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Abstract

Catalytic ethylene oligomerization is a well understood industrially viable process.
The large majority of scientific literature and patents concerning this process has been
developed with the use of chromium catalysts. Commercial systems producing selective
tri/tetramerization, non-selective oligomerization and polymerization are all based on this
metal with the exception of a few systems based on other transition metals (Zr, Ti, Ni
etc.). This versatility raises interesting questions about chromium’s unique behaviour.
Essentially, selective or non-selective oligomerization and polymerization processes
could be regarded as belonging to the same category of C-C bond forming reactions,
though different mechanisms are involved.

The first part of this thesis explores a variety of chromium complexes for ethylene
oligomerization purposes. In order to gather further information about the unique
behaviour of chromium, we have explored a variety of nitrogen and phosphorus
containing ligands. We started with a simple bi-dentate anionic amidophosphine (NP)
ligand and assessed the role of the ligand’s negative charge and number of donor atoms in
determining the type of catalytic behaviour in relation to the metal oxidation state. This
ligand proved capable of generating a series of chromium dimeric, tetrameric or
polymeric and even heterobimetallic chromium-aluminate complexes in different valence
states. This allowed us to isolate a “single component” self activating Cr(Il) complex as
well as a rare example of mixed valence Cr(1)/Cr(Il) species. Additionally, each of these
species acted as switchable catalyst depending on the type of co-catalyst and solvent used

(Chapter 2).



To systematize out comprehension of the NP ligand, we have replaced the acidic
proton in an (NP) anionic ligand with an alky group. An impressive selectivity switch
from trimerization to tetramerization (>90%) was observed (Chapter 3). One of the
important achievements during the study of this thesis work was the finding of a first ever
selective tetramerization catalyst reaching >99% selectivity for 1-octene with Cr-amino-
bispyridine ligand systems (Chapter 4). In search of a clue to introduce the selectivity in
the catalytic cycle we have uncovered the ability of simple dicyclohexyl amido ligand to
stabilize the monovalent state of chromium (Chapter 5). Extending this concept, a variety
of bi-dentate and tri-dentate amidinate (NCN) and amidate (NCO) ligands were also
assessed for highly active and non-selective polymer free oligomerization behaviours as
they have shown enough ability to stabilize the divalent oxidation state of chromium
(Chapter 6).

The second part of this thesis explores a few nickel based complexes. Aiming of
our study at low valent nickel complexes and their catalytic performances towards
ethylene oligomerization, we have chosen different well established ligands in this field.
To this end, we were able to isolate a novel nickel dinitrogen complex Ni(0), a nickel
hydride complex Ni(ll) and even the first example of a nickel alky bis(imino)pyridine
complex Ni(l). The “non-innocent” nature of the ligand and its involvement in the
organometallic chemistry of the metal centre has been studied. All of these complexes
were assessed for their ethylene oligomerization behaviour (Chapter 7). Even in this case,
we were looking for highly reactive monovalent species and have isolated a rare example
of heterobimetallic Ni(l) species with a dianionic tripyrrolide ligand (Chapter 8).

Characteristics C-C bond forming and C-C bond cleavage properties of nickel were



revealed by isolating corresponding dimethyl pyrrolid-nickel complexes (Chapter 9). All

of these complexes were tested for their unique ethylene dimerization behaviour.
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CHAPTER ONE

1. General Introduction

1.1 Polyolefin: Historical Development

In their natural forms polymers have revealed their existence as tar, shellac, tortoise shell,
silk, wool and tree saps producing amber and latex. During World War II, when natural sources
of latex, wool, silk and other material became scarce, the need of synthetic polymers became
more urgent. Since then, the polymer industry has continued to grow. In over 50 years it has
evolved into one of the fastest growing industries in the world. Its production increased from 1.5
million tones in 1950 to 230 million tones in 2009. There is hardly any aspect of life that is not
affected by synthetic polymers today, from simple household commodities, to even highly
specialized applications such as artificial knee and hip implants are just a few of the many of

synthetic polymers, contributing to the trillion dollar industry.'

As the Greek philosopher Democritus has quoted: “Everything existing in this Universe
is the fruit of chance and necessity”. Louis Pasteur also stated that “Chance favours the prepared
mind”. The invention of polyolefin is no exception with this respect. Polyethylene was first
discovered at the end of the 18" century in the lab of the German chemist Hans von Pechmann as
a polymethylene when diazomethane thermally decomposed in an experiment.” The second
observation was due to Eric Fawcett and Reginald Gibson at Imperial Chemical Industries (ICI)
at the beginning of 1930. While exploring high pressure and temperature reactions projected for
the dyestuffs industry, radical polymerization of ethylene was serendipitously obtained.’ The
polymer produced in this process utilizes the free radical pathway, resulting in a highly branched

1
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low-density polyethylene (LDPE). This was in fact the birth of LDPE. The polymer production
required very harsh conditions, (300 °C, and 3000 bar of ethylene pressure) and low melting (~
110 °C), semi-crystalline elastomers of poor mechanical properties were obtained. This in fact
turned out to be advantageous for usage of LDPE as insulating material for wires and

packaging.?

Another accidental discovery at the beginning of the 1950’s marked a milestone with the
finding of high-density polyethylene (HDPE). Since these polymers were not produced from
free-radical mechanism they were linear, resulting in high melting temperature (130-137 °C). In
addition, a higher degree of crystallinity was obtained and which eventually gave stiffer,
stronger, and heat resistant plastics, thus enabling to expand the number of applications. In 1951,
Hogan and Banks at Phillips Petroleum invented the first low-pressure method for the linear
polymerization of ethylene over a Cr-oxide supported catalyst.* Followed by this discovery Karl
Ziegler in 1953 published the formation of HDPE by using for the first time transition metals,
with a low-pressure catalytic system based on titanium-halides and aluminum alkyls. This was a
major discovery that was honored with the Nobel Prize in Chemistry in 1963, shared with Giulio

Natta for his equally remarkable discovery of isotactic polypropylene.’

Both of these inventions marked the beginning of a new industrial era in the world of
polyolefin. Today more than 100 million metric tons of plastics, elastomers, and rubber
producing olefins are produced using these catalyst systems.® Not only has the industrial world
benefited from this invention, but the field of organometallic chemistry has also been blooming
under the pressure of discovering more performing catalysts. These inventions lead to the

development of ultra-high molecular weight polyethylene (UHMWPE), a class of high-density
2
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polyethylene with molecular weight above 10° g/mol and with a lesser degree of branching. The
materials produced from this invention have a high degree of resistance and tensile strength and
are used to produce heavy duty cables, fibers, artificial knees, hip implants, and other various
applications. However, these new plastics were still susceptible from the problems of stiffness
and cracking. The shortcomings of these polymers challenged scientists to do further research
and eventually led to the invention of a more flexible, thin and transparent polyethylene with
high tensile strength and puncture resistance value known as linear-low density polyethylene

(LLDPE).

NN

UHMWPE

HDPE LLDPE

Figure 1.1 Microstructure of HDPE, UHMWPE, LLDPE
LLDPE is the highest demanded PE with 8.3% annual increase worldwide, this is followed
by polypropylene (6.1%) and then HDPE (3.8%)." In order to satisfy the ever-growing demand
for LLDPE, the use of linear a-olefins (LAO) is a viable alternatives and made these species the
most important additives for polyolefin and polymer industry. LAO’s are produced by the
carbon-carbon bond forming processes referred to as oligomerization. This has resulted in
products that range from four to twenty-four carbon chain units, contrary to the products in the

category of polymerization which retain a carbon chains ranging from thousands to millions.
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As mentioned earlier, the beginning of today’s industrialized polyethylene business started
in 1964 with the Ziegler-Natta discovery of the titanium-halide based catalyst in presence of
aluminum alkyls. This invention opened up a whole new area of research in the field of
organometallic chemistry and encouraged the exploration of aluminum alkyl compounds in
catalysis and polymerization research. Nonetheless, the heterogeneous nature of the catalytic
system poses a great obstacle to understanding mechanistic details of the polymerization. The
major breakthrough in its understanding was achieved by Cossee and Arlman. According to their
proposal, the TiCls becomes reduced to TiCl; upon combining with the aluminum alkyl (Scheme
1.1). TiCl3 and aluminum alkyls react on the surface of the particles to generate metal-carbon
(Ti-C) bonds. An ethylene molecule is then m-coordinated to the Ti center, followed by insertion
into the Ti-alkyl bond via a four-member cyclic transition state. Repeated coordination and
insertion of ethylene into the growing polymer chain constitutes the chain propagation steps as

shown in Scheme 1.1.°

?l
T AIEL,CI Cln T,/o _ GHe Cline T|/\\
—l | Cl l\ /l\

I\ —cr 4 —< 5 K

% ] N
i o ] : :]
NN —

ClieTi /C|m..,'|l'i_\——
—Cl (l:| a repeated insertions ~ —Cl Cl:I C{ —Cl (l:l C{
AN C,H, AN AN

Scheme 1.1: Cossee-Arlman mechanism for polymerization.’
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The transition state as shown in Scheme 1.1 is the result of 2+2 cycloaddition. Even
though, this process is usually symmetry-forbidden, it is made possible by the polarity of the
bonds and the contribution of the metal d-orbitals. The termination step is usually caused by p-
hydrogen elimination. The nature of the products formed is determined by the relative rates of
propagation versus termination. A relatively fast termination compared to propagation results in
the formation of oligomers while a relatively slow termination rate leads to polymerization
products.

Another disadvantage of the heterogeneous nature of the Ziegler catalytic system is the
production of broad molecular weight distribution polymers, presumably due to the multi-facet
catalytic species formed during the polymerization. A solution came in the form of
homogeneous, single-site catalysts. In 1957, Breslow, Newburg and Natta discovered the first
titanocene Cp,TiCl/AIR,Cl system. The homogeneous nature of the system provided an
opportunity to re-evaluate the polymerization process. Evidence shows that the initial activation
step creates a cationic metal alkyl species which remains as a solvent separated ion-pair in
equilibrium with the alkyl-bound contact ion-pair, as shown in Scheme 1.2.'° Nucleophilic attack
to the electron deficient metal center by the weakly basic ethylene molecule facilitates the typical
Cossee—type mechanism. The chain termination step occurs either by 1) f-hydrogen transfer (or
elimination) from the polymer chain to either the coordinated monomer or the metal center, or 2)

chain transfer to aluminum (Scheme 1.2)."
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CP_wCl AR, PR LA CP iR,
co’ o -clh cr’ R o’ SR
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Scheme 1.2: Proposed polymerization mechanism for homogeneous system."”’

The mechanistic understanding led to the development of a very large variety group-1V

metallocene catalysts which are successfully used for the olefin polymerization industry.""
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1.2 Post-Metallocene Catalysts:

With the monumental success in metallocene research, the next generation of catalysts
which have slightly or completely different structures were synthesized and used.'** Depending
on the type of ligand and metal used, these post-metallocene catalysts show different reactivity
and selectivity towards the comonomer incorporation. A detailed discussion of this topic is not
within the scope of this thesis although an overview of these post-metallocenes is schematically

highlighted below (Figure 1.2)."2"

M

N/ N R R
| R ]%)j
R —N_ O
@ 4 N/

@ \Cl _M—
M“‘“\ 5
mpe! N ~~ R S @\
-

; R
“\\\\\Cl
Cl

Cl Cl

Figure 1.2: Development of early transition metal post-metallocene catalysts."”
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1.3 Ethylene Oligomerization

With this wealth of knowledge and the demand for the development of improved quality
polyethylene (PE) products, the main focus of research today is on the development of a new
type of polymer that incorporates different monomer in a controlled fashion conveying desired
properties to the polymer. As a result, the number of carbon units on the co-monomers will have
a direct effect on the nature of the polymer produced (Table 1.1).

Table 1.1: Applications of Linear Alpha Olefins (LAO)"”

LAO Main applications
Fractions

Cs—Cy Polyolefin co-monomer (LLDPE, HDPE), poly-butene-1, plasticizer alcohol, intermediate in the
production of oxo alcohols, hexyl mercaptans, octyl mercaptans, amines, organo-aluminum
compounds and synthetic fatty acids.

C1-Cop, An intermediate in the production of epoxides, amines, oxo alcohols, synthetic lubricants, synthetic
fatty acids, alkylated aromatics and synthetic lubricants, plasticizer alcohol, Production of linear
alkylbenzene, detergent alcohols (oxo alcohols), amines and amine oxides, mercaptans, epoxides.

Cie+ Alpha olefin sulfonate, detergent alcohols (o0xo alcohols), lubricant additives, wax lubricants.

The market demand of these LAQO’s according to their specific applications is depicted in
(Figure 1.3)."* The data provided has shown that the fractions Cs4 - Cs are in high demanded as a
co-monomer for the production of LLDPE. LLDPE incorporates 10-20% of 1-hexene or 1-
octene in the structure which results in its characteristic clear and thin film with high tensile
strength and puncture resistance value. Consequently, a vast majority of industrial and academic
research has been continuously focusing on developing the catalytic systems responsible for

selective tri- and tetramerization of ethylene hoping for eventually gaining the mechanistic
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understanding and the knowledge of the parameters responsible for generating such high purity

products required in the polymer industry."

- - Cius -Cis
Com - Cor” 12 - Cig

Tallow Amines Surfactants

Comonomer

C, -Csg

Plasticizer Alcohols

Cs -Cio

Synthetic Fluids
Ci-Cs

Detergent Alcohols

C14= - C16=

Figure 1.3: Market distribution of a-olefins."”

1.3.1 Mechanism for Ethylene Oligomerization

Mechanistic understanding is the key for rationally designing and fine tuning the
improved catalyst systems. Due to the versatile behavior of producing selective and non-
selective oligomerization products as well as polymerization products, over 90% of patents and
scientific literature for ethylene oligomerization processes are based on chromium catalysts. This
versatile behavior is believed to be due to the redox dynamisms that exist between the different
oxidation states of organo-chromium species (Figure 1.4). Consequently, the majority of the

mechanistic studies and proposals have been carried out on chromium-based catalytic systems.

y Cr’-,(I)\
Cr(II)

L

Figure 1.4: Redox dynamism between the different oxidation states of Chromium.
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A brief highlight of the accepted mechanisms for tri-/tetramerization and non-selective
and selective oligomerization, as well as an alternative mechanism for the selective

tetramerization of ethylene based on chromium systems is given in the following section.

1.3.1.1 Linear Chain Growth Mechanism (Non-Redox):

The main feature of the linear chain growth mechanism proposed by Cossee-Arlman
(Scheme 1.3) is that the metal oxidation state remains constant through out the catalytic cycle,
the driving force being the Lewis acidity of the metal centre that initiates the coordination of the
ethylene molecule.'® Following this event is the insertion between metal-carbon bonds. The
product is released via f-hydrogen elimination and the cycle continues until the catalyst is
deactivated. The nature of the product formed is based on the rate of elimination versus the rate
of insertion. If the rate of elimination is faster than the rate of insertion, shorter carbon chains
containing oligomeric products are formed. In contrast, faster rates of insertion compared to the
elimination of the products result in longer chain products. This mechanism is able to explain the

general oligomerization pathways as shown in Scheme 1.3.

1
1
]
—— Cr—R —
coordination T insertion

B -H elimination

AN A
cr - cr
n
Sy
coordination/insertion ) coordination/insertion
= /\/\/R
Cr

Scheme 1.3: Cossee — Arlman Linear Chain Growth Mechanism (non-redox).
10



Chapter One — General Introduction

1.3.1.2 Ring Expansion or Metallacycle Mechanisms (2-electron redox process):

In 1964, Manyik was the first to propose metallacycle mechanisms for selective
trimerization of ethylene.'” In contrast with the linear chain growth mechanisms, ring expansion
mechanisms follow the 2-electron redox process as the oxidation state of the metal centre

changes throughout the catalytic cycle (Scheme 1.4).

[Crl

>/ oxidative
. couplin
reductive plng
elimination

[cn nt2

- [ an
H K/ n+2 coord
[ crl
[c 4 n+2 . /

mi gra.tory \

sertion

Scheme 1.4: Metallacycle mechanism for selective tri-/tetramerizatiom.
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The key step in this cycle is the formation of metallacyclopentane intermediate via the
oxidative coupling of two molecules of coordinated ethylene to the low valent metal centre. This
is followed by the insertion of a third molecule of ethylene to generate a 7-membered
metallacycle. If the ring is stable enough, and the rate of elimination is faster than the rate of
insertion of ethylene, selective formation of 1-hexene is obtained via f-hydrogen transfer
followed by reductive elimination. The computational studies reveal that the two steps f-
hydrogen transfer and reductive elimination, to yield 1-hexene, is in fact one step concerted 3,7-
H transfer as shown in Scheme 1.4.'% However, if the rate of insertion is faster than the rate of
decomposition, metallacycle growth continues via subsequent insertions of ethylene as long as
ring geometry permits. The metallacycle may undergoes reductive elimination of c-olefin,
restoring the original oxidation state of the metal, thus being ready to restart the next catalytic
cycle.'® The generation of 9-membered rings and eventually reductive elimination to 1-octene in
a selective fashion is therefore highly unlikely. On the other hand, experimental evidence from
studied of Sasol’s Cr(PNP) tetramerization systems suggests the involvement of metal-hydride
intermediate, contrary to the computational studies.'® The observed formation of the cyclic by-
products via metal-hydride intermediate such as methyl- and methylene-cyclopentane in a 1:1

ratio is rationalized in Scheme 1.4.

12
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This is today a well-accepted mechanism for selective trimerization of ethylene. The
experimental evidence for the formation of metallacycle intermediates was shown by Jolly in
1997 by isolating and crystallographically characterizing both chromacyclopentane and

chromacycloheptane while the latter undergoing decomposition at 56 °C to 1-hexene (Figure

: /Cr{-—.CI

1.5)."

N
v a
MEgCl
Li NN
Li"\/\/ (17%) CIMg
or 2 CHy=CH, Mg* (90%) (49%)

T, =56°C
Tuee =151°C yields 1-hexene

Figure 1.5: Isolated structure for chromacyclopentane and chromacycloheptane.”

Recent systematic mechanistic studies with deuterium labelling experiments performed
by Bercaw,” Gibson®' and McGuinness® also conclusively demonstrated the metallacycle
mechanism hypothesis.

Despite the selective formations of certain a-olefins, mechanisms for the formations of
non-selective oligomerization products are still in debate. Nonetheless, crossover experiments

with C;Hs and C,D4 performed with tungsten, nickel, cobalt and iron based non-selective
13
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catalytic systems are found to be consistent with the Cossee mechanisms,” while certain Cr-

based non-selective systems are found to be consistent with the metallacycle mechanisms

(Scheme 1.5).%*

Scheme 1.5: Proposed extended metallocycle mechanism for Schulz-Flory distribution.

It seems unreasonable that non-selective Cr-based systems follow the extended
metallacycle mechanisms. This is due to the fact that the transition state that leads to f-hydrogen
elimination from the chromacyclopentane is expected to be rather strained compared to the ring
expansion by ethylene insertion. Therefore, these systems seem to be more consistent with the

chain-growth Cossee-type insertion mechanisms.
1.3.1.3 Proposed Bimetallic Mechanism for Ethylene Tetramerization:

As already mentioned, ethylene trimerization systems have made major breakthroughs

with the preparation of highly active and selective systems, *°

with the ring expansion
mechanistic hypothesis being widely accepted.”® The same metallacycle mechanism is also used

to explain the formation of 1-octene. Computational studies have revealed that the collapse of
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metallacyclohepatane to generate 1-hexene is energetically favoured when compared to the use
of ethylene insertion to produce metallacyclononane and eventually 1-octene. Therefore, it is
unlikely that through a ring expansion mechanism a highly selective tetramerization catalyst will
be obtained, and so, the search for a catalytic system capable of forming 1-octene with high
selectivity poses a great challenge. As a result, there are only three homogeneous catalytic
systems in all of patent and academic literature that are capable of producing large excesses of 1-

octene.27

Given the rarity of tetramerization catalysts, one might wonder if a selective
tetramerization system producing 1-octene may be possible, without an alternate mechanistic
pathway being followed.

Recently, an alternate mechanistic proposal for the formation of 1-octene has been
reported in the literature involving dinuclear chromium complexes (Scheme 1.6).” This proposal

is based on the observations made for acetylene trimerization and the formation of 1-octene upon

thermal decomposition of tetralithium tetrabutanediyldichromate from dinuclear chromium

complexes.” 4%

%/)/ Cr---Cr X
oo

Scheme 1.6: Proposed bimetallic mechanism for selective tetramerization.

15



Chapter One — General Introduction

According to the proposal, monovalent dinuclear chromium centers should be held by the ligand
in such a distance that in one hand it prevents formation of Cr-Cr quintuple bond and at the same
time keeping the intermetallic distance sufficiently short enough to afford an internal reductive
elimination of the two five membered rings to 1-octene (Scheme 1.6). This mechanism avoids an

intermediate metallacycloheptane that is responsible for the formation of 1-hexene.

1.3.2 Chromium Based Selective Ethylene Oligomerization Systems

For the purpose and scope of this thesis work, related breakthrough systems and the most

influencing commercial catalysts have been highlighted in this section.

1.3.2.1 The Phillips System — Pyrrolyl Ligands

Reagan, in Phillips Petroleum Company, was the pioneer researcher for developing
highly active and selective commercial systems for ethylene trimerization. The in situ generated
catalysts consist of mixture of 2,5-dimethylpyrrole (DMP), chromium-ethylhexanoate and
DEAC/TEAL in hydrocarbon solvent, affording an outstanding activity (156,666 g/g Cr/h) with

a purity as high as 93.2% of 1-hexene (Figure 1.6). %%

Phillips system: 1999
H

N
Cr(2-EH)s +\@/ + EBAICI + EtAl

Activity: 156,666 g/g Cr h
1-C6: 93.2%

Figure 1.6: Phillips-Chromium Pyrrolyl catalyst for ethylene trimetization.
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The most significant contributions to the Phillips system were made by Mitsubishi
Chemical Corporation.®®> Their improvement consists on the use of chlorinated solvent,
hexachloethane, and non-coordinating Lewis acid, B(C¢Fs);. With the same in situ protocol
containing chromium(IIl)2-ethylhexanoate, 2,5-dimethylpyrrole and triethylaluminum in molar
ratios of 1:6:4:40, the process afforded 95.4% pure 1-hexene. This method had a significantly

higher activity of 3,780,000 g/g Cr/h in comparison to the Phillips system (Figure 1.7).%

Mitsubishi system: 1999
H

N
Cr(2-EH)5 +\@/ + C,Clg + EtAl

Activity: 3,780,000 g/g Cr h
1-C6: 95.4%

Figure 1.7: Mitsubishi improved Chromium Pyrrolyl catalyst for ethylene trimetization.

Despite the enormous commercial success of these systems, the system remained poorly
understood until the catalytically active species were isolated from the Gambarotta’s lab (Figure
1.8).>* The findings relate the specific chromium oxidation states with the type of catalytic
behaviours. For example, an active species of Cr(I)-pyrrolato system showed selective formation
of 1-hexene with ethylene whereas Cr(II)-species showed the exclusive formation of

polyethylene (Figure 1.8, A & B).
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( N

5270
Cr(ll)
ELALL o Polymeri
al \ AIEt, zation cat.

Figure 1.8: Isolated active species of Cr(I) and Cr(II)-pyrrolato system™

1.3.2.2 The Albemarle/Amoco System — Tris-Phosphorus Ligands

Following the Phillips patent, Amoco corporation filed another patent for selective
trimerization of ethylene with asymmetric polydentate phosphorus ligands of the general formula
R,P (CH;), P(R”)(CH;), PR, where (a = 2, b = 3). Their best results were obtained with a Cr(III)
complex bearing the asymmetric Me,P(CH;),P(Ph)(CH,);PMe, ligand when activated with 222
equivalents of butylaluminoxane (BuAQO) and at 35 bar of ethylene pressure, at 60°C. A
productivity of 48700 g/g Cr/h and selectivity of 98.3% of hexenes (99.0% of 1-hexene) was
reported (Figure 1.9).> Nonetheless, high cost and difficulty in catalyst preparations challenge

the commercialization of this system.

Ve

US5811618, Amoco Corporation:1995
§
P 222, BUAO _
\ -
\\\\‘ Cr\Pwll” CZH‘: ?5 bar, 60 °C
‘ CI \ olene Activity:48,700 g/g Cr/h
Cl 1-C6: 99%

Figure 1.9: Amoco’s tris (phospha)-Cr complex for selective trimerization.
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1.3.2.3 Tosoh Corporation’s System — Tris(pyrazolyl)methane Ligand

Tosoh Corporation’s researcher added one more significant step in the discovery of
highly active and selective ethylene trimerization systems by making use of already existing tris
(pyrazolyl) methane ligands. This ligand adopts facial coordination geometry with the Cr-metal
centre as opposed to the meridional ligation adopted by the above mentioned tris-phosphorus
ligand systems. The Cr(III)-complex of this tris (pyrazolyl) methane ligand, upon activation with
360 molar equivalents of MAO as co-catalyst, showed the overall productivity of 40,100 g/g
Cr/h and selectivity reaching 99.1% (Figure 1.10).% The significance of this system lies in the

stability of the ligands making them easy to handle compared to the Phillips pyrrolato systems

( N\ ( N\

Tosoh:2002 Hor : 2002 R

/ R
/ /N/N\Rﬁ'\‘\ N + MAO &;\1/*’\‘\_\ + MAO
N = —N_, X N

r\
al /I/ cl cl /|l cl
. X=§,0,R"'=H, Me
Activity : 40,100g/gCr/h Activity : 21,0009/gCr/h R = Me. Bz Ph. i-Pr
L 1-C6:99.1% | 1-C6:99.6 % ' '

Figure 1.10: Tosoh’s and Hor’s Pyrazolylmethane system.
and Amoco tris-phosphorus systems.

Further modification of this system carried out by Hor and coworkers, consists of the
replacement of central pyrazolyl ring with the functionalized pendant arm on the spacer link
between the two pyrazolyl moieties, thereby giving so called ‘“heteroscorpionate” ligand
architecture. The ether functionalized arm was found to be more robust with the overall

productivity and selectivity of 21,000 g/g Cr/h and 96.1% of 1-hexene, respectively. In contrast,
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the case of the thioether functionalized pendant has a lower activity (16,200 g/g Cr/h), albeit

higher selectivity (99.6%) was observed (Figure 1.10).”

1.3.2.4 The British Petroleum System — Hybrid Nitrogen and Phosphorus Ligands

It was Duncan Wass from British Petroleum (BP) that established the multidentate N and
P hybrid ligands with Chromium (III) metal precursor for obtaining selective trimerization of
ethylene. The systematic studies done on the effect of substituent on this ligand, showed that the
breakthrough system was obtained upon in sifu mixing of Cr(halide)-precursor with ortho
(methoxyphenyl),PN(Me)P(methoxyphenyl), ligand when activated with 300 equivalents of

MAO in toluene solvent (Figure 1.11).

BP catalyst : 2002

OO
/N\
3 E + CrClg. THF; + MAO

Activity : 1,033,200g/g/Cr/h
1-C6:89.9%

Figure 1.11: BP catalyst for selective ethylene trimerization.

The productivity from this system was significantly high enough (1,033,200 g/g Cr/h)
with the remarkable selectivity of 1-hexene (89.9%) even with no polymer fouling in the
reactor.”® This activity is one order in magnitude higher than the Phillips system because it has

an extremely low deactivation rate of catalyst.
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1.3.2.5 The Sasol System — PNP and SNS hybrid Ligand

In their initial studies McGuinness and Wasserscheid found the hybrid N and P ligand of
the general formula R,PCH,CH,N(H)CH,CH,PR; to support very active ethylene trimerization
while in combination with Cr(IlI)-halide source and MAO as an activator. Later on, Sasol
technology improved the system even further and patented the systems. Less sterically crowded
diethylphosphino substituent compared to sterically demanding dicyclohexyl substitutes showed
increased activity (37, 400 g/g Cr/h) and 1- hexene selectivity (93.2%).> However, the drawback
of this system is its requirement of a very high amount (850 equivalents) of MAO for activation

(Figure 1.12).%

( McGuinness, Y ( McGuinness, )
Sasol Technology, 2001 Sasol Technology, 2001
H H
| |
N N
+ MAO + MAO
P—Cr—P~ S—Cr—S—
Et// \ Et / Decyl
e o | N e oees’ ot | Nai
Cl Cl
Activity : 37,400 g/gCr/h Activity : 160, 840 g/gCr/h
1-C6:93.2 % 1-C6:98.1 %
\\ \\

Figure 1.12: McGuiness system for selective ethylene trimerization.

Further modifications of the systems have been carried out by the same researchers by
replacing the soft donor- Phosphorus, with another soft donor - Sulphur. The comparatively high
activity (160, 840 g/g Cr/h) and selectivity (98.1%, 1- C6 purity) was obtained with [bis-(2-

decylsulphanyl-ethyl)-amine]CrCl; complex upon activation with a small amount of MAO (280
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equivalents) (Figure 1.12 ).* This discovery introduced the potential of sulphur based ligands as
cost efficient and easily accessible systems.

Another breakthrough discovery in the field of ethylene oligomerizations was achieved
by Bollmann et. al/ in the Sasol Technology by performing a slight modification on the Wass’s
trimerization catalyst, (orthomethoxy)-PNP.*' Their discovery launched the first commercial
tetramerization catalyst with a catalyst obtained by removing the substituent on the phenyl group
at phosphorous and alkylating the centre nitrogen with an isopropyl group (Figure 1.13). The
selectivity of 1-octene was up to a record 70% with an exceptionally high activity 285, 000 g /g
Cr/h.  Other side products were 1-hexene (16%), and methylcyclopentane and

methylenecyclopentane in 1:1 ratio.

Bollmann
Sasol Technology, 2004

\l/ Cr(acac)3 + MAO

N
Ph,p”” > PPh,

Activity : 285, 000 g/g Cr/h
1-C8: 70% ; 1-C6:16%

Figure 1.13: Sasol PNP system for tetramerization of ethylene.

1.3.2.6 The SK Energy System — Chiral PCCP Ligand

Following the slight modifications on the previously investigated less selective (39.7%,
1-C8) diphenylphosphinoethane (PCCP) ligand of Sasol, Kang at SK energy was able to achieve
a remarkably active catalyst of productivity 1,929, 000 g/g Cr/h, while still maintaining the

selectivity for 1-octene (64%) comparable to Sasol’s PNP system. The ligand is based on the
22



Chapter One — General Introduction

PCCP framework containing a chiral scaffold, as shown in Figure 1.14. Among them, the S, S-

chiraphos ligand showed the highest activity.*

Kang, 2008
WO Patent 2008/088178 (SK Energy)

@\P,
v

j;\\\\

P@ + CrClyTHF; + MAO

Activity : 1,929,000 g/g Cr/h
1-C8: 64%
1-C6: 22%

Figure 1.14: SK energy’s S, S-chiraphos ligand for selective ethylene tetramerization.

1.3.2.7 Rosenthal and Wass System — New derivatives of PNP Ligand

A new derivative of Sasol PNP system has been reported by Rosenthal with tethered NH-
moiety to one of the Phosphino arm to give a ligand of the type Ph,PN(i-Pr)P(Ph)(i-prNH).*
Despite showing ki-(P,P) coordination similar to PNP ligands without pendent donors, this
ligand with CrCl;.THF; and activated with MAO 1is proven to be a highly active and selective

ethylene trimerization catalyst (Figure 1.15).
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Rosenthal et al, 2010 ( Wassetal, 2011
i-Pr i-Pr Ph
| i-Pr P. i-Pr
NH NN\, S
\ / \ / N N
/\ /\ +MAO Ph\llD F|,/Ph
~~
Cl// \\CI P >Cr< Ph
o Ve oc” [\ ~co
OoC CO
Acivity :27,000 g/g Cr/h Activit
1.C6: 09.3% At y 378509/9 Cr/h
1-C6: 28 6%

Figure 1.15: Rosenthal and Wass’s tri-and tetramerization system.

Recently, an interesting variation of Rosenthal’s system has been reported by Wass
(Figure 1.15) via an unconventional route. He utilized Rosenthal’s PNPNH ligand as a starting
point to complex with Cr(CO)s, and then treated with MeLi and Ph,PCI to synthesize PNPNP
ligand of the type shown in Figure 1.15. This system proved to be more selective towards 1-

octene (57.1%) than 1-hexene (28.6%), with overall activity of 37,850 g/g Cr/h.**

1.3.3 Nickel Based Ethylene Oligomerization Catalysts

Apart from chromium, another extensively exploited oligomerization catalyst system is
based on the element Nickel. Organonickel chemistry became the subject of immense scientific
interest soon after the Ziegler’s discovery that nickel can transfer Al-H from Al(n-Bu)s to
ethylene, giving butene and AlEt;.*> Late transition metals, (Ni, Pd, Rh, Fe) being rich in
electron density, are less electrophilic than early transition metals (Ti, Cr), thereby decreasing the
attraction of the weakly basic ethylene molecules. Moreover, catalysts of late metals are more

susceptible to f-hydrogen elimination due to instability of metal-carbon bonds. This property has
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made them an attractive candidate for ethylene oligomerization processes. Shell had already been
exploiting Nickel oligomerization catalysts for years since 1972. Keim et al discovered a nickel-
Phosphorusoxide-based catalyst (Figure 1.16)*. This is the first worldwide commercial non-
selective ethylene oligomerization catalyst in a process called “Shell Higher Olefin Process
(SHOP)”.* The activity of this process reaches 6000 moles of ethylene per mol of complex with
99% of linear a-olefins. The individual products require separation by fractional distillation in

order to fulfill their market demand which is laborious and costly process.

Keim, Shell, 1972

Ph
Ph_
,I
Y

Figure 1.16 : Keim catalyst for ethylene oligomerization.

It is proposed that the non-selective oligomers are produced via a general Cossee-type
mechanism (Scheme 1.7). The coordinatively unsaturated species generated after activation is
stabilized by a f-agostic interaction from the hydride of the inserted ethylene molecule. The
evidence for the formation of a hydride intermediate has been reported in the literature.*” This
process is followed by further insertion, and the final product is released after f-hydride

elimination/chain transfer step. The selective formation of a-olefin product depends on the
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ethylene pressure, as the rate of chain transfer relative to chain isomerization increases with the

.48
ethylene concentrations.

<L ~ \ _ X
N
e X
\ activator
MAO or AlR;
+
L R |
( N|(\/
L~ H
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ﬁ)ordmatlon
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Cis and trans L/ \

internal olefin

- H eliminati -1)C,H _ +
- H elimination (n-1)C,H, C:/\Nl\/y\R—l
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e
insertion

+ \ \/\
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Scheme 1.7: Proposed Cossee-type mechanism for non-selective oligomerization by Ni(I) catalyst.”

Various Nickel (II) catalysts tend to favor chain termination over propagation, resulting
in their application for dimerization of ethylene to butene. However, the challenge is to
selectively isolate 1-butene from 2-butene, as nickel catalysts are prone to form internal olefins.
The behavior of nickel catalysts could be fine tuned and modified by the judicious choice of
ligands. As in the case of Cr-catalyst, a selective formation of 1-butene can only be explained via

metallacycle mechanism.*®

26



Chapter One — General Introduction

The paradigm that nickel catalysts can only be used for a-olefins production was
challenged by the evolutionary discovery of Brookhart and Small that nickel catalysts could also
be used for ethylene polymerization. By using already existing diimine ligands, they showed that

late transition metals (e.g Ni) are able to polymerize ethylene and higher olefins to high

molecular weight polymers with exceptionally high activities. This breakthrough has stimulated

the research for understanding the unique abilities of this system to sustain catalytic activity at a

late metal center and encouraged the development of other transition metal systems based on this
family of ligands. Some examples are shown in the Figure 1.17.%

e

I

X ® o
| P —-?Q BF,
N n
N N | | Co
U\ T~ l P
7N Ar - Ar \
Ar/N\ N=ar X X - H
/Ni\ M = Ni, Pd e
= Ni,
a d X = Cl, Br
Ar = 2,6-'Pr,CgHs

Ar = 2,6'iPr206H3

Figure 1.17: Late transition metal polymerization catalysts.”

The bis-iminopyridine ligand system received special attention with respect to steric and

electronic parameters, as it was expected to lead to increased control during ethylene

(Chapter 7).

polymerizations. An attempt of understanding this ligand with respect to its bonding mode,
electronic features and some unique chemical reactivity has been presented below in this thesis
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1.4 The Activators

Since the first discovery of the aluminum alkyls as co-catalysts needed for
polymerization, considerable effort was put towards understanding the actual role in catalysis. At
the early stages, various Lewis acidic aluminum alkyls, or aluminum alkyl halides, were used as
co-catalysts for the purpose of generating active species via alkylation and abstraction of halides
or alkyls from the metal center creating co-ordinatively unsaturated cationic metal alkyl species.
Later on, even stronger Lewis acids such as B(CgF5s)3 or trityl borate salts, [(CsHs);C][B(CgFs)4]
were employed by the researchers to generate a cationic metal centres.”® The improved activity
shown by these co-catalysts is attributed to the presence of a large anionic borate that forms a

solvent-separated ion pair and creates a vacant site adjacent to the M-C bonds.

The whole perspective of the polymerization and oligomerization industry has changed
after the discovery of the highly efficient activator methyl aluminoxane (MAQO) by Kaminski and
Sinn in 1980’s.”! MAO, a hydrolyzed version of AlMe;, is the preferred catalyst activator today.
Even though MAO is widely used and studied as an important cocatalyst, the structure of MAO
is still not fully understood due to the lack of well defined crystal structure. It is believed to be
composed of —-MeAlO- units in a polymeric form, containing variable amounts of free AlMes
ranging from 10-30%. The experimental and computational evidence suggests that, like other
aluminum activators, the role of MAO is 1) to allow alkylation of the metal centers, and 2) to
encourage halide or alkyl abstractions from the metal center, creating an electron deficient
cationic metal centre. It is also believed that the large polymeric structure of the anionic MAO
helps it to remain separate from the metal center, thereby maintaining the cationic nature of the

active species, consequently increasing the catalytic activity. When used in excess, MAO is an
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excellent scavenger of water; however, this large excess is expensive. Alternatively, some
research is being seen for the use of stoichiometric amounts of boron reagents in combination
with some alkylating agents such as TIBA, as an inexpensive alternative for MAO. For the
purpose of this thesis work, different kinds of co-catalysts and alkylating agents were used apart
from MAO, with the aim of isolating catalytically active species and to help to better understand

the factors controlling the selectivity of the catalytic processes.

1.5 Aim and Objectives of the Thesis

At the start of this thesis work, some of the issues regarding the diverse behavior of the
chromium catalysts, including selectivity as well as factors impacting selectivity (solvent effect,
temperature, pressure, activators, and metal oxidation states) were still not conclusively
determined. The key to obtaining selective trimerization catalysts is the possibility of generating
monovalent derivatives. Thus, the initial aim was to address these issues. The ultimate goal of
working with early transition metal, Chromium, and the late transition metal; Nickel, to gather
some missing pieces of the mechanistic puzzle and to better understand the ethylene
oligomerization process was quite ambitious. The knowledge gained from this study could be
applied to the design of new and improved catalytic systems. It is however worth noting that we
were able to isolate the first ever 99.9% selective tetramerization catalyst, an achievement once
considered to be impossible. This was rewarded by World Intellectual Property Organization
(WO) patent filled from commercial company (LyondellBasell). These findings in fact opened
up the door for academic research to find an alternative mechanistic pathway, and give hope to

the commercial world to develop a solely selective tetramerization catalyst.
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To fulfill the aforementioned goal, the following objectives were laid out:

1. Screening of diverse ligands containing N, O and P such as NP, NCN, NCO,
aminobispyridine, pyrrole as well as bis-aminopyridine ligands. From previous studies
done in the Gambarotta lab and others, it appears that stabilization of low-valent states of

the metal catalyst is highly dependent on the nature of ligands.

2. Isolation of well defined & catalytically active intermediates and assessment of their

single component catalytic behavior with ethylene.

3. Isolation and assessment of well defined monovalent Cr(I) and Ni(I) complexes to

address the issue of metal oxidation states in reactivity.

4. Utilization of all the isolated complexes in different oxidation states to understand the
effect of variable pressure, temperature, co-catalysts and solvents on the activity and

selectivity.

Detailed descriptions of the specific issues are addressed in the corresponding chapters.

1.5.1 Chapter 2

This chapter will discuss the isolation of a series of chromium complexes in different
oxidation states, isolation of heterobimetallic Cr-aluminate complexes and few observations
about single component and selective trimerization catalytic behavior of this system. A
remarkable solvent effect on selective trimerization behavior is also presented. For this work, the
anionic amidophosphine (NP) ligand has been selected. In a continued effort to address the issue

of metal oxidation state and catalytic behavior type, I have isolated self-activating monovalent
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Cr(I) complexes via an unconventional route of using a vinyl Grignard reagent. This chapter will
also describe the reduction of the tetranuclear and divalent {[(#-Bu)NPPhy]Cr[p-(z-
Bu)NPPh,],Cr}(-Cl), to an unusual mixed-valence, self-activating catalyst and its
unprecedented switcheability from UHMW polymerization behavior to either selective 1-butene

or 1-hexene depending on the type of activation.

1.5.2 Chapter 3

The previous chapter explains, anionic N-P ligands support a variety of polynuclear
structures, from dimeric to tetrameric, showing an enhanced tendency to retain aluminate
activators. Furthermore, they may also stabilize the monovalent state responsible for selective
trimerization. No tetramerization activity has been determined for these derivatives. Given the
importance of tetramerization catalysts, we have extended our research and probe the N-P ligand
frame by replacing the acidic proton on the ligand with an additional alkyl and explored the
corresponding R,NPPh; ligands. In this chapter I have reported a catalytic tetramerization system
that show with moderate activity a selectivity of over 90%. This chapter will also describe the
further modification of above mentioned neutral NP ligand by adding a pyridine pendent. The
isolation and catalytic assessments of the corresponding Cr(II)/Cr(IIl) complexes will also

describe.

1.5.3 Chapter 4
The search for a catalytic system capable of forming 1-octene selectively indeed poses a

great challenge. In this chapter a conclusive evidence for the formation of substantial amounts of
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1-octene (>99%) using amino-bispyridine-Cr(III) complexes will be provided. Herein we discuss

the implications of these findings.

1.5.4 Chapter 5

The elimination of the P atom from the ligand frame of the PN system and use of a regular
amide anion as well as its impact on the catalytic behavior of the chromium complex has been
studied. In this chapter, I have described the isolation, characterization and catalytic single
component self-activating behavior of chromium amido-aluminate complexes for ethylene
oligomerization in homogeneous system. Depending on the activators, the catalytic activity

switched from polymerization to mixture of 1-hexene/1-octene to S-F distribution.

1.5.5 Chapter 6

As a part of our systematic exploration on ligands, their ability to stabilize a particular
oxidation state and their role in catalytic behaviours, in this chapter, I am presenting our attempt
to evaluate the hard donors bidentate and tridentate amidinates and amidate ligands and their
ability to affect the stability of the chromium divalent state . The bimetallic and monometallic
Cr(II)/Cr(III) complexes were isolated and fully characterized and their highly active polymer

free non-selective oligomerization behavior is also presented in this chapter.

1.5.6 Chapter 7

After the breakthrough discovery of Brookhart et al that nickel catalysts can polymerize
ethylene with exceptionally high activity, the whole research perspective for late metal catalysis
changed. A body of work has been devoted to understand the special feature of these well known

shiff-base ligands to stabilize late metal catalysts at the expense of f-hydrogen elimination. This
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chapter will describe the “non-innocence” properties of bis(imino)pyridine ligand and its
involvement in organometallic chemistry of the metal centre. Additionally, isolation of a novel
Nickel dinitrogen, Nickel-hydride and alkyl complexes as well as their unprecedented ethylene

oligomerization activity is also presented.

1.5.7 Chapter 8

Extending our concept of monovalent species that are particularly of interesting for
taking part in variety of chemical transformations, a great effort has been put to isolated a rare
example of Ni(I) species with dianionic tripyrrolide ligand. In this chapter I have described the
preparation, isolation, characterization and the chemistry related to the formation of the novel
monovalent heterobimetallic nickel species. Ethylene oligomerization activity of monovalent

and divalent complexes is also presented.

1.5.8 Chapter 9

One of the characteristic of Ni catalyst is its ability to form a variety of C-C bonds. The
versatility of nickel in engaging in both reductive elimination and oxidative addition is the basis
of its catalytic behavior. In this chapter I have described an unprecedented example of nickel
promoted reversible C-C coupling at the a-carbon of dimethylpyrrole, however, it was not the
search for the initial aim. Highly selective ethylene dimerization to 1-butene behavior of the

complex is also investigated.
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Switchable Chromium Catalysts Supported by Amido-
Phosphine (N-P) Ligand: From Ethylene
Polymerization to Selective and Non-Selective
Oligomerization.

2.1 Introduction

Chromium is the feature component of commercially employed catalysts for selective tri-

1-10 10-13 8

and tetramerization, non-selective oligomerization'*'® and polymerization.'*?® This

versatility raises interesting questions about this metal's unique behavior. In principle, the three
processes could be regarded as belonging to the same category of C-C bond forming reactions
although, in reality, involve conceptually very different mechanisms. The selective trimerization
is a redox process where a two-electron oxidative addition of ethylene forms an expandable

1-13,17,27-34

chroma-metallacycle followed by a two-electron reductive elimination. The ethylene

reductive coupling is one of the key-steps of this catalytic cycle, in turn requiring a sufficiently

27-34

reactive oxidation state of the metal center. Polymerization is instead a non-redox process
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where the Lewis acidity of the metal center is the drive for ethylene-precoordination, to be
followed by insertion and chain growth.” However, evidence has been produced that, at least in
some cases, polymerization may also proceed via a redox ring expansion mechanism."> Non-
selective oligomerization was also found to proceed via both redox and non-redox
mechanisms.">'” Controlling the selectivity of the ring expansion (e.g. towards either formation
of 1-hexene versus 1-octene or statistical oligomerization) remains a formidable challenge.
Recent synthetic/mechanistic work on the Phillips trimerization system has linked the
metal oxidation state to the type of catalytic performance.**® The isolation of intermediates
capable of acting as a single component self-activating catalysts has pointed to the monovalent
state as responsible for selective trimerization, and to divalent chromium for polymerization and
non-selective oligomerization. Catalysts based on the neutral PNP and related PCCP ligands are

11-13 .
The active

the only existing systems capable of producing a sizable excess of 1-octene.
species of this selective system is believed to contain a cationic chromium(I) center.”>*® One of
the major difficulties in generalizing this crucial information consists of the remarkable redox
dynamism existing between organo-chromium (I), (II) and (III), readily inter-converting via
reduction and disproportionations.® %’

This chapter is describing the preparation of a series of chromium complexes in different
valence states aiming at clarifying their interaction with aluminum alkyl species vis-a-vis the
redox behavior of this particular metal. For this work, we have selected the anionic
amidophosphine (NP) ligand to assess the role of the ligand’s negative charge and number of

donor atoms within the PNP ligand framework in determining the type of catalytic behavior in

relation to the metal oxidation state. Furthermore, recent work by Rosenthal®® on the closely
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related NPNP ligand system has identified an excellent selectivity for the production of 1-

hexene, thus reiterating the potential provided by the combination of these donor atoms.

2.2 Experimental

All reactions were carried out under a dry nitrogen atmosphere unless otherwise stated.
Solvents were dried using an aluminum oxide solvent purification system. CrCl, (THF), and
CrCl3(THF); were prepared according to published procedure.”” Infrared spectra were recorded
on an ABB Bomen FT-IR instrument from Nujol mulls prepared in a dry box except in the case
of air stable compounds. Samples for magnetic susceptibility were weighed inside a dry box
equipped with an analytical balance and sealed into calibrated tubes and measurements were
carried out with a Johnson Matthey Magnetic Susceptibility balance at room temperature.
Samples for variable temperature magnetic susceptibility measurement were pre-weighed inside
a dry box equipped with an analytical balance and measured using Quantum Design SQUID
magnetometer MPMS-XL7 operating between 1.8 and 300 K for dc-applied fields ranging from
—7 to 7 T. NMR data were collected on a Bruker Avance 300 spectrometer. Data for X-ray
crystal structure determination were obtained with a Bruker diffractometer equipped with a 1K
Smart CCD area detector. Elemental analyses were carried out with a Perkin-Elmer 2400 CHN
analyzer. Molecular weight and molecular weight distributions of the resulting polymers were
determined by gel permeation chromatography on a PL-GPC210 equipped with a RI and
viscosity detector and a 3 x PLgel 10 um Mixed-B column set at 135°C using 1,2,4-
trichlorobenzene as solvent. The molecular weight of the polyethylenes was referenced to
polyethylene standards. Results of the oligomerization were assessed by NMR for activity and

GC-MS for reaction mixture composition. Gas chromatography of oligomerization products was
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conducted on a Varian 450-GC equipped with an autosampler and a factor four capillary column
VF-5ms 25Mx0.25MM. A gradient oven temperature program, starting from 50°C (for 2 min) to
280°C at a rate of 10°C/min and holding at the final temperature for 3 min was employed. The
chromatograms were obtained via flame ionization detector (FID). As a transport gas helium was
used. All single-point experiments were performed in duplicate. Aluminum and lithium reagents
were purchased from Aldrich; Vinyl Grignard (Aldrich), MAO (10% wt, ALDRICH), MesAl
and Al(Et); (Strem) were used as received. DMAQO was prepared by pumping in vacuo solution
of MAO for three days and under moderate heating. NMR solutions were checked for eventual

and residual presence of TMA.

2.2.1 Preparation of t-BuN(H)P(Ph),

A solution of t-BuNH; (20 mL, 173 mmol) in dry diethyl ether (150 mL) was cooled to -
78 °C and treated dropwise with chlorodiphenylphosphine (16 mL, 86 mmol) under nitrogen.
White precipitate of t-BuNH;3;Cl immediately separated. The reaction mixture was allowed to
warm up to room temperature and stirred for 48 hours. The ammonium salt was eliminated by
filtration and the resulting solution concentrated to small volume under reduced pressure. The
title compound was isolated from the resulting solution as analytically pure crystals upon
standing at room temperature overnight (36 g, 141.7 mmol, 81%). '"H-NMR (300 MHz, CDCl;,
25 °C) &: 7.49 (4H, m), 7.37 (6H, m), 2.10 (1H, d, J = 11.4), 1.36 (9H, s). "C{IH}-NMR (300
MHz, CDCls, 25 °C) &: 144.3, 144.1, 131.5, 131.2, 128.6, 128.5, 51.9, 51.6, 32.7, 32.6. >'P{H}-

NMR &: 23.2. EI-MS m/z = 257.1(M").

2.2.2 Preparation of [(t-BuNPPh;)Cr,(u-t-BuNPPh;);]1.5(toluene) (2.1).
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A solution of t-BuN(H)P(Ph), (1.01 g, 4 mmol) in THF (15 mL) was treated with a solution of n-
BuLi in hexane (1.64 mL, 4.1 mmol, 2.5 M) at -10 °C. The reaction mixture was stirred
overnight at room temperature and then combined with a suspension of CrCl, (THF), (0.27 g, 1
mmol) in THF (5 mL). Stirring was continued for 18 hrs. Solvent was evaporated in vacuo and
the solid residue was redissolved in toluene. A small amount of colorless insoluble material was
separated by centrifugation, and the resulting brown solution was allowed to stand for three days
at -35 °C. Brown paramagnetic crystals of 2.1 were filtered, washed with cold hexane and dried
in vacuo (0.39 g, 0.3 mmol, 30%). Identical reaction using a ligand to chromium ratio of 2:1 also
afforded 2.1 in higher yield (63%). Elemental Analysis Calcd. (Found) for C;450HssCraN4Py4 : C
70.60 (69.99), H 7.00 (6.94), N 4.42 (4.38). IR (Nujol mull, cm™): 3052s, 2955s, 2924s, 2854s,
1584m, 1457s, 1429m, 1376m, 1352m, 1191s, 1086m, 1055m, 1018s, 819m, 803m, 739, 733s,

724s, 695s. [ferr = 2.75 g].

2.2.3 Preparation of [(1-AlMe;),{(t-BuNP(Ph),},Cr]:(toluene) (2.2).

Method A: A solution of 2.1 (0.20 g, 0.16 mmol) in toluene (5 mL) was cooled to -35°C for 10
minutes and treated with neat TMA (0.056 g, 0.79 mmol) dropwise while stirring. After 15
minutes at room temperature, the resulting solution was allowed to stand for 5 days at -35 °C.
Blue paramagnetic crystals of 2.2 formed which were washed with cold hexane and dried in
vacuo (0.12 g, 0.15 mmol, 95%). Elemental Analysis Calcd. (Found) for C4sHesAlLCrN,P, : C
67.48 (67.35), H 8.05 (7.99), N 3.50 (3.46). IR (Nujol mull, cm™): 3051s, 2922s, 2857s, 2716,
2667, 2032, 1960s, 1884s, 1812s, 1781s, 1607s, 1588s, 1466s, 1436s, 1375m, 1360s, 1303m,

1192b, 1097s, 1044m, 1014m, 991m, 919m, 839s, 778s, 744m, 696m. [Uesr=4.93 Ug].
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Method B: A solution of t-Bu-N(H)P(Ph), (0.25 g, 1 mmol) in THF (10 mL) was treated with a
solution of n-BuLi in hexane (0.44 mL, 1.1 mmol, 2.5M) at -10 °C. The reaction mixture was
stirred overnight at room temperature and then combined with a suspension of CrCl, (THF),
(0.13 g, 0.5 mmol) in THF (5 mL). Stirring was continued for 18 hrs. The volatile materials were
removed in vacuo and the solid residue was redissolved in toluene. Neat trimethylaluminium
(0.36 g, 5 mmol) was added dropwise and the reaction mixture was stirred at room temperature
for 10 minutes. A small amount of colourless insoluble material was separated by centrifugation.
The resulting green/blue solution was allowed to stand for 7 days at -35 °C. Blue paramagnetic
crystals of 2.2 were filtered, washed with cold hexane and dried in vacuo (0.20 g, 0.24 mmol,
49%).

Method C: A solution of 7 (0.20 g, 0.22 mmol) in toluene (5 mL) was cooled to -35 °C for 10
minutes. Neat TMA (0.16 g, 2.19 mmol) was added dropwise to the cold solution under stirring.
Stirring was continued for 24 hours at room temperature and the resulting solution was allowed
to stand for 5 days at -35 °C. Blue paramagnetic crystals of 2.2 were filtered, washed with cold

hexane and dried in vacuo (0.10 g, 0.12 mmol, 57%).

2.2.4 Preparation of [(u-AlMe;Cl),{(t-BulNP(Ph),},Cr]-(toluene) (2.3).

The complex was prepared and isolated in a similar manner and using same quantities as
complex 2.4 by using trimethylaluminum (0.29 g, 4.0 mmol) to yield 2.3 as paramagnetic blue
crystalline material (0.34 g, 0.4 mmol, 77%). Elemental Analysis Calcd. (Found) for
C43HssALCLCIN,P,: C 61.36 (61.19), H 6.95 (6.88), N 3.33 (3.29). IR (Nujol mull, cm™):
3205b, 2908b, 1961b, 1899, 1774, 1607b, 1459b, 1381s, 1354m, 1307m, 1190s, 1093s, 1042m,

995m, 905m, 850s, 785s, 737s, 689s, 672b. [Uetr = 4.86 Up].
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2.2.5 Preparation of {U-AlEt,Cl);[(t-BuNP(Ph);],Cr}:(toluene) (2.4).

Neat triethylaluminum (0.11 g, 1 mmol) was added dropwise to a solution of t-Bu-
N(H)P(Ph); (0.25 g, 1 mmol) in toluene (5 mL) at room temperature during the period of 10
minutes. The resulting solution was then combined with a suspension of CrCl,(THF), (0.13 g,
0.5 mmol) in toluene (5 mL). Stirring was continued for one hour and during this period
additional triethylaluminum was added (0.34 g, 3 mmol). Stirring was continued for additional
48 hours at room temperature. A small amount of insoluble material was separated by
centrifugation and the resulting blue solution was allowed to stand overnight at -35 °C. Blue
paramagnetic crystals of 2.4 were collected by filtration, washed with cold hexane and dried in
vacuo (0.37 g, 0.41 mmol, 82%). Elemental Analysis Calcd. (Found) for C4;Hg; ALCLCIN,P,: C
63.09 (63.01), 7.10 (7.03), N 3.13 (3.08). IR (Nujol mull, cm™): 3052s, 2908, 1961, 1899, 1774,
1607, 1459s, 1381s, 1354s, 1307s, 1190s, 1093s, 1042s, 995m, 905m, 850s, 785s, 737s, 697s,

672s. [Herr = 4.87 pg].

2.2.6 Preparation of [{[(t--BulNP(Ph);]3Cr2(u-Cl)};]-2(toluene) (2.5).

A solution of t-Bu-N(H)P(Ph), (0.25 g, 1 mmol) in THF (5 mL) was treated with a
solution of n-BuLi in hexane (0.44 mL, 1.1 mmol, 2.5 M) at -10 °C. The reaction mixture was
stirred overnight at room temperature and a suspension of CrCly(THF), (0.27 g, 1 mmol) in THF
(5 mL) was added. Stirring was continued for additional 18 hrs. The solvent was evaporated in
vacuo and the solid residue redissolved in toluene. A small amount of colorless insoluble
material was separated by centrifugation, and the resulting greenish brown solution was allowed
to stand for three days at -35 °C. Green paramagnetic crystals of 2.5 were filtered, washed with

cold hexane and dried in vacuo (0.17 g, 0.10 mmol, 10%). Elemental Analysis Calcd. (Found)
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for C110H130CLCraNgPs: C 66.03 (65.97) H 6.55 (6.46), N 4.20 (4.19). IR (Nujol mull, cm™):
3054m, 1952m, 1895m, 1819m, 1770m, 1588s, 1479s, 1432s, 1361s, 1220s, 1093m,1025s, 978

s, 839b, 734b, 696b. [Uerr = 8.15 Up per tetrameric unit].

2.2.7 Preparation of [{(4~-AlMe;)[t-BuNP(Ph);],}Cr(u-Cl)],- 1.7 (toluene) (2.6).

A cooled solution of 2.5 (0.20 g, 0.10 mmol) in toluene (5 mL) was treated at -35 °C with
TMA (0.014 g, 0.20 mmol). The reaction mixture was allowed to stir for 15 minutes at room
temperature while the initial brown-greenish color turned green. Green crystals of 2.6 (0.08 g,
0.053 mmol, 54%) separated from the resulting solution upon standing at -35 °C for 5 days.
Elemental Analysis Calcd. (Found) for Cgj30H10320A1LCLCry; NgPs: C 65.57 (65.49) H 6.98

(6.96) N 3.76 (3.71). [Mer = 3.31 g per dimeric unit].

2.2.8 Preparation of [(t-BuNPPh;);Cr]:(toluene) (2.7).

A solution of t-Bu-N(H)P(Ph), (1.01 g, 4.0 mmol) in THF (15 mL) was treated with a
solution of n-BuLi in hexane (1.64 mL, 4.1 mmol, 2.5M) at -10 °C. The reaction mixture was
stirred overnight at room temperature and combined with a suspension of CrCl3(THF)3 (0.49 g,
1.3 mmol.) in THF (5 mL). Stirring was continued for 18 hrs. The solvent was evaporated in
vacuo and the resulting solid residue redissolved in toluene. A small amount of colorless
insoluble ma