchased from commercial vendors and used
without further purification processes. Unless otherwise noted, solvents were dried according to
normal protocols. This method is frequently used to guarantee practicality and efficiency in
synthetic chemical procedures.®® Loba Chemie Pvt. Ltd. was the supplier of 2-amino benzoic
acid. Benzaldehyde as well as 2-amino-6-methyl benzoic acid, 2-amino-6-fluorobenzoic acid, 2-
amino-3-methylbenzoic acid, and 2-amino-6-bromobenzoic acid Sigma Aldrich provided us with
4-methoxybenzaldehyde, 3-bromobenzaldehyde, 2-fluorobenzaldehyde, 2,6-
difluorobenzaldehyde, 2,3,4,5,6-pentafluorobenzaldehyde, and cyclohexane carboxaldehyde. We
bought 2-Amino-6-bromobenzoic acid from Alfa Aesar. We bought CDCI3 from Sigma Aldrich.
We purchased 99.9% commercial-grade ethanol from Brampton, Canada. The remaining solvents
were all acquired from nearby vendors (Avra Synthesis Pvt. Ltd.; Spectrochem Pvt. Ltd.). Bruker
Avance 200, 400, and 500 MHz instruments were used to record solution NMR spectra, which
were then internally referred to residual solvent signals (CDCI3 referenced at & 7.26 and 77.23
ppm, for example). Absolute values are provided for coupling constants. The following are
multiplicities: s stands for singlet, d for doublet, t for triplet, and m for multiplet. In the NMR
spectra of substances, benzoxazinone and imine are represented by the symbols Bz and Im,
respectively. Using a Hypersil gold C18 column (150 x 4.6 mm diameter, 8 um particle size),
mass spectra were captured using a Thermo Scientific Q-Exactive mass spectrometer
(Quadrupole analyser). The mobile phase used was 90% methanol + 10% water + 0.1% formic
acid. Using a 1 cm quartz cell, the UV-visible spectrum was captured at room temperature on a
Perkin Elmer 35 LAMDA instrument. The PerkinElmer device's KBr pellet was used to record
the samples’ FT-IR spectra. Using the PerkinElmer 2400, C, H, and N analyses were performed.
Density functional theory (DFT) and the Turbomole 7.0 software suite were used to optimise the
geometry.*® Burke, Ernzerhof, and Perdew (PBE)*' For the geometry optimisation computations,
a functional was employed. For every atom, the Turbomole basis set (TZVP), which is the triple-
{ basis set enhanced by a polarisation function, was utilised. The identity resolution (RI)*? in
addition to the multipole rapid identity resolution (marij)*® The electronic Coulomb term was

treated accurately and effectively by using approximations. The following factors were taken into
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consideration: We have used the COSMO model to do thorough geometry optimisations of all
intermediates and transition state computations.** using the solvent ethanol. Furthermore, these
computations included used dispersion adjustments (disp-3).%> The M06-2X functional was then
used to perform single point computations,*® on the optimized geometries. Care was made to
guarantee that the transition state structures acquired throughout the research of these reactions
had only one imaginary frequency that corresponded to the correct normal mode. The Gaussian
09 suite of programs was used to make calculations for compounds (I11) and (IV) (HOMO-
LUMO calculation).*”° using the 6-31+G* basis set and the M062X functional. Using the time-
dependent (TD-DFT) approach and the optimised ground-state structure at the M062X/6-31+G*

level, the HOMO-LUMO was computed. In order to draw orbitals, the isovalue was set to 0.02.

A Bruker SMART APEX four-circle diffractometer fitted with a Cu Ka radiation (1.5418 A) and
a CMOS photon 100 detector (Bruker Systems Inc.) was used to gather single-crystal data.
Microfocus (IpS) was employed to focus and monochromatize the incident X-ray beam. Using
Paratone-N oil, the flaky colourless crystals were affixed to nylon Cryo loops. At 100(2) K, the
data was gathered. Bruker SAINT software was used to combine all of the data, and SADABS
was used to adjust for absorption. The Intrinsic Phasing module of the techniques solved the
structure, and the SHELXTL 97 software suite was used to enhance it. After locating every non-
hydrogen atom by an iterative analysis of difference F-maps, the structure was fine-tuned using
the least-squares method. Anisotropic refinement was used for all of the non-hydrogen atoms. In

a riding model, hydrogen atoms were arranged geometrically.
2.4.2. General procedure for the synthesis of Benzoxazinones:

The experimental procedure involved dissolving 1 mmol of amine in 20 mL of ethanol, after
which 2 mmol (2 equiv.) of aldehyde is added to the mixture. Acetic acid (0.2 equivalent) was
added to the reaction mixture as a catalytic quantity. Which was then refluxed for a duration of 6
hours. Subsequently, the reaction mixture underwent vacuum concentration, resulting in a crude
semi-solid residue. This residue was further treated with hexane (10 mL x 2) to obtain a free-
flowing solid. The identification of both the imine and the benzoxazinone, obtained through the
proposed condensation, was confirmed through various 1-2D NMR experiments. The product
distribution between benzoxazinone and imine was determined using proton NMR analysis of

the obtained residue. Benzoxazinones, exhibiting more than 90% selectivity, were isolated, and
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their yields have been documented. In this context, the term

=z = "Benz" has been coined to describe the formation of
|_ I
X ’ benzoxazinones through the condensation reaction. Here,
Im
Han 0% 4

N NZ OH "Benz" stands for Benzoxazinone. The imine proton is
@/& E}/k referred to as HIm, while the benzoxazinone proton is
—R
denoted as HBz. Additionally, Ha represents a proton
Benzoxazinone Imine

located on the nitrogen atom in benzoxazinone.

2.4.3. 2-(2,6-difluorophenyl)-5-methyl-1,2-dihydro-4H-benzo[d][1,3]oxazin-4-
one (compound 14):

General procedure as mentioned in section 2.4.2 was followed and 2-amino-6- methylbenzoic
acid (0.151 g, 1 mmol, 1 equiv.) and 2,6-difluorobenzaldehyde (0.284 g, 2 mmol, 2 equiv.) were
used as reaction partners. The ratio of the two products was determined from proton NMR. The
compound was crystalized by slow evaporations from ethanol (Pure crystal, 0.231 g, 84%).
Melting point (m.p.) = 94-96 °C. 'H NMR (CDCls, 400 MHz, 298 K): 6 = 7.45-7.41 (m, 1H,
and Ar), 7.35-7.28 (m, Ar, 1H), 6.97 (t, 2H, Ar, 2 J = 8.45), 6.88 (m, 1H, Ar, JH- H = 7.58), 6.77
(d, 1H, Ar, JH-H = 8.07), 6.49 (d, 1H, Hg;, 3 JH-H = 5.38), 5.13 (br s, 1H, H), 2.70 (s, 3H,
CHs). 1*C NMR (100 MHz, CDCls, 298 K): & = 163.7 (Ch), 162.8 (d, 3 JC-F = 6.17 Hz, C),
160.3 (d, 3 JC-F = 6.17 Hz, C), 148.3 (C), 144.5 (C), 134.1 (C), 132.2 (t, 3 JC-F = 10.63 Hz, C),
125.3 (C), 115.7 (C), 114.3 (C), 1145 (C), 112.2 (d, 2 JC-F = 25.43 Hz, C), 78.3 (t, 3 JC-F =
3.85 Hz, 3 J = 4.62 Hz, CBz), 22.5 (CH3). ESI-MS (+ve) m/z for CisH1202NF2 [M+H] *
Calculated: 276.0831 Da, observed: 276.0826 Da; CisH1102NF2Na [M+Na] * Calculated:
298.0650 Da, Observed: 298.0644 Da

The compound was crystallized by slow evaporations from ethanol (Pure crystal, Yield = 84
%) and molecular structure is presented in figure 2.7. The selectivity of compound 14 was 89 %.

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 43



Chapter 2

o
~
[\
1.0
E o
3 S . ! 3
0.9 Wﬁ ™
3 -
E ~ 0
E © |
0.8 °|C5 Hlm HBz Ha
v o
0.7 0.11 0.940.99 2.000.97 0.97 1.00 1.00
o I [ N N WY [
2 0.63 9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 5.0
1S 4 Chemical Shift (ppm)
B 05 CHLOROFORM-d
] 3
E
Zo 0.4—5 E
E |
0.3
3 (2]
E <
0.2 31X $ ™
< N
3 ~ [~ ;
E 5 S |
0.1 @
3 | I )
0 E A l A
b e
0.11 0.940.99 2.00 0.97 0.97 1.00 1.00 3.00
R T T T TR | u
14 13 12 11 10 9 8 7 6 5 4 3 2 1

Chemical Shift (ppm)

Figure 2.7: *H NMR spectrum of compound 14 in CDCl; (400 MHz) (bottom), expanded view (top).

Figure 2.8: Molecular structure of compound 14 (hydrogen atoms except N-H and C-H have been deleted
for clarity and thermal ellipsoids are drawn at 50 % probability level); selected interatomic distance [A]
and angles [°]: C24-N1 1.428, C17-N1 1.371, C24-04 1.447, O4-C23 1.360, C23-C16 1.465; C17-N1-
C24 114.74, N1-C24-04 108.43, C24-04-C23 115.91, 04-C23-C16 117.34. The dihedral angle between
the planes defined by C17-N1-04 and N1-C24-O4 is 49.58°.
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Figure 2.9: **C NMR spectrum of compound 14 in CDCI3(100 MHz) (bottom), expanded view (top).
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Figure 2.10: DEPT NMR spectrum of compound 14 in CDCl; (100 MHZz) (bottom.
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Figure 2.11: Short-range C-H correlation (HSQC) NMR spectrum of compound 14 in CDCls.
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Figure 2.12: COSY (H-H correlation) NMR spectrum of compound 14 in CDCls.
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Figure 2.13: HRMS spectrum of compound 14.
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2.4.4. 5-methyl-2-(perfluorophenyl)-1,2-dihydro-4H-benzo[d] [1,3] oxazin-4-

one (compound 15):

F
F F
F g F
Ha\ Bz
N 0]

Benzoxazinone

General procedure as mentioned in section 2.4.2 was followed and,
2- amino-6-methylbenzoic acid (0.151 g, 1 mmol, 1 equiv.) and
2,3,4,5,6- pentafluoro benzaldehyde (0.392 g, 2 mmol, 2 equiv.)
were used as reaction partners. Compound 15 was isolated in as
pale yellow solid (0.315 g, 96%) after routine hexane wash. The
compound was crystalized by slow evaporations from ethanol
solution and molecular structure is presented in figure 2.3. Melting
point (m.p.) = 196-197 °C. 'H NMR (CDClz, 400 MHz, 298 K):
d=7.34 (t, JH-H = 7.82, 1H, Ard), 6.92 (d, JH-H = 7.34 Hz, 1H,

Arc), 6.77 (d, JH-H = 8.07 Hz, 1H, Are), 6.47 (d, 3 JH-H =5.15 Hz, 1H, HBz), 5.03 (d, 3 JH-H
= 3.42 Hz, 1H, Ha), 2.70 (s, 3H, CHz3). 13C NMR (CDClIs, 100 MHz, 298 K): & = 162.8 (Ch),
147.9, 146.9, 144.7, 143.7, 139.1, 138.9, 136.9, 134.5, 125.8, 115.5, 115.3, 113.9, 110.7, 77.8
(CB2), 22.4 (CHs). 1°F NMR (CDCls, 376 MHz, 298 K): § = -139.87 (d, JF-F = 16.02 Hz, 2F), -
149.85 (d, JF-F = 20.60 Hz, 1F), -160.16 (t, JF-F = 18.54 Hz, 2F). Elemental analysis:
Calculated C 54.72, H 2.45, N 4.25 found C 54.63, H 2.38, N 4.21. FT-IR (cm-1): 1705 (C=0),
1653, 1602, 1504 (N-H (br)), 1433, 1382, 1338 (C-N), 1274, 1201 (C-0), 1130 (C-O (br)), 1044,
1003. ESIMS (+ve) m/z for C15sHgO2FsN [M+H] * Calculated: 330.0548 Da, Observed: 330.0543

Da. The compound was crystalized by slow evaporations from ethanol solution and molecular

structure is presented in figure 2.14 and the selectivity of compound 15 was > 99 %.
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Figure 2.14: *H NMR spectrum of compound 15 in CDCl; (400 MHz) (bottom), expanded view (top).
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Figure 2.16: DEPT NMR spectrum of compound 15 in CDCl; (100 MHz).
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Figure 2.17: Short range C-H correlation (HSQC) NMR spectrum of compound 15 in CDCls.
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Figure 2.18: Long range C-H correlation (HMBC) NMR spectrum of compound 15 in CDCls.
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Figure 2.19: COSY (H-H) correlation NMR spectrum of compound 15 in CDCls.
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Figure 2.20: NOSY (H-H through space correlation) NMR spectrum of compound 15 in CDCls.
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Figure 2.21: F NMR spectrum of compound 15 in CDCls.
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Figure 2.22: HRMS spectrum of compound 15.

2.4.5. Tracking the progress by NMR spectroscopy:

In an NMR tube experiment, 1umol (15 mg, lequiv.) 2-amino-6-methyl-benzoic acid (1) was
dissolved in 0.6 mL deuterated acetonitrile and the NMR tube was cooled to -5 °C. 0.75 pumol
(14 mg, 0.75 equivalent) of 2,3,4,5,6-pentafluoroaldehyde (I1) It was put in a cold NMR tube,
and at 0°C, a proton NMR was recorded right away. Imine resonance (in the range of 8-9 ppm)
could not be observed at 0°C, but even at this low temperature a new resonance at 2.60 ppm
appeared, which can be easily assigned to methyl group in benzoxazinone (1V). Our attempts to
record the NMR at lower temperature (-10 to -25 °C) were not very successful as the amine and
the aldehyde start precipitating out and very significant signal broadening was observed. Proton
NMR was then obtained after the probe's temperature was increased from 0 to 20 degrees
Celsius. Likewise, proton NMR of the same sample was recorded at 40 °C and 60 °C. To obtain

full conversion, another 0.25 equivalent of (I1) was added to the NMR tube and proton NMR
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was recorded at 60 °C. Finally excess (another 0.25 equivalent) was aldehyde (11) was necessary
to fully convert the (I) and NMR was recorded at 60 °C. Figures 2.23 and 2.24 depicts the

variable temperature proton NMR spectra.

E
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Figure 2.23: *H NMR spectrum of a reaction mixture of (1) (*) and (I1) at 0°C, product (1V) is denoted
with this (m) symbol.
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Figure 2.24. Mechanistic investigations. i) *H NMR of (1); ii) addition of 0.75 equivalent of 1l at 0°C; iii)
NMR recorded at 20°C; iv) NMR recorded at 40°C; v) NMR recorded at 60°C; vi) addition of 0.25
equivalent of (I1), NMR at 60°C; vii) addition of 0.25 equivalent of (1I), NMR at 60°C.

2.4.6. Isotopic (*0) labeling investigation:

As depicted in figure 2.25, The first step involved converting 2-amino-6-methylbenzoic acid to
the equivalent acid-chloride.* An oven dried Schlenk tube was charged with 1 equivalent 2-
amino-6-methyl-benzoic chloride (17 mg, 1 pmol, dark red colored) and 2.5 equivalent labeled
water (H.*®0) was added. The dark color semisolid chloride immediately turned into light yellow
colored precipitate of 20 labeled 2-amino-6-methyl-benzoic acid.® The residue was then
dissolved in CD3CN and 2 equivalent of 2,3,4,5,6-pentafluorobenzaldehyde (40 mg, 2 pumol) was
put. NMR spectra were then acquired after the reaction mixture was refluxed for six hours. Due
to the presence of 20, the C-H carbon adjacent to the labelled oxygen shifts up-field and appears
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at 77.52 ppm. Similar changes in the chemical shift of 0 labelled C-H carbon have been
reported.® The 2D NMR spectroscopy further confirmed the existence of 20 in the cyclized
product (1V) (Figure 2.27). Figure 2.26 compares the 13C NMR of %0 benzoxazinone (bottom)
and that of 80 labelled benzoxazinone (top). Molecular ion peak at m/z = 332 [M+H] * was
detected by ESI-MS analysis, and it can be attributed to '®O-labeled benzoxazinone. (Figure
2.28).

o
SOCI2 Hp'%0 189
C| 18°H +
CD CN
" Reflux 3 HN 160/180

Fig. 2.25. Synthesis of 180 labeled 2-amino-6-methylbenzoic acid.

—77.661
——77.519

77.66

I I I I 1
79 78 77 76 ppm

Figure 2.26. °C NMR spectra of benzoxazinone (1V) (bottom) in CDsCN (500 MHz) and that of 80
labelled benzoxazinone (top).
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Figure 2.27: Expanded view of a short-range C-H correlation (HSQC) spectrum of 20 labeled
benzoxazinone.
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Figure 2.28: ESI-MS spectrum of 180 labelled benzoxazinone (1V) at m/z = 332.06
[C1sHsFsN*0'*0+H] * and unlabeled (**0) benzoxazinone at m/z = 330.06 [C15HsFsN*®Oo+H]*.
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2.4.7. Tracking the reaction by UV-visible spectroscopy:

UV-visible spectroscopy was used as a tool to further investigate the reaction mechanism.
Ground state optical absorption of the aqueous solution was measured in a quartz cell on a Perkin
Elmer UV-vis spectrophotometer (light path 10 mm) equipped with a PTC-348WI temperature
controller. Stock solution of 2,3,4,5,6-pentafluorobenzaldehyde (I) and 2-amino-6-methyl-
benzoic acid (11) (1x 10" M) was prepared in ethanol. Dilute solution of (3.8 x 10> M) aldehyde
and acid were mixed and the reaction mixture was monitored at different time intervals (Figure
2.30). In order to interpret the experimental results of UV-vishile spectroscopy, the electronic
absorption spectra of the cyclized (1) and imine (I11) compounds were theoretically calculated
using DFT. The calculation has been carried out at the fixed geometry obtained by the geometry
minimization with the help of DFT method. DFT calculation suggested the Amax =291 nm for the
cyclized structure and 319 nm for the imine (Figure 2.29). Absence of 319 nm band in the

reaction mixture (Figure 2.30) clearly suggested that the reaction did not follow Pathway A.
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Figure 2.29: Calculated HOMO-LUMO gap in frontier orbitals of (III) and (IV) and Amax.
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Figure 2.30: UV-Visible spectra of the reaction mixture between (1) and (I1) at different time (in
seconds) intervals; R1-60, R2-120, R3-180, R4-240, R5-300.

2.4.8. Gram scale experiment:

In order to demonstrate the synthetic utility of present strategy, a gram scale synthesis was
attempted. To a stirred reaction mixture of 2-amino-6-methyl-benzoic acid (6.7 mmol, 1.01 g) in
dry ethanol (50 mL), and 2,3,4,5,6-pentafluoroaldehyde (13.4 mmol, 2.62 g) was added in
presence of catalytic amount of acetic acid at ambient temperature. To obtain a crude semi-solid
substance, the resultant reaction mixture was refluxed for six hours while being continuously
stirred and then concentrated in a vacuum. Hexane (100 mL x 3) was used to further wash the
residue, resulting in a free-flowing crystalline compound (15) with a 92% isolated yield (2.032

g). In addition, excess aldehye and solvents (ethanol, hexane) were recovered and reused.
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Figure 2.31: *H NMR spectrum of isolated 15 from a gram scale experiment.

2.4.9. Computational details:

The manuscript reports the optimized geometries of the structures (the three Cartesian

coordinates, in A, after the atomic symbol).
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H 0.423 -2.706 0.973
H 0.744 -2.368 -1.562

2.10. Conclusions

Through secondary interactions, a unique synthetic method was established in this study to
modulate the reactivity between an aldehyde and an amine. The selective synthesis of the
prodrug class benzoxazinones was achieved by favoring dehydration reactions over Schiff-base
formation through the careful placement of substituent groups. Through weak secondary
contacts, energy-optimized models showed that an ortho-substituent might orient hydrogen
bonding motifs at the hemiaminal stage, allowing reversed condensation processes.
According to experimental findings, benzaldehyde and 2-amino-6-methylbenzoic acid reacted to
produce Benzoxazinone 11 with 86 % selectivity. Furthermore, by reacting electrophilic
pentafluoro benzaldehyde with 2-amino-6-methylbenzoic acid, Benzoxazinone 15 was
quantitatively formed. This was verified by a number of analytical methods, such as single
crystal X-ray diffraction, ESI-MS, and NMR.

The preparation of a library of thirty chemicals and the scaling up of the reaction to gramme
scale revealed the synthetic adaptability of this approach. Electron-withdrawing and electron-
donating substituents had similar outcomes when the impact of ortho-substitution on the reversed
condensation reaction was investigated. It's amazing to note that benzoxazinones might be
quantitatively synthesized even with a methyl substituent ortho to the amine group. Furthermore,
analogous benzoxazinones were produced in nearly quantifiable yield by aliphatic aldehydes like
cyclohexane carboxaldehyde. Extensive mechanistic analyses utilizing UV-vis spectroscopy,
isotope labelling, and low-temperature NMR affirmed that pathway B was followed by the
process, excluding the possibility of pathways A and C. These experimental results were
validated by DFT calculations, which revealed that pathway B has the lowest barrier among

them, 20 kcal/mol less than pathway A and 35 kcal/mol less than pathway C.
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Ti-iminocarboxylate Catalyzed Polymerization of
Ethylene to Highly Crystalline, Disentangled,
Ultrahigh Molecular Weight Polyethylene
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3.1. Abstract

Disentangled ultrahigh molecular weight polyethylene (dl-UHMWPE) is a niche, highly sought-after,
and an emerging class of polyethylene. Nevertheless, d-UHMWPE synthesis is rare and equally
difficult. Here, we describe a Ti-iminocarboxylate complex that, in ambient polymerisation
conditions, yields d-UHMWPE. Treatment of tetrakis(dimethylamido-titanium) [Ti (NMe2)4] with 2-
((4-methoxybenylidene) amino) benzoic acid produced a novel titanium complex Cat.1 [bis-
dimethylamido-Ti-(bis-iminocarboxylate)]. Mass analysis and 1-2D NMR spectroscopy were used to
definitively determine Cat.1's identification. Cat.1 was activated using various cocatalysts, and
MMAO (modified methylaluminoxane) outperformed the others. Screening of polymerization
parameters suggested a 1000 Al/Ti ratio, 4 bar of ethylene pressure, The ideal conditions are a
temperature of 35 °C and a polymerization time of 30 minutes. Under the optimized polymerization
conditions, with an average molecular weight (Mw) of 2.5 x 10° g/mol, Cat.1 polymerizes ethylene
to create ultrahigh molecular weight polyethylene. The thermal behavior of the thus prepared material
disclosed a highly crystalline [crystallinity y (DSC) 96 %], strictly linear polyethylene. Using a
specially created DSC method, a thorough thermal study of the developing polyethylene showed the
presence of a significant melting peak at 139—140 °C. which is a hallmark of disentangled UHMWPE.
A single-site, homogenous ethylene polymerization catalyst was therefore created, and when activated

with MMAQO, it generated extremely crystalline d-UHMWPE.
3.2. Introduction

Within a span of 100 years, polymers have reached every corner of the planet earth. The global annual
production of polymers stands at about 380 million tons.> Among these, the largest volume polymer

is polyethylene (PE),>*

and it is produced mainly using “Miilheim atmospheric polyethylene process”
or “low pressure process”.>® Since the pathbreaking discovery of transition metal-catalyzed olefin
polymerization by Ziegler, many academic and industrial centers have pursued olefin polymerization,
and today PE is the largest volume polymer in the world. A key to the discovery of “low pressure
process” was a catalyst. Thus, a large volume of literature on olefin polymerization deals with the
synthesis of metal catalysts. A heterogeneous Ziegler catalyst is used to produce PE, and these
catalysts are made of TiCls epitaxially adsorbed on a substrate made of anhydrous MgCl.” As the
problems associated with investigations of heterogeneous catalysts started surfacing, the community

moved to the homogeneous catalysts, and in the process, MAO and metallocenes were discovered by

Sinn and Kaminsky.® Metallocenes have slowly entered into the market and about 5-8 % of the total
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PE is now produced using metallocene catalysts.® Catalysts which were discovered after metallocenes
and which do not meet the criteria of being metallocenes are generally called “Post-metallocenes” or
“Non-metallocene’s”.!% Thus, olefin polymerization has evolved over the years, and slowly, the focus
has been shifting to more specialty polyolefins. Among the specialty polyolefins, functional

11,12,13,14,15,16,17

polyethylene, 18 telechelic polyethylene,® PE dispersions,? ultrahigh molecular weight

21,22,23,24

polyethylene, and polyethylene vitrimers are emerging as a new class of high-end

materials.2>2°

As defined in ASTM D4020, a polyethylene with viscosity average molecular weight of 2.5 million
g/mol is considered as UHMWPE.?’ Due to inherent outstanding physical properties, UHMWPE is
used in prostheses, body armors, sport wears, battery separators, siding for ships at harbors, etc.
However, synthesis of UHMWPE is not trival and requires careful catalyst tweaking. Control over
the rate of propagation (kp), rate of transfer (ki) or rate of termination (k) is crucial to obtain such
high molecular weight polyethylene. The three rates (kp, ki, k) can be altered by suitable catalyst
design that consists of an appropriate metal cation and ligand structure that properly balances the
steric and electronic environments. The current understanding of the field allows us to draw the
following guidelines to design a catalyst for UHMWPE. The rate of propagation should be much
higher than the ki and k¢. Therefore, the metal centre should be very acidic (oxophilic), which will
allow the chain to grow faster. The ligand should force the B-H out of the metal-plan and thus suppress
the two rates (ke, k). Thus, a suitable catalyst combined with correct choice of reaction parameters

may enable the synthesis of ultrahigh molecular weight PE.?

There are two states of ultrahigh molecular weight polyethylene. The traditional UHMWPE is
“entangled”, while another state called “disentangled” (d-UHMWPE) has been identified in the last
decade.?® Literature reports suggest that the heterogeneous Ziegler-type catalysts generally produce
“entangled” UHMWPE. Entangled UHMWPE is difficult to process, and an additional step of gel-
spinning is necessary. While, only homogeneous catalysts have been reported to be capable of
producing disentangled UHMWPE (d-UHMWPE). Chikkali and co-workers have reported a recent
exception to the rule.®® A heterogeneous catalyst was subjected to controlled reduction of Ti (IV) to
Ti (IIT), which enabled the synthesis of d-UHMWPE. Among the homogeneous catalysts, the titanium
bis (phenoxy imine) or the Fl-catalysts have been extensively investigated (Figure 3.1,1).3:3233 Under
optimized conditions, the FI catalyst can produce d-UHMWPE. Recently, Enders and co-workers
reported a naphthyridine cyclopentadienyl chromium catalyst (Figure 3.1,2). The chromium catalysts,

upon activation with a suitable cocatalyst, produced d-UHMWPE343°
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Figure 3.1: State-of-the-art catalysts for the synthesis of d-UHMWPE (left) and the present work (right).

The weak coordination of nitrogen to the metal causes the FI catalyst family to experience structural
isomerism.*® Therefore, rational ligands designing approaches have frequently concentrated on
creating and altering auxiliary ligands to offer an attractive catalyst.’’ A very frequently used
parameter in rational designing is steric and electronic control by changing substituents on the ligand
framework. Imine ligands are largely favored for three main reasons: (1) easy synthesis, (2) relative
stability towards moisture/oxygen, and (3) ease of tailoring electronic and steric by choosing different
amine and aldehyde. Metal complexes that produce polyethylene from ethylene have been
successfully prepared using a variety of nitrogen-containing ligands. We pondered if an imine-based
carboxy ligand can deliver bis-ligated titanium complex and if the Ti-complex can initiate ethylene

polymerization.

Here in, we describe a single-step synthesis of iminocarboxylate ligated titanium complex [(L1).Ti
(NMe»)2] (Cat.1) (Figure 3.1). Spectroscopic and analytical techniques unambiguously ascertained
the identity of the Ti-complex. The resultant titanium complex [(L1),Ti (NMe:)>] was employed as a
precatalyst for the polymerization of ethylene. To our delight, under defined polymerization

conditions, Cat.1 produced highly crystalline, disentangled, ultrahigh molecular weight polyethylene.
3.3. Results and discussion

3.3.1. Synthesis of imine carboxylate ligand (LL1) and its titanium complex

The condensation of amine with an aldehyde to produce imine (Schiff base) is well known for decades.
However, condensation of ortho-amino acids with aldehydes is highly challenging and has been found
to produce benzoxazinones, instead of expected imines.® The cyclization to benzoxazinones can be

addressed by substituting the acidic proton with a heavy metal cation.*® Therefore, choosing the amine
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and aldehyde partners is crucial for condensing the ortho-amino acid compounds. Based on our past
experience, we envisaged the condensation of anthranilic acid with anisaldehyde.?®*° Thus, 1 g of
anthranilic acid was treated with anisaldehyde to obtain the anticipated 2-((4-methoxybenzylidene)
amino) benzoic acid (L1) in an improved isolated yield of 90 % (2.5 g).*° The identity of the resultant
compound was ascertained using a combination of spectroscopic and analytical methods, including a

single crystal X-ray diffraction.*’

After establishing a robust ligand synthesis protocol, we examined the coordinating ability of
iminocarboxylate ligand with a transition metal. It is necessary to have both, the ligand and the metal
precursor, to create a single component metal complex for ethylene polymerization. Our initial effort to
obtain the desired metal complex (Cat.1) by treating L1 with titanium tetrachloride [TiCls] as a titanium
precursor was not very successful. We could not isolate and characterize the resultant metal complex
(Cat.1). The ligand is highly acid sensitive, and one must first prepare ligand-salt before treating it with
[TiCls]. Thus, after treating the sodium salt of L1 with [TiCls], it was found that the imine bond is
cleaved. To address this bottleneck, we were in search of a titanium precursor with less acidity. Marks
and co-workers recently reported an unexpected behavior of phenoxy-imine ligated zirconium
bis(dimethylamine) precursor on ethylene-olefin copolymerization.*! Based on this, we anticipated that
the titanium congener of the reported zirconium complex might suppress cleavage of L1 (imine bond)
as the by-product is a base (HNMe:) and may allow coordination of iminocarboxylate ligand to enable
the formation of mononuclear titanium complex. With this hypothesis, two equivalents of
iminocarboxylate ligand L1 (1 g, 3.9 mmol) was treated with one equivalent of tetrakis(dimethylamido-
titanium) [Ti(NMez)4] (1.9 mmol) at 0 °C. After the addition, the temperature of the reaction mixture
was raised to room temperature (~35 °C) and the stirring was continued for 2 hours. After two hours,
volatiles were evaporated, and the titanium complex Cat.1 was isolated in 62 % yield (see experimental
section for details). The synthesis of the iminocarboxylate-Ti (NMez2)2 complex was very
straightforward, and the resultant by-product [Me>NH] was easily evaporated from the reaction mixture.
The reddish brown crystalline solid of complex Cat.l1 (Scheme 3.1) was subjected to detailed

characterization.
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Scheme 3.1: Synthesis of amido Ti-iminocarboxylate complex Cat.1

The 'H NMR spectrum of the above reddish brown solid disclosed a resonance at 8.34 ppm, which can
be assigned to the imine proton. Compared to the free ligand L1, the imine proton is shifted slightly up-
field (from 8.65 ppm in the free ligands L1 to 8.34 ppm for the Cat.1) in
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Figure 3.2: Expanded view of a long-range C-H correlation (HMBC) spectrum of Cat.1 displaying cross peak
between the methyl protons (-TiNMe,) and the carboxylate carbon (in CDCl3).

the complex Cat.1. The change in chemical shift suggests coordination of the imine nitrogen to the

titanium. Such up-field shifts are not very common but have been observed for other metal
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complexes.’**? Furthermore, the methyl protons in Ti-NMe, group could be identified as two sets, one
at 3.10 ppm and the other at 2.91 ppm. The '3C NMR spectrum of Cat.1 revealed a characteristic imine-
carbon resonance at 160.4 ppm. The short-range C-H correlation HSQC spectrum displayed cross-peaks
to corresponding carbons. Unambiguous evidence of the existence of Cat.1 was obtained from a long-
range C-H correlation HMBC spectrum (Figure 3.2). The methyl proton of the TiNMe; group displayed
a cross-peak to the acid carbon, confirming chelation of L1 to Ti-precursor. The NMR findings were
further corroborated by mass analysis, and a molecular ion peak was observed at m/z = 610 [Cat.1-
2NMe; +2H+HNMe>+Li] © Da. As the titanium complex, Cat.1, is highly air and moisture-sensitive,

fragments with different masses could be observed in the mass spectrum (figure 3.20).
3.4. Ethylene polymerization

After establishing the synthesis, we examined the reactivity of Cat.1 in ethylene polymerization The
ethylene polymerization was conducted in a Biichi high-pressure reactor with a heating/cooling jacket,
an overhead mechanical stirrer, and gas inlet/outlet facilities. The reactor was continuously fed with

ethylene gas to maintain the necessary pressure.

Table 3.1: Ethylene polymerization catalyzed by Cat.1 in the presence of various cocatalysts.?

TMA BT MMAO Yield o ¢ *Cryst.
Entry _ _ _ Activity’ | PMy, Tm

(equiv.) | (equiv.) | (equiv.) 9) b (%)
1 40 1.2 -- 0.250 16.1 1.49 x10° | 6.4 | 141.8 | 67.4
2 100 1.2 -- 0.350 225 |1.12x10°(35|141.3| 86.8
3 120 1.2 -- 0.150 9.6 2x10° |4.4/1399| 919
4 40 -- -- 0.106 6.8 - - 1136.8| 627
5 -- 1 1000 0.700 - - - - -

*Conditions: Cat.1-31 pmol of Ti (20 mg), Solvent-Toluene (100 mL), Ethylene-4 bars, Temperature-40 °C, Time-

30 minutes, equiv.-equivalent. ND-Not detected. ®°As obtained from HT-GPC at 160 °C in 1,2,4-

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 89



Chapter 3

Trichlorobenzene (TCB) against polystyrene standards. Obtained from DSC, heating and cooling curves of first
heating, cooling, and second heating; “Crystallinity was calculated from the melting enthalpy measured by DSC
and relative to the theoretical melting enthalpy of 293 J/g for 100 % crystalline polyethylene; fActivity in Kg of

PE/mol Ti/h.

The titanium complex Cat.1 is just a pre-catalyst and has to be activated to obtain the catalytically active
species for ethylene polymerization. Alkyl aluminum or boron compounds are well-known activators
and have been commonly used in olefin polymerization.*! Table 3.1 summarizes the cocatalyst/activator
screening and figure 2.2 depicts the performance of various activators in ethylene polymerization. The
cocatalyst was used in two lots, see supporting information for details. Please note that 30 minutes
stirring with about 70 % cocatalyst was required before the addition of Cat.1. First, the efficiency of
trimethyl aluminum (TMA) in the presence of BT (Trityl Borate) was examined. At a TMA (cocatalyst)
to catalyst (Cat.1) ratio (Al/Ti) of 40, under 4 bars of ethylene, 250 mg of polyethylene was obtained
(Table 3.1, entry 1). The best polymer yield of 350 mg was obtained at a TMA to catalyst ratio (Al/Ti)
of 100. While, the yield was reduced to 150 mg when TMA to catalyst ratio (Al/Ti) was increased to
120. Thus, the highest yield was 350 mg under the given polymerization conditions. The difference in
crystallinity (67 vs 91 %) can be ascribed to the existence of more crystalline domains, due to which
melting enthalpy (area under the peak) increases, leading to higher crystallinity. Next, di-isobutyl
aluminum hydride (DiBAI-H) was screened for ethylene polymerization, but no polymer was produced.
Subsequently, MMAO was tested as cocatalyst and was found to produce 700 mg of polyethylene under
similar conditions (Table 3.1, entry 5). As presented in figure 3.3, MMAO outperformed TMA/BT,
DiBAI-H, and DiBAI-H/MMAO, and disclosed the highest activity.

Cocatalysts

18
1.6
14
12

Activity

0.8
0.6
0.4

02 _—

DiBAI-H TMA MAO
Cocatalysts

Figure 3.3: Screening of cocatalysts and activity in ethylene polymerization (Activity = mol of
polyethylene/mol of Ti/h).
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Thus, MMAO was finalized as the best cocatalyst and further studies were undertaken (Table 3.2). The
effect of Al/Ti ratio on the polymerization activity was investigated (Table 3.2, entries 1-4). At an Al/Ti
ratio of 500 under 4 bar ethylene pressure, 650 mg of polyethylene was obtained (Table 3.2, entry 1).
The melting temperature was found to be 138.7 °C, suggesting high molecular weight, crystalline
polyethylene. The Al/Ti ratio was further increased to 1000, 1500, and 2000 (Table 3.2, entries 2-4). The
highest TOF and yield of 750 mg was obtained at an Al/Ti ratio of 1000. Increasing the Al/Ti ratio further
to 2000, deteriorated the polyethylene yield to 700 mg. Figure 2.3 presents the comparative performance
of Al/Ti ratio on polyethylene activity. In our attempts to estimate the life time of the catalyst, ethylene
polymerization was carried out for different time period (5, 30, 60 minutes) and the activity was
determined. As can be seen in the figure 3.6, the highest activity was obtained after 30 minutes,
suggesting existence of active catalyst. While increasing the polymerization time to 60 minutes revealed
lower activity, suggesting catalyst decomposition. Thus, the optimized polymerization condition is 20
mg Cat.1, Al/Ti ratio of 1000, 4 bar ethylene pressure, 35 °C temperature, and a polymerization time of

30 minutes.
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Figure 3.4: Screening of Al/Ti ratio and activity in ethylene polymerization (Activity = mol of polyethylene/mol
of Ti/h).
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Figure 3.5: Effect of temperature on ethylene polymerization (Activity = mol of polyethylene/mol of Ti/h).
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Figure 3.6: Ethylene polymerization at 5, 30 and 60 minutes (Activity = mol of polyethylene/mol of Ti/h).

One of the crucial parameters that influence the activity, molecular weight, polydispersity and
entanglement of polyethylene, is the polymerization temperature. Therefore, we investigated the effect
of temperature on polymerization, and figure 3.5 summarizes the results. As compared to the optimized
temperature of 35 °C, ethylene polymerization at 25 °C disclosed a slight drop in the catalyst activity
(1.56 x 10°, 680 mg PE). While increasing the polymerization temperature to 50 °C significantly
decreased the catalyst activity (Table 3.2, entry 7, 360 mg PE). Further increasing the polymerization
temperature to 60 °C led to a colossal drop-in catalyst activity (Table 3.2, entry 8). Thus, polymerization
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temperature significantly influenced catalyst activity, and 35 °C remained the optimal reaction

temperature.

Table 3.2: Ethylene polymerization catalyzed by Cat.1 and MMAO.?

Entr | Precatalys | AT | Temp | Poly. ] TOF| ™™y | "My | 9 'Cryst
_ Activity® "Tm
y t l G | (9 (10%) | (x10%) | (x10°) | B (%)
1 Cat.l 500 35 | 0.650 41.9 1.497 | 4.90 138.7 | 62.1
2 Cat.l 1000 | 35 | 0.750 48.3 1.728 25 25 12411372 | 87.9
3 Cat.1 1500 | 35 | 0.750 48.3 1612 | 1.6 139.5 | 60.8
4 Cat.l 2000 | 35 | 0.700 45.1 1612 | 1.94 136.5 | 53.5
Cat.1+ Al
. 40 +
5¢ 'BuH 35 NO -- -- -- | NO
1000
+MAO
6 Cat.1 1000 | 25 | 0.680 43.8 1566 | 7.4 139 | 96.4
7 Cat.1 1000 | 50 | 0.360 23.2 0.829 | 1.93 138.3| 80
8 Cat.1 1000 | 60 | 0.297 19.1 0.684 | 0.54 134 | 48.6

*Conditions: Catalyst = 31 pmol of Ti (20 mg of catalyst); Solvent = 100 mL of toluene, Time-30 minutes,
bActivity in Kg of PE/mol Ti/h; Al ‘BuH 1 Equiv. + MAO 1000, 4 bar ethylene pressure time 30 min; ¢ Weight
of produced polyethylene (in gm); “TOF = mol of polyethylene/mol of Ti/h, ¢ As obtained from HT-GPC at 160
°C in 1,2,4-Trichlorobenzene (TCB) against polystyrene standards, in 10® g/mol. "Obtained from DSC, heating
and cooling curves of first heating, cooling, and second heating; Crystallinity was calculated from the melting
enthalpy measured by DSC and relative to the theoretical melting enthalpy of 293 J/g for 100 % crystalline
polyethylene. NO- Not obtained.
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3.5. Highly crystalline, disentangled ultrahigh molecular weight
polyethylene (d-UHMWPE)

The polyethylene produced under the optimized polymerization conditions was subjected to detailed
characterization. The molecular weight of the thus prepared PE was determined using a High-
Temperature Gel Permeation Chromatography (HT-GPC). To our delight, HT-GPC analysis of this
polyethylene in trichlorobenzene (TCB) at 160 °C disclosed the formation of ultrahigh molecular weight
polyethylene (UHMWPE) with a whopping molecular weight of 2.5 million g/mol (Table 3.2, entry 2).
Interestingly, the polydispersity index was found to be narrow (2.4), which suggests single-site behavior
of the catalyst (Cat.1). Our attempts to record the molecular weight for other entries were not very
successful as the PE was only partially soluble and produced a gel even at 160 °C with 1 mg per 10 mL
TCB.

The melting temperature of the resultant PE and crystallization data were obtained from differential
scanning calorimetry. The melting temperature obtained during the first heating is considered. As
compared to regular commodity PE grades (such as LDPE, HDPE), the melting temperature (Tm) of
the polyethylene produced using Cat.1 was high (137-140 °C), suggesting a high degree of order or
crystallinity. As a representative case, the sample with Mw of 2.5 million g/mol (Table 3.2, entry 2)
disclosed a very high crystallinity of 88 % (Table 3.2, entry 2). While, the highest crystallinity of 96 %
was observed for polyethylene produced at 25 °C (Table 3.2, entry 6). Such highly crystalline PE is a
result of highly active catalyst and polymerization conditions that enable crystallization of the growing
polymer chain. If the PE is crystallizing while the chain is growing, there should not be any time for
entanglement, and one should expect disentangled ultrahigh molecular weight polyethylene (d-

UHMWPE).

Therefore, we anticipated that the resultant UHMWPE would be disentangled in nature. The first
melting peak of the reactor PE can be attributed to the melting of single crystal lamellae, which is the
signature of the “disentangled” state of UHMWPE. To demonstrate the disentangled nature of
UHMWPE prepared using Cat.1, this material was subjected to thermal analysis protocols developed
by Rastogi and co-workers.*® A special DSC method was developed, and figure 3.7 presents various

steps involved in this protocol.
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Figure 3.7: Thermal protocol developed to demonstrate disentangled nature of UHMWPE. Thermal
protocol: Ramp 1: 50 °C to 160 °C (A-B) @ 10 °C/min. hold @160 °C for 5 min. (B—C). Ramp 2:
Cooling to 128 °C @ 10 °C/min. (C-D) and hold at 128 °C for 180 min. (D-E). Ramp 3: Cooling to 50
°C at 10 °C/min. (E-F) and hold at 50 °C for 1 min. (F-G). Ramp 4: Heating from 50 to 160 °C at 10
°C/min. (G-H). The DSC plot shown in figure 8 was obtained during ramp 4 (G-H).

To examine the melt behavior of UHMWPE, Rastogi and co-workers designed a DSC method that can
distinguish “entangled” and “disentangled” domains. The method involves heating the UHMWPE from
50 °C to 160 °C (@10 °C per minute) (a-b) (Figure 7) and annealing the sample at 160 °C for a
predetermined amount of time (b-c). When the UHMWPE sample is kept at 160 °C, the polymer chains
can move to achieve the thermodynamically stable “entangled” state (b-c). Therefore, depending upon
the annealing time in step b-c, the polymer sample may show various degrees of “entangled” and
“disentangled” domains (heterogeneity in the sample). After that, the sample was cooled to 128 °C (c-
d), and was allowed to isothermally crystallize for 180 minutes (d-e), then it was cooled to 50 °C (e-f).
Finally, the sample was heated from 50 °C to 160 °C (g-h). The information collected during the g-h
heating stage is displayed in figure 8. Figure 8 (blue line) disclosed two distinct melting domains, the
initial high melting peak around 139-140 °C is believed to originate from a crystalline domain,
representing the “disentangled” state of the UHMWPE. The high melting disentangled domain
disappears at 30 minutes of annealing time, and a single melting peak was observed (figure 8, orange
line). UHMWPE entangled domains are responsible for the second melting peak, which occurred at
about 133-134 °C. The above observations are in line with previous reports on “entangled” and

“disentangled” UHMWPE.*** Thus, the DSC experiment confirms that catalyst Cat.1 polymerizes
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ethylene to disentangled UHMWPE. A comparative DSC thermogram of a commercial entangled
UHMWPE and our disentangled UHMWPE is presented in experimental section (see figure 3.39).
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Figure 3.8: DSC plot of the d-UHMWPE sample (Table 3.2, entry 6) annealed for 5 (blue line) and 30 (orange

line) min.
3.6. Experimental section

3.6.1 Materials and methods

All manipulations involving moisture-sensitive compounds were carried out under an inert gas
atmosphere using standard Schlenk or glove box techniques. Toluene was distilled from
sodium/benzophenone under an argon atmosphere. Chloroform or CDCls, ethanol, dichlormethane, etc.
were dried and distilled as per reported procedures.*® Ethylene (purity; 99.95 %, 3.5 grade) was supplied
by Ms. Vadilal Chemicals Ltd, Pune, India. 2-aminobenzoic acid, 4-methoxy benzaldehyde, [Ti
(NMez)s], TiCla, Trityl tetrakis (pentafluoro phenyl) borate, MMAO-12 (7 Wt % Aluminum in Toluene),
Diisobutyl aluminum hydride (DiBAl-H), deuterated 1,1,2,2-tetrachloroethane were procured from
sigma-aldrich and used without further purification. Ethanol was purchased from Spectrochem Pvt. Ltd.
Trimethyl aluminum (TMA) was supplied by Schering AG, Germany and was used as received. NMR
spectra were recorded on a Bruker Avance 200, 400, 500 and JEOL 600 MHz instruments. The
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polymerization was run in a Biichi picoclave mini pressure reactor equipped with overhead mechanical
stirrer, heating/cooling jacket and pressure regulators. High temperature NMR (HT-NMR) of the
polymers was recorded in C2D,Cls4 solvent at 130 °C. Chemical shifts are referenced to external
reference TMS ('H and '*C). Mass spectra were recorded on Agilent Q-ToF mass spectrometer. FT-IR
spectra were recorded on a Bruker a-T spectrophotometer in the range of 4000-400 cm!. Differential
scanning calorimeter (DSC) was carried out on DSC Q-10 equipment from TA instruments with a
heating and cooling rate of 10 K min™!, unless mentioned otherwise. High temperature Gel Permeation
Chromatography (HT-GPC) of the PE was recorded in 1,2,4- trichlorobenzene at 160 °C on a Viscotek
GPC (HT-GPC module 350A) instrument equipped with triple detector system. The columns were
calibrated with linear polystyrene standards and the reported molecular weights are with respect to
polystyrene standards. Weight-average molecular weight (M,,), number average molecular weight (M,)

and polydispersity index (PDI) of the synthesized UHMWPE was recorded using HT-GPC.

3.6.2. Synthesis of 2-((4-methoxybenzylidene) amino) benzoic acid (L)

O
NH, O : Hﬁ
Ethanol |
[ j/ OH . N
70°C ©%(0H
[0) 6 hrs

- 0]
L1

An improved process to prepare L1 was developed.*’ 2-aminobenzoic acid (1 gm, 7.2 mmol) was
dissolved in ethanol (50 mL) and 4- methoxy benzaldehyde (1 mL, 7.2 mmol) was added to the above
solution. The reaction mixture was refluxed at 70 °C for 6 hours. Volatiles were evaporated under
reduced pressure to obtain a residue. The yellow-colored residue was washed with hexane (50 mL X

3) to yield 2.5 gm of L1 (90 %).

A "H NMR spectrum of the isolated compound disclosed a distinctive imine proton at 8.65 ppm
(Figure 3.9) and the corresponding carbon was observed at 159 ppm in a '>*C NMR spectrum (Figure
3.10). The short-range through bond C-H correlation spectrum (HSQC) confirmed that the proton at
8.65 ppm shows a cross peak to carbon at 159 ppm (Figure 3.12). The NMR findings were further
corroborated by mass analysis, which disclosed a molecular ion peak at m/z = 256.09 [M+H] " Da,
that can be assigned to L1 (Figure 3.13). The observed mass and isotopic pattern exactly match with
the simulated pattern. An IR spectrum of the compound revealed a C=N stretching band at 1618 cm~

I further authenticating the presence of imine groups.
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In order to help the reader, the following data and figures are reproduced below.

TH NMR (500 MHz, CDCl3, 298 K): & = 15.07 (br s, 1H), 8.65 (s,1H, -CH=N-), 8.32 (d, J = 7.58 Hz,
1H, Ar H), 7.85 (d, J = 8.59 Hz,2H, Ar H), 7.61 (m, 1H, Ar H), 7.48-7.40 (m, 2H, Ar H), 7.02 (d, J =
8.46 Hz, 2H, Ar H),3.90 (s, 3H, OCH3). 3C NMR (125 MHz, CDCls, 298 K): 8 = 167.5, 164.2, 159.9
(-CH=N),147.2, 133.9, 132.6, 131.9, 127.7, 126.5, 124.0, 116.6, 114.9, 55.9 (-OCH3). Elemental
analysis: Calculated C 70.58; H 5.13; N 5.49; found C 70.40; H 5.0; N 5.27. IR (cm-1): 3396 (-CO-
OH), 1708 (—-C=0), 1618 (-CH=N, stretching vibration). ESI-MS (+ve) m/z for C15sH14NOj3: Calculated:
255 Da, Observed: 256.0970 Da [M+H] .
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Figure 3.9: '"H NMR spectrum of L1 in CDCl3 (500 MHz).
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Figure 3.10: '*C NMR spectrum for L1 in CDCl; (125 MHz).
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Figure 3.11: DEPT NMR spectrum of L1 in CDCI; (125 MHz).
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Figure 3.12: Expanded view of a short-range C-H correlation (HSQC) NMR spectrum of L1 in
CDCl; (400 MHz).
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Figure 3.13: ESI-MS (+ve mode) spectrum of L1.
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Figure 3.14: IR spectrum of L1
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3.6.3. Synthesis of [bis-dimethylamido-Ti-(bis-iminocarboxylate)] (Cat.1)

OMe
(0]

OMe
i) Toluene, 0 °C Q\/{
+  |Ti(NMe,),| > N /
N7 O ii) rt, 2hrs 7 & N

Z
1a

(0]
OMe
A 250 mL oven-dried Schlenk flask was cooled under vacuum, and argon gas was purged. The

Schlenk flask was heated and cooled three times under vacuum to reduce the moisture content.
Under the positive flow of argon, 1 g (3.9 mmol.) of L1 was added to the above Schlenk flask.
Subsequently, toluene (40 mL) was added, the mixture was stirred for 5 minutes. The Schlenk was
cooled to 0 °C and Ti (NMe>)4 (0.4 mL, 1.9 mmol) was added gradually over a period of 5 minutes.
A turbid yellow solution turned to a clear reddish brown one. Subsequently, the ice bath was then
replaced with a water bath and the temperature of the reaction mixture was raised from 0 °C to
about 30 °C. The mixture was then stirred for additional two hours at room temperature. After
another 30 minutes of stirring, volatiles were evaporated under vacuum. A reddish-brown residue
was obtained. This crude complex was further purified by washing with freshly distilled hexane
(20 mLx 3). The content was stirred for 5 minutes to let the solid settle, and the supernatant liquid

was separated. The solid was then vacuum-dried and stored in the glove box for future use.

'H NMR (400 MHz, CDCls) & = 8.35 (s, 2H, HC=N-), 7.80 (d, J = 8.58 Hz, Ar, 4H), 7.36 (t, ] =
6.38, 7.50, Ar, SH), 7.06 (d, J = 7.88, Ar, 3H), 6.97 (d, J = 8.75, Ar, 4H), 3.86 (s, 6H), 3.07 (s, 6H)
and 2.88 (s, 6H, -NMe,). 3C NMR (125 MHz, CDCL) & = 170.4 (-COOH), 162.4, 160.4(-
C=N),148.5, 131.3, 129.8, 127.4, 125.6, 118.7, 114.7, 55.4 (OCH3), 38.2 and 34.7 (-N(CH:),).

ESI-MS (+ve) m/z for C34H36N4OsTi [M+H] + Calculated: 644.21 Da, observed: m/z = 610.18
[Cat.1-2NMe, +2H+HNMe,+Li] * Da.
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Figure 3.15: '"H NMR spectrum of Cat.1 in CDCl3(400 MHz).
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Figure 3.16: *C NMR spectrum of Cat.1 in CDCl; (100 MHz).
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Figure 3.17: DEPT NMR spectrum of Cat.1 in CDCl; (100 MHz).
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Figure 3.18: HSQC NMR spectrum of Cat.1 in CDCl; (400 MHz).
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Figure 3.19: HMBC NMR spectrum of Cat.1 in CDCl; (400 MHz).
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Figure 3.20: Mass-spectrum (+ ve mode) of Cat.1.

3.6.4. General procedure for ethylene polymerization

The ethylene polymerization reaction was carried out in a Biichi glasuster cyclone 075 high-
pressure reactor, equipped with an overhead mechanical stirrer, heating/cooling jacket, and
pressure regulators. A pre-dried 250 mL Biichi reactor was kept under vacuum at 90 °C for 30
minutes before usage. After cooling down, the reactor was filled with argon, and after 3 cycles of
vacuum/argon, the reactor was filled with ethylene gas (20 bar) and flushed 3 times. It was charged
with 100 mL of dried freshly distilled toluene at room temperature under the positive flow of
ethylene gas. The reaction temperature was set to the desired range using Julabo temperature
controller and after the thermal equilibrium was reached, 70 % of the total amount of cocatalyst
(MMAO-12) was added, and the mixture was stirred for about 30 minutes. Simultaneously, in a
separate Schlenk tube, 10 mL of dried, freshly distilled toluene was taken and the remaining

amount of cocatalyst (MMAO-12) (30 %) was added, and the content was stirred for 30 minutes.
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After 30 min. a suitable amount of catalyst was injected into the reactor along with 10 mL of dry

toluene containing cocatalyst (MMAQO-12), and the polymerization was initiated by pressuring the

reactor with ethylene. The polymerization was carried out for the required time under vigorous

stirring and a constant feed of ethylene and then terminated by the addition of acidified methanol.

The polymer was filtered out, washed with a copious amount of methanol/acetone, and dried

overnight under vacuum at 60 °C to obtain a free-flowing powder. The polymerization results have

been summarized in table no 3.3, 3.4, 3.5 and 3.6.

Table 3.3: Polymerization of ethylene catalyzed by Cat.1 in the presence of TMA and BT (Trityl

tetrakis (pentafluoro phenyl) borate) ?

Entry | Catalyst | TMA (eqv.) | BT (eqv.) | Time (Min) | Yield® (gm) | Tm (°C)°¢
1. Cat.1 40 1.2 30 0.250 141.8
2. Cat.1 100 1.2 30 0.350 141.3
3. Cat.1 120 1.2 30 0.150 139.9
4. Cat.1 40 -- 30 0.106 -

5. TDMAT 40 1.2 30 - -

*Conditions: Catalyst = 31 umol of Ti (20 mg of catalyst); Solvent = 100 mL of toluene; ethylene-

4 bars; "Obtained from polyethylene produced, ‘Obtained from DSC, heating and cooling curves

of first heating cycle; TDMAT-Tetrakis (dimethylamino) Titanium (IV).

Table 3.4: Polymerization of ethylene catalyzed by Cat.1 in the presence of DiBAI-H.?

Entry | Catalyst | DBAL-H(eq.) | MMAO (eq.) | BT (eq.) | Time (Min) | PYield (gm)
1. Cat.1 40 100 - 30 --
2. Cat.1 40 1000 - 30 --
3. Cat.1 40 -- 1 30 --
4. Cat.1 -- 1000 1 30 0.700

*Conditions: Catalyst = 31 umol of Ti (20 mg of catalyst); Solvent = 100 mL of toluene; ethylene-

4 bars; *Obtained from polyethylene produced.
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Table 3.5: Polymerization of ethylene catalyzed by Cat.1 in the presence of MMAO12.

Entry Catalyst

7.

8.

Cat.1

Cat.1

Cat.1

Cat.1

Cat.l

Cat.l

Cat.l

Cat.l

MAO

Al/Ti Ratio

100

500

1000

1500

2000

1000

1000

1000

Temp.
(O
35
35
35
35
35
25
50

60

Yield
gm®

NA

0.650

0.750 2.5x10°

0.750

0.700

0.680

0.360

0.297

CMW

Trmd

138.7
137.2

139.5

139
138.3

134

¢Cryst. (%)

62.1

87.9

60.8

96.4

80

48.6

®Conditions: Catalyst =31 pmol of Ti (20 mg of catalyst); Solvent = 100 mL of toluene; ethylene-4 bars;

®Obtained from polyethylene produced; As obtained from HT-GPC at 160 °C in 1,2,4-Trichlorobenzene

(TCB) against polystyrene standards, in g/mol. ¢ Obtained from DSC, heating and cooling curves of first

heating cycle; °Crystallinity calculated from the melting enthalpy measured by DSC and relative to the

theoretical value (293 J/g) for 100 % crystalline polyethylene.
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Ethelene polymerization for different time periods (5 Min, 30 Min, 60 Min) Procedure:

A pre-dried 250 mL Biichi reactor was kept under vacuum at 90 °C for 3 hours before usage. A

general procedure for ethylene as mentioned above, was followed. The polymerization was carried

out for 5 minutes time under vigorous stirring and a constant feed of ethylene and then terminated

by the addition of acidified methanol. The resultant mixtures were filtered, washed with a copious

amount of acetone, and dried overnight under vacuum at 60 °C to obtain a white solid. Same

procedure has been followed for 30 Min and 60 Min time periods.

Table 3.6: Ethylene polymerization catalyzed by Cat.1 and MMAO

_ _ _ _ Activity ¢
Entry | Precatalyst | AI/Ti® | Time (Min) | Yield ¢
(Mol of PE/Mol of T/h)
1 Cat.1 1000 5 0.100 1188
2 Cat.l 1000 30 0.750 1728.1
3 Cat.3 1000 60 0.975 1123.2

3Conditions: Cat.1 = 31 umol of Ti (20 mg of catalyst); Solvent = 100 mL toluene, Al (MAO)/Ti = 1000;

4 bar ethylene pressure; “Weight of produced polyethylene (in gm); Activity = (mol of polyethylene/mol

of Ti/h
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3.7. Polymer characterization
3.7.1 DSC (Differential Scanning Calorimetry)

Instrument: DS 10 V8.9 Build 303
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2
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i
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Exo Up Temperature (°C) Universal V.54 TA Instr

Figure 3.21: DSC curves for the first heating, cooling and second heating cycle (Table 3.3, entry 1)
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Figure 3.22: DSC curves for the first heating, cooling and second heating cycle (Table 3.3, entry 2)
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Figure 3.23: DSC curves for the first heating, cooling and second heating cycle (Table 3.3, entry 3)

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 112



Chapter 3

RS R IL, LD ] IO WD DRI U

115.82°C

Heat Flow (W./g)

44 127 67°C
182 6Jig 138.79°C

-6 T T T T T 1
40 80 80 100 120 140 160

Exo U Teamneratira () Universal Va.54 TA Inst

Figure 3.24: DSC heating curve for the first heating, cooling and second heating cycle (Table 3.5, entry
2).
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Figure 3.25: DSC heating curves for the first heating, cooling and second heating cycle (Table 3.5, entry
3).
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Figure 3.26: DSC heating curves for the first heating, cooling and second heating cycle (Table 3.5, entry
4).
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Figure 3.27: DSC heating curves for the first heating, cooling and second heating cycle (Table 3.5, entry

6).

Ph.D. Thesis: Dnyanehswar V. Bodkhe

Page 116



Chapter 3

Bk LFadtid % I8 W . APLIIN adhfnd

121.78°C
186.2.0/g

Heat Flow (W/g)

; 127.65°C
138.32°C 235.1J/g

Exo Up

1 i j T T T ¥ T T T T T 1
100 120 140 160
Temperature (*C) Universal V454 TA In:

Figure 3.28: DSC heating curves for the first heating, cooling and second heating cycle (Table 3.5, entry

7).
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Figure 3.29: DSC heating curves for the first heating, cooling and second heating cycle (Table 3.5, entry
8).
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3.7.2 High-temperature gel permeation chromatography (HT-GPC)

14_DVB_03-50_C_01.vdt: Peak 1 @ 22,03 (mL) 107
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Figure 3.30: HT-GPC chromatogram of PE (for Table 3.5, entry 3).

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 119



Chapter 3
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Figure 3.31: HT-GPC chromatogram of PE (for Table 3.5, entry 1).
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Figure 3.32: HT-GPC chromatogram of PE (for Table 3.5, entry 2).
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Figure 3.33: HT-GPC chromatogram of Polymer (for Table 3.3, entry 3).
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3.7.3. High-temperature NMR spectroscopy
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Figure 3.34: "H HT-NMR spectrum of polyethylene recorded at 130 °C in C,D,Cly (for Table 3.5, entry 3).
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Figure 3.35: *C HT-NMR spectrum of polyethylene recorded at 130 °C in C,D2Cl4 (for Table 3.5, entry
3).

3.8. Determination of percentage crystallinity and disentanglement in
UHMWPE

3.8.1. % Crystallinity

The crystallinity of the resultant polyethylene was calculated from the melting enthalpy measured
by DSC and relative to the theoretical value 293.6 J/g for 100 % crystalline polyethylene (Table
3.5).

The term AHm® is a reference value and represents the heat of melting, if the polymer were 100%
crystalline. This reference heat of melting has been established for each of the commonly used

polymers and some of these are listed below in table 3.6.
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Table 3.6. Melting enthalpy for 100% crystalline polymers

Polymer AHm® (J/g)
Nylon 6 230.1

PET 140

Nylon 6, 6 255.8
Polypropylene | 207.1
Polyethylene | 293.6

The DSC software directly provides melting enthalpy values to make the assessment of the percent

crystallinity more convenient and easier.*® Crystallinity for one of the polyethylene samples (Table

3.5, entry 6) is determined using the following method.

% Crystallinity = AHm /AHm® (J/g) X100

Therefore,

AHm =283.2 J/g

AHmM® =293.6 J/g

% Crystallinity = 283.2 /293.6 x100
=96.4
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Heat Flow (W/g)
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120 140 160

Exo Up Universal Va.54 TA Ir

AHm = 283.2 J/g

3.8.2. Disentanglement studies by DSC

A TA instrument Q-10 Differential Scanning Calorimeter (DSC) was utilized to obtain the melting
temperatures (Tm) and subsequent melt enthalpies. To minimize the thermal lag caused by the
samples, the weight is kept within 6 mg + 0.1 mg for each sample. During the measurement,
nitrogen was continuously purged at 50 mL/min. A DSC method has been devised to obtain
different entanglement densities by following a literature reported protocol as depicted in Figure
$29.%° The sample was heated from 50 °C to an annealing temperature which is higher than PE’s
equilibrium temperature (145 °C) at 10 °C/min. to 160 °C. At this temperature, the sample was
annealed for a fixed time (5 and 30 min.). Two different annealing times were chosen to vary

entanglement density in melt. Next, the sample was cooled to an isothermal crystallization
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temperature of 128 °C, at 10 °C/min. rate. The sample was kept on hold at isothermal

crystallization temperature for a fixed time of 180 min. Next, the sample was cooled to 50 °C at

10 °C/min. rate and second heating was resumed from 50 to 160 °C at 10 °C/min. The DSC plots

depicted in Figure 3.37 and 3.38 were obtained during this second heating ramp.

100 110 120

T 1
——Dis UHMWPE 5Min..
—— Dis UHMWPE...

136.85°C

130 140 150 160
Temperature (°C)

Figure 3.36: Thermal protocol followed to demonstrate disentangled nature of UHMWPE.
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Figure 3.37: DSC plot of the -UHMWPE sample annealed for 5 minutes using the thermal protocol
displayed in figure 3.36. (Table 3.5, entry 6).
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Figure 3.38: DSC plot of the &-UHMWPE sample annealed for 5 (blue line) and 30 (orange line)
minutes using the thermal protocol displayed in figure S29. (Table 2.5, entry 6).

3.8.3. Commercial UHMWPE studies by DSC for comparison

We procured commercial Sigma-Aldrich UHMWPE (CAS 9002-88-4) with Mw 3,000,000-
6,000,000 g/mol and subjected it to DSC analysis using DSC method presented in figure S28. This
type of comparative analysis has already been reported by Prof. Rastogi.4 The authors state that
“The comparative example of commercial sample also shows the presence of two peaks on
crystallization at lower supercooling. However, unlike the disentangled sample, the high
temperature endothermic peak is found to be around 134 °C, which is not surprising and is in

agreement with earlier findings on linear polyethylene’s).” Our DSC experiment reconfirms the
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above finding by Rastogi. The commercial Sigma-Aldrich UHMWPE with Mw of 3,000,000-
6,000,000 g/mol displayed a peak at 132.4 °C with a shoulder around 136.5 °C (see figure 3.39).
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Figure 3.39: DSC plot of the d-UHMWPE sample annealed for 5 (blue line) and commercial entangled
UHMWPE (red line) sample annealed for 5 minutes using the 30 thermal protocols displayed in figure 3.38.

While our disentangled UHMWPE, with a much lower molecular weight of (Mv) 7,00,000 g/mol,
under identical conditions, disclosed two distinct peaks at 134.6 °C and 140.5 °C (see DSC figure
3.39). These findings are in line with the literature report and clearly demonstrate that our reactor

PE is disentangled UHMWPE.
3.9. Conclusions

In summary, an iminocarboxylate ligand L1 was treated with a [Ti (NMe2)4] to produce [bis-
dimethylamido-Ti-(bis-iminocarboxylate)] in good yield (62 %). 'H, '*C, HSQC, HMBC NMR

and mass analysis conclusively proved the existence of a bis-ligated Titanium complex Cat.1.
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Preliminary screening of cocatalysts suggested MMAO to be the best activator. The effect of Al/Ti
ratio on the activity of Cat.1 was investigated and an Al/Ti ratio of 1000 was found to be the
optimal ratio. Temperature screening suggested 35 °C as the optimal temperature, while, either
lowering the temperature to 25 °C or increasing it to 50 and 60 °C displayed reduced activity. The
resultant polyethylene was examined by using DSC, high temperature GPC, high temperature
NMR (HT-NMR) spectroscopy. High temperature proton ('H) and carbon ('*C) NMR of the
polymer suggested the formation of linear polyethylene. High temperature gel permeation
chromatography revealed a molecular weight of 2.5 million g/mol, which can be classified as
UHMWPE as per ASTM-D4020. DSC analysis of the resultant PE revealed a very high degree of
crystallinity (96 %). A specially designed DSC method disclosed that the thus formed UHMWPE
exists in a “disentangled” state. Thus, [bis-dimethylamido-Ti-(bis-iminocarboxylate)] complex
catalyzed polymerization of ethylene in the presence of MMAO to disentangled ultrahigh
molecular weight polyethylene (d-UHMWPE). Further investigations to improve the activity by

tweaking the ligand structure are in progress.
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4.1. Abstract

In this study, three distinct substituted phenyl cyclohexylimine titanium complexes were
synthesized and characterized using various spectroscopic techniques. These complexes were
activated with methyl aluminoxane (MMAO), triisobutylaluminum (TIBA), and tetrakis
(pentafluoro phenyl) borate (BT), and were systematically examined in ethylene polymerization.
Notably, the introduction of steric bulk near the active site generally enhanced catalytic activity,
except for Cat. 3. However, an investigation into excessive steric congestion, exemplified by Cat.
3, revealed a reduction in catalytic activity. This phenomenon suggests a potential hindrance to
monomer access to the active site or impeding polymer chain growth. Among these MMAO and
the combination of TIBA and BT, MMAO was able to produce ultrahigh molecular weight
polyethylene (UHMWPE). The Al/Ti ratio of 2000 equivalent, an ethylene pressure of 2 bar, a
temperature of 40 °C, and a polymerization period of 10 minutes were found to be the optimal
parameters for polymerization. Cat.2 produced UHMWPE with molecular mass of 2.75 x 10°
g/mol under optimized conditions. High crystallinity (95 %) and a distinctive melting peak at 140-
143 °C were observed in the resultant material, suggestive of disentangled ultrahigh molecular
weight polyethylene (d-UHMWPE). The findings of this work provide valuable insights into the
intricate interplay between steric effects and catalytic activity, offering considerations for the

rational design of efficient catalysts for ethylene polymerization.

4.2. Introduction

Ultrahigh molecular weight poly(ethylene)s (UHMW-PE) is an engineering polymer with high
modulus/high strength, toughness, lightweight and chemical inertness. These exceptional features
find unique applications for UHMWPE. 122 Since the discovery of Ziegler catalysts for ethylene
polymerization, extensive literature has elucidated C-C bond processes in these reactions.* The
key strategy for high molecular weight polyethylene production involves enhancing propagation
rates relative to transfer and termination or reducing transfer/termination rates.® Critical to this
strategy is the design of metal catalysts, focusing on transition metal and ligand selection,
homogeneous catalysts with defined active sites, and optimizing propagation while minimizing
transfer mechanisms like B-hydride elimination or transfer to aluminum co-catalyst numerous
transition metal catalysts, such as Group 4 metallocene’s, constrained-geometry catalysts, and

post-metallocene’s, particularly bis(phenoxy imine) Group 4 Schiff's base metal complexes, yield
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a diverse range of linear or branched polyethylenes with medium to high molecular weights and

narrow distributions.®

-
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Figure 4.1: High-performance catalysts for olefin polymerization.

Post-metallocene complexes, particularly Group 4 metal bis(phenoxy—imine) complexes, offer an
attractive framework for synthesizing high molecular weight polyethylenes (PEs) (Figure 4.1).’
However, these complexes often exhibit fluxional behavior, making it challenging to definitively
identify the active complex in polymerization, whether with two homo- or heteronuclear bidentate
ligands.® The objective of this study is to deepen our understanding of the structure-catalyst-
activity relationship in metal complexes, facilitating the design of superior catalysts for the
production of ultrahigh molecular weight polyethylenes. Since the 1990s, there has been a
proliferation of early and late transition metal catalysts. Notably, the catalysts discovered by Fujita
and coworkers at Mitsui in Japan, based on Group 4 bis (phenoxy imine) Schiff's base complexes,
have attracted widespread interest.>!° Fujita investigated the use of various cycloalkanes at the
imine nitrogen, revealing a significant increase in activity with an enlarged steric environment
around the metal center, ranging from cyclopropane to cyclohexane.!!

Interestingly, a remarkable and unexpected enhancement in molecular weight was observed with
2-methylcyclohexane compared to cyclohexane.'? This anomalous behavior might be attributed to
the chair-boat conformational equilibrium of the cyclohexane ring. The catalytic ability was
significantly enhanced by introducing sterically demanding substituents at the cyclohexyl ring and
the ortho position of the phenol ring. Motivated by this discovery, our interest lies in investigating
how steric factors around the metal center can suppress B-hydride elimination in polymerization,

potentially contributing to the attainment of ultrahigh molecular weight polyethylene.
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4.3. Results and discussion

4.3.1. Rational ligand design

Ligands play a pivotal role as essential components in homogeneous catalysis, functioning as
molecular tools to finely adjust and govern the behavior of metal complexes.*® The meticulous
selection and design of ligands enable the customization of catalysts for polymerization reactions.
In various instances, it has been demonstrated that ethylene dimerization/oligomerization catalysts
able to be controlled to produce polyethylene (PE), a high molecular weight by purposefully
modifying the ligand's electronical and steric properties (Figure 4.2). For instance, Fujita
investigated the use of various cycloalkanes at the imine nitrogen, revealing a significant increase
in activity with an enlarged steric environment around the metal center, ranging from cyclopropane
to cyclohexane. Interestingly, a remarkable and unexpected enhancement in molecular weight was
observed with 2-methylcyclohexane compared to cyclohexane.* This anomalous behavior might
be attributed to the chair-boat conformational equilibrium of the cyclohexane ring.

B- Hydride interaction B- Hydride repulsion

Strong B-H interaction

Kp >>>>>> Ktr or Kt

Kp <<<< Ktr or Kt

C-C bond breaking
Limited chain length

C-C bond making
Increase chain length

Figure 4.2: Ligand design aimed at suppressing f-hydrogen elimination in catalysis for enhanced control

of polymerization reactions.

It is well established that a methyl substituent on the cyclohexyl ring prefers the sterically less

demanding equatorial position, evidenced by an equilibrium constant of 19 and an energy
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difference of 7.3 kJ/mol between the equatorial and axial conformers. Placing a 2-methyl group in
the equatorial position leads to increased steric crowding around the metal center. This
arrangement reduces the likelihood of forming a four-membered transition state, a critical element
for the B-agnostic interaction mechanism. To support this concept, we have calculated the energy
difference between axial and equatorial positions using Density Functional Theory (DFT). The
results indicate that in the chair conformation, equatorial methyl and t-butyl substituents are more

stable in the imine ligand (Figure 4.3, Table no 4.1)

% — L\

Figure 4.3: Axial -equatorial conformation of substituted hexane.

N

Table 4.1 Energy difference between axial and equatorial position

E axial = E equatorial Of E axial = E equatorial Of % With
Sr. no Conformations cyclohexyl imine ligands equatorial
kJ/mol™! kJ/mol™! substituents
l. H 0 0 50
Axial 2 Methyl -
2. 7.29 12.36 95
Equi_2 Methyl
Axial_2-t-Bu -
3. 23.98 26.42 >99.9
Equi_2 t-Bu

Our objective is to produce ultrahigh molecular weight polyethylene. After an in-depth
examination of phenoxy-imine ligand, we were motivated to enhance the ligand's bulk by
substituting the methyl group with a tert-Bu group. This modification creates a more crowded

environment around the metal, potentially suppressing B-hydride elimination and promoting the
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polymer propagation rate, thereby increasing the likelihood of obtaining UHMWPE. The inclusion
of the tert-butyl group in the equatorial position introduces significant steric hindrance, influencing
the accessibility and favorability of the specific transition state required for f-agnostic interaction.
This insight underscores the critical role that ligand substitution patterns and conformational
preferences play in shaping the reactivity and mechanism of metal-catalyzed polymerization. Our
hypothesis, focused on augmenting bulk at the 2-position on the cyclohexyl ring, is aimed at
suppressing B-hydrogen elimination during polymerization, with the ultimate goal of producing

UHMWPE (Figure 4.4).

D

OH

ﬁ\

~N

ngl/

~N

OH OH

L2 L3

Figure 4.4: Ligands L1-L3 displaying increasing steric.

4.3.2. Rationale for titanium complex

The FI catalysts, utilizing salicylaldimine ligands in group 4 transition metal complexes, show
promise. Titanium and zirconium salicylaldimine complexes exhibit notable catalytic efficiency in
olefin polymerization, producing high molecular weight and narrow molecular weight distribution
for polyethylene or polypropylene.’® Titanium's superior activity in UHMWPE production stems
from its unique catalytic properties, with bulky ligands creating increased steric hindrance around
the metal center, suppressing undesired reactions like B-H elimination. This results in improved
control over polymerization and higher molecular weights in UHMWPE. Inspired by Fujita's work,
we observed a surprising increase in molecular weight with 2-methylcyclohexane compared to
cyclohexane. Encouraged by the unique properties of cyclohexylamine ligands,'* We embarked on

the development of group 4 metal complexes incorporating these ligands, specifically focusing on

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 141



Chapter 4

the synthesis and molecular structures of titanium complexes with cyclohexylamine ligands

featuring tertiary butyl substituents. Utilizing DFT, we calculated the energy difference between

the axial and equatorial positions of H, 2-Me, and 2-tert-butyl in the titanium complex. The results

indicate that the 2-tert-butyl substituent is more stable in the equatorial position, with energy values

of 0 < 41.06 < 377.40 kJ/mol™!, respectively. Additionally, energy calculations between stable

conformations in the fractional conformation suggest that the C1 cis complex is more stable (Table

4.2).
\ (/3 >

N../. ..Cl R N, Ne) W —R
R M N N
RNT L ~c RIN—TM< |

\ O ’ O Of L M FERY CI

D T

N
= R
cis ciscis trans
Co Cq D —— Co-
Table 4.2. Energy difference of various isomer in Oh geometry.
Conformations Energy profile of an overall reaction = -E
(kcal/mol)
Name C2 cis imine Cl1 Ciscis C2 Trans
imine
Ti_Axial 2 Methyl Cy6 165.32 164.80 131.57
Ti_Equi_2_Methyl Cy6 169.01 158.52 135.47
Ti_Axial_tert_butyl Cy6 169.87 160.35 78.42
Ti_Equi_tert_butyl Cy6 165.42 92725.39 155.99
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As we increased the bulk on the ligand backbone, our curiosity turned to the steric bulk around the
metal center. To investigate this, we examined the volume buried (%V Bur), a measurement of the
ligand's area in the metal's initial coordination sphere for the suggested titanium complexes. The
findings suggest that with the transition from a methyl (Me) to a tert-butyl (tert) substituent, there

is an increase in the percentage of buried volume 69.1 to 71.3. (Figure no. 4.5).

Buried volume
(%V Bar) 69.1 70.8 71.3

Figure 4.5: Stearic quantification of Ti complexes (Buried volume (% Vur)).

This study aims to enhance the suppression of f-H hydride elimination, consequently increasing
the rate of propagation in polymerization. Our primary focus is to explore the catalytic behaviors
of these complexes, specifically in relation to B-H hydride elimination, with the ultimate goal of
achieving UHMWPE. Typically, phenoxy systems undergo a two-step treatment with TiCla,
forming the lithium/sodium salt followed by reaction with the precursor. However, because TiCl4
is acidic and imine ligands are intolerant of acidic environments, this approach frequently results
in a moderate catalyst yield. In our investigation, seeking a titanium precursor with reduced acidity,
we drew inspiration from the work of Marks and co-workers,'® particularly their prior report
involving the use of [Ti (NMe2)4] with an imino carboxylate ligand. Building on their findings, we

successfully activated the system using modified methyl aluminoxane (MMAO).%’
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Figure 4.6: Titanium complexes Cat.1- Cat.3.

We hypothesized that the titanium congener of the reported zirconium complex could potentially
suppress the cleavage of L1-L3 (imine bond). This is because the by-product of the reaction is a
base (HNMe»), and this suppression may allow the coordination of phenoxycycloalkylimine

ligands, enabling the formation of a mononuclear titanium complex (Fig. 4.6).
4.3.3. Synthesis of phenoxycycloalkylimine ligands and their Ti-complexes

To elaborate further, the salicylaldehyde derivatives employed for ligand synthesis were obtained
using established procedures'* (Scheme 1). In particular, the ligands of phenoxycycloalkylimine
Synthesis of compounds L1-L3 was accomplished with essentially quantifiable yields (> 99%).
This synthetic method used the condensation of Schiff bases, where the matching cycloalkyl amine
reacted with the derivative of salicylaldehyde. Consequently, the ligands were thoroughly

characterized using various spectroscopic techniques,

R =H, Me, t-Bu

Scheme 4.1: Synthesis of phenoxycycloalkylimine ligands L1-L3.
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In the experimental procedure, (5.6 mmol) 3-tert-butylsalicylaldehyde at room temperature,
cyclohexylamine (8.4 mmol) was added gradually after 30 mL of ethanol had been used to dissolve
it. Under normal circumstances, the resultant mixture was agitated for eighteen hours. Following
the reaction time, volatiles were removed under reduced pressure, leaving behind a crude imine
L1 with a sticky consistency. Subsequently, using n-hexane as a mobile phase, the unrefined imine
product was purified using column chromatography on silica gel. This purification process
afforded imine 2-(tert-butyl)-6-((cyclohexyl imino) methyl) phenol L1 in the form of a yellow oil,

with a yield of 90 %, representing an impressive 99 % efficiency.

A spectrum of 'H NMR of the isolated compound revealed a distinctive proton of imine at 8.39
ppm and a '*C NMR spectra showed the matching carbon at 162.3 ppm. The short-range through
bond C-H correlation spectrum (HSQC) confirmed that the proton at 8.39 ppm shows 162 ppm is
the cross peak to carbon. Mass analysis further supported the NMR results, The peak of molecular
ions at m/z = 260 [M+H] " Da was revealed. This can be attributed to L1. The simulated pattern
and the observed mass and isotopic pattern are exactly the same. The compound's infrared spectra
showed a C=N stretching band at 1618 cm', further authenticating the presence of imine phenol
groups. Along the same line L2, 2-(tert-butyl)-6-(((2-methylcyclohexyl) imino) methyl) and L3,
2-(tert-butyl)-6-(((2-tert butyl cyclohexyl) imino) methyl) phenol formed readily upon mixing with
3-tert-butyl salicylaldehyde and 2-methyl cyclohexylamine or 2-tert-butyl cyclohexylamine. Both
ligands were isolated in excellent yields (90-95%). NMR, IR, and mass spectroscopy methods
were used in combination to definitively confirm their identity. L3 Ligand was meticulously
characterized through single crystal X-ray diffraction, with an in-depth examination of its
molecular structure (refer to Figure 4.30a). Crystals suitable for single crystal measurements were
obtained using the slow evaporation method from a hexane solution. The between the carbon and
nitrogen atoms in the ligand analysis uncovered a C=N distance of 1.28 A, signifying a stable and

well-defined bond.

Additionally, specific details regarding the spatial arrangement of atoms were revealed. The

distance between the two tert-butyl groups on the cyclohexyl ring and the imine nitrogen was
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Figure 4.7: Molecular structure of ligand L3 2-(tert-butyl)-6-(((2-tert butyl cyclohexyl) imino) methyl)
phenol (H-atoms omitted for clarity, except the imine C—H atom; 50% probability thermal ellipsoids.

found to be 3.4 A, with these groups positioned in the equatorial position (bond angle 116.1°). The
imine group was found in the axial position (angle between 109°), and both were cis to each other.
Notably, the imine nitrogen, OH group, and tert-butyl group on the salicylic ring were on the same

side and other information is as: space group P 2y, Cell lengths- a 11.3140(4) b 12.9007(4) ¢
13.6816(4), Cell Angles- a 90 B 110.1330(10) ¥ 90, Cell Volume-1874.93, R-factor (%)-9.47.

Following the successful synthesis and characterization of all imine ligands, the subsequent step
involved treating these ligands with a titanium metal precursor for complexation. This critical stage
aimed at forming complexes by combining the imine ligands with the titanium metal precursor.
The treatment with the titanium metal precursor served as a pivotal phase in further exploring the
reactivity and coordination chemistry of the synthesized imine ligands. In our investigation,
inspired by the work of Marks and co-workers, particularly in our previous study involving [Ti
(NMe:)4] with an imino carboxylate ligand, we sought a titanium precursor with reduced acidity.
Building on their findings, we successfully activated the system using MMAO. This strategic

modification was aimed to mitigate the adverse effects of acidic conditions on imine ligands, and
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provide a more favorable environment for the synthesis of phenoxy systems and enhancing the
overall catalyst performance. Synthesis of the [bis-dimethyl amido-Ti-(bis-[N-(3-tert-
butylsalicylidene) cyclohexylaminato])] complexes outlined in this study is presented in Scheme

4.3.

\

4
m
EXZ
></Z

OH o)
tBu

Cat1=R=H
Cat.2 =R =Me
Cat.3 =R =t-Bu
M =Ti, X = NMe,

L1
L2
L3

Scheme 4.2: Synthetic procedure for complexes Cat.1- Cat.3
According to this approach, two equivalents of phenoxycycloalkylimine ligands L1 was treated
with one equivalent of tetrakis (dimethyl amido-titanium) [Ti (NMe»)4] at 0 °C. Following the
addition, the temperature of the reaction solution was brought up to ambient (about 35 °C), and
stirring was maintained for two hours. Subsequently, volatiles were evaporated, and the titanium
complex Cat.1 were isolated in a 56 % yield. The synthesis of the phenoxycycloalkylimine-Ti
(NMe»)> complex was a straightforward process, and the resulting by product [MeaNH] could be
readily evaporated from the reaction mixture. The reddish-brown crystalline solid of complex
Cat.1 (Scheme 4.3) was then subjected to detailed characterization. A *H NMR spectrum of the
isolated compound disclosed a up field shift of imine proton at 8.37 ppm to at 8.09 ppm and in a
13C NMR spectra, the matching carbon was detected at 165.0 ppm, and the cyclohexyl proton
moved from 3.22 ppm to 3.44 ppm. The short-range through bond C-H correlation spectrum
(HSQC) confirmed that the proton at 8.09 ppm shows carbon at a cross peak 165.0 ppm (Fig. 4.8).
Mass analysis provided additional confirmation of the NMR results, this revealed a signal for
molecular ions at m/z = 608.3 [Cat.1-NMe;] © Da, that can be assigned to Cat.1. The simulated

pattern and the observed mass and isotopic pattern are exactly the same.
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Ft ppm)

15 10 5 0 F2[ppm]

Figure 4.8: 'H-"*C HSQC NMR spectrum of Cat.1 in CDCl; (500 MHz).

A similar synthesis protocol, as employed in the preparation of Cat.1, was followed for the
treatment of ligands L2 and L3 with [Ti (NMez)4]. The resulting products, namely Cat.2 and

Cat.3, were successfully isolated in good yield.
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Table 4.3: Characteristic NMR chemical shifts for L1-L3 and Cat.1-Cat.3.

Complex functional

Cat. 1 (ppm) Cat. 2 (ppm) Cat. 3 (ppm)
group
1q 13C 1q 13C g 13C
HC=N 8.0 163.0 8.0 163.3 8.7
-OH NA 162.1 NA 163.0 NA 138.7
CH C-NH: 3.4 60.7 2.2 67.3 2.4 52.3
Free ligand L1 L2 L3
HC=N 8.36 162.9 8.2 166.6 8.39 163.4
-OH 14.3 160.6 14.1 163.6 14.4 160.7
CH C-NH: 3.22 67.6 2.6 76.4 3.8 66.5

NA: Not applicable. NMR was recorded in CDCl; at room temperature.

The noted up-field shift among the imine proton within the three complexes, as indicated in Table
4.3, compared to the free ligand, indicates that the titanium centre is being coordinated with the
imine nitrogen's lone pair. This shift is indicative of changes in the electronic environment
surrounding the imine group upon complexation, providing clear evidence for the formation of
coordination bonds between the imine nitrogen and the titanium center in the synthesized
complexes. The coordination induced changes in chemical shift are a common phenomenon in
NMR spectroscopy and are consistent with the imine ligands' coordination with the titanium metal
centre in the complexes under investigation. In addition to NMR spectroscopy, characterization of
Cat.2 and Cat.3 was conducted using ESI-MS. Pseudo-molecular ion peaks were observed at m/z
= 636.4 for [Cat.2-NMez] " and 765.5 for [Cat.3 + H] *. These findings provide additional
confirmation for the existence of the titanium complexes Cat.2 and Cat.3. The observed mass-to-
charge ratios align with the expected molecular ions, supporting the formation of the desired
complexes and adding further analytical evidence to the comprehensive characterization of the
synthesized compounds. All complexes have characterized by X-ray photoelectron microscopy
(fig.no 4.9) in it the all complex show the binding energy Ti2p 1/2 from 457.9 eV to 458.5 eV and
Ti 2p 3/2 from 463.6 eV to 464.2 eV, X-ray photoelectron spectroscopy (XPS) is a technique used

to analyze the elemental composition
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2P 3/2

468 465 462 459 TN 43

Figure 4.9: XPS analysis of Cat.1 - Cat.3.

and chemical state of materials by measuring the binding energies of core-level electrons. In this
study, XPS was employed to characterize the complexes synthesized. The XPS spectra showed

characteristic peaks corresponding to the binding energies of the Ti2p core-level electrons.

For the Ti2p core-level electrons, the binding energy values observed ranged from 457.9 eV to
458.5 eV for Ti2p 1/2 and from 463.6 eV to 464.2 eV for Ti 2p 3/2 across all complexes. These
binding energy values are indicative of the oxidation state of titanium, specifically Ti**. The
consistency in these binding energy values across all complexes suggests that the oxidation state
of titanium remains constant within the synthesized compounds. This information is crucial for

confirming the chemical composition and structural properties of the complexes, providing
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valuable insights into their electronic structure and potential reactivity in catalytic processes or

other applications
4.4. Ethylene polymerization using Cat.1 — Cat.3

Having successfully established the synthesis of phenylcyclohexylimine titanium complexes, our
focus shifted to investigate their reactivity towards ethylene. In the context of insertion
polymerization reactions, the rates of ethylene insertion and termination play crucial roles in
determining the final outcome. To achieve a high molecular weight polymer, it is essential for the
rate of ethylene insertion to far exceed the rate of termination of the growing chain. This careful
balance in reactivity is key to obtaining a polymer with the desired molecular weight and
properties. Our exploration aimed to understand and optimize these reaction kinetics for effective
ethylene polymerization as per our hypothesis, our goal is to investigate the steric effects in
polymerization. To mitigate these effects, we propose employing B-hydrogen elimination. A rise
in the rate of propagation, exceeding the rates of termination and transfer, is the expected result. It
is worth noting that these catalysts have been activated by MMAO, and we expect this activation
to play a crucial role in enhancing their reactivity. By strategically managing steric effects through
B-hydrogen elimination and leveraging the catalyst activation, we aim to achieve a polymerization
process where the rate of propagation significantly outpaces termination and transfer reactions,
leading to the synthesis of high molecular weight polymers with desirable properties. The ethylene

polymerization data is summarized in table no 4.4 and 4.5.

Table 4.4: Polymerization of ethylene catalyzed by Cat.1-3 in the presence of MMAO12.

Catalysts f Activity
MAO D
- Temp. Time Yield ¢ Mw R
Kg of T Cryst.
Sr. No. AT Mw/M m (%)
Loading (°c) (Min) gt PE/Mol of (g/mol)
Ratio n
(mg) Ti/h

Cat.1-20 500 40 30 15 93.7 1.01x 10° 2.0 141 953
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Cat.1-20 | 1000 | 40 30 4 250 9.15x10° | 2.3 | 140.7 | 90.9
3. | cat.120 | 1500 | 40 30 5.5 3437 | 957x10° | 15 | 139.7 | 86.1
4 | cat120 | 2000 | 40 30 4 250 939x10° | 1.7 | 1385 | 68.6
> | cat220 | 500 40 30 | 0900 | 62.0 275x10° | 21 | 1431 | 825
6. | cat220 | 1000 | 40 30 3 2068 | 156x10° | 22 | 1421 | 875
7| cat220 | 1500 | 40 30 3.8 262 225x10° | 1.7 | 142 | 89.6
8. | cat220| 2000 | 40 30 7.4 5103 | 1.66x10° | 18 | 1393 | 57.2
% | cat3-20| 1000 | 40 30 | 0.72 55.3 68x10° | 1.8 | 1383 | 77.9
101 cat3-20 | 2000 | 40 30 | 0993 | 763 1.04x10° | 15 | 1349 | 658
1 cato5 | 2000 | 40 30 1 2939 | 2.19x10° | 16 | 1423 | 90.7
12.1 cat2-10 | 2000 | 40 30 3.2 4571 | 1.59x10° | 17 | 1414 | 814
131 cat2a5 | 2000 | 40 30 5.2 4727 | 1.76x105 | 23 | 1424 | 709
141 cat25 | 2000 | 40 5 | 0.100 165 6.69x10°5 | 2.3 | 1392 | 86.7
15 cato5 | 2000 | 40 10 | 0900 | 7426 | 2.09x10° | 21 | 1416 | 78.4
16.1 cat25 | 2000 | 40 15 | 0.400 219 145x10° | 3.0 | 1418 | 93.2
17.1 gcat25 | 2000 | 40 10 | 0.320 274 1.81x10° | 1.9 | 1407 | 91.1
18 heato5 | 2000 | 40 10 | 0373 319 225x10° | 21 | 1419 | 565
191 cat25 | 2000 | 25 10 | 0.120 102 1.79x10° | 1.8 | 1406 | 78
20-1 cat25 | 2000 | 60 10 | 0.860 | 736.3 1.0x10° | 23 | 1404 | 69.2
21.| cat25 | 2000 | 80 10 | 175 1498 588x10°| 18 | 1404 | 69
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22.| cat2-20 | 2000 | 25 30 3.4 2455 | 2.63x10° | 19 | 1406 | 448
23.| cat3-20| 1000 | 25 30 | 0.225 173 119x105 | 18 | 1382 | 826
24.| cat15 | 2000 | 40 10 | 0537 | 4597 | 101x10° | 21 | 1209 | 90
25.| cat3s | 2000 | 40 10 | 0.050 42.8 20x106 | 18 | 1379 | 43
26.| cat3s | 2000 | 60 10 | 0.085 81.7 924x10° | 19 | 1382 | 432
27.| cat3s | 2000 | 80 10 | 0.090 86.5 52x105 | 23 | 13813
1
28.| cat15 | 2000 | 60 10 | 0397 | 6293 6.85x10° | 21 | 1406 | 90
1.9
29.| Cat1-5 | 2000 | 80 10 | 0430 | 3536 | 2.87x10° 1352 | 395

@ Conditions: Catalyst = 31 pmol; Solvent = 100 mL of toluene; ethylene-2 bars; ® Obtained from
polyethylene produced; * Mw = Wt. average molecular weight and PDI were determined at 160 °C in TCB
using HT-GPC. ¢ Obtained from DSC, heating and cooling curves of first heating cycle; © Crystallinity
calculated from the melting enthalpy measured by DSC and relative to the theoretical value (293 J/g) for
100% crystalline polyethylene; " Activity in Kg of PE/mol Ti/h, ¢! ethylene press. 4 bar and 6 bar.

The Ti-complexes Cat.1 to Cat.3 were treated with varying equivalents of MMAO under 2 bar
ethylene pressure at 40 °C (entry no 1-10). The systematic evaluation of reaction activities revealed
that, Cat. 2, particularly with 2000 equivalents of MMAO, exhibited superior activity of 510.3 Kg
of PE/mol Ti/h (Mw = 1.01 x 10° to 2.75 x 10° g/mol which UHMWPE), surpassing the activities
of complexes 1 (250 Kg of PE/mol Ti/h) and 3 (76.3 Kg of PE/mol Ti/h). This suggests that the
specific conditions and the combination of Cat. 2 with MMAO contribute to a more efficient

catalyst for ethylene polymerization.

A higher steric bulk of the cycloalkyl group on the imine-N results in increased activity for
catalysis, according to the overall trend in catalytic activity that has been observed, with the
exception of Cat. 3. However, it is notable that, in the case of Cat. 3 (entry no 10), Catalytic
activity (76.3 Kg of PE/mol Ti/h) can be reduced by excessive steric congestion brought about by
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the substituent at the active site, however UHMWPE may result with Mw = 1.04 x 10° g/mol. This
reduction in activity is likely because it prevents the monomer from reaching its active location
and/or stops the polymer chain from growing. These results imply that there may be two conflicting
impacts on catalytic activity when steric bulk is introduced close to the active site. While moderate
steric effects enhance activity, excessive steric hindrance near the active site may impede the
polymerization process. This observation underscores the delicate balance required in designing
catalyst structures, considering the influence of steric factors on the efficiency of the catalytic
reaction. Further exploration and optimization of catalyst structures can contribute to a nuanced

understanding of how steric effects impact catalytic activity in ethylene polymerization.

Moreover, Cat. 2 was further utilized for additional parameter optimization. Catalyst loading was
screened from 7.3 umol to 22 pmol, and at 22 pumol of catalyst loading (entry no.11-13) with 2000
equivalents of MMAO, at 472.7 kg of PE/mol Ti/h (Mw = 1.76 x 10°), the maximum activity was
recorded. Further, while keeping the catalyst loading constant at 7.3 pmol, the polymerization time
was varied from 5 to 30 minutes (entry no 14-16), with the optimum activity of 724 Kg of PE/mol
Ti/h (Mw = 2.09 x 10° g/mol) achieved at a 10-minute reaction time. These additional parameter
optimizations contribute to a more detailed understanding and fine-tuning of the ethylene
polymerization process using Cat. 2. Furthermore, we optimized the pressure (entries 15, 17, 18)
from 2 bar to 6 bar. Interestingly, at 2 bars of pressure, ethylene exhibited higher activity (742.6
Kg of PE/mol Ti/h and Mw = 2.09 x 10¢ g/mol) compared to both 2 and 6 bars. Subsequently, using
cat. 2, we fine-tuned the temperature. Considering that higher temperatures promote Beta hydride
elimination, in our investigation, we explored a temperature range spanning from 25 to 80 °C to
assess its impact on catalytic performance. Remarkably, at a temperature of 80 °C, we observed
superior performance, yielding 1498 Kg of PE/mol Ti/h, compared to other temperature settings
(entries 19, 20, 21). This finding suggests that the increased temperature enhances catalytic
activity, indicating that, Cat.2 exhibits high thermal stability and effectively suppresses B-hydride
elimination. This inference is supported by its relatively high molecular weight (6 x 10° g/mol),
indicative of efficient polymer chain growth. Motivated by these results, we conducted further
investigations on Cat.1 and Cat.3 despite displaying increased activity with rising temperature,
Cat.1 exhibits a lower molecular weight (Mw = 2.8 x 10> g/mol), indicating a propensity for -

hydride elimination. On the other hand, cat.3 demonstrates the ability to suppress B-hydride
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elimination. However, due to the presence of high steric bulk around the metal center, it has less
catalytic activity than cats 1 and 2. Furthermore, we calculated the molecular weight using the HT-

GPC technique for the obtained polyethylene, yielding a range of Mw = 1.01 x 10° to 2.75 x 109,

To our surprise, transitioning from MMAO to a combination of triisobutylaluminum (‘BuzAl) (250
umol) and tetrakis(pentafluorophenyl)borate (PhzCB(CeF5s)4) (2 equiv.) resulted in the production
of exceptionally high molecular weight polyethylenes (PEs). Specifically, under these conditions,
Cat.2 exhibited a remarkable molecular weight (Mw) of 5.53 x 10° g/mol. Although the activity
was moderate compared to MMAO (entry no 6), subsequent optimization efforts were undertaken.
Upon adjusting the polymerization time from 5 minutes to 30 minutes, we observed an increase in
both yield (0.293 g) and activity (483.5 kg of PE/mol of Ti/h), with the optimal activity achieved

at 5 minutes (entry no 1-3).
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Table 4.5: Polymerization of ethylene catalyzed by Cat.1-3 in the presence of triisobutylaluminiu

(TIBA) and Triphenylmethylium tetrakis (per fluorophenyl) borate (BT).

TiBA and fActivit
sr. | Catalysts- | Borate (2 Temp. Time Vield y - D .y cCyst.
No. Loading equiv.) o) (Min o Kg of Mw/ (%).

(mg) | Al/TiRatio ) PE/Mol Mn

(umol) of Ti/h
1 | Cat2-5 250 40 | 30 | 0.833 2282  125x10° 1.9 1429 924
2 | Cat2-5 250 40 | 15 | 0596 3265 @ 1.0x10° @ 2.1 | 1427  85.4
3 | Cat2-5 250 40 5 | 0293 4835  4.15x10° 2.2 1419 825
4 | Cat.2-5 500 40 5 | 0263 | 4340 8.04x10° 1.5 1421 94.8
5 | Cat2-5 125 40 5 | 0143 | 2448 | 753%105 1.8 1414  90.2

6 | Cat2-5 250 50 5 | 0367 6057  553x10° 2.1 | 1422 95

7 | Cat2-5 250 80 5 | 0960 | 8219  952x10°5 2.0 143 @ 895
8 | Cat.2-5 250 25 5 | 0078 133 | 563x10° 2.5  140.8 89.7
&9 | Cat.2-5 250 50 5 | 0290 2482 | 7.13x10° 23 | 1439 996
€10 | Cat.2-5 250 50 5 | 0360 3082 | 514x10° 25 | 1429 96.2
11 | Cati-5 250 50 5 | 0109 | 1727 | 433x10° 2.7 1427 @446
12 | Cat3-5 250 50 5 | 0006 911 ND NA | 141.7 858

2 Conditions: Catalyst = 7 umol; TiBA and BT 250 u mol and 2 eq. Solvent = 100 mL of toluene; ethylene
= 2 bars; ° Obtained from polyethylene produced;  Mw = Weight average molecular weight and PDI were
determined by HT-GPC at 160 °C in TCB solvent against PS standards. ¢ Obtained from DSC, heating and
cooling curves of first heating cycle; ° Crystallinity calculated from the melting enthalpy measured by DSC
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and relative to the theoretical value (293 J/g) for 100% crystalline polyethylene; f Activity in Kg of PE/mol
Ti/h, &" ethylene press. 4 bar and 6 bar., ND = Not determined.

Maintaining the polymerization time constant at 5 minutes and catalyst loading at 7 pmol, we
further optimized the temperature from 25 to 80 °C. Remarkably, increasing the temperature
resulted in enhanced activity, reaching 821.9 kg of PE/mol of Ti/h and molecular weight as well
(Mw = 9.52 x 10° g/mol). This optimization allowed us to achieve significant improvements in the
polymerization process, demonstrating the potential for fine-tuning reaction conditions. These
results suggest that Zr-FI catalysts, when combined with ‘BusAl / PhsCB(CeFs)s co-catalyst
systems, are also suitable for the production of UHMWPE.

4.4.1. Disentangled ultrahigh molecular weight polyethylene with high
crystallinity (d-UHMWPE)

Detailed characterization was conducted on the polyethylene generated under optimized
polymerization conditions. HT-GPC was used to determine the molecular weight of the produced
PE. The HT-GPC analysis of polyethylene in trichlorobenzene (TCB) at 160 °‘C revealed the
formation of ultrahigh molecular weight polyethylene (UHMWPE) with a molecular weight of
more than 2 million g/mol. Interestingly, the narrow polydispersity index (2-4) indicates catalytic
behavior at a single location. The melting temperature and crystallization data of the PE were
measured using differential scanning calorimetry. The melting temperature from the first heating
is considered. The melting temperature (Tm) of polyethylene manufactured using Cat.1 to Cat.3
was higher (137-140 °C) than standard commercial PE grades, indicating high order or crystallinity.
A representative sample with Mw of 1.1 million g/mol (Table 4.4, entry 23) showed a high
crystallinity of 82.6 %. Active catalysts and polymerization conditions enable highly crystalline
PE by crystallizing the expanding polymer chain. PE crystallization during chain growth prevents
entanglement, resulting in disentangled ultrahigh molecular weight polyethylene (d-UHMWPE).
Thus, we expected the resulting UHMWPE to be disentangled. First melting peak observed for
reactor PE is due to melting of single crystal lamellae, indicating the “disentangled” state of
UHMWPE. Literature procedures were used to demonstrate the disentangled nature of UHMWPE
produced using Cat.2 and 3. A unique DSC method was created, with Fig. 4.97 illustrating its
processes. Rastogi and colleagues developed a DSC approach to analyze UHMWPE melt behavior,
distinguishing between “entangled” and “disentangled” domains. Heat UHMWPE from 50°C to
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160°C (@10°C/min) (Fig. 4.97) and anneal the sample at 160 °C for a set time (Fig.4.97). Staying
at 160 °C allows UHMWPE polymer chains to reach the thermodynamically stable “entangled”
state (b and c).

The polymer sample may exhibit different degrees of “entangled” and “disentangled” domains
(heterogeneity) depending on the annealing time in steps b-c. Following cooling to 128 °C (¢ and
d), the sample undergoes isothermal crystallization for 180 minutes (d and e) prior to cooling to
50 degrees Celsius (e and f). The specimen was heated from 50 °C to (g-h) 160 °C. The data from
the g-h heating stage is shown in Fig. 4.9.1. Fig. 4.9.1 (blue line) shows two melting domains. The
initial high melting peak at 134-140 °C is believed to arise from a crystalline domain, indicating
the “disentangled” condition of UHMWPE. The high melting disentangled domain vanishes at 60
min of annealing, revealing a single melting peak (Fig. 4.9.1, pink line). UHMWPE entangled
domains caused the second melting peak at 133-134 'C. The observations align with prior reports
on “entangled” and “disentangled” UHMWPE.!®

The DSC experiment reveals that catalyst, Cat.3 disentangles UHMWPE by polymerizing
ethylene. We compared the DSC thermogram of commercial entangled UHMWPE to our

disentangled version.

1—DVB-3 DPE-2min Annealing
]—DVB-3 DPE-5min Annealing
—DVB-3 DPE-15min Annealing
—DVB-3 DPE-30min Annealing
-1.4 \—DVB-3 DPE-60min Annealing

0.2

Heat Flow (Normalized) Q (W/g)

-3.0

60 70 80 90 100 110 120 130 140 150
Exo Up Temperature T (°C)

Figure 4.10: DSC plot of the d-UHMWPE sample (Table 4.4, entry 23) annealed for 2 (blue line), 5
(green line), 15 (red line), 30 (brown line) and 60 (pink line) minutes.
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4.5. Experimental section

4.5.1. Materials and methods

Unless noted otherwise, all manipulations were carried out under an inert atmosphere of argon
using standard Schlenk line techniques or M-Braun glove box. Hexane and toluene were distilled
from sodium/benzophenone under argon atmosphere. Methylene chloride was distilled on
calcium-hydride. 3-tert-butylsalicylaldehyde was purchased from Sigma Aldrich Pvt. Ltd.
Cyclohexyl amin and 2 me cyclohexyl amine and (TiNMe2)s procured from Sigma-Aldrich.
Ethanol (commercial grade, 99.9%) was obtained from Brampton, Canada. All other solvents were
purchased from local suppliers (Spectrochem Pvt. Ltd.; Avra Synthesis Pvt. Ltd.). Ethylene
(99.95%; 3.5 grade) was supplied by Ms. Vadilal Chemicals Ltd., Pune, India. Ethylene
polymerization was carried out in a 250 mL stainless steel high pressure Biichi (glasuster cyclone
075) reactor equipped with a mechanical stirrer and a heating/cooling jacket. NMR was recorded
on Bruker Avance 400 and 500 MHz instruments. Chemical shifts are referenced to external
reference TMS (1 H and 13 C). Coupling constants are given as absolute values. Multiplicities are
given as follows: br s: broad singlet, s: singlet, d: doublet, t: triplet, m: multiplet. Mass spectra
were recorded on a Thermo scientific Q-Exactive mass spectrometer, the column specification is
Hypersil gold C18 column 150 x 4.6 mm diameter 8 um particle size, and the mobile phase used
is 90% methanol + 10% water + 0.1% formic acid. IR spectra were recorded on Bruker VERTEX
80 spectrophotometer. The samples were prepared as Nujol mull. C, H, and N analyses were
carried out using PerkinElmer 2400 instrument. The X-ray diffraction measurements were carried
out using a Bruker SMART APEX CCD diffractometer with graphite-monochromatized (Mo Ka
= 0.71073 A) radiation. Differential scanning calorimeter (DSC) was carried out on DSC Q-10
equipment from TA instruments with a heating and cooling rate of 10 K min™!, unless mentioned
otherwise. Molecular weight was determined using high-temperature GPC (HT-GPC) at 160 °C
with a Polymer Char instrument, IR-4 detector, and GPC control software. Calibration was

performed using polystyrene standards.
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4.6. Ligand synthesis

4.6.1. 3-(tert-butyl)-6((cyclohexylimino)methyl) phenol (L1)

CHO NH, Q
OH _N
+
OH

L1

3-tert-butylsalicylaldehyde 40 mL of ethanol was used to dissolve 1 g, 5.6 mmol, Cyclohexylamine
(0.84 mL, 8.4 mmol) was then gradually added at room temperature. Under normal circumstances,
the resultant mixture was agitated for 18 hours. After the reaction period, volatiles were removed
under reduced pressure, leaving behind a crude imine with a sticky consistency. After that, n-
hexane was used as the eluent in column chromatography (silica gel) to purify the crude imine
chemical. This purification process afforded imine in the form of a yellow sticky solid, with a yield

of (89 %), representing an impressive 99 % efficiency.
In order to help the reader, the following data and figures are reproduced below.

'TH NMR (500 MHz, CDCl3, 298 K): 8 = 14.30 (br s, 1H, OH), 8.36 (s,1H, -CH=N-), 6.80 (t, 1H,
aromatic-H), 7.10 (d, 1H, aromatic-H), 7.31 (d, 1H, aromatic-H), 3.22 (m, cyclohexyl-CH, 1H),
1.28-1.84 (m, cyclohexyl-CH2, 10H), 1.44 (t-Bu, 9H, s). *C NMR (CDCI3, 298 K, 125 MHz): §
=162.3 (-CH=N), 160.6, 137.3, 129.4, 129.0, 118.7, 117.5, 67.6, 34.4, 29.3 (t-Butyl), 25.5, 24.5.
IR (cm™): 3443 (-OH), 1624 (-CH=N, stretching vibration). ESI-MS (+ve) for Ci7H2sNO:
Calculated: m/z = 259.19 Da, Observed: m/z = 260.2007 Da [M+H] .
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Figure 4.11: "H NMR spectrum of L1 in CDCl; (500 MHz).
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Figure 4.12: '*C NMR spectrum for L1 in CDCl; (125 MHz).

Figure 4.13: DEPT NMR spectrum of L1 in CDCl; (125 MHz).
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Figure 4.14: Expanded view of a short-range C-H correlation (HSQC) NMR spectrum of L1 in
CDCl; (500 MHz).
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Figure 4.15: Expanded view of a long-range C-H correlation (HMBC) NMR spectrum of L1 in

CDCls (500 MHz).
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Figure 4.16: ESI-MS (+ve mode) spectrum of L1.
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Figure 4.17: IR spectrum of L1.

4.6.2. 2-(tert-butyl)-6-(((2-methylcyclohexyl) imino) methyl) phenol (L2)

2-Methyl cyclohexylamine (1.1 mL) was poured into a 40 mL suspension of 3-tert-
butylsalicylaldehyde (1 g, 5.6 mmol) at room temperature dropwise. When at room temperature,
the mixture was then agitated for 20 hours. Crude imine sticky substance was obtained by
evaporating volatiles under low pressure. Imine L2 was obtained as a yellow oil with a 95% yield

through column chromatographic purification with n-hexane as the eluent.

OH _N
+
OH

L2

In order to help the reader, the following data and figures are reproduced below.
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'H NMR (CDCls, 298 K, 500 MHz): § = 14.11 (OH, 1H, br s), 8.21 (s,1H, -CH=N-), 6.73 (t,
aromatic-H, 1H), 7.03 (d, aromatic-H, 1H), 7.23 (d, aromatic-H, 1H), 2.58 (m, 1H, cyclohexyl-
CH), 0.75-1.76 (m, 9 H, cyclohexyl-CHy), 1.36 (s, 9H, t-Bu), 0.74 (s, 3H, methyl). I3C NMR (125
MHz, CDCl3, 298 K): 6 = 166.6 (-CH=N), 163.6, 140.1, 132.5, 132.1, 78.0, 40.8, 37.8, 36.7, 32.5
(t-Butyl), 28.9, 22.6. IR (cm™): 3684 (-OH), 1629 (-CH=N, stretching vibration). ESI-MS (+ve)
for C1sH27NO: Calculated: m/z = 273.2 Da, Observed: m/z =274.2 Da [M+H] .
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Figure 4.18: '"H NMR spectrum of L2 in CDCls; (500 MHz).
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Figure 4.19: *C NMR spectrum for L2 in CDCl; (125 MHz).
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Figure 4.20: DEPT NMR spectrum of L2 in CDClI; (125 MHz).
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Figure 4.21: Expanded view of a short-range C-H correlation (HSQC) NMR spectrum of L2 in CDCl3 (500
MHz).
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Figure 4.22: Expanded view of a short-range C-H correlation (HMBC) NMR spectrum of L2 in CDCls
(500 MHz).

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 170



Chapter 4

DVB-ACON #648 RT: 389 AV:1 NL: 104E9

T. FTMS + p ESIFull ms [100.0000-1500.0000]

100

95

85
80
75
70
65
60
55
50

45

Relative Abundance

40
35
30
25

20

249 1568
R=74207
C1gH1g N =2491512
22.5296 ppm

T

C 17 H26 O N =260.2009

2742166
R=69107
C1gH2g O N=2742165
0.0426 ppm

\Y

OH

L2

Chemical Formula: CgH27NO
Exact Mass: 273.21

2602006
R=69707

2843300 2889222

66,9268 278.1165 208 2155
: R=60202
1 148‘9 ppm R=68900 | R=66807 R=53902

R=65102

304 8955
R=67100

T T T T T T T T
245 250 255

260

265 270 275 280
m/z

285 290 295

300

305

Figure 4.23: ESI-MS (+ve mode) spectrum of L2.
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4.6.3. 2-(tert-butyl)-6-(((2-(tert-Butyl) cyclohexyl) imino) methyl) phenol (L3)

2-Tert-butyl cyclohexylamine (1.4 mL, 8.4 mmol) was gradually added at ambient temperature.
After 3-tert-butylsalicylaldehyde (1 g, 5.6 mmol) was added to ethanol (40 mL). When at room
temperature, the entire mixture was then agitated for 24 hours’ time period. Crude imine sticky
substance was obtained by evaporating volatiles under low pressure. Purification by column

chromatography with n-hexane as the eluent produced L3 as yellow solid in 95% isolated yield.

CHO NH,
OH

L3

In order to help the reader, the following data and figures are reproduced below.

'TH NMR (500 MHz, CDCI3, 298 K): 8 = 14.30 (OH, 1H, br s), 8.36 (-CH=N-, s,1H), 6.80 (t, 1H,
aromatic-H), 7.10 (d, 1H, aromatic-H), 7.31 (d, 1H, aromatic-H), 3.22 (m, cyclohexyl-CH, 1H),
1.28-1.84 (m, cyclohexyl-CHa, 10 H), 1.44 (t-Bu, 9H, s). *C NMR (CDCI3, 298 K, 125 MHz): &
=162.3 (-CH=N), 160.6, 137.3, 129.4, 129.0, 118.7, 117.5, 67.6, 34.4, 29.3 (t-Butyl), 25.5, 24.5.
IR (cm): 3484 (-OH),1627 (-CH=N, stretching vibration). ESI-MS (+ve) for C2H33NO:
Calculated: m/z = 315.26 Da, Observed: m/z = 316.30 Da [M+H] ".
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Figure 4.25: '"H NMR spectrum of L3 in CDCls3 (500 MHz).
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Figure 4.26: '*C NMR spectrum for L3 in CDCl; (125 MHz).
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Figure 4.27: DEPT NMR spectrum of L3 in CDCl; (125 MHz).
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Figure 4.28: Expanded view of a short-range C-H correlation (HSQC) NMR spectrum of L3 in
CDCl3 (500 MHz).
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Figure 4.29: Expanded view of a long-range C-H correlation (HMBC) NMR spectrum of L3 in
CDCl; (500 MHz).
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Figure 4.30: ESI-MS (+ve mode) spectrum of L3.
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Figure 4.30 a: Molecular structure of ligand L3 2-(tert-butyl)-6-(((2-tert butyl cyclohexyl) imino)
methyl) phenol (H-atoms omitted for clarity, except the imine C—H atom; 50% probability thermal
ellipsoids

Formula CHNO

Space group | P 2ic
Cell lengths | a 11.3140(4) b 12.9007(4) ¢ 13.6816(4)

Cell Angles | ¢ 90 B 110.1330(10) ¥ 90
Cell Volume | 1874.93

7,7 Z7:377"0
R-factor (%) | 9.47

Number Atom1 Atom2 Atom3 Angle
1 C009 NO002 CO00C 117.2(2)
1 C00C NO002 CO009 117.2(2)
C004 C003 CO006 117.1(2)
C006 C003 CO004 117.1(2)
C004 C003 COOK 121.2(2)
COOK C003 C004 121.2(2)

W W NN
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4 C006
4 COOK
5 0001
5 C003
6 0001
6 C008
7 C003
7 C008
8 C007
8 C009
9 C007
9 CO00A
10 C009
10 CO00A
11 C003
11 COOH
12 C005
12 C00J
13 C004
13 Co0C
14 C004
14 C0o0D
15 C00C
15 C00D
16 N002
16 C005
17 N002
17 C00G

C003
C003
C004
C004
C004
C004
C004
C004
C005
C005
C005
C005
C005
C005
C006
C006
C007
C007
C008
C008
C008
C008
C008
C008
C009
C009
C009
C009

COOK
C006
C003
0001
C008
0001
C008
C003
C009
C007
CO0A
C007
CO0A
C009
COOH
C003
C00J
C005
CooC
C004
C00D
C004
C00D
CooC
C005
N002
C00G
N002

121.7(2)
121.7(2)
120.1(2)
120.1(2)
119.3(2)
119.3(2)
120.7(2)
120.7(2)
109.9(2)
109.9(2)
113.5(2)
113.5(2)
116.2(2)
116.2(2)
123.1(2)
123.1(2)
111.8(2)
111.8(2)
121.6(2)
121.6(2)
119.92)
119.9(2)
118.5(2)
118.5(2)
112.6(2)
112.6(2)
109.1(2)
109.1(2)
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18
19
19
20
20
21
21
22
22
23
23
24
24
25
25
26
26
27
27
28
28
29
29
30
30
31
31

C005
C00G
C005
Co0B
C005
CO0E
C005
C001
Co0B
COOE
Co0B
CO00I
COOE
CO00I
N002
C008
C008
COOH
C00G
C00J
C009
COOF
C006
C00D
C007
COOF
C003
COOL
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CO0A C00I
CO00A CO00B
CO0A CO00I
CO00A COOE
C00C C008
C00C NO002
C00D COOH
C00D C008
COOF CO00J
COOF CO00G
C00G COOF
C00G C009
COOH CO00D
CO0OH C006
C00J COOF
C00J C007
COOK COOL
CO0K C003

110.1(2)
110.1(2)
112.4(2)
112.4(2)
110.8(2)
110.8(2)
108.4(2)
108.4(2)
109.0(2)
109.0(2)
109.0(2)
109.0(2)
107.0(2)
107.0(2)
123.5(2)
123.5(2)
120.2(2)
120.2(2)
111.2(2)
111.2(2)
112.4(2)
112.4(2)
119.02)
119.02)
110.6(2)
110.6(2)
111.5(2)
111.5(2)
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32 C003 COOK COOM 110.0(2)
32 COOM COOK C003 110.0(2)
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Figure 4.31: IR spectrum of L3.
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4.7. Titanium complex synthesis

4.7.1. [Bis-dimethylamido-Ti-(bis-[N-(3-tert-butylsalicylidene)
cyclohexylaminato])] (Cat.1)

tBu
\ /
2N v \ 7 /&
ST\ N N
OH | 1;1/ ﬁ't
AN
é(}/ N\ soz‘“ o %

tBu

C1

After cooling under vacuum, argon gas was purged from a 250 mL dried in the oven Schlenk flask.
The Schlenk flask was heated and cooled three times under vacuum to reduce the moisture content.
Under the positive flow of argon, 1 g (3.8 mmol) of L1 was added to the above Schlenk flask.
Subsequently, after adding 30 mL of toluene, the liquid was agitated for five minutes. Ti (NMe:)4
(0.7 mL, 1.9 mmol) was added gradually over the course of five minutes after the Schlenk had
been cooled to 0 °C. A turbid yellow solution turned to a clear reddish brown one. A water bath
was then used in place of the ice bath, raising the reaction mixture's temperature from 0 °C to
roughly 30 °C. After that, the mixture was agitated for two more hours at room temperature. After
another 30 minutes of stirring, volatiles were evaporated under vacuum. A reddish-brown sticky
residue was obtained. This crude complex was further purified by dissolving it in freshly distilled
hexane (5 mL) and was kept at low temperature overnight. The settled solid, and the supernatant
liquid was separated. The solid (yield 56 %) was then vacuum-dried and stored in the glove box

for future use.

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 181



Chapter 4
In order to help the reader, the following data and figures are reproduced below.

'H NMR (500 MHz, CDCls) § = 8.08 (s, 2H, HC=N-), 7.46 (d, J = 7.32 Hz, Ar, 2H), 7.16 (d, J =
7.63 Hz, Ar, 2H), 7.75 (t, J = 7.32, 7.63 Hz Ar, 2H), 3.44 (m, cyclohexyl-N, 2H), 3.24 (s, -NMe,
12H), 1.62 (s, Ar-tert butyl 18H) and 0.87 to 1.57 (19H, Cyclohexyl CH,). 13C NMR (125 MHz,
CDCL3) § = 170.4 (-COOH), 162.4, 160.4(-C=N), 148.5, 131.3, 129.8, 127.4, 125.6, 118.7, 114.7,
55.4 (OCHs), 38.2 and 34.7 (-N(CHa),).

ESI-MS (+ve) for C4H76N4O2Ti [M+H] © Calculated: m/z = 652 Da, observed: m/z = 608.3
[Cat.1-NMez] " Da.
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Figure 4.32: '"H NMR spectrum of Cat.1 in CDCl; (500 MHz).
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Figure 4.33: 3C NMR spectrum of Cat.1 in CDCl; (125 MHz).
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Figure 4.34: DEPT NMR spectrum of Cat.1 in CDCl; (125 MHz).

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 183



Chapter 4

Fi [PP';"]

—— """
15 10 5 0 F2[ppm]

Figure 4.35: HSQC NMR spectrum of Cat.1 in CDCIl; (500 MHz).
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Figure 4.36: HMBC NMR spectrum of Cat.1 in CDCl; (500 MHz).
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Figure 4.37: ESI-MS spectrum (+ ve mode) of Cat.1.
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Figure 4.38: IR spectrum of Cat.1.
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4.7.2. [Bis-dimethylamido-Ti-(bis-[N-(3-tert-butylsalicylidene)2-methylcyclo
hexylaminato])] (Cat.2):

Q\ tBu
+ N \T/N/ i : i

bt 1 \ N

é(‘/ '!l § © 4'\‘*

)

=

TDMAT

After cooling under vacuum, argon gas was purged from a 250 mL dried in an oven Schlenk flask.

\
z

The Schlenk flask was heated and cooled three times under vacuum to reduce the moisture content.
Under the positive flow of argon, 1 g (3.6 mmol.) of L2 was added to the above Schlenk flask.
After adding 40 mL of toluene, the liquid was agitated for five minutes. The Schlenk was cooled
to 0 °C and Ti (NMe»)4 (0.65 mL, 1.8 mmol) was progressively introduced during a five-minute
period. A turbid yellow solution turned to a clear reddish brown one. The temperature of the
reaction mixture was then increased from 0 °C to roughly 30 °C by substituting a water bath for
the ice bath. After that, the mixture was agitated for four more hours at room temperature. After
another 30 minutes of stirring, volatiles were evaporated under vacuum. A reddish-brown sticky
residue was obtained. This crude complex was further purified by dissolving freshly distilled
hexane (5 mL) and kept it for low temperature overnight to let the solid settle, and the supernatant
liquid was separated. After a 70% yield from vacuum drying, the solid was put away in the glove

box for later use.
In order to help the reader, the following data and figures are reproduced below.

'H NMR (CDCls, 500 MHz): & = 8.09 (m, 7.20, 5.43 Hz 2H, HC=N-), 7.48 (d, J = Ar, 2H, 7.45
Hz), 7.16 (d, J = Ar, 2H, 7.45 Hz), 6.78 (t, ] = 7.58, Ar, 2H, 7.58 Hz), 3.23 (m, 12H -NMe»), 2.25
(m, cyclohexyl-N, 2H), 1.65 (s, Ar-tert butyl 18H) and 0.63 to 1.28 (m, 18H, Cyclohexyl CH>),
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0.90 (s, 6H cyclohexyl-Me). '3C NMR (125 MHz, CDCl3) § = 163.3(-C=N),148.5, 131.3, 129.8,
127.4,125.6, 118.7, 114.7, 55.4 (OCH3), 38.2 and 34.7 (-N(CHz3)2).

ESI-MS (+ve) for C40HesN4O>Ti [M+H] * Calculated: m/z = 680.26 Da, observed: m/z = 636.4030
[Cat.2 -HNMe:] " Da.

tBu ~N
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¢ @E & ’!} m
s ) h
h
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H I k j
o< m ||, | J

Figure 4.39: '"H NMR spectrum of Cat.2 in CDCl; (500 MHz).
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Figure 4.40: *C NMR spectrum of Cat.2 in CDCl; (125 MHz).
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Figure 4.41: DEPT NMR spectrum of Cat.2 in CDCl; (125 MHz).
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Figure 4.42: Expanded view of a short-range C-H correlation (HSQC) NMR spectrum of Cat.2 in CDCl3
(500 MHz).
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Figure 4.43: Expanded view of a long-range C-H correlation (HMBC) NMR spectrum of Cat.2 in CDCl3
(500 MHz).
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Figure 4.44: ESI-MS spectrum (+ ve mode) of Cat.2.
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Figure 4.45: IR-spectrum of Cat.2.
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4.7.3. [Bis-dimethyl amido-Ti-(bis-[N-(3-tert-butylsalicylidene) 2-tert-
butylcyclohexylaminato])] (Cat.3)

C3

After cooling under vacuum, argon gas was purged from a 250 mL drying in the oven Schlenk
flask. The Schlenk flask was heated and cooled three times under vacuum to reduce the moisture
content. Under the positive flow of argon, 1 g (3.2 mmol.) of L3 was added to the above Schlenk
flask. After that, 40 mL of toluene was added, and the mixture was agitated for five minutes. Ti
(NMe2)4 (0.54 mL, 1.6 mmol) was added gradually over the course of five minutes after the
Schlenk had been cooled to 0 °C. A turbid yellow mixture turned to a clear reddish-brown solution.
Subsequently, the ice bath was then replaced with a water bath and the temperature of the reaction
mixture was raised from 0 °C to about 30 °C. After then, the mixture was stirred for six more hours
at room temperature. Vacuum was used to evaporate the volatiles after another half hour of stirring.
A reddish-brown residue was obtained. This crude residue was further purified by dissolving it in
freshly distilled hexane (5 mL) and low temperature overnight precipitation to obtain the solid.
The solid was separated from the liquid supernatant. The solid (1 gm, 41%) was then vacuum-

dried and stored in the glove box for future use.
In order to help the reader, the following data and figures are reproduced below.

'H NMR (CDCls, 500 MHz): 5 = 8.62 (s, 2H, HC=N-), 7.45 (d, ] = Ar, 2H, 7.63 Hz), 7.17 (d, J =
Ar, 2H, 7.00 Hz), 6.76 (t, ] = 5.88, Ar, 2H, 7.50 Hz), 3.15 (s, -NMe, 12H), 3.19 (m, cyclohexyl-
N, 2H), 1.57 (s, Ar-tert butyl 18H), 0.80 (s, Cy6 tert butyl 18H), 0.80 to 1.64 (m, 18H, Cyclohexyl
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CHba), 0.90 (s, cyclohexyl-Me). 13C NMR (125 MHz, CDCls) § = 155 (-C=N),148.5, 131.3, 129.8,
127.4, 125.6, 118.7, 114.7, 30.3 (Ar t-butyl) 29.2 (Cyclohexyl t-CHz), 40.5 (-N(CHs),).

ESI-MS (+ve) for C46H77N4O,Ti [M+H] * Calculated: m/z = 765.5 Da, observed: m/z = 765.5
[Cat.3+H] " Da.

Figure 4.46: *H NMR spectrum of Cat.3 in CDCl; (400 MHz).
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Figure 4.47: *C NMR spectrum of Cat.3 in CDCl; (100 MHz).

Figure 4.48: DEPT NMR spectrum of Cat.3 in CDCl; (100 MHz).
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Figure 4.50: HSQC NMR spectrum of Cat.3 in CDCl; (100 MHz).
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Figure 4.51: ESI-MS spectrum (+ ve mode) of Cat.3.
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Figure 4.52: IR of Cat.3.
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4.8. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed using a Thermo Scientific K-Alpha+ X-ray Photoelectron

288 2ée 2é4 282 464 462 460 3és aéﬁ 394 £ag 534 552 =50 o8
Binding Energy (eV) Binding Energy (gV) Binding Energy (eV)
DVB1. DVB-CY BE T 2p 32 Y, Ti2p
Cis -C=C-, -C=N 284.2 1
\N% -C-0, -GN 285.2
/ 01s 529.4
Mo -c-0 530.7 N )
%N/ Y -O-Ti 531.8 T 29 128
\ N1s -C-N, -C=N 396.9 / %
\ﬁ\ -N-Ti 398.3 '
Chemical Formula: C3gHgoN,O,Ti _ -N---Ti 402.3
Exact Mass: 652.42 Ti Ti-O 456.4
Molecular Weight: 652.79 Ti--—--N 457.8
Ti-N 462.9

488 465 462 439 456 = ;«3

Figure 4.53: XPS analysis of Cat.1.

Spectrometer System (XPS). A vacuum transfer module was used to move samples from the glove
box to the K-Alpha+ system without exposing them to air because the catalyst is sensitive to both
moisture and air. The vacuum transfer module components cover, base, to avoid device sealing
during antechamber evacuation cycles, the clamp and device were put into the glove box
separately. Carbon tape was used to mount the samples on the base. Once the samples were
mounted, the vacuum transfer module was sealed and kept in a small antechamber under vacuum
for 20 minutes to lock it under vacuum. The module was then transferred to the K-Alpha for XPS
analysis, where it was automatically opened in the load lock chamber once the pressure reached
better than 107 torr. During analysis, the base pressure was 107° torr. As per XPS analysis all the

complex observed in +4 oxidation state.
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Figure 4.54: XPS analysis Cat.2.
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Figure 4.55: XPS analysis Cat.3.

4.9. Buried volume quantification

Buried volume (% Vg,,) 69.1 70.8 71.3

Stearic quantification of Ti complexes (Buried volume (%V,_ ))

Figure 4.56: Buried volume (% Vo) for Cat.1, Cat.2 and Cat.3.
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4.10. Procedure for ethylene polymerization

A Biichi glasuster cyclone 075 high-pressure reactor with a heating/cooling jacket, pressure
regulators, and an overhead mechanical stirrer was used to conduct the ethylene polymerisation
reaction. Before use, a 250 mL Biichi reactor that had been previously dried was vacuum-sealed
at 90 °C for half an hour. Following cooling, argon was pumped into the reactor, followed by three
cycles of argon and vacuum, ethylene gas (20 bar), and three flushes. It was charged with 100
millilitres of newly distilled, dried toluene at room temperature while ethylene gas was flowing
positively. Using a Julabo temperature controller, the reaction temperature was adjusted to the
correct range. Once thermal equilibrium was achieved, 70% of the total cocatalyst (MMAO-12)
was added, and the mixture was swirled for roughly ten minutes. The remaining 30% cocatalyst
(MMAO-12) was added concurrently to 10 mL of dried, newly distilled toluene in a different
Schlenk tube, and the mixture was swirled for half an hour. After 30 minutes, 10 mL of dry toluene-
containing cocatalyst (MMAO-12) and an appropriate quantity of catalyst were put into the reactor.
The polymerisation process was then started by applying ethylene pressure to the reactor. The
addition of acidified methanol ended the polymerisation after it had been vigorously stirred and
fed ethylene continuously for the necessary amount of time. To create a free-flowing powder, the
polymer was filtered out, thoroughly cleaned with methanol/acetone, and vacuum-dried for an

entire night at 60 °C.
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4.10.1. Polymer characterization
4.10.2. DSC (Differential Scanning Calorimetry)
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Figure 4.57: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 1).
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Figure 4.58: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 2).
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Figure 4.59: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 3).
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Figure 4.60: DSC curve for the first heating, cooling and second heating cycle (Table 4.4, entry 4).
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Figure 4.61: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 5).

4
Enthalpy (normalized). 156.83 Jig
Peak temperature: 115.57 °C
2
T
=
o 04 Enthalpy (normalized): 144 63 Jig
b Peak temperature: 137.97 °C
&
=
£
]
&
g 2
[
]
@
T
Enthalpy (normalized): 256 49 J/ig
Peak temperature: 142.19°C
4
-6 T T T T T T
20 40 60 80 100 120 140
ExoUp Temperature T (°C)

160

Figure 4.62: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 6).
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Figure 4.63: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 7).
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Figure 4.64: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 8).
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Figure 4.65: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 9).
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Figure 4.66: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 10).
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Figure 4.67: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 11).
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Figure 4.68: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 12).
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Figure 4.69: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 13).
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Figure 4.70: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 14).
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Figure 4.71: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 15).
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Figure 4.72: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 16).
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Figure 4.73: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 17).
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Figure 4.74: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 18).
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Figure 4.75: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 19).
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Figure 4.76: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 20).
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Figure 4.77: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 21).
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Figure 4.78: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 22).
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Figure 4.79: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 23).
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Figure 4.80: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 24).
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Figure 4.81: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 25).
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Figure 4.82: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 26).
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Figure 4.83: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 27).
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Figure 4.84: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 28).
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Figure 4.85: DSC curves for the first heating, cooling and second heating cycle (Table 4.4, entry 29).
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Figure 4.86: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 1).
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Figure 4.87: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 2).
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Figure 4.88: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 3).
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Figure 4.89: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 4).
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Figure 4.90: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 5).
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Figure 4.91: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 6).
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Figure 4.92: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 7).
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Figure 4.93: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 9).
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Figure 4.94: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 10).
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Figure 4.95: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 11).
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Figure 4.96: DSC curves for the first heating, cooling and second heating cycle (Table 4.5, entry 12).
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4.11. Determination of percentage crystallinity and disentanglement in

UHMWPE

4.11.1. % Crystallinity (¥)

Based on the melting enthalpy determined by DSC and in relation to the theoretical value of

293.6 J/g for 100 % crystalline polyethylene, the crystallinity of the resulting polyethylene

was determined (Table 4.6).

The heat of melting, if the polymer were 100% crystalline, is denoted by the reference value

AHm®. Table 4.6 below lists some of the frequently used polymers for which this reference

heat of melting has been determined.

Table 4.6 Melting enthalpy for 100% crystalline polymers

Polymer AHm"® (J/g)
Nylon 6 230.1

PET 140

Nylon 6, 6 255.8
Polypropylene | 207.1
Polyethylene | 293.6

The DSC program directly offers melting enthalpy data to facilitate the assessment of the %
crystallinity more easy and easier. The following procedure is used to ascertain the crystallinity
of one of the polyethylene samples (Table 4.6, entry 12).

(J/g) x 100 = AHm /AHm® = % Crystallinity

Consequently, Hm = 252.2 J/g and Hm® = 293.6 J/g% Crystallinity is equal to 252.2 /293.6 x 100

= 85.8%.

4.11.2. Disentanglement studies by DSC

Melting temperatures (Tm) and accompanying melt enthalpies were measured using a TA device,

the Q-10 Differential Scanning Calorimeter (DSC). The weight of each sample is maintained

within 6 mg + 0.1 mg to reduce the thermal lag that the samples create. Nitrogen was continuously

purged at a rate of 50 mL/min throughout the measurement. As shown in Figure 4.97, a DSC
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method has been developed to obtain various entanglement densities by adhering to a procedure

given in the literature. At a rate of 10 °C per minute, the sample was heated from 50 °C to 160 °C,

which is greater than PE's equilibrium temperature of 145 °C. The sample was annealed for a

predetermined amount of time (5 and 30 minutes) at this temperature. To change the entanglement

density in the melt, two distinct annealing times were selected. The sample was then cooled at a

rate of 10 °C per minute to an isothermal crystallization temperature of 128 °C. For a

predetermined period of 180 minutes, the sample was maintained at the isothermal crystallization

temperature. The sample was then cooled to 50 °C at a rate of 10 °C per minute, and then it was

heated again from 50 to 160 °C at a rate of 10 °C per minute. This second heating ramp produced

the DSC graphs.!®

Crystallization

+ | 1600Cc  Annealing
f,-’/B Temperature C 2
o / \Q
- f’f \ %
5 /.5 \B
- / \
© /& 128 °C \
/O

e [ S
a
E /™
S /
’;‘f

/

/

[ 50°C

D Temperature

o

u‘“"p?- “m

/

I

F J G

I~y
S
o)
—
E
5

Time

Figure 4.97: Thermal protocol followed to demonstrate disentangled nature of UHMWPE.
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4.12. Determination of Mw by HT-GPC
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Figure 4.98: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 1).
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Figure 4.99: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 2).
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Figure 4.100: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 3).
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Figure 4.101: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 4).
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Figure 4.102: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 5).
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Figure 4.103: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 6).
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Figure 4.104: HT-GPC chromatogram of UHMWPE (for Table 1, run 7).
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Figure 4.105: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 8).
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Figure 4.106: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 10).
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Figure 4.107: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 11).
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Figure 4.108: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 12).
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Figure 4.109: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 13).
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Figure 4.110: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 14).
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Figure 4.111: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 15).
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Figure 4.112: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 16).
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Figure 4.113: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 17).
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Figure 4.114: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 18).
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Figure 4.115: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 19).
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Figure 4.116: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 20).
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Figure 4.117: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 21).
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Figure 4.118: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 22).
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Figure 4.119: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 23).
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Figure 4.120: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 24).
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Figure 4.121: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 25).
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Figure 4.122: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 26).
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Figure 4.123: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 28).
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Figure 4.124: HT-GPC chromatogram of UHMWPE (for Table 4.4, run 29).
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Figure 4.125: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 1).
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Figure 4.126: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 2).
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Figure 4.127: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 3).
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Figure 4.128: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 4).
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Figure 4.129: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 5).
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Figure 4.130: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 6).
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Figure 4.131: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 7).
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Figure 4.132: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 8).
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Figure 4.133: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 9).
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Figure 4.134: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 10).
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Figure 4.135: HT-GPC chromatogram of UHMWPE (for Table 4.5, run 11).

4.13. Conclusion

One step synthesis of three phenoxy-imine ligands with increasing steric bulk in excellent yield is
reported. Using a mix of spectroscopic and analytical tools, such as single crystal X-ray diffraction,
the ligands' identities were definitively determined. These three different substituted phenyl
cyclohexylimine ligands were treated with Ti-precursor and corresponding titanium complexes
were prepared. Upon activation with methyl aluminoxane (MMAO), triisobutylaluminum (TIBA),
and tetrakis (pentafluoro phenyl) borate (BT), the complexes (Cat.1 to Cat.3) were methodically
evaluated for their catalytic activity. The insertion of steric bulk around the active site typically
enhanced catalytic activity, except for cat. 3. In cat. 3, substantial steric hindrance led to diminished

activity, perhaps due to obstructed monomer access to the active site or disruption of polymer chain

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 251



Chapter 4

elongation. MMAO was notably successful among several activators in the synthesis of ultrahigh
molecular weight polyethylene (UHMWPE). Optimal polymerization conditions were attained
with an Al/Ti ratio of 2000 equivalents, ethylene pressure of 2 bar, a temperature of 40 °C, and a
polymerization duration of 10 minutes. Under these optimized conditions, cat. 2 yielded
UHMWPE with a Mw of 2.75 % 10° g/mol, demonstrating high crystallinity (95 %) and a melting
temperature ranging from 140 to 143 °C, indicative of disentangled UHMWPE (d-UHMWPE).
These findings yield significant insights into the correlation between steric effects and catalytic
efficacy, presenting crucial considerations for the systematic design of effective catalysts in

ethylene polymerization.

4.14. Refrences

(1) Ziegler, K.; Holzkamp, E.; Breil, H.; Martin, H. Das Mulheimer Normaldruck-Polyéthylen-
Verfahren. Angew. Chem. 1955, 67, 541-547.

(2) Chikkali, S. H.; Patel, K. P.; Netalkar, S. Insertion or Ziegler—Natta Polymerization of Olefins.
In Metal-Catalyzed Polymerization, 1st ed.; CRC Press: 2017; pp 85.

(3) Patel, K. P.; Chikkali, S. H.; Sivaram, S. Ultrahigh Molecular Weight Polyethylene: Catalysis,
Structure, Properties, Processing, and Applications. Prog. Polym. Sci. 2020, 109, 101290.

(4) Demirors, M. The History of Polyethylene. In 100+ Years of Plastics: Leo Baekeland and
Beyond; American Chemical Society: Washington, DC, 2011; Vol. 1080, pp 115-145.

(5) Eisch, J. J. Fifty Years of Ziegler—Natta Polymerization: From Serendipity to Science. A
Personal Account. Organometallics 2012, 31, 4917-4932.

(6) Matsukawa, N.; Ishii, S.; Furuyama, R.; Saito, J.; Mitani, M.; Makio, H.; Tanaka, H.; Fujita,
T. Polyolefin Structural Control Using Phenoxy-Imine Ligated Group 4 Transition Metal Complex
Catalysts. e-Polymers 2003, 3, 21.

(7) Iwashita, A.; Chan, M. C.; Makio, H.; Fujita, T. Attractive Interactions in Olefin
Polymerization Mediated by Post-Metallocene Catalysts with Fluorine-Containing Ancillary
Ligands. J. Chem. Soc. Technol. 2014, 4, 599-610.

(8) Makio, H.; Terao, H.; Iwashita, A.; Fujita, T. FI Catalysts for Olefin Polymerization—A
Comprehensive Treatment. Chem. Rev. 2011, 111, 2363-2449.

(9) Matsugi, T.; Fujita, T. High-Performance Olefin Polymerization Catalysts Discovered on the

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 252



Chapter 4

Basis of a New Catalyst Design Concept. Chem. Soc. Rev. 2008, 37, 1264-1277.

(10) Makio, H.; Kashiwa, N.; Fujita, T. FI Catalysts: A New Family of High-Performance
Catalysts for Olefin Polymerization. Adv. Synth. Catal. 2002, 344, 399-404.

(11) Taddei, F.; Kleinpeter, E. The Anomeric Effect in Substituted Cyclohexanes. I. The Role of
Hyperconjugative Interactions and Steric Effects in Monosubstituted Cyclohexanes. J. Mol.
Struct.: THEOCHEM 2004, 683, 29-41.

(12) Terao, H.; Ishii, S. I.; Saito, J.; Matsuura, S.; Mitani, M.; Nagai, N.; Tanaka, H.; Fujita, T.
Phenoxycycloalkylimine Ligated Zirconium Complexes for Ethylene Polymerization: Formation
of Vinyl-Terminated Low Molecular Weight Polyethylenes with High Efficiency.
Macromolecules 2006, 39, 8584-8593.

(13) Watson, M. P.; Weix, D. J. The Once and Future Catalysts: How the Challenges of First-Row
Transition-Metal Catalysis Grew to Become Strengths. Acc. Chem. Res. 2024, 57, 2451-2452.,
(14) Terao, H.; Ishii, S.-1.; Saito, J.; Matsuura, S.; Mitani, M.; Nagai, N.; Tanaka, H.; Fujita, T.
Phenoxycycloalkylimine Ligated Zirconium Complexes for Ethylene Polymerization: Formation
of Vinyl-Terminated Low Molecular Weight Polyethylenes with High Efficiency.
Macromolecules 2006, 39, 8584-8593.

(15) Damavandi, S.; Ahmadjo, S.; Sandaroos, R.; Zohuri, G. H. FI Catalyst for Polymerization of
Olefin. In Polymerization; De Souza, G. A., Ed.; IntechOpen: Rijeka, 2012; Chapter 6.

(16) Gao, Y.; Christianson, M. D.; Wang, Y.; Chen, J.; Marshall, S.; Klosin, J.; Lohr, T. L.; Marks,
T. J. Unexpected Precatalyst -Ligand Effects in Phenoxyimine Zr-Catalyzed Ethylene/1-Octene
Copolymerizations. J. Am. Chem. Soc. 2019, 141, 7822-7830.

(17) Bodkhe, D. V.; Chikkali, S. H. Ti-Iminocarboxylate Catalyzed Polymerization of Ethylene to
Highly Crystalline, Disentangled, Ultrahigh Molecular Weight Polyethylene. Eur. Polym. J. 2023,
182,111725.

(18) Romano, D.; Tops, N.; Andablo-Reyes, E.; Ronca, S.; Rastogi, S. Influence of Polymerization
Conditions on Melting Kinetics of Low Entangled UHMWPE and Its Implications on Mechanical
Properties. Macromolecules 2014, 47, 4750-4760.

(20) Gote, R. P.; Mandal, D.; Patel, K.; Chaudhuri, K.; Vinod, C. P.; Lele, A. K.; Chikkali, S. H.
Judicious Reduction of Supported Ti Catalyst Enables Access to Disentangled Ultrahigh
Molecular Weight Polyethylene. Macromolecules 2018, 51, 4541-4552.

Ph.D. Thesis: Dnyanehswar V. Bodkhe Page 253



Chapter 5

Chapter 5

Ph.D. Thesis: Dnyanehswar V. Bodkhe



Chapter 5

5.1. Summary

The Ph.D. thesis, titled “A Catalyst Desing for Preparation of Ultrahigh Molecular Weight
Polyethylene” contains five chapters. Efforts have been made to provide a systematic study on
the influence of catalytic systems utilizing early transition metal complexes, and reaction
parameters on the chain growth mechanism to produce UHMWPE. Additionally, the
characterization of UHMWPE has been explored in order to understand molecular architecture and
morphology during synthesis. The two states of UHMWPE, tailored during the polymerization by
varying catalysts and co-catalysts, combined with the polymerization reaction parameters have
been explained. Our intension behind this work is to provide in-depth insights how a chain is
forming and entangling during the polymerization, which can affect processing of UHMWPE. The
work also explains role of metal catalysts in olefin polymerization. Role of ligand backbone (with
controlled steric and electronics) becomes decisive parameter in controlling kinetics of olefin
polymerization. Chapter 2 presents our efforts in preparing imine ligands. While synthesizing the
desired imine ligand, we encountered an unexpected result. Our observations indicated that the
traditional reaction between amines and aldehydes could be influenced by secondary interactions.
By strategically placing an ortho-substituent, we were able to selectively inhibit the formation of
Schiff bases and instead promote the production of benzoxazinones, which are a class of prodrug
compounds. Specifically, treating electrophilic pentafluoro benzaldehyde with 2-amino-6-
methylbenzoic acid resulted in nearly quantitative yields of 5-methyl-2-(perfluorophenyl)-1,2-
dihydro-4H-benzo[d] [1,3] oxazin-4-one. The effectiveness of our strategy was demonstrated by
developing a library of 30 compounds. A comprehensive mechanistic investigation was conducted
to elucidate the reaction pathway, employing advanced techniques such as low-temperature NMR
spectroscopy, UV—vis spectroscopy, and isotopic labeling using '®0. These studies revealed that
the reaction proceeds exclusively through Pathway B (Scheme 5.1), as the formation of
intermediate species characteristic of Pathways A and C was not observed. The exclusion of
Pathways A and C was further supported by the absence of their corresponding spectral signatures

and product profiles.

To reinforce these experimental findings, Density Functional Theory (DFT) calculations were
performed to evaluate the energy landscapes of the three proposed pathways. The results

conclusively indicated that Pathway B represents the lowest-energy pathway, with an energy
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barrier approximately 20 kcal/mol lower than Pathway A and 35 kcal/mol lower than Pathway C.
This significant energy difference underscores the thermodynamic and kinetic preference for

Pathway B, aligning seamlessly with the experimental observations.

The synergy between experimental data and computational insights provides a robust
understanding of the reaction mechanism, offering valuable predictive power for related

transformations and guiding further optimizations in reaction design.
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Scheme 5.1: Benzoxazinone synthesis by Schiff base reaction and reactivity modulation.

While investigating the scope of benzoxazinone formation, we discovered that the presence of an
acidic proton plays a crucial role in influencing the outcome of a reaction. Consequently, we aimed
to adjust this factor to enhance the reactivity for producing imine compounds. Aldehyde and an
amine were treated to obtain imine ligand L1 (chapter 3). An iminocarboxylate ligand (L1) was
combined with tetrakis(dimethylamido-titanium) [Ti (NMe:)4], yielding a bis-ligated titanium
complex, Cat.1, with a 62 % yield. Characterization was done using 'H, '*C, HSQC, HMBC,

NMR, and mass spectrometry. Initial screenings revealed that methylaluminooxane (MMAO) was

the most effective cocatalyst. The optimal Al/Ti ratio was determined to be 1000, while the best
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polymerization temperature was found to be 35 °C and deviations from this temperature resulted

in decreased activity.

The resulting polyethylene was examined through differential scanning calorimetry (DSC), high-
temperature gel permeation chromatography (HT-GPC), and high-temperature NMR spectroscopy.
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Scheme 5.2: Synthesis of amido Ti-iminocarboxylate complex Cat.1.

This investigation indicated the formation of linear polyethylene with a molecular weight of 2.5
million g/mol, classifying it as UHMWPE according to ASTM-D4020, and confirming a high
crystallinity of 96 %. Furthermore, a specially designed DSC method demonstrated that the
UHMWPE exists in a "disentangled" state. This study highlights the effectiveness of the [bis-
dimethylamido-Ti-(bis-iminocarboxylate)] complex in catalyzing ethylene polymerization to
produce d-UHMWPE. The ongoing investigations are aimed at enhancing catalyst performance
through modifications to the ligand structure. In Chapter 4, -hydride elimination is identified as
a critical challenge during ethylene polymerization, as it can interfere with the formation of
UHMWPE. This undesired process disrupts chain propagation by facilitating premature chain
termination. To address this issue, the ligand backbone was strategically modified by introducing
increasing steric hindrance, aiming to suppress -hydride interaction with the metal center. This
approach ensures that the growing polymer chain remains intact, thereby enabling the synthesis of
UHMWPE with high molecular weight. The study focuses on the one-step synthesis of three
phenoxy-imine ligands (LL1-L3) featuring progressively enhanced steric bulk. These ligands were
synthesized in notable yields, providing a robust platform to evaluate the steric effects on

polymerization efficiency and suppressing B-hydride elimination.
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The ligands were characterized using a variety of spectroscopic and analytical techniques,
including single crystal X-ray diffraction, which confirmed their structures. Following their
synthesis, the ligands were reacted with a titanium precursor to form titanium complexes. These
complexes were activated with different cocatalysts methyl aluminoxane (MMAO),
triisobutylaluminum (TIBA), and tetrakis (pentafluoro phenyl) borate (BT) to assess their catalytic
activity, denoted as Cat. 1 to Cat. 3 (Scheme 5.3).
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Scheme 5.3: Structure of Phenoxy imine ligands and their Ti-phenoxycycloalkylimine complexes Cat.1-

Cat.3.

The findings reveal that the introduction of steric bulk generally enhances catalytic activity, with
the exception of Cat. 3, were increased steric hindrance negatively impacted performance. This
decline in activity is likely due to restricted monomer access to the active site or interference with
polymer chain growth. MMAO was identified as the most effective activator for producing
ultrahigh molecular weight polyethylene (UHMWPE). The optimal polymerization conditions
were established as an Al/Ti ratio of 2000 equivalents, an ethylene pressure of 2 bar, a temperature
of 40 °C, and a polymerization duration of 10 minutes. Under these conditions, Cat. 2 achieved a
weight average molecular weight (Mw) of 2.75 x 10¢ g/mol, with a remarkable crystallinity of 95
% and melting temperatures between 140 and 143 °C, indicative of d-UHMWPE. Overall, this
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study emphasizes the critical relationship between steric effects and catalytic efficiency, providing

valuable insights for designing of advanced catalysts in ethylene polymerization.

5.2. Outlook

Historically, the development of catalysts for olefin polymerization relied heavily on trial-and-
error approaches, which, while effective in some cases, lacked a deep mechanistic understanding.
Over the past two decades, however, there has been a transformative shift toward rational and
systematic strategies for catalyst design. This evolution has enabled researchers to move beyond
conventional empirical methodologies and explore non-canonical approaches, including
innovative modifications to ligand frameworks. These advances have facilitated the development
of highly efficient and selective catalytic systems, offering superior control over polymerization
processes.! For UHMWPE, these advancements are particularly significant, as achieving the
desired molecular weight, crystallinity, and morphology remains a challenge. Traditional methods,
often limited by issues such as [-hydride elimination and steric hindrance, have been
complemented by modern approaches that incorporate tailored ligand architectures, computational
modeling, and mechanistic insights. Non-canonical ligand modifications, which go beyond
standard electronic and steric tuning, have proven effective in creating catalysts with enhanced

activity and precision, thereby addressing critical barriers in UHMWPE synthesis.?

Looking forward, the synthesis of UHMWPE can greatly benefit from a deeper integration of these
rational design principles. Computational tools, such as density functional theory (DFT), can aid
in predicting reaction pathways and optimizing catalyst structures, minimizing experimental trial-
and-error. Additionally, advanced characterization techniques, like low-temperature NMR and
isotopic labeling, can provide mechanistic clarity, enabling the fine-tuning of catalysts for specific

polymerization conditions.

5.2.1 Synthesis of flexible tetradentate Schiff base ligand and its complexes

In the overall thesis, we have focused on the development of bidentate monoanionic ligand

backbone systems for the production of UHMWPE. Building on this approach, a potential
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direction for future work involves the use of tetradentate ligand frameworks, where the
stoichiometry of the catalyst system can be carefully balanced to ensure optimal catalytic
performance (Scheme 5.4). By utilizing tetradentate ligands, we can achieve enhanced stability
and better control over the metal center, which could significantly improve polymerization

efficiency.®
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Diamine 1-6 = H,N-Hl-NH,

Scheme 5.4: Synthetic route of tetradentate Schiff base ligand

Furthermore, tetradentate ligands provide the unique ability to fine tune both steric and electronic
properties through the strategic placement of substituents. This level of flexibility enables the
suppression of undesirable side reactions, such as pB-hydride elimination, which is a significant
challenge in the synthesis of UHMWPE. Additionally, these ligands can be employed with early
transition metals, which are more acidic in nature, allowing for better tuning of the reaction

conditions to achieve the desired molecular weight and polymer properties (Scheme 5.5).
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Scheme 5.5: Synthesis of Group 4 complexes (1-6)
The introduction of specific steric bulk and the careful selection of electron-donating or electron-
withdrawing groups can further enhance the control over the chain growth mechanism. This can
ultimately improve the production of high molecular weight polyethylene, ensuring that the
polymer exhibits the desired crystallinity and morphology. By optimizing these factors,
tetradentate ligands can play a crucial role in overcoming existing challenges in UHMWPE
synthesis, leading to more efficient, scalable processes for the production of advanced
polyethylene materials with tailored properties. Incorporating these tetradentate ligand systems
could address existing challenges in UHMWPE synthesis, such as improving polymerization
efficiency, controlling molecular weight distribution, and enhancing the processability of the
polymer. This approach holds promise for advancing the field of polyethylene production, opening
the door to more sustainable, scalable, and high-performance materials for a variety of

applications.*

Moreover, the scalability of UHMWPE production will require a balance between achieving high
molecular weights and maintaining processability. This can be addressed through innovations in
catalyst design that allow precise control over chain growth mechanisms while suppressing
undesired side reactions. By tailoring molecular architectures and influencing morphology during
synthesis, researchers can optimize the physical and mechanical properties of UHMWPE, paving
the way for its enhanced performance in demanding applications such as medical implants,

industrial equipment, and high-strength fibers."
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This study explores the impact of catalytic systems, early transition metal complexes, and reaction
parameters on the synthesis of ultra-high molecular weight polyethylene (UHMWPE). It focuses
on modifying molecular architecture and polymer morphology to optimize product properties. The
research examines the disentangled state of UHMWPE, analyzing polymerization parameters,
catalysts, and co-catalysts. Emphasis is placed on the role of ligand backbones in controlling
polymerization Kinetics, providing insights for advancing high-performance polyethylene
production. To address the need for simplified synthetic pathways in ligand design and catalysis,
we developed imine-based ligands and their titanium complexes. These systems demonstrate
significant potential for advancing the efficiency and tunability of UHMWPE synthesis. Chapter-
1 provides a literature review on significant advancements in catalysts for UHMWPE production,
addressing challenges to be overcome for successful UHMWPE synthesis. It also explores
methods to specifically produce disentangled UHMWPE rather than its entangled counterpart.
Chapter-2 this study outlines our efforts in synthesizing imine ligands and explores an unexpected
outcome encountered during the preparation of the imine carboxylate ligand backbone. leading to
detailed investigations into the formation of benzoxazinone. Chapter-3 details the synthesis of a
neutral titanium (Cat.l) complex, synthesized by treating [Ti (NMe2)a] with 2-((4-
methoxybenzylidene)  amino)  benzoic acid, yielding [bis-dimethylamido-Ti-(bis-
iminocarboxylate)]. The identity of Cat.1 was confirmed through a combination of 1D and 2D
NMR spectroscopy and mass spectrometry. Various cocatalysts were tested for activation, with
MMAO (modified methylaluminooxane) proving most effective.* Chapter- 4 discusses sterically
tuned three different cyclohexylphenoxyimine ligands and their corresponding titanium
complexes. These complexes were characterized using multiple spectroscopic techniques, The
steric bulk was calculated using DFT, and its effects on ethylene polymerization were studied for
the production of disentangled UHMWPE.Chapter-5 summarizes the findings and outlines

potential directions for future research.
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ABSTRACT

Disentangled ultrahigh molecular weight polyethylene (d-UHMWPE) is a niche, highly sought-after, and an emerging class of polyethylene. However, the synthesis of
d-UHMWPE is uncommon and is equally challenging. Here, we report a Ti-iminocarboxylate complex that produces d-UHMWPE under ambient polymerization
conditions. Treatment of tetrakis(dimethylamido-titanium) [Ti(NMeg)4] with 2-((4-methoxybenylidene)amino)benzoic acid produced a novel titanium complex
Cat.1 [bis-dimethylamido-Ti-(bis-iminocarboxylate)]. The identity of Cat.1 was unambiguously ascertained using a combination of 1-2D NMR spectroscopy and mass
analysis. Cat.1 was activated using various cocatalysts, and MMAO (modified methylaluminoxane) outperformed the others. Screening of polymerization parameters
suggested an Al/Ti ratio of 1000, 4 bar ethylene pressure, 35 °C temperature, and a polymerization time of 30 min as the optimal condition. Under the optimized
polymerization conditions, Cat.1 polymerizes ethylene to ultrahigh molecular weight polyethylene with a weight average molecular weight (Mw) of 2.5 x 10° g/mol.
The thermal behavior of the thus prepared material disclosed a highly crystalline [crystallinity y (DSC) 96 %], strictly linear polyethylene. Detailed thermal analysis
of the nascent polyethylene using a specifically designed DSC method revealed the existence of a high melting peak at 139-140 °C, which is a hallmark of disen-
tangled UHMWPE. Thus, a homogeneous, single-site ethylene polymerization catalyst has been developed, which upon activation with MMAO produced highly

crystalline d-UHMWPE.

1. Introduction

Within a span of 100 years, polymers have reached every corner of
the planet earth. The global annual production of polymers stands at
about 380 million tons [1,2]. Among these, the largest volume polymer
is polyethylene (PE) [3,4], and it is produced mainly using “Miilheim
atmospheric polyethylene process” or “low pressure process” [5,6].
Since the pathbreaking discovery of transition metal-catalyzed olefin
polymerization by Ziegler, many academic and industrial centers have
pursued olefin polymerization, and today PE is the largest volume
polymer in the world. A key to the discovery of “low pressure process”
was a catalyst. Thus, a large volume of literature on olefin polymeriza-
tion deals with the synthesis of metal catalysts. A heterogeneous Ziegler
catalyst is used to produce PE, and these catalysts are made of TiCly
epitaxially adsorbed on a substrate made of anhydrous MgCl, [7]. As the
problems associated with investigations of heterogeneous catalysts
started surfacing, the community moved to the homogeneous catalysts,
and in the process, MAO and metallocenes were discovered by Sinn and
Kaminsky [8]. Metallocenes have slowly entered into the market and
about 5-8 % of the total PE is now produced using metallocene catalysts
[9]. Catalysts which were discovered after metallocenes and which do
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E-mail address: s.chikkali@ncl.res.in (S.H. Chikkali).
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not meet the criteria of being metallocenes are generally called “Post-
metallocenes” or “Non-metallocenes” [10]. Thus, olefin polymerization
has evolved over the years, and slowly, the focus has been shifting to
more specialty polyolefins. Among the specialty polyolefins, functional
polyethylene [11-18], telechelic polyethylene [19], PE dispersions [20],
ultrahigh molecular weight polyethylene [21-24], and polyethylene
vitrimers are emerging as a new class of high-end materials [25,26].
As defined in ASTM D4020, a polyethylene with viscosity average
molecular weight of 2.5 million g/mol is considered as UHMWPE [27].
Due to inherent outstanding physical properties, UHMWPE is used in
prostheses, body armors, sport wears, battery separators, siding for ships
at harbors, etc. However, synthesis of UHMWPE is not trival and re-
quires careful catalyst tweaking. Control over the rate of propagation
(kp), rate of transfer (ki) or rate of termination (ko) is crucial to obtain
such high molecular weight polyethylene. The three rates (kp, k¢, ko) can
be altered by suitable catalyst design that consists of an appropriate
metal cation and ligand framework with a correct balance of the elec-
tronic and steric environment. The current understanding of the field
allows us to draw the following guidelines to design a catalyst for
UHMWPE. The rate of propagation should be much higher than the k¢
and k.. Therefore, the metal centre should be very acidic (oxophilic),
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which will allow the chain to grow faster. The ligand should force the
fB-H out of the metal-plan and thus suppress the two rates (ky, k¢). Thus, a
suitable catalyst combined with correct choice of reaction parameters
may enable the synthesis of ultrahigh molecular weight PE [28].

There are two states of ultrahigh molecular weight polyethylene. The
traditional UHMWPE is “entangled”, while another state called “disen-
tangled” (d-UHMWPE) has been identified in the last decade [29].
Literature reports suggest that the heterogeneous Ziegler-type catalysts
generally produce “entangled” UHMWPE. Entangled UHMWPE is diffi-
cult to process, and an additional step of gel-spinning is necessary.
While, only homogeneous catalysts have been reported to be capable of
producing disentangled UHMWPE (d-UHMWPE). Chikkali and co-
workers have reported a recent exception to the rule [30]. A heteroge-
neous catalyst was subjected to controlled reduction of Ti (IV) to Ti(III),
which enabled the synthesis of d-UHMWPE. Among the homogeneous
catalysts, the titanium bis(phenoxy imine) or the FI-catalysts have been
extensively investigated (Fig. 1, 1) [31-33]. Under optimized condi-
tions, the FI catalyst can produce d-UHMWPE. Recently, Enders and co-
workers reported a naphthyridine cyclopentadienyl chromium catalyst
(Fig. 1, 2). The chromium catalysts, upon activation with a suitable
cocatalyst, produced d-UHMWPE [34,35].

The weak coordination of nitrogen to the metal causes the FI catalyst
family to experience structural isomerism [36]. Therefore, rational li-
gands designing approaches have frequently concentrated on creating
and altering auxiliary ligands to offer an attractive catalyst [37]. A very
frequently used parameter in rational designing is steric and electronic
control by changing substituents on the ligand framework. Imine ligands
are largely favoured for three main reasons: (1) easy synthesis, (2)
relative stability towards moisture/oxygen, and (3) ease of tailoring
electronic and steric by choosing different amine and aldehyde. Metal
complexes that produce polyethylene from ethylene have been suc-
cessfully prepared using a variety of nitrogen-containing ligands. We
pondered if an imine-based carboxy ligand can deliver bis-ligated tita-
nium complex and if the Ti-complex can initiate ethylene
polymerization.

Here in, we describe a single-step synthesis of iminocarboxylate
ligated titanium complex [(L1)2Ti(NMey)2] (Cat.1) (Fig. 1). Spectro-
scopic and analytical techniques unambiguously ascertained the identity
of the Ti-complex. The resultant titanium complex [(L1)2Ti(NMey)2]
was employed as a precatalyst for the polymerization of ethylene. To our
delight, under defined polymerization conditions, Cat.1 produced highly
crystalline, disentangled, ultrahigh molecular weight polyethylene.

2. Results and discussion
2.1. Synthesis of imine carboxylate ligand (L1) and its titanium complex

The condensation of amine with an aldehyde to produce imine
(Schiff base) is well known for decades. However, condensation of ortho-
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amino acids with aldehydes is highly challenging and has been found to
produce benzoxazinones, instead of expected imines [38]. The cycliza-
tion to benzoxazinones can be addressed by substituting the acidic
proton with a heavy metal cation [39]. Therefore, choosing the amine
and aldehyde partners is crucial for condensing the ortho-amino acid
compounds. Based on our past experience, we envisaged the conden-
sation of anthranilic acid with anisaldehyde [33,34]. Thus, 1 g of an-
thranilic acid was treated with anisaldehyde to obtain the anticipated 2-
((4-methoxybenzylidene) amino) benzoic acid (L1) in an improved
isolated yield of 90 % (2.5 g) [40]. The identity of the resultant com-
pound was ascertained using a combination of spectroscopic and
analytical methods, including a single crystal X-ray diffraction [35].

After establishing a robust ligand synthesis protocol, we examined
the coordinating ability of iminocarboxylate ligand with a transition
metal. It is necessary to have both, the ligand and the metal precursor, to
create a single component metal complex for ethylene polymerization.
Our initial effort to obtain the desired metal complex (Cat.1) by treating
L1 with titanium tetrachloride [TiCl4] as a titanium precursor was not
very successful. We could not isolate and characterize the resultant
metal complex (Cat.1). The ligand is highly acid sensitive, and one must
first prepare ligand-salt before treating it with [TiCls]. Thus, after
treating the sodium salt of L1 with [TiCl4], it was found that the imine
bond is cleaved. To address this bottleneck, we were in search of a ti-
tanium precursor with less acidity. Marks and co-workers recently re-
ported an unexpected behavior of phenoxy-imine ligated zirconium bis
(dimethylamine) precursor on ethylene-olefin copolymerization [41].
Based on this, we anticipated that the titanium congener of the reported
zirconium complex might suppress cleavage of L1 (imine bond) as the
by-product is a base (HNMe;) and may allow coordination of imino-
carboxylate ligand to enable the formation of mononuclear titanium
complex. With this hypothesis, two equivalents of iminocarboxylate
ligand L1 (1 g, 3.9 mmol) was treated with one equivalent of tetrakis
(dimethylamido-titanium) [Ti(NMeg)4] (1.9 mmol) at 0 °C. After the
addition, the temperature of the reaction mixture was raised to room
temperature (~35 °C) and the stirring was continued for 2 h. After two
hours, volatiles were evaporated, and the titanium complex Cat.1 was
isolated in 62 % yield (see SI for details). The synthesis of the imino-
carboxylate-Ti(NMes)s complex was very straightforward, and the
resultant by-product [Me,NH] was easily evaporated from the reaction
mixture. The reddish brown crystalline solid of complex Cat.1 (Scheme
1) was subjected to detailed characterization.

The 'H NMR spectrum of the above reddish brown solid disclosed a
resonance at 8.34 ppm, which can be assigned to the imine proton.
Compared to the free ligand L1, the imine proton is shifted slightly up-
field (from 8.65 ppm in the free ligands L1 to 8.34 ppm for the Cat.1) in

the complex Cat.1. The change in chemical shift suggests coordina-
tion of the imine nitrogen to the titanium. Such up-field shifts are not
very common but have been observed for other metal complexes
[34,42]. Furthermore, the methyl protons in Ti-NMey group could be
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Fig. 1. State-of-the-art catalysts for the synthesis of d-UHMWPE (left) and the present work (right).
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Scheme 1. Synthesis of amido Ti-iminocarboxylate complex Cat.1.

identified as two sets, one at 3.10 ppm and the other at 2.91 ppm. The
13¢ NMR spectrum of Cat.1 revealed a characteristic imine-carbon
resonance at 160.4 ppm. The short-range C—H correlation HSQC spec-
trum displayed cross-peaks to corresponding carbons. Unambiguous
evidence of the existence of Cat.1 was obtained from a long-range C—H
correlation HMBC spectrum (Fig. 2). The methyl proton of the TiNMe,
group displayed a cross-peak to the acid carbon, confirming chelation of
L1 to Ti-precursor. The NMR findings were further corroborated by mass
analysis, and a molecular ion peak was observed at m/z = 610 [Cat.1-
2NMe, + 2H + HNMe, + Li]T Da. As the titanium complex, Cat.1, is
highly air and moisture-sensitive, fragments with different masses could
be observed in the mass spectrum (see SI, Fig. S12).

2.2. Ethylene polymerization:

After establishing the synthesis, we examined the reactivity of Cat.1
in ethylene polymerization. The ethylene polymerization was conducted
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in a Biichi high-pressure reactor with a heating/cooling jacket, an
overhead mechanical stirrer, and gas inlet/outlet facilities. The reactor
was continuously fed with ethylene gas to maintain the necessary
pressure.

The titanium complex Cat.1 is just a pre-catalyst and has to be
activated to obtain the catalytically active species for ethylene poly-
merization. Alkyl aluminum or boron compounds are well-known acti-
vators and have been commonly used in olefin polymerization [36].
Table 1 summarizes the cocatalyst/activator screening and Fig. 3 depicts
the performance of various activators in ethylene polymerization. The
cocatalyst was used in two lots, see supporting information for details.
Please note that 30 min stirring with about 70 % cocatalyst was required
before the addition of Cat.1. First, the efficiency of trimethyl aluminum
(TMA) in the presence of BT (Trityl Borate) was examined. At a TMA
(cocatalyst) to catalyst (Cat.1) ratio (Al/Ti) of 40, under 4 bars of
ethylene, 250 mg of polyethylene was obtained (Table 1, entry 1). The
best polymer yield of 350 mg was obtained at a TMA to catalyst ratio
(Al/Ti) of 100. While, the yield was reduced to 150 mg when TMA to
catalyst ratio (Al/Ti) was increased to 120. Thus, the highest yield was
350 mg under the given polymerization conditions. The difference in
crystallinity (67 vs 91 %) can be ascribed to the existence of more
crystalline domains, due to which melting enthalpy (area under the
peak) increases, leading to higher crystallinity. Next, di-isobutyl
aluminum hydride (DiBAI-H) was screened for ethylene polymeriza-
tion, but no polymer was produced. Subsequently, MMAO was tested as
cocatalyst and was found to produce 700 mg of polyethylene under
similar conditions (Table 1, entry 5). As presented in Fig. 3, MMAO
outperformed TMA/BT, DiBAI-H, and DiBAI-H/MMAO, and disclosed
the highest activity.

Thus, MMAO was finalized as the best cocatalyst and further studies
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Fig. 2. Expanded view of a long-range C—H correlation (HMBC) spectrum of Cat.1 displaying cross peak between the methyl protons (-TiNMe,) and the carboxylate

carbon (in CDCl3).
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Table 1
Ethylene polymerization catalyzed by Cat.1 in the presence of various cocatalysts."

European Polymer Journal 182 (2023) 111725

Entry TMA (equiv.) BT (equiv.) MMAO (equiv.) Yield (g) Activity "M, °p 4Tm eCryst. (%)
1 40 1.2 - 0.250 16.1 1.49 x 10° 6.4 141.8 67.4

2 100 1.2 - 0.350 22.5 1.12 x 10° 3.5 141.3 86.8

3 120 1.2 - 0.150 9.6 2 % 10° 4.4 139.9 91.9

4 40 - - 0.106 6.8 - - 136.8 62.7

5 - 1 1000 0.700 - - - - -

# Conditions: Cat.1-31 umol of Ti (20 mg), Solvent-Toluene (100 mL), Ethylene-4 bars, Temperature-40 °C, Time-30 min, equiv.-equivalent. ND-Not detected. beag
obtained from HT-GPC at 160 °C in 1,2,4-Trichlorobenzene (TCB) against polystyrene standards. “Obtained from DSC, heating and cooling curves of first heating,
cooling, and second heating; “Crystallinity was calculated from the melting enthalpy measured by DSC and relative to the theoretical melting enthalpy of 293 J/g for

100 % crystalline polyethylene; ‘Activity in Kg of PE/mol Ti/h.

Cocatalysts

1.8
1.6
1.4
1.2

Activity

0.8
0.6
0.4
0.2

DiBAI-H TMA

Cocatalysts

MAO

Fig. 3. Screening of cocatalysts and activity in ethylene polymerization (Ac-
tivity = mol of polyethylene/mol of Ti/h).

were undertaken (Table 2). The effect of Al/Ti ratio on the polymeri-
zation activity was investigated (Table 2, entries 1-4). At a Al/Ti ratio of
500 under 4 bar ethylene pressure, 650 mg of polyethylene was obtained
(Table 2, entry 1). The melting temperature was found to be 138.7 °C,
suggesting high molecular weight, crystalline polyethylene. The Al/Ti
ratio was further increased to 1000, 1500, and 2000 (Table 2, entries
2-4). The highest TOF and yield of 750 mg was obtained at an Al/Ti
ratio of 1000. Increasing the Al/Ti ratio further to 2000, deteriorated the
polyethylene yield to 700 mg. Fig. 4 presents the comparative perfor-
mance of Al/Ti ratio on polyethylene activity. In our attempts to esti-
mate the life time of the catalyst, ethylene polymerization was carried
out for different time period (5, 30, 60 min) and the activity was
determined. As can be seen in the Fig. 6, the highest activity was ob-
tained after 30 min, suggesting existence of active catalyst. While
increasing the polymerization time to 60 min revealed lower activity,
suggesting catalyst decomposition. Thus, the optimized polymerization
condition is 20 mg Cat.1, Al/Ti ratio of 1000, 4 bar ethylene pressure, 35

MAO Loading
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Fig. 4. Screening of Al/Ti ratio and activity in ethylene polymerization (Ac-
tivity = mol of polyethylene/mol of Ti/h).

°C temperature, and a polymerization time of 30 min.

One of the crucial parameters that influence the activity, molecular
weight, polydispersity and entanglement of polyethylene, is the poly-
merization temperature. Therefore, we investigated the effect of tem-
perature on polymerization, and Fig. 5 summarizes the results. As
compared to the optimized temperature of 35 °C, ethylene polymeri-
zation at 25 °C disclosed a slight drop in the catalyst activity (1.56 x 105,
680 mg PE). While increasing the polymerization temperature to 50 °C
significantly decreased the catalyst activity (Table 2, entry 7, 360 mg
PE). Further increasing the polymerization temperature to 60 °C led to a
colossal drop in catalyst activity (Table 2, entry 8). Thus, polymerization
temperature significantly influenced catalyst activity, and 35 °C
remained the optimal reaction temperature.

2.3. Highly crystalline, disentangled ultrahigh molecular weight
polyethylene (d-UHMWPE)

The polyethylene produced under the optimized polymerization
conditions was subjected to detailed characterization. The molecular

Table 2

Ethylene polymerization catalyzed by Cat.1 and MMAO.*
Entry Precatalyst Al/Ti Temp (°C) dPoly. (€3] Ac'[ivityb °TOF(10%) iMy M, » 10° :p hTm iCryst. (%)
1 Cat.1 500 35 0.650 41.9 1.497 4.90 x 10° 138.7 62.1
2 Cat.1 1000 35 0.750 48.3 1.728 2.5 2.4 137.2 87.9
3 Cat.1 1500 35 0.750 48.3 1.612 1.6 x 10° 139.5 60.8
4 Cat.1 2000 35 0.700 45.1 1.612 1.94 x 10° 136.5 53.5
5¢ Cat.1 + Al 'BuH + MAO 40 + 1000 35 NO - - - NO
6 Cat.1 1000 25 0.680 43.8 1.566 7.4 x 10° 139 96.4
7 Cat.1 1000 50 0.360 23.2 0.829 1.93 x 10° 138.3 80
8 Cat.1 1000 60 0.297 19.1 0.684 0.54 x 10° 134 48.6

2 AConditions: Catalyst = 31 umol of Ti (20 mg of catalyst); Solvent = 100 mL of toluene, Time-30 min, "Activity in Kg of PE/mol Ti/h; Al ‘BuH 1 Equiv. + MAO
1000, 4 bar ethylene pressure, time 30 min; “Weight of produced polyethylene (in gm); °TOF = mol of polyethylene/mol of Ti/h, 58As obtained from HT-GPC at 160 °C
in 1,2,4-Trichlorobenzene (TCB) against polystyrene standards, in 10® g/mol. "Obtained from DSC, heating and cooling curves of first heating, cooling, and second
heating; ‘Crystallinity was calculated from the melting enthalpy measured by DSC and relative to the theoretical melting enthalpy of 293 J/g for 100 % crystalline

polyethylene. Viscosity average molecular weight was determined at 135 °C in TCB using Ubbelohde viscometer. NO- Not obtained.
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Fig. 5. Effect of temperature on ethylene polymerization (Activity = mol of
polyethylene/mol of Ti/h).
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Fig. 6. Ethylene polymerization at 5, 30 and 60 min (Activity = mol of poly-
ethylene/mol of Ti/h).

weight of the thus prepared PE was determined using a High-
Temperature Gel Permeation Chromatography (HT-GPC). To our
delight, HT-GPC analysis of this polyethylene in trichlorobenzene (TCB)
at 160 °C disclosed the formation of ultrahigh molecular weight poly-
ethylene (UHMWPE) with a whopping molecular weight of 2.5 million
g/mol (Table 2, entry 2). Interestingly, the polydispersity index was
found to be narrow (2.4), which suggests single-site behavior of the
catalyst (Cat.1). Our attempts to record the molecular weight for other
entries were not very successful as the PE was only partially soluble and
produced a gel even at 160 °C with 1 mg per 10 mL TCB.

The melting temperature of the resultant PE and crystallization data
were obtained from differential scanning calorimetry. The melting
temperature obtained during the first heating is considered. As
compared to regular commodity PE grades (such as LDPE, HDPE), the
melting temperature (Tm) of the polyethylene produced using Cat.1 was
high (137-140 °C), suggesting a high degree of order or crystallinity. As
arepresentative case, the sample with Mw of 2.5 million g/mol (Table 2,
entry 2) disclosed a very high crystallinity of 88 % (Table 2, entry 2).
While, the highest crystallinity of 96 % was observed for polyethylene
produced at 25 °C (Table 2, entry 6). Such highly crystalline PE is a
result of highly active catalyst and polymerization conditions that
enable crystallization of the growing polymer chain. If the PE is crys-
tallizing while the chain is growing, there should not be any time for
entanglement, and one should expect disentangled ultrahigh molecular
weight polyethylene (d-UHMWPE).

Therefore, we anticipated that the resultant UHMWPE would be
disentangled in nature. The first melting peak of the reactor PE can be
attributed to the melting of single crystal lamellae, which is the signa-
ture of the “disentangled” state of UHMWPE. To demonstrate the dis-
entangled nature of UHMWPE prepared using Cat.1, this material was
subjected to thermal analysis protocols developed by Rastogi and co-
workers [43]. A special DSC method was developed, and Fig. 7 pre-
sents various steps involved in this protocol.
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Fig. 7. Thermal protocol developed to demonstrate disentangled nature of
UHMWPE. Thermal protocol: Ramp 1: 50 °C to 160 °C (A-B) @ 10 °C/min. hold
@160 °C for 5 min. (B-C). Ramp 2: Cooling to 128 °C @ 10 °C/min. (C-D) and
hold at 128 °C for 180 min. (D-E). Ramp 3: Cooling to 50 °C at 10 °C/min. (E-F)
and hold at 50 °C for 1 min. (F-G). Ramp 4: Heating from 50 to 160 °C at 10 °C/
min. (G-H). The DSC plot shown in Fig. 8 was obtained during ramp 4 (G-H).

To examine the melt behavior of UHMWPE, Rastogi and co-workers
designed a DSC method that can distinguish “entangled” and “disen-
tangled” domains. The method involves heating the UHMWPE from
50°Cto 160 °C (@10 °C per minute) (a and b) (Fig. 7) and annealing the
sample at 160 °C for a predetermined amount of time (b and c). When
the UHMWPE sample is kept at 160 °C, the polymer chains can move to
achieve the thermodynamically stable “entangled” state (b and c).
Therefore, depending upon the annealing time in step b-c, the polymer
sample may show various degrees of “entangled” and “disentangled”
domains (heterogeneity in the sample). After that, the sample was
cooled to 128 °C (c and d), and was allowed to isothermally crystallize
for 180 min (d and e), then it was cooled to 50 °C (e and f). Finally, the
sample was heated from 50 °C to 160 °C (g-h). The information collected
during the g-h heating stage is displayed in Fig. 8. Fig. 8 (blue line)
disclosed two distinct melting domains, the initial high melting peak
around 139-140 °C is believed to originate from a crystalline domain,
representing the “disentangled” state of the UHMWPE. The high melting
disentangled domain disappears at 30 min of annealing time, and a
single melting peak was observed (Fig. 8, orange line). UHMWPE
entangled domains are responsible for the second melting peak, which
occurred at about 133-134 °C. The above observations are in line with
previous reports on “entangled” and “disentangled” UHMWPE.[44,45]
Thus, the DSC experiment confirms that catalyst Cat.1 polymerizes
ethylene to disentangled UHMWPE. A comparative DSC thermogram of
a commercial entangled UHMWPE and our disentangled UHMWPE is
presented in SI (see SI Fig. S31).

3. Conclusions

In summary, an iminocarboxylate ligand L1 was treated with a [Ti
(NMey)4] to produce [bis-dimethylamido-Ti-(bis-iminocarboxylate)] in
good yield (62 %). lH, 13C, HSQC, HMBC NMR and mass analysis
conclusively proved the existence of a bis-ligated Titanium complex
Cat.1. Preliminary screening of cocatalysts suggested MMAO to be the
best activator. The effect of Al/Ti ratio on the activity of Cat.1 was
investigated and an Al/Ti ratio of 1000 was found to be the optimal
ratio. Temperature screening suggested 35 °C as the optimal tempera-
ture, while, either lowering the temperature to 25 °C or increasing it to
50 and 60 °C displayed reduced activity. The resultant polyethylene was
examined by using DSC, high temperature GPC, high temperature NMR
(HT NMR) spectroscopy. High temperature proton (*H) and carbon (*3C)
NMR of the polymer suggested the formation of linear polyethylene.
High temperature gel permeation chromatography revealed a molecular
weight of 2.5 million g/mol, which can be classified as UHMWPE as per
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Fig. 8. DSC plot of the d-UHMWPE sample (Table 2, entry 6) annealed for 5 (blue line) and 30 (orange line) min.

ASTM-D4020. DSC analysis of the resultant PE revealed a very high
degree of crystallinity (96 %). A specially designed DSC method dis-
closed that the thus formed UHMWPE exists in a “disentangled” state.
Thus, [bis-dimethylamido-Ti-(bis-iminocarboxylate)] complex cata-
lyzed polymerization of ethylene in the presence of MMAO to disen-
tangled ultrahigh molecular weight polyethylene (d-UHMWPE). Further
investigations to improve the activity by tweaking the ligand structure
are in progress.

4. Materials and methods

All manipulations involving moisture sensitive compounds were
carried out under an inert gas atmosphere using standard Schlenk or
glove box techniques. Toluene was distilled from sodium/benzophenone
under an argon atmosphere. Chloroform or CDCls, ethanol, dichlor-
methane, etc. were dried and distilled as per reported procedures [46].
Ethylene (purity; 99.95 %, 3.5 grade) was supplied by Ms. Vadilal
Chemicals Ltd, Pune, India. 2-aminobenzoic acid, 4-methoxy benzal-
dehyde, [Ti (NMeg)4], TiCly, Trityl tetrakis (pentafluoro phenyl) borate,
MMAO-12 (7 wt% Aluminum in Toluene), Diisobutyl aluminum hydride
(DiBAI-H), deuterated 1,1,2,2-tetrachloroethane were procured from
sigma-aldrich and used without further purification. Ethanol was pur-
chased from Spectrochem Pvt. ltd. Trimethyl aluminum (TMA) was
supplied by Schering AG, Germany and was used as received. Com-
mercial entangled UHMWPE (CAS 9002-88-4) with Mw
3,000,000-6,000,000 g/mol was procured from Sigma-Aldrich. NMR
spectra were recorded on a Bruker Avance 200, 400, 500 and JEOL 600
MHz instruments. The polymerization was run in a Biichi picoclave mini
pressure reactor equipped with overhead mechanical stirrer, heating/
cooling jacket and pressure regulators. High temperature NMR (HT
NMR) of the polymers was recorded in CyD2Cls solvent at 130 °C.
Chemical shifts are referenced to external reference TMS (*H and *3C).
Mass spectra were recorded on Agilent Q-ToF mass spectrometer. FT-IR
spectra were recorded on a Bruker o-T spectrophotometer in the range of
4000-400 cm!. Differential scanning calorimeter (DSC) was carried
out on DSC Q-10 equipment from TA instruments with a heating and
cooling rate of 10 K min ", unless mentioned otherwise. High temper-
ature Gel Permeation Chromatography (HT-GPC) of the PE was recorded
in 1,2,4- trichlorobenzene at 160 °C on a Viscotek GPC (HT-GPC module
350A) instrument equipped with triple detector system. The columns
were calibrated with linear polystyrene standards and the reported
molecular weights are with respect to polystyrene standards. Weight-

average molecular weight (M,,), number average molecular weight
(M, and polydispersity index (PDI) of the synthesized UHMWPE was
recorded using HT-GPC.

4.1. Synthesis of [bis-dimethylamido-Ti-(bis-iminocarboxylate)] (Cat.1):

Improved synthesis of 2-((4-methoxybenzylidene) amino) benzoic
acid (L1) is described in supporting information. A 250 mL oven-dried
Schlenk flask was vacuum-cooled and argon gas-purged. The Schlenk
flask was heated and cooled three times under vacuum to reduce the
moisture content. Under the positive flow of argon, 1 g (3.9 mmol.) of L1
was added to the above Schlenk flask. Subsequently, toluene (40 mL)
was added, the mixture was stirred for 5 min. The Schlenk was cooled to
0 °C and Ti(NMe3)4 (0.4 mL, 1.9 mmol) was added gradually over a
period of 5 min. A turbid yellow solution turned to a clear reddish brown
one. Subsequently, the ice bath was then replaced with a water bath and
the temperature of the reaction mixture was raised from 0 °C to about
30 °C. The mixture was then stirred for a further two hours at room
temperature. After another 30 min of stirring, volatiles were evaporated
under vacuum. A reddish brown residue was obtained. This crude -
complex was further purified by washing with dried, freshly distilled
hexane (20 mL x 3). The content was stirred for 5 min to let the solid
settle, and the supernatant liquid was separated. The solid was then
vacuum-dried and stored in the glove box for future use.

H NMR (400 MHz, CDCl3) 6 = 8.35 (s, 2H, HC=N-), 7.80 (d, J =
8.58 Hz, Ar, 4H), 7.36 (t, J = 6.38, 7.50, Ar, 5H), 7.06 (d, J = 7.88, Ar,
3H), 6.97 (d, J = 8.75, Ar, 4H), 3.86 (s, 6H), 3.07 (s, 6H) and 2.88 (s, 6H,
-NMe). '3C NMR (125 MHz, CDCls) § = 170.4 (-COOH), 162.4, 160.4
(-C=N),148.5, 131.3, 129.8, 127.4, 125.6, 118.7, 114.7, 55.4 (OCHs),
38.2 and 34.7 (-N(CHs)3).

ESI-MS (+ve) m/z for C34H36N4O0¢ Ti [M + H] + Calculated: 644.21
Da, observed: m/z = 610.18 [Cat.1-2NMes + 2H + HNMe, + Li]™ Da.

4.2. General procedure for ethylene polymerization

The ethylene polymerization reaction was carried out in a Biichi
glasuster cyclone 075 high pressure reactor, equipped with overhead
mechanical stirrer, heating/cooling jacket and pressure regulators. A
pre-dried 250 mL Biichi reactor was kept under vacuum at 90 °C for 30
min before usage. After cooling down, the reactor was filled with argon
and after 3 cycles of vacuum/argon, the reactor was filled with ethylene
gas (20 bar) and flushed 3 times. It was charged with 100 mL of freshly
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distilled toluene at room temperature under the positive flow of
ethylene gas. The reaction temperature was set to the desired value
using Julabo temperature controller and after the thermal equilibrium is
reached, 70 % of total amount of cocatalyst (MMAO-12) was added and
the mixture was stirred for about 30 min. Simultaneously, in a separate
Schlenk tube, 10 mL of freshly distilled toluene was taken and the
remaining amount of cocatalyst (MMAO-12) (30 %) was added and the
content was stirred for 30 min. After 30 min. suitable amount of catalyst
was injected in to the reactor along with 10 mL of dry toluene containing
cocatalyst (MMAO-12), and the polymerization was initiated by pres-
suring the reactor with ethylene. The polymerization was carried out for
the required time under vigorous stirring and a constant feed of ethylene
and then terminated by the addition of acidified methanol. The polymer
was filtered out, washed with a copious amount of methanol/acetone,
and dried overnight under vacuum at 60 °C to obtain free-flowing
powder. The polymerization results have been summarized in tables 1
and 2.

IH NMR (500 MHz, C2D5Cls, 130 °C): § = 1.37 (broad, s, CH,); 13C
NMR (125 MHz, C;D5Cls, 130 °C): § = 29.3 (s, CHy).
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1. Introduction
1.1. Early years in olefin polymerization

Olefin polymerization is known for several decades.!"!
Among various polymers, polyethylene (PE) and polypropyl-
ene (PP) are two of the most widely used polymers in the
world.?) These versatile materials have revolutionized vari-
ous industries, including packaging, automotive, construc-
tion, and textiles. Polyethylene and polypropylene offer
exceptional properties and therefore are widely used.”!
These polymers possess a unique combination of strength,
flexibility, chemical resistance, and thermal stability, making
them ideal for a wide range of applications. Their low cost,
lightweight, and ease of processing further contribute to
their popularity. Polyethylene is widely used for packaging
materials, including plastic bags, films, and bottles. It is also
employed in the manufacturing of pipes, wire insulation,
and automotive components. Polypropylene, on the other
hand, finds applications in food packaging, textiles, medical
devices, and automotive parts. The demand for these poly-
mers continues to grow as industries seek lightweight, dur-
able, and sustainable materials. The global production of
polyolefins is close to 200 million tons per annum and it is
bound to increase in the near future.

Moving back in time, we may follow the history of the
synthesis of polyethylene and polypropylene, which has an
intriguing tale before we take stock of the most recent
advancements in olefin polymerization. Around the end of
the nineteenth century, for the first time, traces of polyethyl-
ene were observed during a thermal decomposition reaction
of diazomethane, which was named “polymethylene.”!"
During that period, the field of polymer science was under-
developed and was not accepted by the community. German
chemist Hermann Staudinger proposed that polymers con-
sist of long chains, connected through covalent bonds.!"!
This theory was initially met with skepticism, but it was
eventually widely accepted and laid the foundation of
rational polymer science. In 1933, Fawcett and Gibson
at the Imperial Chemical Industry (ICI) found a white
powdery material on the reactor wall while performing a
high-pressure condensation reaction of ethylene and benzal-
dehyde (Figure 1, top)."! When they were repeating the
experiment without benzaldehyde, the reactor exploded and
the project was halted. It took a couple of years to under-
stand this and develop radical polymerization of ethylene to
polyethylene.m The ICI process operates at high pressure
(1000-4000 bars) and high temperature (200-300°C).1
After this discovery, several academic groups initiated
research programs on ethylene polymerization to make
polyethylene.

The major breakthroughs were reported in the early
1950s. The first one was by Hogan and Banks at the Phillips
Petroleum Company who reported low molecular weight
oligomer from gaseous olefin using nickel oxide supported
on silica or alumina.!"! In 1951, while studying the effect of
nickel oxide and chromium oxide supported on silica or alu-
mina they found solid HDPE in their reactor.!) In the
1950s, Ziegler, at the Max Planck Institute in Miilheim,

Germany, made a significant breakthrough in ethylene poly-
merization. Before embarking on the journey of polyethyl-
ene, he was investigating the reactivity of alkyl lithium/alkyl
aluminum compounds with ethylene.'!! These organometal-
lic reagents formed the foundation for his development of
the “Aufbaureaktion,” a process enabling the synthesis of 1-
olefins, aliphatic alcohols (known as alfol synthesis), and
high-purity alumina through the oxidation of alkyl alumi-
num compounds. By a stroke of luck, Ziegler discovered
that the presence of nickel had a profound effect on the
“Aufbaureaktion” by favoring chain termination, leading to
the formation of 1-butene. This unexpected phenomenon,
known as “the nickel effect,” was attributed to the presence
of nickel in the autoclave resulting from previous hydrogen-
ation reactions. This discovery marked the beginning of sig-
nificant metal screening conducted by Ziegler’s students to
investigate the behavior of different metal precursors when
associated with alkyl aluminum compounds.m In 1953,
Ziegler’s team evaluated the combination of triethyl alumi-
num with various transition metal compounds, including
chromium, vanadium, manganese, and platinum. The most
notable result was achieved by combining zirconium acetyla-
cetonate with triethyl aluminum, resulting in a conversion
rate of over 90% for the introduced ethylene. The patent
application claimed “a process for the production of a high
molar mass polyethylene” which involved the association of
triethyl aluminum with complexes containing metals from
group 4 (Ti, Zr, Hf), 5 (V, Nb, Ta), and 6 (Cr, Mo).!!! This
process operates at lower temperatures and with ethylene
pressure below 55 bars and is widely known as the
“Miilheim Atmospheric Process.”™ In March 1954, Natta,
an Italian chemist, successfully achieved the stereospecific
polymerization of propylene using a Ziegler catalyst com-
posed of titanium trichloride and triethyl aluminum.™") For
this groundbreaking discovery, Ziegler and Natta were
bestowed with the Nobel Prize in 1963. Subsequent to this
discovery, several developments, such as metallocene, MAO,
post-metallocenes, etc. have been reported.**’

1.2. State-of-the-art and scope

The preparation of polyethylene and polypropylene involves
a complex and fascinating journey, starting from the discov-
ery of the raw materials to the development of an efficient
manufacturing process. In the ever-evolving landscape of
polymer science, researchers are continuously pushing the
boundaries of material engineering to develop innovative
solutions with enhanced properties and sustainability in
mind. Among the several frontiers in polyolefins, the most
impactful discoveries in the last two decades have been in
the realm of (i) ultra-high molecular weight polyethylene
(UHMWPE),!® (ii) incorporation of bioderived comonomers
in polyolefins, (iii) functional olefin copolymerization, and
(iv) application of some of i-iii as compatibilizers.”% A
polyethylene with a viscosity average molecular weight of
2.5 million g/mol is considered as UHMWPE (ultra-high
molecular weight polyethylene).””” UHMWPE is known for
its exceptional mechanical properties, chemical resistance,
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Figure 1. Significant advancements in the development of polyolefins (top) and emerging polyolefins (bottom).

and low coefficient of friction. This material has established
itself as a key player in various industries, including auto-
motive, medical, bulletproof vests, industrial parts, and
sports equipment.!®'®!"! Ziegler catalyst can be suitably
modified to produce UHMWPE. Synthesis and processing
present significant challenges due to its unique characteris-
tics and requirements.

Polyethylene or UHMWPE is made up of ethylene
repeating units, which are hydrophobic in nature. It does
not contain any functional group in its backbone. The lack
of functional groups leads to certain limitations in the
application of polyethylene. For example, polyethylene can-
not be used in printing inks, adhesives, binders, paints,
dyeing, flame retardancy, barrier, etc.'?! Incorporating a
small amount of functional groups in the polymer back-
bone can open up a new application window for polyethyl-
ene.'>*1 One promising approach involves the insertion
copolymerization of bioderived and substituted difunctional
comonomers with ethylene.”) However, the insertion
copolymerization of ethylene and functional olefin remains
a highly challenging area of research even today. The metal
catalysts are readily poisoned in the presence of polar func-
tional groups and form a stable g-complex or chelate, or
there is no incorporation of functional comonomer into
the polyethylene backbone. Considering these challenges,

late transition metal complexes-based catalysts have been
developed for functional olefin  copolymerization.!”’
Comonomers derived from renewable resources, such as
plant-based feedstocks, present an eco-friendly alternative
to traditional petrochemical-based Their
incorporation into polyethylene not only imparts improved
properties but also enables the development of relatively
sustainable polyolefins with a reduced environmental
footprint.

Two functional groups per insertion can be built into the
polyethylene backbone by copolymerization of disubstituted
polar olefins with ethylene. These polar olefins, characterized
by their distinct dipolar and functional groups, introduce
additional functionalities and tune the copolymer’s chemical,
thermal, and mechanical attributes. This strategic incorpor-
ation can fine-tune polyethylene surface energy, adhesion,
and overall performance, expanding its applications into pre-
viously unexplored domains. The introduction of a polar
functional group will enhance the polar nature and hydro-
philicity of the resultant polyethylene. The hydrophilic poly-
ethylene opens up new opportunities to use this material with
polar polymer (Nylon-6, PLA, etc.). These polymers can be
used as additives to promote miscibility and blend uniformity
between two different polyolefins. By judiciously selecting and
optimizing compatibilizer formulations, researchers can

comonomers.



734 R. S. BIRAJDAR ET AL.

effectively overcome the immiscibility barrier and enhance
the mechanical and thermal properties of the resulting
copolymer materials.

In this feature article, we delve into the emerging areas of
olefin polymerization. This feature article aims to identify
successful strategies in olefin polymerization that allow
access to polyolefins with significantly different properties
than traditional polyolefins. To do so, we focus on four
frontiers of olefin polymerization, (i) UHMWPE, (ii) disub-
stituted difunctional olefin copolymerization, (iii) renewable/
bioderived functional olefin copolymerization, and (iv) func-
tional PE as a compatibilizing material (Figure 1, bottom).
The perspective debates these concepts that might drive fur-
ther scientific explorations and presents an overview of
exciting advancements in these chosen areas. The other
areas in olefin polymerization, such as (mono)functional ole-
fin copolymerization, olefin polymerization, etc. have been
reviewe[td elsew]here and are beyond the scope of this feature
article.> 710!

2. UHMWPE (ultra-high molecular weight
polyethylene)

As defined in ASTM D4020, a polyethylene with a viscosity
average molecular weight of 2.5 million g/mol or higher is
considered as wultrahigh molecular weight polyethylene
(UHMWPE).””) The synthesis of UHMWPE is highly chal-
lenging and the following 4 key aspects have to be addressed.
(i) Designing appropriate metal catalysts and co-catalysts is
crucial to achieve high molecular weights. (ii) Identifying
suitable reaction conditions is essential to enhance the rate
of propagation while minimizing the rate of chain transfer
reactions. (iii) Manipulating the steric and electronic proper-
ties of the metal center is crucial in minimizing transfer and
termination reactions. (iv) Moderating the Lewis acidity of
the metal catalyst is important to reduce fS-hydride elimin-
ation, which can lead to chain termination and the produc-
tion of lower molecular weight polymers. Despite these
difficulties, researchers have made significant progress in
developing catalytic systems capable of producing
UHMWPE. The two commercial grades of UHMWPE,
Spectra, and Dyneema, are produced using Ziegler-type cata-
lysts. However, the UHMWPE reactor powder cannot be
processed using standard melt processing techniques and
requires a special gel-spinning facility. To address this
bottleneck, Rastogi et al. attempted to understand the proc-
essing challenge and introduced a new state of the same
material and named it “disentangled” ultrahigh molecular
weight polyethylene (AUHMWPE).!*!

There are three main classes of catalysts used for
UHMWPE production: (i) heterogeneous Mg-Ti catalysts,
(ii) homogeneous metallocene complexes, and (iii) homo-
genous/heterogeneous post-metallocene catalysts. The fol-
lowing section gets into details of each of the above three
broad types of catalysts and covers the recent advances in
the dAUHMWPE synthesis.

2.1. Heterogeneous Mg-Ti catalysts

Heterogeneous Ziegler-type catalysts are known to produce
entangled UHMWPE. It is believed that the multiple sites
available in Ziegler-type catalysts are responsible for
entanglement. In a recent advancement, Chikkali et al.
attempted to prepare a single-site heterogeneous Ziegler-
type catalyst and tested it in ethylene polymerization. The
authors reported a one-pot two-step synthesis of a MgCl,
supported [Ti(OEt),] derived catalyst and controlled reduc-
tion of Ti center to +3 (Ti°") as a single oxidation state.
This Ziegler-type, heterogeneous catalyst, with a two-stage
activation strategy produced disentangled ultrahigh molecu-
lar weight polyethylene (Figure 2, top).”**) The catalyst dem-
onstrated quasi-living behavior and allowed the synthesis
of dUHMWPE with a molecular weight range of 1.0-
13.0 x 10° g - mol™" and a polydispersity index (PDI) of ~3.
The catalyst disclosed moderate activity, and the polymer
had a storage modulus of up to 1.82MPa. The resultant
dUHMWPE displayed the first melting temperature at
141.3-144.1°C. The entangled vs. disentangled nature of
UHMWPE was probed using two techniques, namely, DSC
and rheology. Rastogi et al. have developed a DSC method
that allows access to the two states of UHMWPE.!**! This
method was employed and the melting temperature was
recorded at a time interval of 5, 15, 30, and 60 min (Figure 2,
center). As depicted in Figure 2 bottom, the 5-min DSC
thermogram disclosed two melting temperatures, one at 134
and another at 139.5°C. These two curves indicate the T,, of
the entangled and the disentangled domain, respectively. As
the hold time (Figure 2, center, step B-C) increases, the dis-
entangled domain starts to convert to an entangled domain,
which is a thermally stable state. In line with the DSC find-
ings, the rheological measurements revealed that an equilib-
rium storage modulus of 1.82 MPa is attained after 37 h.

2.2. Homogeneous metallocene catalysts

In 2021, O’Hare et al. reported permethylindenyl-phenoxide
(PHENT*) ligated ansa-metallocene complexes as catalysts in
ethylene polymerization (Figure 3, top).*”) Catalyst 1
(Figure 3) was found to exhibit high activity and produced
disentangled ultrahigh molecular weight polyethylene
(dAUHMWPE) with excellent strength and wear resistance.
The PHENTI* catalyst 1 was activated using polymethylalu-
minoxane. The thus activated catalyst 1 displayed an excel-
lent activity of 3.7 x 10° gpe moly; 'h™'bar™" in ethylene
polymerization and produced dUHMWPE (Mw: 3.4 million
g/mol). Additionally, these PHENI* complexes are more
active than indenyl-PHENICS analogs in the polymerization
of ethylene. Overall, the use of PHENI* ansa-metallocene
titanium complexes as catalysts has shown a great potential
for producing high-quality dUHMWPE.

Cui et al. reported binuclear half-sandwich scandium com-
plexes to polymerize ethylene under high temperatures and
pressures, producing disentangled ultra-high molecular weight
polyethylene ({AUHMWPE) with excellent mechanical proper-
ties, including high tensile strength and modulus (Figure 3,
bottom).1?*! The C1-Sc, complex was particularly effective in
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producing dUHMWPE. While the mononuclear Sc¢; and the
relatively flexible binuclear C2-Sc, could not meet the per-
formance of C1-Sc,. Based on the DFT inputs, the success of
C1-Sc, complex is believed to be due to the binuclear syner-
gistic effect and agostic interaction between the active center
and the growing polymer chain. Another contributing factor
is the conformational ordering of the polymer chains due to
the steric effect. The existence of dUHMWPE was proved
using DSC and rheology, which displayed tensile strength and
modulus of up to 149.2 MPa and 1.5 GPa, respectively. This
study represents an important advancement in the production
of dUHMWPE and has the potential to lead to new and
improved materials for a variety of applications.

2.3. Homogenous/heterogeneous post-metallocenes
catalysts

In 2001, Fujita et al. reported a substituted phenoxy-imine
(which they named as “FI” catalyst) ligated titanium

complex 3 (Figure 4).””?! The authors demonstrated that
complex 3 catalyzes the living polymerization of ethylene
upon activation with methyl aluminoxane (MAO). Although
the catalyst displayed living behavior, high molecular weight,
etc., the ability of the catalyst to produce dAUHMWPE was
overlooked. The potential of the FI system to produce
dUHMWPE was recognized by Rastogi et al. almost a dec-
ade later.”***! The performance of FI catalyst 3 in ethylene
polymerization was investigated in great detail and the
resultant polymer was meticulously characterized. Optimized
polymerization conditions allowed the authors to prepare
UHMWPE and DSC, solid-state NMR and rheological meas-
urements allowed the authors to demonstrate the disen-
tangled nature of UHMWPE. This study is considered the
early breakthrough in the field of disentangled ultrahigh
molecular weight polyethylene and is a current “benchmark”
for AUHMWPE. The tensile properties of dUHMWPE pro-
duced by catalyst 3, were compared with those of entangled
UHMWPE produced using a standard heterogeneous Ziegler
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Figure 3. Permethylindenyl-phenoxide and binuclear scandium complexes for UHMWPE.
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Figure 4. Ti-based catalysts for ethylene polymerization to UHMWPE.

catalyst. Rastogi, Romano, et al. have described the develop-
ment of dUHMWPE in several reports.*”) The impact of
the co-catalyst modification on the catalytic performance
and material properties was investigated.”"! A similar inves-
tigation was carried out by employing catalyst 3 and other

co-catalysts made of aluminoxane, modified methyl alumi-
noxane (MMAOI12, MMAO3), and polymethyl aluminoxane
(PMAO).DZ] However, no discernible improvements in the
properties of UHMWPE were observed. Using 3/MAO to
improve the polymerization conditions Ivanchev et al. and
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Figure 5. Ni-based catalysts 8-10 employed in ethylene polymerization to produce UHMWPE.

Forte et al. both reported the same information.****! The
effects of catalyst concentration and solvent type (toluene),
on the catalytic activity, molecular weight, and shape of the
resulting UHMWPE were meticulously examined.

Disentangled UHMWPE offers several advantages over
entangled UHMWPE. This includes the ability of
dUHMWPE to be treated and pulled with ease throughout a
large temperature range below the equilibrium melting
point. Disentangled UHMWPE showed better tensile
strength, higher tensile modulus, and the ability to draw
biaxially without any solvent.*® The polymerization of
ethylene with 3/MAO (1100 equiv. of MAO) in toluene was
carefully controlled by Rastogi et al. in an additional effort
to reduce the number of entanglements. The authors thor-
oughly investigated the effect of experimental parameters,
including temperature, time, and solvent volume, on the
final entanglement number and molecular weight. The
molecular weight and number of entanglements per unit
chain revealed an increase/decrease as polymerization time
increased. Consequently, it is opined that the majority of the
entanglements are generated in the early stages of the poly-
merization process. The catalyst activity spanned from 620
to 10,330kg of PE (mol Ti).h™'. Along the same line,
Rastogi et al. made an effort to stabilize the disentangled
state of UHMWPE by adding linear low-density polyethyl-
ene (LLDPE) to the reaction mixture to prevent UHMWPE
aggregation/entanglement.*®! It was demonstrated that the
LLDPE can prevent entanglements and stabilize UHMWPE
in a disentangled state.

Tuskaev et al. synthesized [000O0]*" ligated titanium
complexes 5, 6, 7 (Figure 4) for ethylene polymerization using
cheaper co-catalysts (Et,AICl/Bu,Mg or E‘[3A12C13/Bu2Mg).[3 7l
The resulting dUHMWPE exhibited Mn of (0.34-
7.73) x 10°g - mol™", a melting temperature of 136-144°C,
and crystallinity of 59-80%. The catalysts demonstrated high
activity of (0.24-4.05) x 10°g PE - mol 'Ti-h™"-bar™". The
synthesized UHMWPE showed a broad PDI range of 3.3-
11.5, highlighting the multi-center nature of these catalysts.
Catalysts 6 and 7 maintained stable catalytic activity and
polymer molecular weight increased with increasing tempera-
ture from 30 to 80°C, indicating high thermal stability. The
titanium concentration in the solvent was considerably higher
(1.66-10.00 pmol Ti/100 mL toluene) compared to previous
studies. The synthesized UHMWPE exhibited excellent solid-
phase processing performance, with draw ratios of 20-44,

tensile strength of 1.83-2.81 GPa, tensile modulus of 85-
145 GPa, and breaking elongation of 1.96-3.09%. However, it
still fell short compared to solid-phase processed dUHMWPE
obtained from “living” FI catalysts.

Recently, Chikkali et al. reported Ti-iminocarboxylate
complex 4 and its performance in ethylene polymerization
(Figure 4).°%) The titanium precursor tetrakis (dimethyl
amido-titanium) [Ti(NMe,),] was treated with 2 equivalents
of 2-((4-methoxybenylidene) amino) benzoic acid to give the
new titanium complex 4 [bis-dimethyl amido-Ti-(bis-mono-
carboxylate)] in good yield. Complex 4 was activated using
various cocatalysts and MMAO (modified methyl aluminox-
ane) outperformed the others. The best polymerization con-
ditions were determined by screening the polymerization
parameters. Thus, the optimal conditions were found to be
an Al/Ti ratio of 1000, 4bar ethylene pressure, 35°C tem-
perature, and a polymerization period of 30 min. Catalyst 4
polymerizes ethylene to ultrahigh molecular weight poly-
ethylene with a weight average molecular weight (Mw) of
2.5x 10° g/mol under the optimal polymerization condi-
tions. The thus prepared UHMWPE revealed a high crystal-
linity of 96% and the existence of strictly linear
polyethylene. A specially created DSC method unambigu-
ously ascertained the existence of a disentangled state of
UHMWPE. Sun et al. reported aroylhydrazine-arylolates
ligated vanadium(V) complexes as catalysts for the synthesis
of ultra-high molecular weight polyethylene (UHMWPE)."*!
When the vanadium complex was activated with MAO,
the resultant polymer revealed a molecular weight (Mw)
of 3300kg/mol and qualifies to be considered as
UHMWPE.

There has been a substantial increase in the number of
reports on nickel-catalyzed synthesis of high molecular
weight and wultra-high molecular weight polyethylene
(UHMWPE).[*"**) In 2019, Mecking et al. employed water-
soluble catalysts (8) (Figure 5) in the mini emulsion coord-
ination polymerization of ethylene to UHMWPE.**" This
approach enabled the synthesis of UHMWPE within oil
droplets dispersed in an aqueous phase. The catalysts exhib-
ited remarkable “living” characteristics, including a narrow
molecular weight distribution (M,/M, <1.4), minimal
branching (up to 1.0 branch/1000C), and nearly one nickel
center per chain. Interestingly, the nascent UHMWPE
formed aggregates consisting of lozenge-shaped single crys-
tals with a size distribution of <100nm. This finding
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challenges the conventional notion that polyethylene aggre-
gates primarily consist of spherulites or lamellae. The nas-
cent UHMWPEs demonstrated typical disentangled
UHMWPE properties, such as a higher melting point (140-
143°C) and higher crystallinity (64-73%) as compared to
the melt crystallized component (melting point of 133-
136°C and crystallinity of 41-48%). Along the same line,
Cat.9 (Figure 5) was found to have a low propensity for
p-H elimination, as a result, Cat.9 produced a highly linear
polymer even at high temperatures (60°C).**) The
UHMWPE was produced in polar organic solvents (THF
and diethyl ether), the molecular weight was around
1.1 x 10° g/mol, and M, /M,=1.2. Wang et al. reported a
neutral, sandwich-like, salicylaldiminato nickel catalyst con-
sisting of 8-arylnaphthyl and dibenzos beryl groups.!*®! It
was found that the above catalyst, in polar solvents, at a
high temperature of 90°C, enables controlled, living ethyl-
ene polymerization and produces nearly linear UHMWPE
(M,,=6020kDa, M,/M,=1.10). A UHMWPE with a
molecular weight of 1002kDa was obtained. To increase
TOF and Mw in olefin polymerization, suppressing chain
transfer and stimulating chain propagation is a crucial yet
challenging task. The key to regulating these essential steps
is designing a transition-metal catalyst, such as 10 (Figure
5).147] Jian et al. employed Cat.10 in ethylene polymeriza-
tion, which produced a highly linear UHMWPE with a
molecular weight of 212.4 x 10*g/mol and having 2
branches per thousand carbon atoms.

Thus, synthesis of entangled and disentangled UHMWPE
is a challenging task and the field is being revived after the
initial commendable contributions from Rastogi et al. The
entangled UHMWPE is well explored and there are two
commercial grades produced by DSM (Dyneema) and
Honeywell (Spectra). While the disentangled UHMWPE is a
new kid on the block with great potential. The disentangled
UHMWPE has attracted significant attention in the recent
past. The commercial exploitation of dUHMWPE has begun
and the first announcement to introduce dUHMWPE in the
market was made by “Teijin Aramid” around 2015. The
company offers a dUHMWPE grade named “Endumax .”
Thus, the field of dUHMWPE is witnessing revived interest
in the academic and industrial world and is bound to grow
in the coming years.

3. Copolymerization of ethylene with disubstituted
difunctional olefins

Commodity polyethylenes, such as LDPE, LLDPE, and
HDPE are made up of ethylene repeating units which are
highly hydrophobic in nature. It does not contain any func-
tional group in its backbone. The lack of functional groups
in the PE backbone limits its application in printing inks,
adhesives, paints, binders, dyeing, etc.!'?) While catalyst
development is crucial, it is equally important to explore the
insertion copolymerization of “novel monomers” with added
features, functionality, and purpose.”! Incorporating a small
amount of functional groups in the polymer backbone can
open up new avenues for polyethylene applications.

Insertion copolymerization of disubstituted olefins with
ethylene offers an opportunity to double the functional
group density in the polymer backbone while incorporating
the same number of olefins. This increased functional group
density can result in enhanced adhesion, even with the same
incorporation. However, compared to mono-substituted ole-
fins, 1,1- and 1,2-disubstituted olefins pose significant chal-
lenges for metal-catalyzed insertion copolymerization. The
additional substitution in disubstituted olefin increases steric
hindrance around the double bond, thereby reducing the
coordination ability of the olefin.

The classical Zeigler-Natta type catalysts use early transi-
tion metals which are highly oxophilic in nature. Due to the
high oxophilicity of early transition metals (such as Ti, Zr),
the functional group on polar monomer coordinates to the
vacant site on metal which poisons the catalyst. Various
strategies, such as post-functionalization of PE,[**/ OMRP of
polar vinyl monomers with ethylene,*” or ADMET poly-
merization of functionalized dienes have been developed.”*”!
Nevertheless, these methods have their own advantages and
limitations. Therefore, it has been a dream for organometal-
lic chemists to incorporate functional groups in the PE
backbone in a single step. There are three features associated
with this transformation that hinder the insertion of polar
monomer and makes it a challenging task.”) (i) One of the
main obstacles is the coordination of the functional group
on the polar monomer with the metal to form an ¢-com-
plex. This coordination often results in catalyst poisoning
and decreases the overall activity of the catalyst. (ii) The
electron-deficient nature of functional olefin leads to the for-
mation of a weak m-complex compared to ethylene, resulting
in lower or no incorporation of polar monomer into the
polymer backbone. (iii) The formation of a stable chelate
complex after the insertion of polar monomer or f-X elim-
ination represents the final bottleneck. The late transition
metals are less oxophilic in nature and more tolerant to the
polar groups. Late transition metals, such as Pd and Ni have
been widely employed in ethylene, functional olefin copoly-
merization. A breakthrough was reported in the early 90s
when Brookhart et al. copolymerized ethylene and methyl
acrylate.®"! The rationally designed o-diimine ligated Pd-
complex (Figure 6(A)) successfully achieved the insertion
copolymerization of ethylene with methyl acrylate for the
first time. Along with variation in late transition metal, lig-
and designing to tolerate functional groups was explored.
The major catalytic systems that have been tested in ethyl-
ene-functional-olefin copolymerization are depicted in
Figure 6. Out of these, the most successful system is ortho-
phosphinobenzenesulfonate or Drent catalyst C. The ligand
consists of a neutral phosphine donor and an anionic sul-
fonate group that coordinates with the metal. This unique
ligand structure makes the palladium complex tolerate a
wide range of functional groups.!**!

As compared to mono-functional olefin, the use of disub-
stituted difunctional olefin increases the complexity by one
order of magnitude. Due to this uphill task, only a handful
of research groups have taken on the cumulative challenge
posed by disubstituted difunctional olefins and have made
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Figure 7. Insertion copolymerization of ethylene with 1,1-disubstituted difunctional olefin.

progress in this area. Among all the catalysts, the phosphine
sulfonate system’s exceptional performance further raised
scientific hopes, and the following research concentrated on
the catalyst’s structural fine-tuning. Three major sites were
identified, and substantial research has been done on the
impact of the donor group “D” in each of them.*®! 1,1-
disubstituted olefins can be further divided into two groups
based on the number of functional groups: (i) di-substituted
monofunctional olefins, and (ii) di-substituted difunctional
olefins. The first report on the insertion copolymerization of
1,1-disubstituted difunctional olefins appeared in 2015.!'%
The authors reported the synthesis of Pd-phosphinobenzene
sulfonate acetonitrile complex (12) (Figure 7) and its impli-
cations in the insertion copolymerization of ethylene with
1,1-disubstituted difunctional vinyl monomers (see Figure 6;
dFPO-difunctional polyolefin). The effectiveness of catalyst

12 in the copolymerization of ethylene with difunctional ole-
fin was examined. The commonly known “Krazy glue” con-
tains a monomer called ethyl-2-cyanoacrylate (ECA), has
cyano- and acrylate- groups, and was chosen as a model
1,1-disubstituted difunctional olefin. It should be noted that
cyanoacrylates are frequently marketed under the name
“Super Glue” and their polymers are commercial adhesives.
It is one of the most widely made adhesives worldwide. At
95°C, the Pd-catalyst 12 (Figure 7) catalyzed the copolymer-
ization of ethylene with ECA and disclosed the highest
incorporation of 6.5%. The existence of the copoly(ethylene-
ECA) was unambiguously ascertained using a combination
of 1-2D NMR, GPC, and MALDI-TOF-MS.

Insertion copolymerization of another 1,1-disubstituted
difunctional monomer, trifluoromethyl acrylic acid (TFMAA)
was investigated and an incorporation of 3% was achieved.
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The resultant copolymer was fully characterized using spec-
troscopic and analytical methods. After the initial success,
Chikkali et al. investigated the insertion mechanism of 1,1-
disubstituted functional olefins, and a comprehensive under-
standing of the mode of insertion of the disubstituted difunc-
tional olefin was reported in 2017 (Figures 8(A,B)).** The
methyl 2-acetamidoacrylate (MAAA) can undergo 1,2 inser-
tion to produce 15 and 15’, while 2,1 insertion can yield 16
and 16'. The authors observed 1,2 and 2,1-insertion products
15 and 16, respectively. Product 15 was isolated and fully
characterized, including single-crystal X-ray diffraction. A
similar study for TFMAA insertion produced only 2,1-inser-
tion product 18. The way polar vinyl monomers are inserted
into a metal-carbon bond involves striking the right balance
between electronic effects and steric constraints. Careful tun-
ing of these parameters can allow access to 1,2-insertion prod-
ucts or the insertion can be reversed to 2,1-insertion.*”’

The above investigation provides direct evidence for the
insertion of MAAA and TFMAA, which allowed the authors
to install these into the polymer backbone without difficulty.
The researchers also examined the polymerization of ethyl-
ene with several difunctional olefins, including MAAA and
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Figure 8. Possible insertion products of MAAA and TFMAA.

TFMAA, and discovered that dimethyl allyl malonate
(DMAM) had the highest incorporation (11.8%). By moni-
toring the water contact angle, the researchers assessed how
the surface characteristics of the copolymers changed after
the incorporation of difunctional olefins into the polyethyl-
ene backbone. With a reduced water contact angle of 76°,
the copolymer containing maximum DMAM incorporation
was found to be the most hydrophilic.

In 2018, Nozaki et al. examined the insertion copolymer-
ization of disubstituted functional olefins with ethylene
(Figure 9).°°! The authors designed a new ligand named
imidazo[1,5-a]quinolin-9-olate-1-ylidene (I1zQO) and pre-
pared the corresponding palladium complex 20 (Figure 9).
The complex 20 was found to be active in ethylene, 1,1-
disubstituted functional olefin copolymerization, and
produced statistical copolymers of ethylene and methyl
methacrylate (MMA). The resultant copolymers were thor-
oughly characterized and the incorporation was determined.
Further, the authors investigated the insertion mechanism
and successfully isolated the MMA-inserted complex.
Isolation of MMA inserted product suggests that complex
20 is amenable to the insertion of 1,1-disubstuted olefins.
The isolated complex was exposed to ethylene and poly-
ethylene with MMA chain-end was obtained. These investi-
gations reaffirm that the insertion of 1,1-disubstituted
difunctional olefin is feasible and holds great potential.

Later in 2020, the insertion copolymerization of various
1,1-disubstituted difunctional monomers was reported using
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Figure 9. Insertion copolymerization of ethylene with methyl methacrylate cat-
alyzed by imidazo[1,5-alquinolin-9-olate-1-ylidene ligated Pd complex 20 (top)
and insertion of 2-acetamidoacrylic acid and corresponding AAA functionalized
PE1 (bottom).
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phosphine sulfonate complex.!””! The article presents the chal-
lenges associated with the copolymerization of ethylene and
disubstituted olefins through insertion or coordination mech-
anisms. Specifically, the researchers focused on difunctional
olefins, such as 2-acetamido acrylic acid, methyl 2-acetami-
doacrylate, and ethyl 2-cyanoacrylate. They demonstrated that
these difunctional olefins can undergo ethylene insertion and
polymerization when treated with a palladium complex called
[{PAO}PdMe (L)]. The researchers were able to establish the
presence of insertion intermediates (Figure 9 bottom) with
moderate yields (up to 37%) and were successful in isolating
and characterizing the corresponding products 23/24 (Figure
9 bottom). When 23 was exposed to ethylene, PE1 was pro-
duced with 2-acetamido acrylic acid (AAA). This observation
demonstrates that the AAA-inserted species is amenable to
ethylene insertion and copolymerization. The existence of
PE1 was authenticated by preparing model compound M1
and comparing the NMR data. The research team combined
experimental investigations with computational studies and
presented a comprehensive understanding of the insertion of
1,1-disubstituted difunctional olefin copolymerization.

In 2021, Li et al. reported the design, synthesis, and charac-
terization of a series of methyl nickel(I) complexes with
phosphino-naphtholate chelate ligands (Figure 7, 13).0°8!
These complexes exhibited high activity in ethylene polymer-
ization and copolymerization with unsaturated acid ester and
challenging 1,1-disubstituted difunctional polar monomers.
The diphenylphosphino-8-phenylnaphtholate ligated nickel
catalyst was optimized and displayed unprecedented activity for
ethylene polymerization (3.0 x 10’ g PE mol Ni~' h™"). The
copolymers produced through this process consist of functional
groups incorporated within the polymer chain as well as at the
chain ends. Remarkably, end-functionalized polyethylene was
directly obtained. The copolymerization of ethylene and 1,1-
disubstituted difunctional dimethyl itaconate (Figure 7) was
successfully conducted and up to 1.8 mol % incorporation was
achieved. The >C NMR spectrum disclosed a signal at 145.6
and 125.9 ppm, which can be assigned to a carbon-carbon dou-
ble bond (Figure 7), which is formed by the 2,1 insertion of
dimethyl itaconate and subsequent -hydride elimination.

Similar to 1,1 disubstituted olefin, 1,2-disubstituted ole-
fins are equally challenging. In 2020, Chen et al. studied the
copolymerization of ethylene with 1,2 di-substituted difunc-
tional olefins (dimethyl fumarate and dimethyl maleate).!*"!
It was found that the trans isomer (dimethyl fumarate),
could not be enchained but the cis isomer, or dimethyl
maleate, was successfully inserted (1.1 mol%) into the poly-
ethylene chain. Also, in recent study, copolymerization of
difunctional olefins long spacers (5,6-disubstituted norbor-
nenes) revealed high polymerization activity, copolymer
molecular weight, and comonomer incorporation.'®”’

4. Copolymerization of ethylene with bioderived/
renewable functional comonomer

Renewable resource-derived functional olefins are of current
interest and are important for the sustainable future of the
planet.") Therefore, in this section, we examine the recent

developments in the area of insertion copolymerization of
ethylene and bioderived/renewable functional monomers.
Miri et al. reported the copolymerization of ethylene with
two bioderived comonomers, eugenol, and 4-penten-1-ol,
using a palladium aryl phosphine sulfonate (27) catalyst in a
toluene solution (Figure 10, top).[?! The co-polymerizations
were carried out at 80°C for 1h, and the reactions were
quenched with methanol. To characterize the resulting
copolymers, various analytical techniques were employed.
The 'H and ">C NMR analysis revealed that eugenol exhib-
ited higher tolerance as compared to 4-penten-1-ol. Both
co-monomers were predominantly inserted into the polymer
chains rather than added as end groups. Despite the fact
that the lengths between the terminal alkene group and the
hydroxyl group are comparable in both monomers, the aro-
matic group works as a more effective spacer group.
Eugenol is incorporated extensively into the copolymer
chains by both 2,1 and 1,2 insertion mechanisms, whereas
4-penten-1-ol was mainly polymerized by 2,1-insertion and
contributes significantly to end groups. Furthermore, the
antibacterial efficiency of the copolymers was studied and it
was observed that copolymers containing more than 3.1%
eugenol exhibited a significant reduction in bacterial growth,
surpassing 90%. These findings provide a new twist to
known material and demonstrate the untapped potential
functional polyolefins. Later in 2020 Chen et al. reported the
synthesis of polymeric materials from renewable monomers,
by using a phosphine-sulfonate palladium catalyst (28)
(Figure 10).1*! Apart from copolymers of ethylene (E) with
eugenol (Eug), terpolymers of E, Eug with other biore-
sourced comonomers were investigated. The copolymeriza-
tion activity was found to decrease with the direct use of
Eug-OH, but the use of protected comonomer, Eug-Si,
improved copolymerization activity. Terpolymerization of
ethylene with Eugenol and 1-hexene (Hex) displayed
reduced molecular weight, while, E/Eug-Si/Hex terpolymer
disclosed increased comonomer incorporation. The resulting
terpolymer could be fully hydrolyzed to E/Eug-Si/Hex-HCI.
Copolymers E/Eug (0.5) and E/Eug-Si(0.5) showed ductile
behavior, while hydrolyzed E/Eug-Si(0.5)-HCI revealed
improved stress-at-break. In addition, the introduction of
Fe’* ions enhanced mechanical properties, especially in
Fe’* functionalized E/Eug-Si(0.1)/Hex-HCI-Fe>" terpolymer.
Chain flexibility and Fe*" catechol interactions played vital
roles in improving polymer properties. By incorporating
eugenol and catechol functionality, the researchers observed
improvements in the mechanical properties of the resulting
polyolefin materials. The influence of metal ions on these
materials was investigated which led the authors to discover
the self-healing properties of these co/ter-polymers.
Additionally, the incorporation of catechol functionality
allowed the authors to modulate the surface properties,
adhesion, and compatibilizing capabilities in immiscible pol-
yolefin blends. These findings highlight the potential of
these bioresourced polymers in biomedical applications.
Such an application of polyolefins was probably unthought
of a few decades ago. Along the same line, Liu et al. synthe-
sized  functionalized  isotactic  poly(l-butene)  (iPB)
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Figure 10. Ethylene copolymerization with eugenol and 4-penten-1-ol (top) terpolymerization of ethylene with 1-hexene and eugenol derivatives (bottom).

copolymers bearing natural antioxidant eugenol (Eug) using
a Ziegler-type catalytic system.!®*! By carefully adjusting
comonomer concentration and reaction parameters, authors
could successfully incorporate Eug units into the iPB chain,
although the maximum incorporation was limited to only
0.62mol%. The Eug-functionalized iPB copolymers show
enhanced thermal-oxidative stability. This improvement in
thermal stability is of great interest in various applications
where heat and oxidation resistance are crucial factors.
Remarkably, iPB copolymers with 0.62mol% Eug units dis-
played an oxidation induction time (OIT) that was 25 times
longer than that of copolymers without Eug. This substantial
increase in OIT demonstrates the effectiveness of Eug units
in retarding the oxidation process, effectively prolonging the
lifespan of the copolymer.

Gao et al. reported the insertion copolymerization of pet-
roleum-based ethylene and bio-based polar monomers.!*”
The authors introduced a series of dibenzobarrelene-derived
o-diimine palladium complexes (30) for the (co)polymeriza-
tion of ethylene and bio-based furfuryl acrylate(FA) (Figure
11, top). Increasing the steric bulk on the ligand backbone
enhanced the tolerance of palladium catalysts toward the
polar monomer FA. This finding indicated that the struc-
tural modifications in the catalyst can improve its ability to
accommodate polar monomers. Furthermore, the authors
focused on the living (co)polymerizations of ethylene and fur-
furyl acrylate using the dibenzobarrelene-derived o-diimine
palladium catalysts. A mechanistic study revealed that furfuryl
acrylate inserts into a Pd-Me bond in a 2,1-mode, without
any significant interactions between the furyl ring and the
palladium center. The primary product undergoes rapid iso-
merization, leading to the formation of a six-membered che-
late palladium complex. The incorporation of furan-based
monomers in a polyethylene backbone offers the advantage of
post-functionalization through thermoreversible Diels-Alder
reactions.

Chikkali et al. investigated the insertion copolymerization
of ethylene with various sugar-derived functional olefins
(Figure 11, bottom).!® The copolymerization reactions were
carried out using a Pd-phosphinesulfonate acetonitrile cata-
lyst (Figure 11, 31). The renewable functional monomers,
such as isomannide mono-ene (SDa), isosorbide mono-ene
(SDb), isoidide mono-ene (SDc), and methacryl-2,3,4,6-
tetra-O-acetyl-D glucopyranoside (SDd) were copolymerized
with ethylene resulting into functional polyethylene. The
copolymerization of ethylene with isosorbide mono-ene
(SDb) and isoidide mono-ene (SDc), was performed at a
high temperature of 95°C which showed improved incorpo-
rations of 0.44 and 1.45%, respectively. The results indicate
that the stereochemistry of the isohexide monomers influen-
ces their incorporation. The exo-endo and exo-exo configu-
rations revealed better incorporation. Copolymerization of a
1,1-disubstituted functional olefin (SDd) and a tri-functional
allyl monomer (SDe) resulted in relatively low incorpora-
tions of 0.48 and 0.41%, respectively. The copolymers exhib-
ited melting temperatures ranging from 117 to 126 °C. The
water contact angle of the copolymer derived from SDc with
the maximum incorporation was 104°, indicating improved
hydrophilicity.

Jian et al. successfully synthesized bio-based monomers
through a carefully designed telomerization process (Figure
12).1] By employing 1,3-butadiene and three renewable
alcohols, namely furfuryl alcohol, tetrahydrofurfuryl alcohol,
and solketal, the team was able to produce three distinct
2,7-octadienyl ether monomers, namely OCS8-FUR, OC8-
THF, and OC8-SOL (Figure 12). These novel monomers
possessed intriguing structural features, consisting of a ter-
minal double bond, an internal double bond, and a terminal
polar cyclic group in a linear molecule. After preparing the
renewable polar monomers, the authors examined the inser-
tion copolymerization of OC8 with ethylene in the presence
of phosphine-sulfonate palladium catalysts (27, 28, 32). This
strategic choice enabled the successful creation of polar-
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Figure 11. Copolymerization with ethylene and furfuryl acrylate (FA) with o-diimine palladium catalyst (30) (top) and insertion copolymerization of sugar-derived
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Figure 12. Synthesis of bio-derived 2,7-octadienyl ether monomers and copolymerization with ethylene.

functionalized polyethylenes with improved properties.
Analysis of the resultant copolymers using NMR revealed
linear structures with the incorporation of long-side chains.
These side chains exhibited a unique combination of allyl
ether units and polar cyclic groups, conferring the copoly-
mers with enhanced functional motifs. These copolymers
displayed superior strain-at-break as compared to non-polar
polyethylene. Among the various copolymers synthesized,
the one with the incorporation of 0.3mol% OC8-FUR
monomers, revealed exceptional performance. It exhibited
the highest strain-at-break of 940% and a remarkable stress-
at-break of 35.9 MPa.

Chen et al. reported the synthesis of polar functionalized
polyolefins with high biomass content through insertion

copolymerization reactions.'®! Two bioresourced oleyl and
cinnamyl groups were installed on a norbornyl ring and
were incorporated into polyolefins using phosphine-sulfon-
ate palladium catalysts (33 and 34) (Figure 13). The use of a
norbornene-based comonomer in the reaction allows effi-
cient copolymerization with ethylene, resulting in high cata-
lytic activities, polymer molecular weights, and comonomer
incorporations. Additionally, the presence of internal car-
bon-carbon double bonds in the biomass groups provides
reactive sites for vulcanization, which can enhance the ten-
sile strength of the copolymers. The carbon-carbon double
bonds also enable the creation of reversible dynamic cross-
linked networks, for remodeling applications. The copoly-
merization results show that the choice of catalyst (33 and
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34) and comonomer configuration (endo or trans) influen-
ces the copolymerization outcome. The trans-configurations
of the comonomers lead to higher activities, comonomer
incorporations, and copolymer molecular weights as com-
pared to the endo-configurations. The sterically less bulky
catalyst, 34 exhibits higher polymerization activities and
comonomer incorporations.

Chen et al. reported direct insertion copolymerization of
plant oils derived monomers with ethylene using a palla-
dium catalyst (33) (Figure 14).1°] The researchers also
examined the possibility of ureido-pyrimidinone (UPy) func-
tionalization by leveraging the hydroxyl group in the poly-
mer structure. The researchers could successfully tailor the
surface and mechanical properties of the developed materi-
als. These polymers effectively served as tougheners for gut-
ter oil, addressing waste management and environmental
sustainability challenges. The UPy functionalization enabled
a self-complementary hydrogen bonding network, allowing
applications in multifunctional smart materials. The polar
nature and exceptional elastic properties, render them highly
suitable as toughening components in polymer blends. One
of the standout features of UPy is its dynamic equilibrium
nature, which engenders a polymer network with unconven-
tional mechanical properties, such as strain rate dependence
and remarkable mechanical damping. The diverse combina-
tions and interactions of these properties hold immense
potential for the development of novel applications.
Furthermore, the optimization of the dynamic exchange of
UPy promises to expand the horizons of polymer applica-
tions, unlocking greater possibilities and offering extensive
application potential in various industries.

5. Functional polyolefins as compatibilizer

Polymer compatibilization refers to the process of improving
the compatibility between two or more polymers that are
immiscible or exhibit poor interfacial adhesion. The impor-
tance of polymer compatibilizer lies in its ability to enhance
the performance and properties of polymer blends or com-
posites. When two or more polymers are blended together,
their individual properties can be combined to create a
material with enhanced polymer characteristics. However, if
the polymers are immiscible, phase separation and weak
interfacial adhesion can occur, leading to a reduction in
mechanical strength, toughness, and other properties. By
introducing a compatibilizer, which is a third polymer or a
reactive agent, the interfacial adhesion between the polymers
can be improved, resulting in a homogeneous blend with
enhanced properties. Polymer blends often face challenges
during processing due to the differences in melt viscosity
and melt temperature of the constituent polymers.
Incompatibility can lead to phase separation, melt fracture,
or poor dispersion of fillers, additives, or reinforcements.
Compatibilization can help to overcome these issues by
improving the melt flow, reducing melt viscosity mismatch,
and promoting uniform dispersion, leading to better
processability and stability of the blend.

The third application of compatibilizers is in plastic recy-
cling. Compatibilizers can be added to different types of
post-consumer polymers, such as polyethylene and polypro-
pylene, to blend them together and create a recycled mater-
ial with improved properties. This promotes the reuse of
polymer waste and reduces the amount of plastic going to
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landfills, contributing to a more sustainable and environ-
mentally friendly approach to plastics. Overall, polymer
compatibilization is essential for improving the processabil-
ity, properties, and versatility of polymer blends.

Chen et al. reported the compatibilization of two immis-
cible polymers, such as polyethylene-isotactic polypropylene
(PE-iPP) and polyethylene-polystyrene (PE-PS) using
bis(phenylsulfonyl)ethylene (BPSE) (Figure 15).7°! The
modified polyethylene samples (PE-gBPSE) were examined
as a compatibilizer with polystyrene. The PE-PS ratio of 80/
20 was used to obtain a binary blend, and PE/PE-g-BPSE/PS
ratio of 78/8/18 was used to create a ternary blend (Figure 16).
As evidenced in Figures 16(A,B), the PE/PS binary blend dis-
played significant voids (about 20-30 um) that result from
phase separation. Figure 16(B) shows a large cavity that may
arise when small volumes of PS merge. The area outside of
these cavities has a smooth and homogenous morphology indi-
cating that they were formed from relatively pure PE. While,
Figures 16(C,D) (PE/PE-g-BPSE/PS ternary blend) displayed a
surface consisting of spherulites surrounded by amorphous
regions, with no sizeable cavities. Thus, a significant enhance-
ment in the blend’s properties was achieved by the addition of
the modified polymer.

Tang et al. reported the ethylene/styrene interpolymer
(E-SI) as a compatibilizer for the LDPE/PS blends.!”!)
Polystyrene (PS) is a typical brittle polymer that exhibits
high strength, high modulus, and excellent dimensional sta-
bility. It was highlighted that by fine-tuning the molecular
structure of the compatibilizers, it is possible to produce PS/
LDPE blends with finer phase structure and better mechan-
ical properties. As a result of the compatibilization of PS/E-
SI, LDPE/E-SI binary, and PS/LDPE/E-SI ternary blends the
Izod impact strength and elongation at break were greatly
improved. Adding 10wt % E-SI improved the ductility and
hardness of all blends. Along similar lines, Xie et al.
reported the compatibilization of immiscible polypropylene/
polystyrene and polypropylene/polyamide-6.">"*1" A" multi-
phase compatibilizer (PP-g-(MAH-co-St) prepared from
maleic anhydride (MAH) and styrene (St) monomers melt
grafted on polypropylene(PP), was utilized. It is well known
that a maleic anhydride (MAH) functional group can readily
react with an amine end group of a polyamide, which leads
to a significant improvement in the state of PA6 phase dis-
persion and particle size. The compatibilized blends exhibit
very fine particle sizes and appear to have good interfacial
adhesion between the phases.

Chen et al. reported the synthesis of high-molecular-
weight polar-polyolefins using eugenol and related
comonomers through the utilization of a sterically bulky
phosphine-sulfonate palladium catalyst (Cat.28).!°*) Because
of the polar nature and good adhesion, these catechol-func-
tionalized polyolefins can be a great candidate to serve as
compatibilizers. E/Eug-5i(0.5)/Hex-HCIl represents a polar
counterpart of the widely used LLDPE material. Therefore,
commercially available LLDPE (Mn = 7.8 x 10*) and PLA
(Mw = 1.0 x 10°) were blended together using an internal
mixer at a set temperature of 180 °C and with a rotor speed
of 80rpm, for 10 min. Clear phase separation was observed
for this sample. The addition of 5wt% E/Eug-Si(0.5)/Hex-
HCI led to a more homogeneous distribution of the LLDPE
and PLA. It was observed that the un-compatibilized LLDPE
and PLA blend show reduced tensile strength and strain at
break, but the addition of 5wt% E/Eug-Si(0.5)/Hex-HCl
improved the mechanical properties. Recently, Chen et al.
reported polar functionalized polyethylenes containing ionic
clusters and their composites.”*”*! The addition of these
polyethylene composites with polar functional groups to the
recycled waste HDPE/PET led to a significant enhancement
in mechanical properties (Tensile-strength: from 17+2 to
42 +2 MPa; Elongation at break: from 9+2 to 17+ 3%).

In 2023 Chikkali et al. reported the synthesis of hyper-
branched functional ethylene oligomer (HBFO) as a compa-
tibilizer for linear low density polyethylene (LLDPE) and
Nylon-6.¢! As the HBFO contains a polar functional group
(OH) and non-polar hydrophobic unit (methylene back-
bone), they can lend themselves to compatibilize two immis-
cible polymers (one polar and the other non-polar). The
hydroxyl group in HBFO forms a hydrogen-bonding inter-
action with Nylon-6 (Figure 17(b)) and the alkyl chain
mixes with LLDPE, leading to a compatible blend. The ten-
sile test data shows that, while the un-compatibilized blend
formulation displays a higher tensile strength, the compati-
bilized blend formulation displays equivalent Young’s modu-
lus and, more importantly, higher strain to failure vis-a-vis
that for un-compatibilized blend formulation (Figure 17(a)).
The toughness of the blends increases upon increasing the
compatibilizer content and reaches an optimum at 5wt%.
The functionalized ethylene oligomer as a compatibilizer
played an important role in creating a tough yet flexible
blend formulation. The potential applications could be in
the packaging sector requiring a good oxygen barrier prop-
erty in addition to the water vapor barrier. SEM images
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Figure 15. The preparation of modified polyethylene (HBPE/PE-g-BPSE) and isotactic polypropylene (iPP-g-BPSE).
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(Figure 17(c)) clearly display a dispersed phase for compati-
bilized blends compared to the uncompatibilized blends.
Kumaraswamy et al. reported nanocomposites comprising
polyethylene covalently grafted onto sheet-like silsesquiox-
anes by ring-opening metathesis polymerization (ROMP) of
cyclooctene using the second-generation Grubbs catalyst.!””!
This catalyst was covalently tethered to a sheet-like norbor-
nenyl-Mg-silsesquioxane. The ROMP reaction led to the for-
mation of poly(cyclooctene) chains. Subsequently, the
poly(cyclooctene) chains were subjected to catalytic hydro-
genation. The obtained polyethylene nano-composite shows
extraordinary adhesion to metals and glass (Figure 18). The
adhesion observed in this nanocomposite is ~100 times
greater than that found in pure polyethylene and 10 times

higher than what is typically observed in polyethylene
copolymers or surfaces treated with corona treatment.

6. Conclusion and outlook

The feature article provides an overview of the recent devel-
opments in the area of olefin polymerization and pins down
the four most impactful trends. These include (a) disen-
tangled  ultra-high  molecular  weight  polyethylene
(dlUHMWPE), (b) disubstituted difunctional olefin copoly-
merization, (c) incorporation of bioderived comonomers in
polyolefins, and (d) application of above (b, c¢) functional
polyolefins as compatibilizers. The remaining challenges in
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Figure 18. Adhesion property of polyethylene nanocomposite to metal.
Reproduced with permission from Sharma et al.””! Copyright 2023 American
Chemical Society.

the insertion polymerization of ethylene to disentangled ultra-
high molecular weight polyethylene ({lUHMWPE) and the
most successful catalytic systems to produce dUHMWPE have
been discussed in detail. It turns out that, with suitable modi-
fication, even the Ziegler-type catalyst can produce
dUHMWPE. While, homogeneous metallocene and post-met-
allocene catalysts produce dUHMWPE with much better
activity, molecular weight, and polydispersity index (PDI).
Characterization of dUHMWPE has been streamlined and
rheology, DSC methods, and solid-state  NMR can be
employed to prove the existence of entangled vs. disentangled
states of UHMWPE.

Insertion copolymerization of 1,1-disubstituted difunc-
tional olefins offers a direct route to prepare hydrophilic
polyethylene but remained a distant dream until 2015. The
first report demonstrated that 1,1-disubstituted difunctional
olefin, such as 2-ethyl cyanoacrylate can be inserted and
incorporated into the PE chain. Subsequently, detailed
mechanistic investigations have been reported by Chikkali
and Nozaki groups, and access to functional polyethylene
has been secured. The authors were able to isolate 1,2-
inserted intermediates of MAAA and AAA. These inter-
mediates were exposed to ethylene and produced end-func-
tionalized (AAA) polyethylene. The scope has been
expanded and about 10-12 disubstituted difunctional olefins
have been incorporated in a polyethylene chain. Although
the percentage incorporation is limited, the functional group
density doubles and produces a hydrophilic polyethylene.
Insertion copolymerization of bioresourced olefins with
ethylene was almost missing from the scene until 2017.
Several reports started surfacing in the recent past and inser-
tion copolymerization of bioresourced olefins has been
examined. Plant-derived molecules, such as catechol, isohex-
ides, furfural, eugenol, oleic acid derivatives, etc. have been
suitably modified and incorporated in polyethylene chains
using late transition metal catalysts. Incorporation of these
monomers increases the bio-content (green content) of the
polyethylene and improves several properties, such as hydro-
philicity, degradability, etc., and opens up new application
avenues. The last part of the feature article delved into devel-
oping new applications for functional polyethylene. In this
section, the use of functional polyethylene as a compatibilizer

for two immiscible polymers was examined. As the reports
suggest, the functional polyethylene can serve as a compatibil-
izer between a hydrophobic and a hydrophilic polymer. A
polyethylene grafted on a sheet-like clay shows extraordinary
adhesion to metals. The adhesion observed in this nanocom-
posite is ~100 times greater than that found in pure
polyethylene.

Thus, the feature article captures the most significant
developments in the area of polyolefins and debates the
progress and future. As witnessed throughout the article,
catalyst development has been at the core of the progress
and it is anybody’s guess that it will play a pivotal role in
the coming years. The development of disentangled ultra-
high molecular weight polyethylene has been driven by the
catalyst discovery and tailoring of polymerization condi-
tions. Teijin has already launched a grade “Endumax” that
covers certain applications. It is anticipated that new appli-
cations will be developed and dUHMWPE will see spec-
tacular growth in the years to come. A proof of concept
for the insertion copolymerization of disubstituted difunc-
tional olefins has been demonstrated. However, the activity
and incorporations are still low. Therefore, focused efforts
to increase the catalyst activity, incorporation of functional
olefin, and molecular weight are necessary to meet the
minimum threshold for any commercialization effort. It is
reasonable to assume that new catalyst developments will
drive this area and exploit the potential. The tried and
tested recipe of ligand modification, steric and electronic
tuning, etc. may not be sufficient and one may have to
resort to a precise catalyst designing feature, such as hydro-
gen bonding, secondary interactions, etc. Insertion copoly-
merization of renewable monomers with ethylene opens up
a completely new area of research. This does not merely
incorporate the bioresourced monomers but also meets the
growing demand to shift to sustainable polymers. These
bioderived functional polyolefins disclose several properties,
such as degradability that are uncommon for a regular pol-
yolefin. The untapped potential of these bioresourced poly-
olefins will catalyze further research across academic and
industrial laboratories. Application development for func-
tional polyolefins has been on the back burner for decades.
This could be due to the small volume of these functional
polyolefins. However, with increasing demand for specialty
polyolefins, there will be a renewed emphasis on applica-
tion development and functional polyolefins will see the
light of the day. Thus, this several decade-old field offers
enough opportunities even today and is full of potential to
meet future material demands.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

We gratefully acknowledge the financial support from DST-SERB
(CRG/2021/005385), CSIR-NCL (HCP46), and DSIR (CRTDH@NCL)



748 R. S. BIRAJDAR ET AL.

India. RSB is thankful to DST for the DST-INSPIRE fellowship. DVB
and PG are thankful to UGC for the fellowship.

Notes on contributors

Rajkumar  Birajdar ~was born in 1996 in
Maharashtra, India. He earned his Bachelor of
Science degree in 2016 from C.B. Khedgi’s College,
Akkalkot, Maharashtra. Subsequently, in 2018, he

P attained a Master of Science degree from Solapur
{ ’/ . University, Maharashtra. During his Master's stud-
/ / ,k\ ies, he secured the first rank in the university for
e “ his field of study. His exceptional achievement led
to him being honored with a gold medal in 2019, recognizing his out-
standing academic performance. Rajkumar Birajdar was granted the
DST-INSPIRE research fellowship in 2019. Following this, he joined to
Dr. Samir H. Chikkali's group in National Chemical Laboratory, Pune,
India to pursue his Ph.D. Currently, his research focus is in the field of
designing and synthesizing ligands and it’s corresponding metal catalyst
for olefin (co)polymerization and he is also involved in the study of
the de/re-polymerization processes of polyolefin.

Dnyaneshwar V. Bodkhe was born in Maharashtra,
India. In 2013, he achieved his B.Sc. from S. B.
College at Dr. B. A. M. U University. Following his
M.Sc. at the same university, he became a part of
Dr. Samir Chikkali's research team at CSIR-National
Chemical Laboratory in Pune, India, taking on the
role of a Junior Research Fellow (JRF) in July 2015.
His current focus lies in the synthesis of ligands and

WA

early transition metal complexes for the purpose of UHMWPE
synthesis.

Poonam Gupta was born in Haryana, India. Her
academic journey began in Haryana, India, where
she was born. She pursued her undergraduate stud-
ies and earned a B.Sc degree from IIS University,
B Jaipur, which she completed in 2016. After her
bachelor's degree, Poonam Gupta pursued further
education by enrolling in a Master of Science
(M.Sc) program at the University of Delhi. In the
year 2021, she achieved a significant accomplishment by clearing the
National Eligibility Test (NET) for Junior Research Fellowship (JRF)
with a remarkable rank of 91. Subsequently she joined the research
group of Dr. Samir H. Chikkali at CSIR- National Chemical
Laboratory, Pune, India, as a Junior Research Fellow (JRF) in 2021.
Currently she is working on the design and synthesis of Transition
metal catalyzed olefin-insertion copolymerization.

Maulali H. Shaikh was born in Solapur, India. He

Completed his B.Sc. at D.B.F. Dayanand college of

Arts and Science Solapur in (2018). After complet-

ing his M.Sc. at KBC- North Maharashtra

: University of Jalgaon, India, (2020). He joined the

. research group of Dr. Samir H. Chikkali at CSIR-

¢ % National Chemical Laboratory Pune, India, As a

Project Associate-I (2022). Currently he is working

on the synthesis of ligands and early transition metal complexes for the
ethylene polymerization.

Rohan V. Ramekar was born in Amravati, India.
He completed his B.Sc. at Shri Shivaji Science
College Amravati, affiliated with Sant Gadge baba
8 Amravati University in 2020. After completing his
1 M.Sc. at MIT-World Peace University, he joined the
research group of Dr. Samir H. Chikkali at CSIR-
National Chemical Laboratory Pune, India, As a
Project Associate-I (2022). Currently he is working
on the synthesis of ligands and early transition metal complexes for the
ethylene polymerization.

Samir Chikkali earned his Ph.D. under the supervi-
sion of Prof. Dietrich Gudat from the University of
Stuttgart, Germany. Subsequently, he did postdoc-
toral research with Prof. Joost Reek at the
University of Amsterdam, the Netherlands, and
| Prof. Stefan Mecking at the University of Konstanz,
Germany. In 2012 he returned to India and joined
CSIR-National Chemical Laboratory (CSIR-NCL),
Pune, to start his independent research career. He has guided 8 Ph.D.
students, 6 post-docs, and 15 project assistants. Currently, he leads a
team of 18 highly motivated researchers in organometallics, polyolefins,
and renewable/degradable polymers. His honours and awards include a
summer fellowship from the Indian Academy of Science, DPI (Dutch
Polymer Institute) postdoctoral fellowship, AvH (Alexander von
Humboldt) postdoctoral fellowship, the Ramanujan (DST) Fellowship,
Best Scientist Award by North Maharashtra University, the Scientist of
the Year Award 2016-2017 & 2022-2023 by NCL-RF, Young Associate
of Maharashtra Academy of Sciences 2017, Professor Kaushal Kishore
Memorial Award 2020 by Society of Polymer Science, India (SPSI), and
10th National Award 2020, by Ministry of Chemicals and Fertilizers,
Government of India. He has published over 68 papers in international
journals of high repute, he is an inventor on 11 patents and has edited
a book on metal-catalyzed polymerization. He has served as guest edi-
tor of “Journal of Chemical Sciences” in the past (July 2018 issue) and
has been appointed as an “Associate Editor” of “Bulletin of Materials
Science” recently.

References

[1] Chikkali S. H., Ed. Metal Catalyzed Polymerization:
Fundamentals to Applications; CRC Press; Taylor and Francis
Group: Boca Raton, FL, 2017 and the references therein.

[2] Hustad, P. D. Frontiers in Olefin Polymerization: Reinventing
the World’s Most Common Synthetic Polymers. Science 2009,
325, 704-707. DOI: 10.1126/science.1174927.

[3] Severn, J. R; Chadwick, J. C., Eds. Tailor-Made Polymers;
Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2008.

[4] Sauter, D. W,; Taoufik, M.; Boisson, C. Polyolefins, a Success
Story. Polymers 2017, 9, 185. DOI: 10.3390/polym9060185.

[5] Nakamura, A,; Ito, S.; Nozaki, K. Coordination-Insertion
Copolymerization of Fundamental Polar Monomers. Chem. Rev.
2009, 109, 5215-5244. DOI: 10.1021/cr900079r.

[6] Patel, K; Chikkali, S. H; Sivaram, S. Ultrahigh Molecular
Weight Polyethylene: Catalysis, Structure, Properties, Processing
and Applications. Prog. Polym. Sci. 2020, 109, 101290. DOI: 10.
1016/j.progpolymsci.2020.101290.

[7]  Birajdar, R. S; Chikkali, S. H. Insertion Copolymerization of
Functional Olefins: Quo Vadis? Eur. Polym. ]. 2021, 143,
110183. DOI: 10.1016/j.eurpolym;j.2020.110183.

[8] Hippi, U. 2005 Novel Functionalized Polyolefins as
Compatibilizers in  Polyolefin/Polyamide 6  Blends and
Polyethylene/Metal Hydroxide Composites; Helsinki University
of Technology: Espoo, Finland.

[9] Anonymous. ASTM D4020-18, 2018. https://compass.astm.org/

document/?contentCode=ASTM%7CD4020-18%7Cen-US&proxycl=

https%3A//secure.astm.org&fromLogin=true (accessed Sep 2, 2023).

Wu, S. L; Qiao, J.; Guan, J.; Chen, H. M.; Wang, T.; Wang, C,;

Wang, Y. Nascent Disentangled UHMWPE: Origin, Synthesis,

Processing, Performances and Applications. Eur. Polym. ].

2022, 184, 111799.

Padmanabhan, S.; Sarma, K. R.;; Rupak, K.; Sharma, S. Synthesis

of Ultra High Molecular Weight Polyethylene: A Differentiate

Material for Specialty Applications. Mater. Sci. Eng. B 2010,

168, 132-135. DOI: 10.1016/j.mseb.2009.10.026.

Gaikwad, S. R; Deshmukh, S. S;; Gonnade, R. G.; Rajamohanan,

P. R.; Chikkali, S. H. Insertion Copolymerization of Difunctional

Polar Vinyl Monomers with Ethylene. ACS Macro Lett. 2015, 4,

933-937. DOI: 10.1021/acsmacrolett.5b00562.

(10]

(11]

(12]


https://doi.org/10.1126/science.1174927
https://doi.org/10.3390/polym9060185
https://doi.org/10.1021/cr900079r
https://doi.org/10.1016/j.progpolymsci.2020.101290
https://doi.org/10.1016/j.progpolymsci.2020.101290
https://doi.org/10.1016/j.eurpolymj.2020.110183
https://compass.astm.org/document/?contentCode=ASTM%7CD4020-18%7Cen-US&proxycl=https%3A//secure.astm.org&fromLogin=true
https://compass.astm.org/document/?contentCode=ASTM%7CD4020-18%7Cen-US&proxycl=https%3A//secure.astm.org&fromLogin=true
https://compass.astm.org/document/?contentCode=ASTM%7CD4020-18%7Cen-US&proxycl=https%3A//secure.astm.org&fromLogin=true
https://doi.org/10.1016/j.mseb.2009.10.026
https://doi.org/10.1021/acsmacrolett.5b00562

(13]

(14]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

JOURNAL OF MACROMOLECULAR SCIENCE, PART A: PURE AND APPLIED CHEMISTRY . 749

Zou, C; Tan, C; Chen, C. Heterogenization Strategies for
Nickel Catalyzed Synthesis of Polyolefins and Composites. Acc.
Mater. Res. 2023, 4, 496-506. DOI: 10.1021/accountsmr.
2c00263.

Tan, C; Zou, C; Chen, C. Material Properties of Functional
Polyethylenes from Transition-Metal-Catalyzed Ethylene-Polar
Monomer Copolymerization. Macromolecules 2022, 55, 1910-
1922. DOI: 10.1021/acs.macromol.2c00058.

Zou, C; Wang, Q.; Si, G;; Chen, C. A Co-anchoring Strategy
for the Synthesis of Polar Bimodal Polyethylene. Nat. Commun.
2023, 14, 1442. DOI: 10.1038/s41467-023-37152-1.

Chen, C. Designing Catalysts for Olefin Polymerization and
Copolymerization: Beyond Electronic and Steric Tunning. Nat.
Rev. Chem. 2018, 2, 6-14. DOI: 10.1038/s41570-018-0003-0.
Guo, L.; Dai, S.; Sui, X.; Chen, C. Palladium and Nickel
Catalyzed Chain Walking Olefin  Polymerization and
Copolymerization. ACS Catal. 2016, 6, 428-441. DOI: 10.1021/
acscatal.5b02426.

Chen, Z; Brookhart, M. Exploring Ethylene/Polar Vinyl
Monomer Copolymerizations Using Ni and Pd-o-Diimine
Catalysts. Acc. Chem. Res. 2018, 51, 1831-1839. DOI: 10.1021/
acs.accounts.8b00225.

Mecking, S.; Schnitte, M. Neutral Nickel (II) Catalysts: From
Hyper Branched Oligomers to Nano-Crystal Based Materials.
Acc. Chem. Res. 2020, 53, 2738-2752. DOI: 10.1021/acs.
accounts.0c00540.

Tan, C; Chen, M, Chen, C. ‘Catalyst+X strategies for
Transition Metal-Catalyzed Olefin-Polar Monomer
Copolymerization. Trends Chem. 2023, 5, 147-159. DOL 10.
1016/j.trechm.2022.12.007.

Tan, C; Chen, C. Emerging Palladium and Nickel Catalysts for
Copolymerization of Olefins with Polar Monomers. Angew.
Chem. Int. Ed. 2019, 58, 7192- 7200. DOL 10.1002/anie.
201814634.

Lippits, D. R.; Rastogi, S.; Talebi, S.; Bailly, C. Formation of
Entanglements in Initially Disentangled Polymer Melt.
Macromolecules 2006, 39, 8882-8885. DOI: 10.1021/ma062284z.
Gote, R. P,; Mandal, D.; Patel, K;; Chaudhuri, K;; Vinod, C. P;
Lele, A. K; Chikkali, S. H. Judicious Reduction of Supported Ti
Catalyst Enables Access to Disentangled Ultrahigh Molecular
Weight Polyethylene. Macromolecules 2018, 51, 4541-4552.
DOI: 10.1021/acs.macromol.8b00590.

Talebi, S; Duchateau, R.; Rastogi, S.; Kaschta, J.; Peters,
G. W. M,; Lemstra, P. J. Molar Mass and Molecular Weight
Distribution Determination of UHMWPE Synthesized Using a
Living Homogeneous Catalyst. Macromolecules 2010, 43, 2780—
2788. DOI: 10.1021/ma902297b.

Collins Rice, C. G.; Buffet, J.-C.; Turner, Z. R; O’Hare, D.
Supported Permethylindenyl Titanium Catalysts for the
Synthesis of Disentangled Ultra-High Molecular Weight
Polyethylene (Dis UHMWPE). Chem. Commun. 2021, 57,
8600-8603. DOI: 10.1039/D1CC03418A.

Zhang, Z.; Kang, X; Jiang, Y.; Cai, Z; Li, S; Cui, D. Access to
Disentangled Ultrahigh Molecular Weight Polyethylene via a
Binuclear Synergic Effect. Angew. Chem. 2023, 135, €202215582.
DOI: 10.1002/ange.202215582.

Saito, J.; Mitani, M.; Mohri, J.; Yoshida, Y.; Matsui, S.; Ishii, S.;
Kojoh, S.; Kashiwa, N.; Fujita, T. Living Polymerization of
Ethylene with Titanium Complex Containing Two Phenoxy-
Imine Chelate Ligands. Angew. Chem. Int. Ed. 2001, 40, 2918-
2920. DOIL  10.1002/1521-3773(20010803)40:15<2918::AID-
ANIE2918>3.0.CO;2-S.

Mitani, M.; Mohri, J.; Yoshida, Y.; Saito, J.; Ishii, S.; Tsuru, K;
Matsui, S.; Furuyama, R;; Nakano, T.; Tanaka, H.; et al. Living
Polymerization of Ethylene Catalyzed by Titanium Complex
Having Fluorine-Containing Phenoxy-Imine Chelate Ligands. J.
Am. Chem. Soc. 2002, 124, 3327-3336. DOI: 10.1021/ja0117581.
Rastogi, S.; Yao, Y. Ronca, S; Bos, J; Van Der Eem, J.
Unprecedented High-Modulus High-Strength Tapes and Films
of Ultrahigh Molecular Weight Polyethylene via Solvent-Free

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

(44]

Route. Macromolecules 2011, 44, 5558-5568. DOI: 10.1021/
ma200667m.

Yang, H.; van Ingen, Y. Blom, B; Rastogi, S; Romano, D.
Structural Modification of Phenoxyimine Titanium Complexes
and Activation Studies with Alkyl Aluminum Compounds.
ChemCatChem 2020, 12, 5209-5220. DOI: 10.1002/cctc.
202000731.

Romano, D.; Andablo-Reyes, E. A;; Ronca, S.; Rastogi, S. Effect
of a Cocatalyst Modifier in the Synthesis of Ultrahigh
Molecular Weight Polyethylene Having Reduced Number of
Entanglements. J. Polym. Sci. A Polym. Chem. 2013, 51, 1630-
1635. DOI: 10.1002/pola.26534.

Romano, D.; Andablo-Reyes, E; Ronca, S.; Rastogi, S.
Aluminoxane Co-catalysts for the Activation of a Bis
Phenoxyimine Titanium (IV) Catalyst in the Synthesis of
Disentangled Ultra-High Molecular Weight Polyethylene.
Polymer 2015, 74, 76-85. DOI: 10.1016/j.polymer.2015.07.039.
Ivanchev, S. S;; Ruppel’, E. L; Ozerin, A. N. Optimization of the
Conditions of Ethylene Polymerization into Reactor Powders of
Ultra-High-Molecular-Weight Polyethylene Suitable for Solid-
Phase Formation into Oriented Ultra-High-Strength and Ultra-
High-Modulus Film Yarns. Dokl. Phys. Chem. 2016, 468, 89-92.
DOI: 10.1134/50012501616060026.

Forte, G; Ronca, S. Synthesis of Disentangled Ultra-High
Molecular Weight Polyethylene: Influence of Reaction Medium
on Material Properties. Int. J. Polym. Sci. 2017, 2017, €7431419.
DOI: 10.1155/2017/7431419.

Romano, D.; Tops, N.; Andablo-Reyes, E.; Ronca, S.; Rastogi, S.
Influence of Polymerization Conditions on Melting Kinetics of
Low Entangled UHMWPE and Its Implications on Mechanical
Properties. Macromolecules 2014, 47, 4750-4760. DOI: 10.1021/
ma5008122.

Ronca, S.; Forte, G.; Ailianou, A.; Kornfield, J. A.; Rastogi, S.
Direct Route to Colloidal UHMWPE by Including LLDPE in
Solution during Homogeneous Polymerization of Ethylene. ACS
Macro Lett. 2012, 1, 1116-1120. DOI: 10.1021/mz300369x.
Tuskaev, V. A,; Gagieva, S. C; Kurmaev, D. A; Bogdanov,
V. S; Magomedov, K. F.; Mikhaylik, E. S.; Golubev, E. K;
Buzin, M. I; Nikiforova, G. G.; Vasilev, V. G.; et al. Novel
Titanium(IV) Diolate Complexes with Additional O-Donor as
Precatalyst for the Synthesis of Ultrahigh Molecular Weight
Polyethylene with Reduced Entanglement Density: Influence of
Polymerization Conditions and Its Implications on Mechanical
Properties. Appl. Organom. Chem. 2021, 35, e6256. DOI: 10.
1002/a0c.6256.

Bodkhe, D. V.; Chikkali, S. H. Ti-Iminocarboxylate Catalyzed
Polymerization of Ethylene to Highly Crystalline, Disentangled,
Ultrahigh Molecular Weight Polyethylene. Eur. Polym. ]. 2023,
182, 111725. DOI: 10.1016/j.eurpolymj.2022.111725.

Suo, H.; Faisca Phillips, A. M.; Satrudhar, M.; Martins, L. M. D.
R. S.; da Silva, G. M. d F.; Pombeiro, A. J. L; Han, M.; Sun,
W.-H. Achieving Ultra-High Molecular Weight Polyethylenes
by Vanadium Aroylhydrazine-Arylolates. J. Polym. Sci. 2023,
61, 482-490. DOI: 10.1002/pol.20220592.

Tan, C.; Chen, C. Nickel Catalysts for the Synthesis of Ultra-
High Molecular Weight Polyethylene. Sci. Bull. 2020, 65, 1137-
1138. DOI: 10.1016/j.5¢ib.2020.04.009.

Liang, T.; Goudari, S. B; Chen, C. A Simple and Versatile
Nickel Platform for the Generation of Branched High
Molecular Weight Polyolefins. Nat. Commun. 2020, 11, 372.
DOI: 10.1038/s41467-019-14211-0.

Zou, C; Si, G; Chen, C. A General Strategy for Heterogenizing
Olefin Polymerization Catalysts and the Synthesis of Polyolefins
and Composites. Nat. Commun. 2022, 13, 1954.

Ma, Z; Xu, M,; Zhu, N; Tan, C; Chen, C. Heterogeneous
o-Diimine  Nickel —Catalysts with Improved Catalytic
Performance in Ethylene Polymerization. Chin. J. Chem. 2023,
41, 1155-1162. DOI: 10.1002/cjoc.202200785.

Schnitte, M.; Staiger, A.; Casper, L. A; Mecking, S. Uniform
Shape Monodisperse Single Chain Nanocrystals by Living


https://doi.org/10.1021/accountsmr.2c00263
https://doi.org/10.1021/accountsmr.2c00263
https://doi.org/10.1021/acs.macromol.2c00058
https://doi.org/10.1038/s41467-023-37152-1
https://doi.org/10.1038/s41570-018-0003-0
https://doi.org/10.1021/acscatal.5b02426
https://doi.org/10.1021/acscatal.5b02426
https://doi.org/10.1021/acs.accounts.8b00225
https://doi.org/10.1021/acs.accounts.8b00225
https://doi.org/10.1021/acs.accounts.0c00540
https://doi.org/10.1021/acs.accounts.0c00540
https://doi.org/10.1016/j.trechm.2022.12.007
https://doi.org/10.1016/j.trechm.2022.12.007
https://doi.org/10.1002/anie.201814634
https://doi.org/10.1002/anie.201814634
https://doi.org/10.1021/ma062284z
https://doi.org/10.1021/acs.macromol.8b00590
https://doi.org/10.1021/ma902297b
https://doi.org/10.1039/D1CC03418A
https://doi.org/10.1002/ange.202215582
https://doi.org/10.1002/1521-3773(20010803)40:152918::AID-ANIE29183.0.CO;2-S
https://doi.org/10.1002/1521-3773(20010803)40:152918::AID-ANIE29183.0.CO;2-S
https://doi.org/10.1021/ja0117581
https://doi.org/10.1021/ma200667m
https://doi.org/10.1021/ma200667m
https://doi.org/10.1002/cctc.202000731
https://doi.org/10.1002/cctc.202000731
https://doi.org/10.1002/pola.26534
https://doi.org/10.1016/j.polymer.2015.07.039
https://doi.org/10.1134/S0012501616060026
https://doi.org/10.1155/2017/7431419
https://doi.org/10.1021/ma5008122
https://doi.org/10.1021/ma5008122
https://doi.org/10.1021/mz300369x
https://doi.org/10.1002/aoc.6256
https://doi.org/10.1002/aoc.6256
https://doi.org/10.1016/j.eurpolymj.2022.111725
https://doi.org/10.1002/pol.20220592
https://doi.org/10.1016/j.scib.2020.04.009
https://doi.org/10.1038/s41467-019-14211-0
https://doi.org/10.1002/cjoc.202200785

750 R. S. BIRAJDAR ET AL.

(45]

[46]

(47]

(49]

(50]

(52]

(54]

(56]

(58]

[60]

Aqueous Catalytic Polymerization. Nat. Commun. 2019, 10,
2592. DOI: 10.1038/s41467-019-10692-1.

Kenyon, P.; Worner, M.; Mecking, S. Controlled Polymerization in
Polar Solvents to Ultrahigh Molecular Weight Polyethylene. J. Am.
Chem. Soc. 2018, 140, 6685-6689. DOI: 10.1021/jacs.8b03223.
Wang, C.; Kang, X; Mu, H; Jian, Z. Positive Effect of Polar
Solvents in Olefin Polymerization Catalysis. Macromolecules
2022, 55, 5441-5447. DOI: 10.1021/acs.macromol.2c00472.

Li, K; Mu, H; Kang, X; Jian, Z. Suppression of Chain Transfer
and Promotion of Chain Propagation in Neutral Anilinotropone
Nickel Polymerization Catalysis. Macromolecules 2022, 55, 2533
2541. DOI: 10.1021/acs.macromol.2c00091.

Boaen, N. K; Hillmyer, M. A. Post-Polymerization
Functionalization of Polyolefins. Chem. Soc. Rev. 2005, 34, 267.
DOI: 10.1039/b311405h.

Watson, M. D.; Wagener, K. B. Quantitative Ring-Closing
Metathesis of Polyolefins. Macromolecules 2000, 33, 8963-8970.
DOI: 10.1021/ma0010332.

Kermagoret, A.; Debuigne, A; Jerome, C; Detrembleur, C.
Precision Design of Ethylene and Polar Monomer-Based
Copolymers by Organometallic Mediated Radical Polymerization.
Nat. Chem. 2014, 6, 179-187. DOI: 10.1038/nchem.1850.
Mecking, S.; Johnson, L. K; Wang, L; Brookhart, M.
Mechanistic Studies of the Palladium-Catalyzed
Copolymerization of Ethlyene and «-Olefins with Methyl
Acrylate. J. Am. Chem. Soc. 1996, 118, 267-268.

Nakamura, A.; Anselment, T. M. J.; Claverie, J.; Goodall, B;
Jordan, R. F.; Mecking, S.; Rieger, B.; Sen, A.; van Leeuwen, P.
W. N. M; Nozaki, K. Ortho-Phosphinobenzenesulfonate: A
superb Ligand for Palladium-Catalyzed Coordination-Insertion
Copolymerization of Vinyl Monomers. Acc. Chem. Res. 2013,
46, 1438-1449. DOI: 10.1021/ar300256h.

Neuwald, B.; Olscher, F.; Gottker-Schnetmann, I; Mecking, S.
Limits of Activity: Weakly Coordinating Ligands in
Arylphosphinesulfoanto ~ Palladium  (II)  Polymerization
Catalysts. Organometallics 2012, 31, 3128-3137. DOIL: 10.1021/
om3000339.

Gaikwad, S. R; Deshmukh, S. S; Koshti, V. S; Poddar, S;
Gonnade, R. G.; Rajamohanan, P. R.; Chikkali, S. H. Reactivity
of Difunctional Monomers and Ethylene Copolymerization: A
Comprehensive Account. Macromolecules 2017, 50, 5748-5758.
DOI: 10.1021/acs.macromol.7b01356.

Woucher, P.; Caporaso, L; Roesle, P; Ragone, F.; Cavallo, L;
Mecking, S;  Gottker-Schnetmann, I Breaking the
Regioselectivity Rule for Acrylate Insertion in the Mizoroki-
Heck Coupling. Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 8955-
8959. DOI: 10.1073/pnas.1101497108.

Yasuda, H.; Nakano, R.; Ito, S.; Nozaki, K. Palladium/IzQO-
Catalyzed Coordination-Insertion Copolymerization of Ethylene
and 1,1-Disubstituted Ethylenes Bearing a Polar Functional
Groups. J. Am. Chem. Soc. 2018, 140, 1876-1883. DOI: 10.
1021/jacs.7b12593.

Gaikwad, S. R Patel, K.; Deshmukh, S. S.; Mote, N. R,
Birajdar, R. S; Pandole, S. P; Chugh, J; Chikkali, S. H.
Palladium-Catalyzed Insertion of Ethylene and 1,1-
Disubstituted Difunctional Olefins: An Experimental and
Computational Study. ChemPlusChem 2020, 85, 1200-1209.
Wang, X.; Zhang, Y.; Wang, F; Pan, L; Wang, B.; Li, Y. Robust
and Reactive Neutral Nickel Catalysts for Ethylene
Polymerization and Copolymerization with a Challenging 1,1-
Disubstituted Difunctional Polar Monomer. ACS Catal. 2021,
11, 2902-2911. DOL: 10.1021/acscatal.0c04450.

Chen, M.; Chen, C. Direct and Tandem Routes for the
Copolymerization of Ethylene with Polar Functionalized
Internal Olefins. Angew. Chem. Int. Ed. 2020, 59, 1206-1210.
DOI: 10.1002/anie.201913088.

Xu, M.; Chen, C. A Disubstituted-Norbornene-Based
Comonomer Strategy to Address Polar Monomer Problem. Sci.
Bull. 2021, 66, 1429-1436. DOI: 10.1016/j.scib.2021.03.012.

[61]

[62]

[63]

[64]

[65]

(6]

(67]

(68]

[69]

(70]

(71]

[72]

(73]

(74]

[75]

[76]

(77]

Pandey, S.; Rajput, B. S.; Chikkali, S. H. Refining of Plant Oils
and Sugars to Platform Chemicals, Monomers and Polymers.
Green Chem. 2021, 23, 4255-4295. DOL: 10.1039/D1GCO00955A.
Parisi, L. R.; Scheibel, D. M,; Lin, S.; Bennett, E. M.; Lodge,
J. M.; Miri, M. J. Eugenol as Renewable Comonomer Compared
to 4-Penten-1-Ol in Ethylene Copolymerization Using a
Palladium Aryl Sulfonate Catalyst. Polymer 2017, 114, 319-328.
DOI: 10.1016/j.polymer.2017.03.009.

Na, Y; Chen, C. Catechol-Functionalized Polyolefins. Angew.
Chem. Int. Ed. 2020, 59, 7953-7959. DOI: 10.1002/anie.202000848.
Cui, X;; Gu, G;; Li, C; Liu, N;; Gong, Y.; Liu, B. Synthesis and
Properties of Biomass Eugenol-Functionalized Isotactic Poly(1-
Butene)S. Polymer 2020, 202, 122739. DOI: 10.1016/j.polymer.
2020.122739.

Du, C; Zhong, L.; Gao, J.; Zhong, S.; Liao, H.; Gao, H.; Wu, Q.
Living (Co)Polymerization of Ethylene and Bio-Based Furfuryl
Acrylate Using Dibenzobarrelene Derived o-Diimine Palladium
Catalysts. Polym. Chem. 2019, 10, 2029-2038. DOI: 10.1039/
C9PY00126C.

Rajput, B. S; Pawal, S. B,; Bodkhe, D. V; Rao, IN,; Sainath,
A. V. S; Chikkali, S. H. Renewing Polyethylene: Insertion
Copolymerization of Sugar Derived Hydrophilic Monomers
with Ethylene. Eur. Polym. J. 2020, 134, 109775. DOI: 10.1016/j.
eurpolymj.2020.109775.

Zong, Y; Wang, C; Zhang, Y, Jian, Z. Polar-Functionalized
Polyethylenes Enabled by Palladium-Catalyzed Copolymerization
of Ethylene and Butadiene/Bio-Based Alcohol-Derived Monomers.
Polymers 2023, 15, 1044. DOI: 10.3390/polym15041044.

Xu, M.; Chen, A.; Li, W,; Li, Y,; Zou, C.; Chen, C. Efficient
Synthesis of Polar Functionalized Polyolefins with High
Biomass Content. Macromolecules 2023, 56, 1372-1378. DOI:
10.1021/acs.macromol.3c00086.

Chen, J; Wang, W,; Pan, Y; Peng, D; Li, Y; Zou, C.
Palladium-Catalyzed Synthesis of Oil-Based Functionalized
Polyolefins. Polym. Chem. 2023, 1, 1103-1109. DOI: 10.1039/
d3py00012e.

Plummer, C. M.; Zhou, H; Li, S;; Zhong, H.; Sun, Z.; Bariashir,
C; Sun, W. H; Huang, H; Liu, L; Chen, Y. A Direct
Functionalization of Polyolefins for Blend Compatibilization by
an Insertion of 1,1-Bis (Phenylsulfonyl) Ethylene (BPSE).
Polym. Chem. 2019, 10, 3325-3333. DOI: 10.1039/C9PY00599D.
Tang, W.; Tang, J; Yuan, H; Jin, R. The Compatibilization
Effect of Ethylene/Styrene Interpolymer on Polystyrene/
Polyethylene Blends. J. Polym. Sci. B Polym. Phys. 2007, 45,
2136-2146. DOIL: 10.1002/polb.21218.

Wang, D Li, Y,; Xie, X. M.; Guo, B. H. Compatibilization and
Morphology Development of Immiscible Ternary Polymer Blends.
Polymer 2011, 52, 191-200. DOI: 10.1016/j.polymer.2010.11.019.
Li, H;; Xie, X. M. Morphology Development and Superior Mechanical
Properties of PP/PA6/SEBS Ternary Blends Compatibilized by Using
a Highly Efficient Multi-Phase Compatibilizer. Polymer 2017, 108, 1-
10. DOL: 10.1016/j.polymer.2016.11.044.

Tan, C; Zou, C; Chen, C. An Ionic Cluster Strategy for
Performance Improvements and Product Morphology Control
in Metal-Catalyzed Olefin-Polar Monomer Copolymerization. J.
Am. Chem. Soc. 2022, 144, 2245-2254.

Li, J; Peng, D; Tan, C,; Chen, C. Outer-Shell Self-Supported
Nickel Catalysts for the Synthesis of Polyolefin Composites.
Angew. Chem. Int. Ed. 2023, 62, €202300359. DOI: 10.1002/
anie.202300359.

Birajdar, R. S; Gonnade, R. G.; Pol, H. V,; Prabhu, B. M,
Rokade, D.; Nandimath, S.; Chikkali, S. H. Palladium Catalyzed
Polar Solvent Empowered Synthesis of Hyper-Branched
Ethylene Oligomers and Their Application. Polym. Chem. 2023,
14, 3239-3251. DOI: 10.1039/D3PY00311F.

Sharma, V. Paulbudhe, U, Bachhar, N.; Chikkali, S. H,;
Kumaraswamy, G. Polyethylene-Grafted Sheet-like Silsesquioxane
Nanocomposites with Unprecedented Adhesion to Polar
Substrates. ACS Appl. Polym. Mater. 2023, 5, 5972-5983. DOI:
10.1021/acsapm.3c00649.


https://doi.org/10.1038/s41467-019-10692-1
https://doi.org/10.1021/jacs.8b03223
https://doi.org/10.1021/acs.macromol.2c00472
https://doi.org/10.1021/acs.macromol.2c00091
https://doi.org/10.1039/b311405h
https://doi.org/10.1021/ma0010332
https://doi.org/10.1038/nchem.1850
https://doi.org/10.1021/ar300256h
https://doi.org/10.1021/om3000339
https://doi.org/10.1021/om3000339
https://doi.org/10.1021/acs.macromol.7b01356
https://doi.org/10.1073/pnas.1101497108
https://doi.org/10.1021/jacs.7b12593
https://doi.org/10.1021/jacs.7b12593
https://doi.org/10.1021/acscatal.0c04450
https://doi.org/10.1002/anie.201913088
https://doi.org/10.1016/j.scib.2021.03.012
https://doi.org/10.1039/D1GC00955A
https://doi.org/10.1016/j.polymer.2017.03.009
https://doi.org/10.1002/anie.202000848
https://doi.org/10.1016/j.polymer.2020.122739
https://doi.org/10.1016/j.polymer.2020.122739
https://doi.org/10.1039/C9PY00126C
https://doi.org/10.1039/C9PY00126C
https://doi.org/10.1016/j.eurpolymj.2020.109775
https://doi.org/10.1016/j.eurpolymj.2020.109775
https://doi.org/10.3390/polym15041044
https://doi.org/10.1021/acs.macromol.3c00086
https://doi.org/10.1039/d3py00012e
https://doi.org/10.1039/d3py00012e
https://doi.org/10.1039/C9PY00599D
https://doi.org/10.1002/polb.21218
https://doi.org/10.1016/j.polymer.2010.11.019
https://doi.org/10.1016/j.polymer.2016.11.044
https://doi.org/10.1002/anie.202300359
https://doi.org/10.1002/anie.202300359
https://doi.org/10.1039/D3PY00311F
https://doi.org/10.1021/acsapm.3c00649

Downloaded via NATL CHEMICAL LABORATORY on December 31, 2024 at 07:02:29 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

The Journal of Organic Chemistry

10C

Secondary Interactions Arrest the Hemiaminal Intermediate To
Invert the Modus Operandi of Schiff Base Reaction: A Route to
Benzoxazinones

Ketan Patel,”” Satej S. Deshmukh,”" Dnyaneshwar Bodkhe," Manoj Mane,* Kumar Vanka,*

Dinesh Shinde,’ Pattuparambil R. Rajamohanan,” Shyamapada Nandi,!! Ramanathan Vaidhyanathan,
and Samir H. Chikkali* T+

TPolyolefin Lab, Polymer Science and Engineering Division, CSIR-National Chemical Laboratory, Dr. Homi Bhabha Road, Pune
411008, India

1Physical and Materials Chemistry Division, CSIR-National Chemical Laboratory, Dr. Homi Bhabha Road, Pune 411008, India
*Central NMR Facility, CSIR-National Chemical Laboratory, Dr. Homi Bhabha Road, Pune 411008, India

IDepartment of Chemistry, Indian Institute of Science, Education and Research, Dr. Homi Bhabha Road, Pune 411008, India
LAcademy of Scientific and Innovative Research (AcSIR), Anusandhan Bhawan, 2 Rafi Marg, New Delhi 110001, India

“Supporting Information

ABSTRACT: Discovered by Hugo Schiff, condensation between amine and aldehyde
represents one of the most ubiquitous reactions in chemistry. This classical reaction is widely
used to manufacture pharmaceuticals and fine chemicals. However, the rapid and reversible
formation of Schiff base prohibits formation of alternative products, of which benzoxazinones
are an important class. Therefore, manipulating the reactivity of two partners to invert the
course of this reaction is an elusive target. Presented here is a synthetic strategy that regulates
the sequence of Schiff base reaction via weak secondary interactions. Guided by the
computational models, reaction between 2,3,4,5,6-pentafluoro-benzaldehyde with 2-amino-6-
methylbenzoic acid revealed quantitative (99%) formation of 5-methyl-2-(perfluorophenyl)-
1,2-dihydro-4H-benzo[d][1,3]oxazin-4-one (15). Electron donating and electron withdrawing
ortho-substituents on 2-aminobenzoic acid resulted in the production of benzoxazinones 9—

36. The mode of action was tracked using low temperature NMR, UV—vis spectroscopy, and
isotopic (*0) labeling experiments. These spectroscopic mechanistic investigations revealed that the hemiaminal intermediate is
arrested by the hydrogen-bonding motif to yield benzoxazinone. Thus, the mechanistic investigations and DFT calculations
categorically rule out the possibility of in situ imine formation followed by ring-closing, but support instead hydrogen-bond
assisted ring-closing to prodrugs. This unprecedented reaction represents an interesting and competitive alternative to metal
catalyzed and classical methods of preparing benzoxazinone.

In spite of a plethora of applications of Schiff bases, the

B INTRODUCTION

Reversible condensation of an aldehyde with an amine, to structure—reactivity relationship between aldehyde and amine

pubs.acs.org/joc

construct a carbon—nitrogen double bond, represents one of
the most ubiquitous reaction steps in chemistry.? The seminal
work of Hugo Schiff laid the foundation of this reaction and his
contribution has been rightly recognized by the naming of this
reaction after him.>* Tremendous progress has been made and
mechanistic details of this reaction have been well established.®
Depending on the substitution, the condensation products are
called imines or Schiff bases or Salen’s. Schiff bases are widely
used as synthetic intermediates (such as the cycloaddition
reaction in Penicillin synthesis),%’ ligands,® and catalysts,® in
molecular recognition and nanoscience,’® and they play a
crucial role in deciding the activity of enzymes and

proteins.''-13 The synthetic applications of imines include,
but are not limited to, imine umpolung reactions,* imine
multicomponent reactions,® the formation of MOF,*® and
COF.Y

\ 4 ACS Publications  © 2017 American Chemical Society

is difficult to establish. The intrinsic reactivity of the reaction
partners is an interplay between various effects and is usually
dominated by the inductive effect, conjugative effects, steric
effects, and innate strains. The structural changes (such as
substitutions on the reactants) can sometimes completely shut
down the desired reaction and enforce a completely different
course of reactivity. Therefore, altering the reactivity of an
amine and aldehyde in a condensation reaction requires
judicious tailoring of the reaction partners. It is known that
the amine-aldehyde condensation reaction proceeds via hemi-
aminal X (Figure 1), which is intermediate to imine (Im).*®
The hemiaminal is highly unstable and NH, H—C—OH
fragments condense to liberate water and imine formation
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Figure 1. Condensation of an amine and aldehyde to imine (Schiff
base: path-1) and H-bonding assisted condensation (path-Il). Energy
optimized structures of hemiaminal intermediates; 2-aminobenzoic
acid (bottom left-A), and 2-amino-6-methylbenzoic acid (bottom
right-B).

with sp?-carbon is realized. Since altering the amine group or
the aldehyde functionality would completely shut down the
reaction, we realized that the best way to manipulate their
reactivities would be to offer a competitive proton in close
proximity to the hydroxy group to construct benzoxazinone
(Bz) product with a sp3-carbon.

Benzoxazinones have long medical history as biologically
active compounds and are being currently used as drug
intermediates.® Classical synthetic methods involve multistep
synthesis,?® but the most recent methods provide direct access
to benzoxazinones (Figure 2 top). Among various approaches,
Yoshida et al. reported a straightforward access to benzox-
azinones via aryne chemistry.?! In 2007 Nikpour and co-
workers reported synthesis of benzoxazinones. The authors
noted that a reaction between anthranilic acid and benzalde-
hyde proceeds to imine, which was found to be stable upto 3 h
under reflux conditions. Further, it was found that the direct-
cyclization between amine and aldehyde to benzoxazinones is
disfavored and only in the presence of acetic anhydride the

reaction yields benzoxazinones.?? In a recent C—H activation
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Figure 2. Recent synthetic methods for the synthesis of benzox-
azinones (top) and this work (bottom).

strategy, Zhang et al. utilized hypervalent iodine compounds to
access benzoxazinones in a single step.? Beller and co-workers
adopted iron catalyzed asymmetric hydrogenation reaction to
prepare benzoxazinones.?* We postulated that the reaction
between amine-aldehyde could be turned around via a H-
bonding?® assisted ring closing strategy (Figure 1, path-ll), in

which the hemiaminal C—OH bond is selectively weakened
through a relatively acidic proton (compared to the NH
proton) located in close proximity. Thus, proposing a simple,
straightforward, selective, and versatile synthetic strategy to
modulate the Schiff base reaction would represent significant
advancement in existing knowledge of Schiff base chemistry
and create substantial interest in this area.

Herein, we present a synthetic strategy that regulates the
reactivity of amine and aldehyde partnersin a condensation
reaction via weak secondary interactions. The flipped reaction,
which provides a simple selective metal free alternative to the
recent metal catalyzed coupling reactions,??>** establishes two
new carbon-heteroatom bonds bearing medicinally important
benzoxazinones. The generality of the flipped reaction is
demonstrated by preparing a library of benzoxazinones in a
single step inverted condensation protocol. Mechanistic
investigations and density functional theory (DFT) calculations
rule out the possibility of in situ imine formation followed by
ring-closing, but support instead hydrogen-bond-assisted direct
ring-closing to produce benzoxazinones.
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: RESULTS AND DISCUSSION

Synthesis of Benzoxazinone. We anticipated that the
commercially available amino acid, anthranilic acid, would be
the most suitable candidate as it has the suitable acidity and the
required directionality to facilitate the condensation reaction.
To validate our hypothesis, we selected benzaldehyde as an
aldehyde partner with anthranilic acid. The condensation
reactions were performed in ethanol under reflux and the
substrates were activated using a catalytic amount of acetic acid.
Monitoring the progress of the reaction by proton NMR
revealed the formation of imine as a major (80%) product. In
addition, two new resonances could be observed at 6.19 and
4.84 ppm. To our delight, structural mapping of the
condensation products using 2D NMR (COSY, HSQC,
HMBC) revealed the presence of a minor (about 20%)

amount of cyclized benzoxazinone 5 (Chart 1 and Figure S4—
S8). In our endeavor to completely switch over the reactivity to
the annulation reaction, more electrophilic benzaldehydes were
employed, which led to enhanced formation of benzoxazinones

6—9 (Chart 1). The most electrophilic pentafluoro-benzalde-
hyde produced 48% of 2-(perfluorophenyl)-1,2-dihydro-4H-
benzo[d][1,3]oxazin-4-one 9. Our attempts to further improve
the yields of the benzoxazinone, by screening reaction
parameters, were not very successful at this stage.

To identify the requirements of the condensation reaction
and to understand lower selectivity toward benzoxazinone, we
turned our attention to DFT. The energy minimized structures
(Figure 1 bottom) revealed that ortho-substitution on the 2-
aminobenzoic acid orients the carboxylic —OH in close
proximity. Intermediate A without any ortho-substitution
displayed a C—HO—HOOC—Ar distance of 1.86 A, whereas
the methyl substituted analogue B revealed a shorter distance of
1.82 A. Although these distances are just indicative, the
theoretical revelations paved the way for experimental design
and we set out to evaluate the reactivity of 2-amino-6-
methylbenzoic acid. In fact, treatment of 2-amino-6-methyl-
benzoic acid with benzaldehyde under identical conditions
produced the annulated benzoxazinone product 11 with
excellent selectivity (86%) (Chart 1).

Reaction Scope. Condensation of highly electrophilic
2,3,4,5,6-pentafluoro-benzaldehyde with 2-amino-6-methylben-
zoic acid led to quantitative (99%) formation of benzoxazinone
15. Benzoxazinone formation through condensation reaction
has been termed as “Benz’, where “Benz”’ stands for

benzoxazinone. 2D C—H correlation NMR spectra revealed
cross-peaks that establish the connectivity between various
protons and carbons in 15 (Figure 3). The NMR findings were
further corroborated by IR and supplemented by electrospray
ionization (ESI) mass spectrum that disclosed a pseudomo-
lecular ion peak at m/z = 330 [M+H]*; 352 [M+Na]* Da. The
identity of compound 15 (Chart 1) was unambiguously
ascertained from a single crystal X-ray diffraction (Figure 3
bottom). Compound 15 crystallizes in a monoclinic unit cell in
space group P1/.. The molecular structure of 15 revealed a
distinctly longer C—N bond (N2—C24 = 1.430(5) A) in
comparison to the regular imine (CON 1.26—1.30)% bond
and thus categorically ruled out the existence of a CI N double

bond. Interestingly, the formed six member ring is not planar,
but assumes a half-boat conformation with one of the carbon
atoms pointing out of the plane. To the best of our knowledge,
this is the first example of an amine and aldehyde condensation
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Chart 1. Scope of the Reaction with a Library of
Benzoxazinones®
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aSelectivity of benzoxazinone was calculated from 1H NMR data.

reaction that efficiently produces 15 as the only product.

Similar structural features could be observed for compound 14.
To evaluate the generality of this reaction, we investigated
the substrate scope and Chart 1 summarizes the accessible
product range. In general, electron poor aldehydes out-
performed the electron rich aldehydes. The electron with-
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Figure 3. A short-range direct C—H correlation (HSQC) spectrum of
compound 15 in CDCls(top) and molecular structure (bottom)
(hydrogen atoms except N—H and C—H have been deleted for clarity
and thermal ellipsoids are drawn at 50% probability level).

drawing pentafluoro-benzaldehyde furnished excellent selectiv-
ity (15, 99%), whereas the electron rich anisaldehyde displayed
an inferior selectivity of 53% only (compound 10). In order to
investigate the influence of the ortho-substituent on the
annulation process, the methyl group was replaced with
electron withdrawing fluorine. Although counterintuitive, the
outcome was largely insensitive to changes in the electronic
nature of 2-aminobenzoic acid.

The annulated product yields for 2-amino-6-fluorobenzoic
acid (21; 97%) and those obtained with 2-amino-6-methyl-
benzoic acid (15; 99%) match closely. Thus, the reaction of 2-
amino-6-fluorobenzoic acid with electron donating (aldehydes)
substituents led to poor performance (16; 37%), whereas
electron withdrawing substituents revealed excellent perform-

ance (18—21; 80—94%). Encouraged by these findings, we
examined the effect of relatively less electronegative bromide in
the benzoxazinone reaction. This followed a similar trend as in
the case of fluoro-substituted anthranilic acid and benzox-
azinones could be obtained with good to excellent selectivity

(22—26; 30—96%). After having investigated the effect of
substituents ortho to the carboxylic group of anthranilic acid, we
investigated effect of substitution ortho to the amine group.
Quite remarkably, the methyl ortho to the amine did not pose
any problem, but rather surprisingly, an enhanced cyclization
was observed. The reaction of various benzaldehydes with 2-
amino-3-methylbenzoic acid resulted in quantitative production

of benzoxazinones (27—31; 99%). The reaction does not

discriminate between the electron donating and electron
withdrawing aldehydes and both produced the “Benz” product.
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The identity of resultant benzoxazinones 27—31 was
established using a combination of spectroscopic and analytical
methods. We attribute the enhanced annulation process to the
steric crowding around the amine in the hemiaminal
intermediate. An sp® aldehyde was also tested in this reaction,

which produced benzoxazinones in excellent selectivity (32—
36; 91—99%). The resultant benzoxazinones were isolated in
excellent yields and their identity was fully established using
spectroscopic and analytical tools. These observations suggest
that steric parameters dominate the annulation process
irrespective of the electronic effect of the two reaction partners.
This finding is particularly remarkable and is an additional
bonus that will aid the extension of the scope of the annulation
reaction. To demonstrate the synthetic utility of this reaction,
we performed the reaction on gram scale. Treatment of 1 g of
2-methylanthranilic acid with two equivalent of pentafluoro-
benzaldehyde produced 2.03 g of isolated 15 (92% yield).
Thus, secondary interactions seem to play a pivotal role and
turn around the reactivity of an amine and aldehyde to produce
benzoxazinones, an important class of drug intermediates.
Mechanistic Investigations. Unfolding the elementary
steps in modulating the textbook condensation reaction will be
of great significance for understanding the flipped reactivity and
might unlock the synthetic potential of this transformation. In a
Schiff base reaction, direct nucleophilic attack of amine on the
aldehydic carbocation leads to the generation of the crucial
hemiaminal intermediate. The underlying imine mechanism

with different rates (K1—Ks) has been investigated in depth by
Sayer?” and others.”® However, none of these mechanistic
proposals touch upon the reactivity reversal and thus fail to
explain the observed cyclization (Figure 4). Therefore, a sixth
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Figure 4. Proposed reaction pathways to benzoxazinone (IV), (R1 =
Fs).

rate constant (Ks) is proposed. The rate constant Ks can follow,
at least theoretically, three different pathways to arrive at
benzoxazinone (IV). First, the possibility of rearrangement of
imine (I1) to benzoxazinone (IV) (proposed by Nikpour,??
Azarifar® although the starting compounds employed in the
proposed mechanism were different) cannot be completely
ignored. In our attempts to understand the modus operandi, we
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investigated this reaction using a set of NMR, UV—vis
spectroscopy, and DFT calculations.

To nail down the possible intermediates, NMR tube reaction
of 2-amino-6-methylbenzoic acid with pentafluoro-benzalde-
hyde was attempted and the progress of the reaction was
monitored by proton NMR spectroscopy. Even at 0 °C,
instantaneous formation of benzoxazinone was observed with
traces of imine (Figure 5). As the temperature of the reaction

s as _'. s0°c \ -
gﬁ

29 18 17 15 25 2‘ 23 22

M’L

66

@O

54 62 ppm Iwml

Figure 5. Variable temperature stacked *H NIMR spectra of a reaction
between an aldehyde(l) and amine (*)(l1) in CDsCN; (ii) addition of
0.75 equiv of Il at 0 °C; (iii) NMR recorded at 20 °C; (iv) NMR
recorded at 40 °C; (v) NMR recorded at 60 °C; (vi) addition of 0.25
equiv of (I1), NMR at 60 °C; (vii) addition of 0.25 equiv of (II), NMR

at60°C.

mixture was raised from 0 to 60 °C, gradual decrease in the
intensity of methyl (2.41 ppm *) resonance in (Il) and
concomitant increase in the intensity of methyl group in (IV) at
2.60 ppm (M) was observed. Interestingly, only traces of imine
(8—9 ppm) could be observed (Figure $S130). These findings
rule out the possibility of formation of imine (route A) as the
first step and subsequent conversion of (I11) to (IV) [D (Ks)].
The NMR findings were corroborated by UV—vis, which
revealed the absence of a C[IN charge transfer band (at 319

nm) and attested to the formation of benzoxazinone with a
characteristic band at 291 nm, which was confirmed by DFT
(ESI Figures S136 and S137, respectively). In order to
differentiate between route B and C, we labeled the anthranilic
acid oxygen (with ¥0-isotope). Tracking the progress by *3C
NMR revealed a resonance at 77.52 ppm, which clearly
indicated retention of labeled oxygen in the benzoxazinone
product. The observed isotopic (**0) dependence of *3C
chemical shift is in agreement with literature reports.>° The
NMR observations were further supplemented by ESI-MS
which revealed a pseudomolecularion peak at m/z=332.06
[M+H]*, wherein the mass of oxygen is 18 Da. Therefore, it is
very likely that route B is the most preferred mechanistic
pathway for the condensation reaction.

Computational Insights. To obtain detailed insights in the
benzoxazinone reaction, we sought the assistance of DFT and
the energies associated with potential routes A, B, and C were
calculated. Figure 6 depicts the energy barriers for hemiaminal
formation and the rate determining dehydration reaction for
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Figure 6. DFT calculated (A, B, C) mechanistic pathways with free

energies (kcalmol-1) for various transition states and (E) benzox-
azinone as an important building block for drugs and prodrugs.

the three routes. The initial formation of hemiaminal was

identical for the three routes with a AG = 10.4 kcal/mol. As is
evident, route B proved to be the preferred pathway with the
lowest barrier of 29.5 kcal/mol, as compared to 51.1 kcal/mol
(uphill by +21 kcal/mol) for Pathway A and 64.9 kcal/mol
(uphill by +35 kcal/mol) for Pathway C (Figure 6). The lowest
barrier for route B is most likely due to the secondary
interaction between the acidic proton of the carboxylic acid and
the hydroxyl group of the hemiaminal. The ortho-(to COOH)
substituent likely facilitates the spatial orientation of the acidic
proton and brings it to the close proximity of the hydroxyl
group, leading to the favored water elimination. The above
DFT results therefore complement the experimental findings
and reveal the existence of secondary interactions that totally
alter the course of the reaction to produce benzoxazinone via a
mechanism that changes our perception of Schiff condensation.
The thus produced benzoxazinones are pharmaceutically
important molecules that are commercially used to treat obesity
(V),>* to lower cholesterol levels (VI), and as an anti-
inflammatory prodrug (VI1).3? We anticipate that similar other
reactions can be re-engineered using secondary interactions.>

| CONCLUSIONS

In summary, we report on the first synthetic strategy that
regulates the reactivity of an amine and aldehyde via secondary
interactions. The strategic placement of an ortho-substituent
selectively suppresses the formation of Schiff base and increase
the formation of benzoxazinones, which belongs to a class of
prodrugs. Energy optimized models of the hemiaminal
intermediate revealed that a ortho-substituent correctly orients
the hydrogen bonding motif at hemiaminal stage and promotes
the condensation reaction via weak secondary interactions.
Indeed, reaction of 2-amino-6-methylbenzoic acid with
benzaldehyde produced the desired benzoxazinone 11 with
86% selectivity. To our delight, treating electrophilic penta-
fluoro-benzaldehyde with 2-amino-6-methylbenzoic acid re-
vealed quantitative formation of benzoxazinone 15. The
synthetic utility of this strategy was demonstrated by preparing
a library of 30 compounds and by scaling up the reaction to
gram scale. The benzoxazinone reaction was found to be largely
insensitive to the electronic changes and yielded similar results
for electron donating methyl-substituent and electron with-
drawing substituents. Quite remarkably, a methyl-substituent
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ortho to amine yielded benzoxazinones in quantitative yield

(27—31). Even the aliphatic aldehyde, such as cyclohexane
carboxaldehyde, produced the corresponding benzoxazinones

in near quantitative yield (32—36). Detailed mechanistic

investigations using low temperature NMR, UV—vis, and
isotopic (10) labeling revealed that the reactions follow
Pathway B and the possibility of route A and C was ruled out.
These experimental findings were corroborated by DFT
calculations, which indicated that Pathway B is the lowest
barrier pathway, 20 kcal/mol lower than Pathway A and 35
kcal/mol lower than Pathway C.

B EXPERIMENTAL SECTION

General Methods and Material. Starting materials were
procured from commercial suppliers and used without further
purification. Solvents were dried by standard procedures unless
otherwise mentioned.3* 2-Amino benzoic acid was purchased from
Loba Chemie Pvt. Ltd. 2-Amino-6-methyl benzoic acid, 2-amino-6-
fluorobenzoic acid, 2-amino-3-methylbenzoic acid, benzaldehyde, 4-
methoxybenzaldehyde, 3-bromobenzaldehyde, 2-fluorobenzaldehyde,
2,6-difluorobenzaldehyde, 2,3,4,5,6-pentafluorobenzaldehyde, and cy-
clohexanecarboxaldehyde were received from Sigma-Aldrich. 2-Amino-
6-bromobenzoic acid was purchased from Alfa Aesar. 180 labeled
water (H,!80) and solvents (CDCl;, CD3CN) were purchased from
Sigma-Aldrich. Ethanol (commercial grade, 99.9%) was obtained from
Brampton, Canada. All other solvents were purchased from local
suppliers (Spectrochem Pvt. Ltd.; Avra Synthesis Pvt. Ltd.).

Solution NMR spectra were recorded on a Bruker Avance 200, 400,
and 500 MHz instruments and internally referenced to residual solvent
signals (note: CDCl; referenced at 0 7.26 and 77.23 ppm and CDsCN
referenced at 0 1.94 and 1.39 ppm, respectively). Coupling constants
are given as absolute values. Multiplicities are given as follows, s:
singlet, d: doublet, t: triplet, m: multiplet. Benzoxazinone and imine
are denoted as Bz and Im, respectively, in NMR spectra of
compounds. Mass spectra were recorded on Thermo scientific Q-
Exactive mass spectrometer (Quadrupole analyzer) with Hypersil gold
C18 column (150 x 4.6 mm diameter 8 um particle size mobile phase

used is 90% methanol +10% water +0.1% formic acid). UV —visible
spectrum was recorded at ambient temperature on PerkinElmer 35
LAMDA instrument using the 1 cm quartz cell. FT-IR spectra of the
samples were recorded using KBr pellet on the PerkinElmer
instrument. C, H, and N analyses were carried out using PerkinElmer
2400.

The geometry optimizations were conducted employing density
functional theory (DFT) with the Turbomole 7.0 suite of programs.3>
The Perdew, Burke, and Ernzerhof (PBE)3¢ functional was used for
the geometry optimization calculations. The triple-{ basis set
augmented by a polarization function (Turbomole basis set TZVP)
was used for all the atoms. The resolution of identity (RI)3” along with
the multipole accelerated resolution of identity (marij)38 approx-
imations were employed for an accurate and efficient treatment of the
electronic Coulomb term. Solvent effects were accounted for as
follows: we have done full geometry optimizations of all intermediates
and transition state calculations using the COSMO model*® with
ethanol as a solvent. Moreover, dispersion corrections (disp-3) were
also included through these calculations.*° Following this, single point
calculations were done with the M06-2X functional*! on the optimized
geometries. With regard to the transition states obtained during the
investigations of these reactions, care was taken to ensure that the
obtained transition state structures possessed only one imaginary
frequency corresponding to the correct normal mode. For compounds
(1 and (Iv) (HOMO—LUMO calculation), calculations were
performed using the Gaussian 09 suite of programs* with the M062X
functional and 6-31+G* basis set. The HOMO—-LUMO was
calculated using the time-dependent (TD-DFT) method based on
the optimized ground-state structure at the M062X/6-31+G* level.
Isovalue was set to 0.02 to draw orbitals.
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Single-crystal data was collected on a Bruker SMART APEX four-
circle diffractometer equipped with a CMOS photon 100 detector
(Bruker Systems Inc.) and with a Cu Ka radiation (1.5418 A). The
incident X-ray beam was focused and monochromated using
Microfocus (IuS). The Flaky colorless crystals were mounted on
nylon Cryo loops with Paratone-N oil. Data was collected at 100(2) K.
Full data was integrated using Bruker SAINT Software and absorption
correction was done using SADABS. Structure was solved by Intrinsic
Phasing module of the direct methods and refined using the
SHELXTL 97 software suite. All non-hydrogen atoms were located
from iterative examination of difference F-maps following which the
structure was refined using least-squares method. All the non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed geometrically and placed in a riding model.

General Procedure for the Synthesis of Benzoxazinones.
One mmol of amine was dissolved in 20 mL ethanol and 2 mmol (2
equiv) aldehyde was added to the above solution. Catalytic amount of
acetic acid (0.2 equiv) was added to the reaction mixture and the
resulting reaction mixture was refluxed for 6 h. Next, the reaction
mixture was concentrated in vacuum to afford a crude semisolid
residue. The thus obtained residue was washed with hexane (10 mL x
2) to yield free-flowing solid.

The identity of the imine and the benzoxazinone (obtained via the
proposed condensation) was established from various 1—2D NMR
experiments and the NMR spectra have been deposited in Supporting
Information. The product (benzoxazinone: imine) distribution was
determined from the proton NMR of above residue. Spectrum of
respective compounds has been presented in Supporting Information.

Benzoxazinones with more than 90% selectivity were isolated and
the yields have been reported.

2-(3-Bromophenyl)-5-methyl-1,2-dihydro-4H-benzo[d][1,3]-
oxazin-4-one (Compound 12). General procedure as above was
followed and 2-amino-6-methylbenzoic acid (0.151 g, 1 mmol, 1
equiv) and 3-bromobenzaldehyde (0.367 g, 2 mmol, 2 equiv) were
used as reaction partners. The ratio of the two products was
determined from a proton NMR and the respective spectrum is
presented in Figure S32. After hexane wash benzoxazinone 12 was
isolated as light yellow color solid (0.288 g, 91%) Melting point (m.p.)
= 132—134 °C. 'H NMR (500 MHz, CDCls, 298 K): & = 7.79 (br s,
1H, Ar), 7.57 (d, Ju-n = 8.01 Hz, 1H, Ar), 7.53 (d, Jyu—n = 7.63 Hz,
1H, Ar), 7.32—7.27 (m, 2H, Ar), 6.83 (d, Ju-n = 7.63 Hz, Ar), 6.71 (d,
Ju-n = 8.39 Hz, 1H, Ar), 6.04 (d, 3/y—n = 2.29 Hz, 1H, Hg,), 4.88 (br
s, 1H, H,), 2.68 (s, 3H, CHs). 13C NMR (125 MHz, CDCl3;, 298 K) &
= 163.3 (Gy), 148.5, 144.5, 138.1, 134.4, 133.3, 131, 130.4, 125.9,
124.7,122.9, 114.2, 113.0, 85.5 (Cs.), 22.5 (CHs). HRMS (ESI) m/z:
[M+H]* Calcd for CisHi30,BrN 318.0124; Found 318.0122, (M
+Na]* Calcd for Ci5H1,0 2,BrNNa 339.9944; Found 339.9937.

2-(2-Fluorophenyl)-5-methyl-1,2-dihydro-4H-benzo[d][1,3]-
oxazin-4-one (Compound 13). General procedure as above was
followed and 2-amino-6-methylbenzoic acid (0.151 g, 1 mmol, 1
equiv) and 2-fluorobenzaldehyde (0.248 g, 2 mmol, 2 equiv) were
used as reaction partners. The ratio of the two products was
determined from a proton NMR and the respective spectrum is
presented in Figure S36. After hexane wash the benzoxazinone 13 was
isolated as light yellow color solid (0.226 g, 88%). Melting point
(m.p.) =98—100 °C. *H NMR (500 MHz, CDCl3, 298 K): 6 = 7.76
(t, Ju—n =6.87 Hz,, 1H, Ar), 7.40 (m, 1H, Ar), 7.24 (m, 2H, Ar), 7.09
(t, Ju-n = 9.16, 1H, Ar), 6.79 (d, Ju-n = 7.63 Hz, 1H, Ar), 6.67 (d,
Ju-n = 8.01 Hz, 1H, Ar), 6.39 (s, 1H, Hs; ), 4.87 (br, s, 1H, H,), 2.66
(s, 3H, CH3). C NMR (125 MHz, CDCls, 298 K) & = 163.8, 161.6,
149.3, 144.7,134.5, 132.4 (d, 3Jc—r = 8.58), 129.0, 125.0, 124.7, 116.1
(d, Zc-F=20.98), 114.2, 112.9, 80.5 (d, 3Jc—¢ = 4.77 Hz), 22.6 (CH3).
HRMS (ESI) m/z: [M+H]* Calcd for CisH130,NF 258.0925; Found
258.0922, [M+Na]* Calcd for CisH1,0,NFNa 280.0744; Found
280.0740.
2-(2,6-Difluorophenyl)-5-methyl-1,2-dihydro-4H-benzo[d][1,3]-

oxazin-4-one (Compound 14). General procedure as above was
followed and 2-amino-6-methylbenzoic acid (0.151 g, 1 mmol, 1
equiv) and 2,6-difluorobenzaldehyde (0.284 g, 2 mmol, 2 equiv) were
used as reaction partners. The ratio of the two products was
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determined from proton NMR which is presented in Figure S40. The
compound was crystallized by slow evaporations from ethanol (Pure
crystal, 0.231 g, 84%) and molecular structure is presented in Figure
S41. Melting point (m.p.) =94—96 °C. IH NMR (400 MHz, CDCls,
298 K): & = 7.45—7.41 (m, 1H, Ar, H), 7.35—7.28 (m, 1H, Ar, H),
6.97 (t, 2 = 8.45, 2H, Ar, H), 6.88 (M, Ju— = 7.58, 1H, Ar, H), 6.77
(d, Ju—n = 8.07, 1H, Ar, H), 6.49 (d, 3Ju—n = 5.38, 1H, Hg,), 5.13 (br,
s, 1H, H), 2.70 (s, 3H, CHs). 13C NMR (100 MHz, CDCls, 298 K) &
=163.7 (Ch), 162.8 (d, 3Jc—¢ = 6.17 Hz, C), 160.3 (d, 3Jc—¢ = 6.17 Hz,
(), 148.3 (C), 144.5 (C), 134.1 (C), 132.2 (t, 3Jc—¢ = 10.63 Hz, O),
125.3 (C), 115.7 (C), 114.3 (C), 114.5 (C), 112.2 (d, Yc—r = 25.43
Hz, C), 78.3 (t, 3Jc—r = 3.85 Hz, 3/ = 4.62 Hz, Cg;), 22.5 (CH3).
HRMS (ESI) m/z: ['\/H'H]+ Calcd for C15H1202NF2 2760831, Found
276.0826, [M+Na]* Calcd for CisH110,NFoNa 298.0650; Found
298.0644.
5-Methyl-2-(perfluorophenyl)-1,2-dihydro-4H-benzo[d][1,3]-
oxazin-4-one (Compound 15). General procedure as above was
followed and 2-amino-6-methylbenzoic acid (0.151 g, 1 mmol, 1
equiv) and 2,3,4,5,6-pentafluorobenzaldehyde (0.392 g, 2 mmol, 2
equiv) were used as reaction partners. Compound 15 was isolated in as
pale yellow solid (0.315 g, 96%) after routine hexane wash. The
compound was crystallized by slow evaporations from ethanol solution
and molecular structure is presented in S56. Melting point (m.p.) =
196—197 °C. H NMR (400 MHz, CDCI3, 298 K): 6 = 7.34 (t, Ju-n =
7.82, 1H, Ar, Hg), 6.92 (d, Ju—n = 7.34 Hz, 1H, Ar, H¢), 6.77 (d, Ju-+
= 8.07 Hz, 1H, Ar, He), 6.47 (d, 3Ju-n = 5.15 Hz, 1H, HBz), 5.03 (d,
3Ju-n = 3.42 Hz, 1H, H,), 2.70 (s, 3H, CHs). 13C NMR (100 MHz,
CDCls, 298 K) 0 = 162.8 (Cy), 147.9, 146.9, 144.7, 143.7, 139.1,
138.9, 136.9, 134.5, 125.8, 115.5, 115.3, 113.9, 110.7, 77.8 (CBz), 22.4
(CHs). °F NMR (376 MHz, CDCl;, 298 K) & —139.87 (d, Jr—¢ =
16.02 Hz, 2F), —149.85 (d, Je—¢ = 20.60 Hz, 1F), —160.16 (t, Je-¢ =
18.54 Hz, 2F). HRMS (ESI) m/z: [M+H]* Calcd for CisHsO,FsN
330.0548; Found 330.0543. Elemental analysis For CisHgO,FsN (FW
=329.05) in %: Calcd: C 54.72, H 2.45, N 4.25; Found: C 54.63, H
2.38, N 4.21. FT-IR (cm-1): 1705 (C = O), 1653, 1602, 1504 (N—H
(br.)), 1433, 1382, 1338 (C—N), 1274, 1201 (C—-0), 1130 (C-O
(br.)), 1044, 1003.
2-(3-Bromophenyl)-5-fluoro-1,2-dihydro-4H-benzo[d][1,3]-
oxazin-4-one (Compound 18). General procedure as above was
followed and, 2-amino-6-fluorobenzoic acid (0.155 g, 1 mmol, 1 equiv)
and 3-bromobenzaldehyde (0.370 g, 2 mmol, 2 equiv) were used as
reaction partners. The resultant compound 18 was isolated as light
yellow color solid (0.289 g, 90%). Melting point (m.p.) = 146—148
°C. IH NMR (200 MHz, CDCls, 298 K): 6 = 7.78 (t, Ju-n = 1.77, 1H,
Ar), 7.62—7.50 (m, 2H, Ar), 7.46—7.28 (m, 2H, Ar), 6.75—6.64 (m,
2H), 6.11 (d, 3Jy-n = 3.03 Hz, 1H, Hs,), 5.02 (br s, 1H, Hg). 13C
NMR (125 MHz, CDCls, 298 K) 6 = 164.0 (Cy), 161.0, 159.4, 150.5,
137.8, 135.2 (d, 3Jc—¢ = 11.45 Hz), 132.5, 130.0 (d, 3/ =7.6), 128.1,
126.0, 121.8, 106.1 (d, 2Jc—¢ = 20.98 Hz), 126.2, 115.9, 115.3, 114.3,
111.2, 110.3, 84.9 (Cg). HRMS (ESI) m/z: [M+H]* Calcd for
C14H100,NFBr 321.9873; Found 321.9876.
5-Fluoro-2-(perfluorophenyl)-1,2-dihydro-4H-benzo[d][1,3]-
oxazin-4-one (Compound 21). General procedure as above was
followed and 2-amino-6-fluorobenzoic acid (0.155 g, 1 mmol, 1 equiv)
and 2,3,4,5,6-pentafluorobenzaldehyde (0.392 g, 2 mmol, 2 equiv)
were used as reaction partners. Workup of reaction mixture produced
pure 21 in light yellow color solid (0.306 g, 92%). Melting point
(m.p.) = 184—186 °C. 'H NMR (200 MHz, CDCls, 298 K): & =
7.53—7.42 (m, 1H, Ar), 6.86—6.72 (m, 2H, Ar), 6.53 (d, 3/—n = 4.53
Hz, 1H, Hg,), 5.16 (br, s, 1H). 13C NMR (100 MHz, CDCls, 298 K) &
= 164.4 (Cy), 161.8, 158.8, 150.0, 135.9 (3Jc—r = 11.56 Hz), 131.3,
113.3,111.2 (d, *Jc—r = 3.85), 109.5, 106.3 (d, Zc—¢ = 20.81), 101.3
(d, Yc—¢ = 11.56), 77.1 (Cs,). HRMS (ESI) m/z: [M+H]* Calcd for
C14H602N F5 334. 0297 Found 334.0293.
5-Bromo-2-(3-bromophenyl)-1,2-dihydro-4H-benzo[d][1,3]-
oxazin-4-one (Compound 23). General procedure as above was
followed and, 2-amino-6-bromobenzoic acid (0.216 g, 1 mmol, 1
equiv) and 3-bromobenzaldehyde (0.370 g, 2 mmol, 2 equiv) were
used as reaction partners. The ratio of the two products was
determined from a proton NMR and the respective spectrum is
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presented in figure S79. After multiple hexane wash compound 23 was
isolated (0.344 g, 90%) as light yellow solid. Melting point (m.p.) =
142—144°C. *H NMR (200 MHz, CDCl3, 298 K): 8= 7.79 (br, s, Ar,
1H, H), 7.65—7.52 (m, Ar, 2H), 7.35—7.28 (m, Ar, 2H, H; H), 6.84—
6.78 (m, 1H, Ar, H), 7.25—7.20(m, 1H, Ar, H),6.03 (d, 3Jy—y = 2.75
Hz, 1H, Hgy), 4.90 (br, s, 1H, Ha). 13C NMR (125 MHz, CDCl3, 298
K): & = 160.0 (Cp), 148.7, 147.4, 137.2, 136.6, 134.8, 133.0, 131.0,
130.4, 130.04, 129.9, 127.9, 123.4, 120.7, 117.9, 116.5, 115.0, 114.7
84.3 (Cg,).
5-Bromo-2-(2-fluorophenyl)-1,2-dihydro-4H-benzo[d][1,3]-
oxazin-4-one (Compound 24). General procedure as above was
followed was followed and 2-amino-6-bromobenzoic acid (0.216 g, 1
mmol, 1 equiv) and 2-fluorobenzaldehyde (0.248 g, 2 mmol, 2 equiv)
were used as reaction partners. Multiple hexane wash resulted in
yellow color solid (0.283 g, 88%). Melting point (m.p.) = 96—98 °C.
IH NMR (400 MHz, CDCls, 298 K): & = 7.77 (t, Ju-n = 6.71 Hz, Ar,
1H, H), 7.43 (d, Ju—n = 7.34 Hz, Ar, 1H, H), 7.23—7.19 (m, 2H, Ar,
H; H), 7.13 (t, Ju-n = 9.24 Hz, Ar, 1H, H), 6.813 (d, Ju-n = 2.75 Hz,
Ar, 1H, H), 7.02—6.98 (m, Ar, 1H, H), 6.43 (d, 1H, He), 5.07 (br, s),
1H, H). 13C NMR (100 MHz, CDCls, 298 K) 6 = 161.5 (C), 159.0.8,
150.1, 134.9, 133.2, 132.2 (3Jc—¢ = 8.48 Hz, (), 128.7, 127.9, 124.9 (¥
= 3.08 Hz), 123.5, 122.6 (d, 2J = 12.33), 116.1 (d, 2Jc—¢ = 21.58),
115.5, 81.2 (3/c—r = 4.62 Hz, Cs;). HRMS (ESI) m/z: [M+H]* Calcd
for C14H1002NFBr 321.9873; Found 321.9870.
5-Bromo-2-(2,6-difluorophenyl)-1,2-dihydro-4H-benzo[d](1,3]-
oxazin-4-one (Compound 25). General procedure as above was
followed and 2-amino-6-bromobenzoic acid (0.216 g, 1 mmol, 1
equiv) and 2,6-difluorobenzaldehyde (0.284 g, 2 mmol, 2 equiv) were
used as reaction partners. Hexane washing led to the production of 25
as light yellow color solid (0.312 g, 92%). Melting point (m.p.) =
108—110°C.*H NMR (500 MHz, CDCl3, 298 K): 6 = 7.54—7.44 (m,
Ar, 1H), 7.33 (d, Ju-n = 7.63 Hz, Ar, 1H), 7.23 (t, Ju—n = 8.01 Hz, Ar,
1H), 6.98 (t, Ju-n = 8.50 Hz, Ar, 2H), 6.89 (d, Ju-u = 8.01 Hz, Ar,
1H), 6.50 (d, 3Ju—n = 5.34 Hz, 1H, Hg,), 5.34 (d, 3Ju-n = 3.43 Hz,
1H). 13C NMR (125 MHz, CDCl3, 298 K) 6 = 162.5 (Cy), 161.4,
160.5, 149.4,134.75, 132.6 (t, 3Jc—¢ = 10.48 Hz), 128.7,125.7, 117.2,
114.6, 112.5 (d, 2J = 12.33), 112. Five (dd, % = 8.26), 77.9 (3Jc—¢ =
4.29 Hz, Cg,). HRMS (ESI) m/z: [M+H]* Calcd for C14HsO,NF,Br
m/z = 339.9779, Found 339.9775, [M+Na]* Calcd for
C14HsO,NF,BrNa m/z = 361.9599, Found 361.9592.
5-Methyl-2-(perfluorophenyl)-1,2-dihydro-4H-benzo[d][1,3]-
oxazin-4-one (Compound 26). General procedure as above was
followed and 2-amino-6-bromobenzoic acid (0.216 g, 1 mmol, 1
equiv) and 2,3,4,5,6-pentafluorobenzaldehyde (0.392 g, 2 mmol, 2
equiv) were used as reaction partners. Compound 26 was isolated as
pale yellow color solid (0.355 g, 90%). Melting point (m.p.) = 120—
122 °C. 1H NMR (400 MHz, CDCls, 298 K): 6 = 7.50—7.21 (m, 1H,
Ar), 6.82—6.72 (m, 1H, Ar), 6.52 (d, 3Jy—n = 4.27 Hz, 1H, Hpg,), 6.48—
6.38 (m, 1H, Ar), 5.22 (br, s), 1H). 13C NMR (125 MHz, CDCls, 298
K) 6 = 169.8 (Cp), 165.3, 162.8—162.7 (d, J = 7.7 Hz), 159.1, 152.8,
148.4,136.6—136.5 (d,/ =11.56 Hz), 135.6—135.0(d, /= 12.33 Hz),
77.5 (Csz). HRMS (ESI) m/z: [M+H] * Calcd for Ci14HsO,NFsBr
393.9497; Found 393.9495.
2-(4-Methoxyphenyl)-8-methyl-1,2-dihydro-4H-benzo[d][1,3]-
oxazin-4-one (Compound 27). General procedure as described in
Synthesis of Benzoxazinone Section was followed and 2-amino-3-
methylbenzoic acid (0.151 g, 1 mmol, 1 equiv) and 4-methox-
ybenzaldehyde (0.272 g, 2 mmol, 2 equiv) were used as reaction
partners. After multiple hexane wash compound 23 was isolated (0.234
g, 87%) as light yellow solid. Melting point (m.p.) = 145—147 °C. H
NMR (500 MHz, CDCls, 298 K): & = 7.92—7.86 (m, Ar, 1H), 7.58
(br, s, Ar, 2H), 7.33 (d, Ju—n = 6.10 Hz, 1H), 6.99—6.95 (m, Ar, 3H),
6.14 (br, s, 1H, Hs,), 4.51 (br, s, 1H), 3.86 (OCHs), 2.20 (CHs). 13C
NMR (125 MHz, CDCl3, 298 K) & = 165.2 (Cy), 161.3, 150.1, 136.3,
132.0, 130.4, 128.9, 128.6, 121.2, 116.1, 114.5, 86.8 (Cs,), 55.6
(OCHs), 21.2 (CHs). HRMS (ESI) m/z: [M+H]* Calcd for
Ci6H1603N  270.1125; Found 270.1123, [M+Na] * Calcd for
C15H1503NN3 2920944, Found 292.0941.
8-Methyl-2-phenyl-1,2-dihydro-4H-benzo[d][1,3]oxazin-4-one
(Compound 28). General procedure as described in Synthesis of

DOI: 10.1021/acs.joc.7b00352
J. Org. Chem. 2017, 82, 4342-4351


http://dx.doi.org/10.1021/acs.joc.7b00352
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00352/suppl_file/jo7b00352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00352/suppl_file/jo7b00352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00352/suppl_file/jo7b00352_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00352/suppl_file/jo7b00352_si_001.pdf

The Journal of Organic Chemistry

Benzoxazinone Section was followed and 2-amino-3-methylbenzoic
acid (0.151 g, 1 mmol, 1 equiv) and benzaldehyde (0.212 g, 2 mmol, 2
equiv) were used as reaction partners. Multiple hexane washing led to
pure compound 28, although with about 9% starting 2-amino-3-
methylbenzoic acid impurity. Melting point (m.p.): 160—162 °C. H
NMR (500 MHz, CDCl;, 298 KJ: 0=7.92—7.86 (m, Ar, 1H), 7.66 (br
s, Ar, 2H), 7.48'(br s, 2H), 7.35(d, Ju—n = 6.87 Hz, Ar, 1HJ, 6.96 (t,
- = 7.25 Hz, 1H), 6.63 (t, Ju—n = 7.44 Hz, 1H), 6.19 (s, 1H, Hg,),
4.55 (br, s, 1H, Ha), 2.20 (CHs). 13C NMR (125 MHz, CDCls, 298 K)
0=164.5 EC%), 149.6, 145.4, 135.8, 130.0, 128.8, 126.9, 124.57, 123.0,
120.9, 115.7, 114.3, 86.6 (Cs,). HRMS (ESI) m/z: [M+H]* Calcd for
CisH 140oN  240.1019; Found 240.1016, [M+Na]* Calcd for
CisH;30,NNa 262.0838; Found 262.0835.
2-@-Ifromophenyl)-S-methyI-1,2-d|hydro-4H-benzo[d][1,3]-
oxazin-4-one (Compound 29). General procedure as described above
was followed and 2-amino-3-methylbenzoic acid (0.151 g, 1 mmol, 1
equiv) and 3-bromobenzaldehyde (0.370 g, 2 mmol, 2 equiv) were
used as reaction partners. Simple hexane wash produced 29 as
yellowish white color solid (0.295 g, 93%). Melting point (m.p.): 94—
96 °C. 'H NMR (500 MHz, CDCls, 298 K): 6 = 7.92 (d, Ju-n = 7.83
Hz, 1H, Ar), 7.84 (s, 1H, Ar), 7.60 (t, Jy-n = 8.62 Hz, 2H, Ar), 7.36 (t,
2H, Ar), 7.00 (t, Ju—y = 7.80 Hz, 1H), 6.18 (d, Ju—n = 4.88 Hz, 1H,
13
S &-Rbas a5 1388 5, 530407 1967 g,

125.6,124.9,122.8, 121.3, 114.6, 85.4 (C 5,), 16.4 (CHs). HRMS (ESI)
Y SRS s RSB
2-Cyclohexyl-1,2-dihydro-4H-benzo[d][1,3]oxazin-4-one  (Com-
pound 32). General procedure as described in Synthesis of
Benzoxazinone Section was followed and 2-aminobenzoic acid
(0.137g, 1 mmol, 1 equiv) and cyclohexanecarbaldehyde (0.224g, 2
mmol, 2 equiv) were used as reaction partners. The ratio of the two
products was determined from a proton NMR and the respective
spectrum is presented in Figure S110. Compound 32 was isolated as
yellow color solid (0.203 g, 88%). Melting point (m.p.): 160 °C. *H
NMR (500 MHz, CDCl3, 298 K): 6 = 7.96 (d, Ju—n = 7.63 Hz, Ar, H),
7.41 (t, Ju-n = 7.25 Hz, Ar, H), 6.95 (t, Ju-n = 7.63 Hz, Ar, H), 6.82
(d, Ju-n = 8.01 Hz, Ar, H), 5.02 (d, Ju-n = 4.58 Hz, Hg;), 4.73 (s, br,
H), 1.98 (d, Ju-n = 9.92 Hz, 1H, H), 1.84—1.27 (m, 10H, H). 13C
NMR (125 MHz, CDCls, 298 K) & = 165.1 (C), 147.6, 135.0, 130.7,
120.6, 116.1, 114.0, 89.2 (Cg;), 40.9, 27.4—25.6. HRMS (ESI) m/2):
[M+H]* Caled for C14H180,N m/z = 232.1332; Found 232.1330, [M
+Na]* Calcd for Ci4H170;NNa 254.1152; Found 254.1148.
2-Cyclohexyl-5-methyl-1,2-dihydro-4H-benzo[d][1,3]oxazin-4-
one (Compound 33). General procedure as described above was
followed and, 2-amino-6-methylbenzoic acid (0.151 g, 1 mmol, 1
equiv) and cyclohexanecarbaldehyde (0.240 g, 2 mmol, 2 equiv) were
used as reaction partners. The resultant compound 33 was isolated in

excellent (0.237 g, 97%) isolated yields. Melting point (m.p.) = 122—
124 °C. *H NMR (500 MHz, CDCls, 298 K): 6 = 7.23 (t, Jy-n = 7.32,
1H, Ar), 6.75 (d, Ju-n = 7.25 Hz, 1H, Ar), 6.65 (d, Ju-n = 8.01 Hz,
1H, Ar), 4.91 (d, 34— = 4.58 Hz, 1H, Hg,), 4.64 (br s, 1H, Ha), 2.66
(s, 3H, CHs), 1.99 (d, Ju—n = 11.06 Hz, 1H), 1.83 (br, d, Jy—n = 8.01
Hz, 4H), 1.73 (d, Ju-u = 11.44 Hz, 1H), 1.29—1.19 (m, 5H). 13C
NMR (125 MHz, CDCls, 298 K) 6 = 164.7 (Cy), 149.4, 144.5, 134.1,
124.2,114.3, 113.3, 88.8 (Cz,), 41.3, 27.6—26.1, 22.8 (CHs).
2-Cyclohexyl-5-fluoro-1,2-dihydro-4H-benzo[d][1,3]oxazin-4-one
(Compound 34). General procedure as described above was followed
and, 2-amino-6-fluorobenzoic acid (0.155 g, 1 mmol, 1 equiv) and
cyclohexanecarbaldehyde (0.240 g, 2 mmol, 2 equiv) were used as
reaction partners. Pure compound (34) was isolated as light yellow
color solid (0.236 g, 95%). Melting point (m.p.) = 132—134 °C. H
NMR (500 MHz, CDCls, 298 K): & = 7.37—7.32 (m, 1H, Ar, H),
6.64—6.60 (m, 2H, Ar, H ; H), 4.98 (d, - = 3.43 Hz, 1H, Hg,),
4.85 (br, s, 1H, H), 1.98 (d, Ju—n = 10.68 Hz, 1H, H), 1.84 (br, d, Jy—n
= 8.77 Hz, 4H, H), 1.73 (d, Jy—n = 11.44 Hz, 1H, H), 1.32—1.23 (m,
5H, H;H). 3C NMR (125 MHz, CDCls, 298 K) & = 164.7 (Cy),
162.7,160.9, 149.6,135.7 (d,3/=11.44 Hz, C), 111.5 (d, 4/ = 3.82 Hz,

(), 107.9 (d, 2 = 20.98 Hz, ), 88.6 (Cs,), 40.7 (C), 27.57—26.40 (m,
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C). HRMS (ESI) m/z: [M+H]* Calcd for Ci4sHiz O 2NF m/z
250.1238, Found 250.1235.
5-Bromo-2-cyclohexyl-1,2-dihydro-4H-benzo[d][1,3]oxazin-4-
one (Compound 35). General procedure as described above was
followed and 2-amino-6-bromobenzoic acid (0.216 g, 1 mmol, 1
equiv) and cyclohexanecarbaldehyde (0.240 g, 2 mmol, 2 equiv) were
used as reaction partners. Compound 35 was isolated as light brownish
color solid (0.298 g, 96%). Melting point (m.p.) = 131—-132 °C. H
NMR (500 MHz, CDCls, 298 K): = 7.21—7.14 (m, 2H, Ar), 6.80 (d,
Jn—r = 7.93 Hz,1H, Ar), 4.93 (d, 3u—n = 4.40 Hz, 2H, Hg; ; Ha), 1.98
(d, Jy—n = 10.27 Hz, 1H), 1.84 (d, Ju—y = 6.85 Hz, 4H), 1.74 (d, i
3G 546ty Ec?,:‘ﬁ&:&%‘azz?%%? RYuR (123 K172 Pl
(Cs,), 40.5, 27.5-26.4 (m). HRMS (ESI) m/z: [M+H]* Calcd for
Ci14H17 O2NBr m/z = 310.0437, Found 310.0436, [M+Na]* Calcd for
C14H160:NBrNa m/z 332.0257, Found 332.0251. Elemental
analysis. For Ci4H160,NBr (309.10) in %: Calcd C, 54.21; H, 5.20;
N, 4.52; Found: C, 54.13; H, 5.14; N, 4.49
2-Cyclohexyl-8-methyl-1,2-dihydro-4H-benzo[d][1,3]oxazin-4-
one (compound 36). General procedure as described above was
followed and, 2-amino-3-methylbenzoic acid (0.151 g, 1 mmol, 1
equiv) and cyclohexanecarbaldehyde (0.224 g, 2 mmol, 2 equiv) were
used as reaction partners. Compound 36 was isolated in 96% yield
(0.235 g). Melting point (m.p.) = 100—101 °C. H NMR (500 MHz,
CDCIgFI 298 K)Ar(?,_6.798%t(,df Jn-n=8.01 Hz lH'S.Ab%' (7d',2%(d' JH-H=

7.25Hz, 1H, h-n = 7.63 Hz, 1H), won 2 477
Hz, 1H, H_), 4.30 (br,’s, 1H, H), 221 (CH ), 2.03 (d, J,_ = 9.92
Z a _

Hz, 1H), 1.86 (m, 4H), 1.74 (d, Jy-# = 11.83 Hz, 1H), 1.35—1.22 (m,
5H). 13C NMR (125 MHz, CDCls, 298 K) & = 165.3 (Cs), 145.6,
135.5, 128.4, 124.6, 120.5, 114.5, 88.9 (Cg,), 40.9, 27.5—25.6 (m), 16.3
(CH3). HRMS (ESI) m/z: [M+H]* Calcd for CisHoO;N m/z =
246.1489, Found 246.1488.

Mechanistic Investigations. Tracking the Progress by NMR
Spectroscopy. In an NMR tube experiment, 1 umol (15 mg, 1 equiv)
of 2-amino-6-methyl-benzoic acid was dissolved in 0.6 mL deuterated
acetonitrile and the NMR tube was cooled to —5 °C. 0.75 umol (14
mg, 0.75 equiv) of 2,3,4,5,6-pentafluoroaldehyde was added to the cold
NMR tube and a proton NMR was recorded immediately at 0 °C.

Imine resonance (in the range of 8—9 ppm) could not be observed at
0 °C, but even at this low temperature a new resonance at 2.60 ppm
appeared, which can be easily assigned to methyl group in
benzoxazinone (IV). Our attempts to record the NMR at lower
temperature (—10 to —25 °C) were not very successful as the amine
and the aldehyde start precipitating out and very significant signal
broadening was observed. Subsequently, the temperature of the probe
was raised from 0 to 20 °C and proton NMR was recorded. Likewise,
proton NMR of the same sample was recorded at 40 and 60 °C. To
obtain full conversion, another 0.25 equiv of 2,3,4,5,6-pentafluor-
oaldehyde was added to the NMR tube and proton NMR was
recorded at 60 °C. Finally excess (another 0.25 equiv) of 2,3,4,5,6-
pentafluoroaldehyde was necessary to fully convert the 2-amino-6-
methyl-benzoic acid and NMR was recorded at 60 °C. Figures 5,
S$130—-5131 depict the variable temperature proton NMR spectra.
Isotopic (**0) Labeling Investigation. As depicted in Figure S132,

2-amino-6-methylbenzoic acid was first converted to corresponding
acid-chloride.** An oven-dried Schlenk tube was charged with 1 equiv
2-amino-6-methyl-benzoic chloride (17 mg, 1 mol, dark red colored)
and 2.5 equiv labeled water (H,180) was added. The dark color
semisolid chloride immediately turned into light yellow colored
precipitate of 180 labeled 2-amino-6-methyl-benzoic acid.** The
residue was then dissolved in CDsCN and 2 equiv of 2,3,4,5,6-
pentafluorobenzaldehyde (40 mg, 2 umol) was added. Subsequently,
the reaction mixture was refluxed for 6 h and NIMR spectra were
recorded. Due to the presence of 180, the C—H carbon adjacent to the
labeled oxygen shifts upfield and appears at 77.52 ppm. Similar
changes in the chemical shift of 180 labeled C—H carbon have been
reported.3® The 2D NMR spectroscopy further confirmed the
existence of 80 in the cyclized product (IV) (Figure S134). Figure
S$133 compares the 13C NMR of 160 benzoxazinone (bottom) and
that of 180 labeled benzoxazinone (top). ESI-MS analysis revealed
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molecular ion peak at m/z = 332 [M+H]*, which can be assigned to
180 |abeled benoxazinone (Figure S135).

Monitoring the Reaction by UV—visible Spectroscopy. UV—visible
spectroscopy was used as a tool to further investigate the reaction
mechanism. Ground state optical absorption of the aqueous solution
was measured in a quartz cell (light path 10 mm) on a UV —vis
spectrophotometer (PerkinElmer) equipped with a PTC-348WI
temperature controller. Stock solution of 2,3,4,5,6-pentafluorobenzal-
dehyde (I) and 2-amino-6-methyl-benzoic acid (Il) (1x 10-3 M) was
prepared in ethanol. Dilute solution of (3.8 x 105 M) aldehyde and
acid was mixed and the reaction mixture was monitored at different
time intervals (Figure S137). In order to interpret the experimental
results of UV—visbile spectroscopy, the electronic absorption spectra
of the cyclized (IV) and imine (lll) compounds were theoretically
calculated using DFT. The calculation has been carried out at the fixed
geometry obtained by the geometry minimization with the help of
DFT method. DFT calculation suggested the Amax = 291 nm for the
cyclized structure and 319 nm for the imine (Figure S136). Absence of
319 nm band in the reaction mixture (Figure S137) clearly suggested
that the reaction did not follow Pathway A.

Scale Up. In order to demonstrate the synthetic utility of present
strategy, a gram scale synthesis was attempted. To a stirred solution of
2-amino-6-methyl-benzoic acid (6.7 mmol, 1.01 g) in ethanol (50
mL), was added 2,3,4,5,6-pentafluoroaldehyde (13.4 mmol, 2.62 g) in
the presence of catalytic amount of acetic acid at room temperature.
The resulting reaction mixture was refluxed for 6 h with constant
stirring and later concentrated in vacuo to afford a crude semisolid
material. The residue was further washed with hexane (100 mL x 3) to
produce free-flowing crystalline compound (15) in 92% isolated yield
(2.032 g). In addition, excess aldehye and solvents (ethanol, hexane)
were recovered and reused.
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Senior Research Fellowship (July 2017- July 2020): Awarded by The
University Grants Commission (UGC), New Delhi, India in the field of chemical
science.

CAREER
HIGHLIGHTS

-

e

PATENT &
RESEARCH
PUBLICATIONS

®
0'0

Presented poster in National Science Day, NCL Research Foundation at CSIR-
NCL, Pune held on 25-26 Feb. 2017. “Secondary Interactions Arrest the
Hemiaminal Intermediate to Invert the Modus Operandi of Schiff Base Reaction:
A Route to Benzoxazinones.” Patel, K.§; Deshmukh, S. §; Bodkhe, D. V. §; Mane,
M.; Vanka, K;; Shinde, D.; Rajamohanan, P. R;; Nandi, S.; Vaidhyanath, R.; Chikkali,
S.H.

Attended and presented poster in 16th International Conference on Science
and Technology of Polymers and Advanced Materials, SPSI-MACRO-2022, in
CSIR-NCL, Pune. “Ti-Iminocarboxylate Catalyzed Polymerization of Ethylene to
Highly Crystalline, Disentangled, Ultrahigh Molecular Weight Polyethylene.”
Bodkhe, D. V.; Chikkali, S. H.

Samir H Chikkali; Ketan Patel, Satej Deshmukh and Dnyaneshwar V. Bodkhe,
Matal free single step synthesis of substituted benzoxazinones,

Birajdar, R. S.; Bodkhe, D. V.; Gupta, P.; Shaikh, M. H.; Ramekar, R.; Chikkali, S.
H. Emerging trends in olefin polymerization: a perspective. J. Macromol. Sci. A

Patel, K.§; Deshmukh, S. §; Bodkhe, D. V. §; Mane, M.; Vanka, K.; Shinde, D,;
Rajamohanan, P. R; Nandi, S.,; Vaidhyanath, R.; Chikkali, S. H. Secondary
Interactions Arrest the Hemiaminal Intermediate to Invert the Modus Operandi
of Schiff Base Reaction: A Route to Benzoxazinones. J. Org. Chem. 2017, 82,
4342-4351.D0I: 10.1021/acs.joc.7b00352 (§ = Equal author contribution).
Bodkhe, D. V.; Chikkali, S. H. Ti-Iminocarboxylate Catalyzed Polymerization of
Ethylene to Highly Crystalline, Disentangled, Ultrahigh Molecular Weight
Polyethylene. Eur. Polym. J. 2023, 182, 111725/1-8. DOL
10.1016/j.eurpolym;j.2022.111725.


https://doi.org/10.1016/j.eurpolymj.2022.111725

TECHNICAL
EXPERTIES

SOFTWARE TOOL
EXPOSURE

-

OTHER SKILLS

Rajput, B. S.; Pawal, S. B.; Bodkhe, D. V,; Rao, I. N,; Sainath, A. V. S.; Chikkali, S.
H. Renewing Polyethylene: Insertion Copolymerization of Sugar Derived
Hydrophilic Monomers with Ethylene. Eur. Polym. J. 2020, 134, 109775/1-6.
DOI: 10.1016/j.eurpolymj.2020.109775.

Bodkhe, D. V,; Patel, K. P.; Shaikh, M. H.; Shivaram, S.; Chikkali, S. H. Sterically
Tailored Phenoxy-imine Titanium Complexes as a Catalysts for the Preparation
of Ultra-High Molecular Weight Polyethylene. (Manuscript under preparation).

e Organometallic and polymer chemistry:

e Experience in synthesis of organometallic compounds and their
intermediates

e Experience in synthesis of air and moisture sensitive ligands and their early
Transition metal complexes

e Polymerization Techniques: Ziegler-Natta catalysis, scale-up experience

e Other Skills: Troubleshooting complex instrument issues, data analysis, and
report preparation.

e Skilled in Schlenk techniques and handling of glove box

e Analysis of organic and organometallic compounds using various
spectroscopic techniques such as 1-2D NMR, Mass, IR spectroscopy, DSC
and single crystal X-ray crystallography

e Mechanistic analysis using NMR, Mass, IR spectroscopy and single crystal X-
ray crystallography

e Performed reactions using MMAO-12, dialkyl aluminum chlorides and
trimethyl aluminium (TMA)

e Expertise in Top-spin 3.5, Omnisec, GPC IR Control, GPC One, ACD/NMR
processor, Bruker AXS for single crystal XRD, Cambridge Structural
Database System (CSD), Mercury 3.7, DSC Q10/Q100, ChemDraw, OriginPro
8, search engines like SciFinder and Web of Science.

Industry-Ready Competencies

v Expertise in scaling polymerization processes from laboratory to pilot plant
reactors.

v" Proficiency in handling moisture-sensitive compounds with stringent
protocols.

v Ability to independently manage projects and solve technical challenges
efficiently.

Leadership and Teamwork
v" Supervised and trained M.Sc. interns, instilling strong collaboration and
mentoring skills.

Workshops and Events Management

v Organizer: Explore the Polymer Processing/Manufacturing Industries
Workshop, Aurangabad, April 28, 2022.

v Successfully managed and coordinated a workshop aimed at providing
insights into polymer processing and manufacturing industries.



LANGUAGES

@

INTRESTS

REFERENCES

PERSONAL DETAILS

Engaged with industry professionals and academia to create a platform for
knowledge exchange.

Facilitated participation and logistics for attendees, ensuring the event's
smooth execution.

English
Hindi
Marathi

Traveling

Sports (Walking, Exercise, Running & Badminton)
Reading

Music (Playing, Listening & Singing)

Cooking

Photography

Communicating With People

Dr. Samir H. Chikkali (Ph. D. Supervisor)
Senior Principal Scientist and Assistant Professor
Polyolefin Laboratory
Polymer Science and Engineering Division
CSIR-National Chemical Laboratory
Dr. Homi Bhabha Road, Pashan, Pune-411008,
Maharashtra, India.
Tel.: 020-2590-3145
E-mail: s.chikkali@ncl.res.in

Dr. Harshavardhan V. Pol (Ph.D. Co Supervisor)

Principal Scientist & Assoc. Prof. (AcSIR) Polymer Science and Engineering
Division CSIR-National Chemical Laboratory

Dr. Homi Bhabha Road Pune-411008 Maharashtra, India Phone: +91 20
2590 2740

E-mail: hv.pol@ncl.res.in

Dr. Prakash P. Wadgaonkar

Chief Scientist,

Polymers and Advanced Materials Laboratory

Polymer Science and Engineering Division CSIR- National Chemical
Laboratory

Dr. Homi Bhabha Road, Pashan, Pune-411008, Maharashtra, India.

Tel.: 020-2590-2306

E-mail: pp.wadgaonkar@ncl.res.in

Date of Birth: 8th April 1990
Gender: Male


mailto:s.chikkali@ncl.res.in
mailto:pp.wadgaonkar@ncl.res.in

e Nationality: Indian
e Marital Status: Married

I hereby declare that all the information given above are true to the best of my knowledge and belief

(g

Dnyaneshwar V. Bodkhe



