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Abstract 
 

New diaminocyclodiphosph(III)azanes bearing bulky aryl substituents were prepared and their 

structures were investigated by NMR methods and X-ray single crystal diffraction studies. The 

synthesized compounds were used as ligand precursors for the coordination of group 4 metals.  The 

corresponding dichloro Ti, Zr, and Hf complexes were synthesized and, after MAO activation, were 

used as catalysts in homogeneous ethene polymerization. Depending on the metal and ligand, 

moderate to high catalytic activities (up to 1×104 kg of PE/(molcat×h) were achieved. The 

complexes were converted into corresponding alkyl (methyl and benzyl) derivatives. The structures 

of these new alkyl derivatives, amido and chloro group 4 metal complexes based on the 

bis(amido)cyclodiphosph(III)azane ligand framework were studied by NMR and X-ray single 

crystal diffraction methods. 

As a means to explore the nature of the catalytically active species in ethene polymerization, 

activation of the alkyl complexes with B(C6F5)3 was investigated. 1H NMR studies showed that 

B(C6F5)3 abstracted one alkyl group from the metal atom, which led to the formation of cationic 

complexes and corresponding borate counter anions. This finding was supported by X-ray single 

crystal structural investigations. Depending on the nature of the metal and alkyl group, partial or 

full alkyl group abstraction was obtained in solid state, which defined the activated complexes as 

either thight contacted or fully dissociated cation - anion pairs. From 31P NMR measurements it was 

found that Lewis acidity of the central atom in these cationic species is defined solely by the size 

and nature of the ligand substitution. The coordinated metal in the cations based on [(t-BuN)(t-

BuNP)]2
2- ligand revealed high electropositive character, and after MAO activation the 

corresponding neutral chloro and alkyl complexes displayed high catalytic activity. Upon B(C6F5)3 

activation the complexes bearing bulky aryl substituents showed no visible change in the 

electrophilicity of the central atom and exhibited low or moderate ethene polymerization activity. 

With a view to expanding the coordination chemistry of cyclodiphosphazanes, new ligands with 

chelate phosphoimino groups were prepared and used for the coordination of third row late 

transition metals. New dichloro Fe, Co, and dibromo Ni bis(imino)cyclodiphosph(V)azanes were 

synthesized and characterized by elemental analysis and mass spectrometry, and some of them by 
1H, 13C, and 31P NMR. It was found that, upon MAO activation, depending on the coordinated 

atom, they catalyze, with high activity, homogeneous ethene oligomerization or selective 

dimerization as well as selective propene dimerization. Mechanistic studies were performed by GC-

MS and NMR methods. It was concluded that, in propene dimerization in the case of the Co 

complexes, 1,2-2,1 propene insertion prevails for the formation of propene dimers. In contrast to the 
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Co catalysts, in the propene dimerization process provided by Ni catalysts, the two propene 

insertion pathways (1,2-2,1 and 1,2-1,2) occur with equal probability, which is reflected in the 

composition of the produced hexene mixtures. 
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BDMA  Benzyldimethylamine 

CG (complex) Constrained geometry (complex) 
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MS  Mass spectrometry 

NMR Nuclear magnetic resonance 

Ph  Phenyl 

t-Bu Tertbutyl 

THF Tetrahydofurane 

TMS Trimethylsilyl 

ΔHdr Reaction enthalpy 

 

 7



  

Table of Contents 

 
ABSTRACT…………………………………………………………………………………3 

PREFACE…………………………………………………………………………………...5 

LIST OF ORIGINAL PUBLICATIONS………………………………………………….6 

ABBREVIATIONS…………………………………………………………………………7 

TABLE OF CONTENS…………………………………………………………………….8 

1 INTRODUCTION………………………………………………………………………..10 

2 SCOPE OF RESEARCH…………………………………………………………….......11 

3 BACKGROUND………………………………………………………………………….12 
3.1 Nonmetallocene transition metal complexes in ethene polymerization …………………………...12 

3.1.1 Mechanism of ethene polymerization………………………………………………………....12 

3.1.2 Complexes of group 4 metals based on chelate amide ligands……………………….............14 

3.2 Borane and borate activation of catalyst precursors…………………………………….………….18 

3.2.1 Complex activation and ion-pair reorganization processes in solution………………………19 

3.2.2 Structure of cationic complexes in solution and solid state………………...………………...24 

3.2.3 Activation of nonmetallocene alkyl complexes………………………………………………..30 

4 RESULTS AND DISCUSSION………………………………………………………….35 
4.1 Experimental notes……………………………………………………………………………………35 

4.2 Bis(amino)cyclodiphosph(III)azane ligands…………………………………………………………35 

4.2.1 Ligand preparation……………………………………………………………………………35 

4.2.2 Structure of bulky cis-bis(amino)cyclodiphosph(III)azans……………………………………37 

4.2.3 Coordination chemistry of bulky cis-bis(amino)cyclodiphosph(III)azans…………………….39 

4.3 Group 4 metals complexes of bis(amino)cyclodiphosph(III)azane ..……………………………....40 

4.3.1 Synthesis of bis(amido) group 4 metal dichloro derivatives………………………………….41 

4.3.2 Preparation of Ti, Zr, and Hf alkyl complexes……………………………...………………...42 

4.3.3 Structure of the group 4 metal complexes…………………………...……..………………....44 

4.3.4 Results of ethene polymerization ……………………………………………………………..47 

4.3.5 Activation studies……………………………………………………………………………...51 

4.4 Bis(imino)cyclodiphosph(V)azane ligands……………………………………………………….….56 

4.4.1 Ligand preparation…………………………………………………………………………...56 

4.4.2 Ligand structure……………………………………………………………………………....57 

4.5 Late transition metal complexes of bis(imino)cyclodiphosph(V)azanes…………………………..58 

4.5.1 Synthesis……………………………………………………………………………………...58 

4.5.2 Structure……………………………………………………………………………………...59 

4.5.3 Ethene dimerization and oligomerization…………...…………………………………….....59 

4.5.4 Propene dimerization and ethene-propene codimerization……………………………….…61 

5 CONCLUSIONS………………………………………………………………………...66 

REFERENCES…………………………………………………………………………....68 

 8



  

 9



  

 

1 Introduction 
 

In 1953, Karl Ziegler discovered that the activation of certain transition metal halides with 

aluminum alkyls leads to the formation of organometallic complexes capable of polymerizing and 

oligomerizing ethene.1 About 80 million tons of polyolefins per year were produced worldwide in 

2003, 60% of those with Ziegler-Natta catalysts.2 Number one in plastic production and utilization 

is polyethene - nearly 64 million tons per year is required for world industry. 

Ziegler-Natta catalysts polymerize ethene to highly linear polymers (high density polyethene, 

HDPE) at room temperature and atmospheric pressure. HDPE exhibits increased hardness, melting 

point, and chemical resistance compared with LDPE (low density polyethene). Short-chain 

branching polymers (linear low density polyethene, LLDPE) are now produced by controlled 

incorporation of higher α-olefins, e.g. 1-hexene, into ethene polymerization.3 

Depending on the presence or absence of a detectable border between catalyst and substrate phases 

catalysis is said to be homogeneous or heterogeneous. The classical Ziegler-Natta catalysts are 

heterogeneous - materials formed by titanium(III) chloride and aluminum alkyls, or by titanium 

tetrachloride on MgCl2 and triethylaluminum.1

A primary advantage of homogeneous catalysts is that high activity and selectivity can usually be 

achieved under mild conditions.4 Variation of the steric and electronic properties of homogeneous 

catalysts makes it possible, after adjustment of the process conditions, to obtain the desired product 

with high productivity.  

The development of the homogeneous olefin polymerization catalysts was initiated by the discovery 

of Breslow and Newburg5 and Natta6 that titanocene derivatives could be activated for ethene 

polymerization by aluminum alkyls. In 1975, Sinn and Kaminsky observed the enormous and 

unexpected increase in the polymerization activity of titanocene dichloride complexes when 

activated with Me3Al in the presence of a substantial amount of water.7 The in situ formation of 

methylaluminoxane (MAO) was proposed, and this was supported by its direct synthesis and the 

activation of titanocenes and zirconocenes with preformed MAO.8 Polymerization activity was 

exceedingly high under these conditions. This discovery ushered in the metallocene era. During the 

last 20 years, tremendous advances have tacken place in the design and application of metallocenes 

in α-olefin polymerization.9  
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At the same time, nonmetallocene complexes of the early and late transition metals have attracted 

growing attention as potential catalysts for homogeneous ethene polymerization. First introduced in 

the 1980s, this part of organometallic chemistry is now under rapid development (about five articles 

in 1990 and over 120 in 2001). Many organic and organometallic ligands now being exploited in 

this area: amines, imines, phosphines and many others.10 The broad expansion in choice means that 

electronic character, geometry, and steric hindrance of the active center in the catalyst can easily be 

controlled through rational design of the ligand environment.  

Recently, group 4 metal cis-bis(t-butylamido) complexes bearing cyclodiphosph(III)azane bridge 

have attracted attention as catalyst precursors for homogeneous ethene polymerization.11 In these 

studies, only preliminary ethene polymerization studies were made however, and since only one 

ligand was tested no insight was gained into the factors defining the catalytic behavior of such 

complexes.  

It is in this context that the present detailed study on ethene polymerization with cyclodiphosph(III 

and V)azane-based complexes was undertaken. Special attention was paid to factors, affecting the 

catalytic activity and properties of the product polymers. 

  
 

2 Scope of Research 
 

Ever since the first synthesis of cyclodiphosphazane in 1894, these compounds containing four 

member phosphorus-nitrogen ring have been the attractive subjects for scientific investigation. 

Because of unique combination of the inorganic rigid P-N framework with organic substituents, 

cyclodiphosphazanes exhibit properties of inorganic as well as organic substances. They have found 

wide use in different applications as result: from the synthesis of fireproof polymers to their 

application as ligands in coordination chemistry. Easy synthesis and rigid structure make 

cyclodiphosphazanes containing amino or imino functions desirable chelating agents for 

coordination of main group and transition elements, as well as promising ligands for the synthesis 

of single site olefin polymerization catalysts having metallocene-like structure.  

The goal of the work was to exploit the cyclodiphosph(III and V)azane coordination chemistry with 

early and late transition metals. As the main emphasis in our work it was to investigate the 

bis(amido)cyclodiphosph(III)azane group 4 metal complexes as catalysts for ethene polymerization, 

and to study the structure of the activated complex species in order to explain the catalytic behavior 

of the complexes.  
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3 Background 
 

The one of the main subjects in the present work are bis(amido)cyclodiphosph(III)azane group 4 

metal complexes in ethene polymerization, and the first part of this chapter is describing the 

application of amido group 4 metal complexes in olefin polymerization. In present studies, the 

investigations concerning the activation of bis(amido)cyclodiphosph(III)azane complexes with 

B(C6F5)3 have been made, and the second part of this chapter is the literature review about borane 

and borate activation of the group 4 metal complexes (includes the activation process, structure of 

the activated species in solution and solid state as well as the activation of the nonmetallocene 

complexes). To prevent the increase of the size of these thesis over considerable limits, another 

main topic in the present studies – the oligomerization of olefins with late transition metal 

complexes was discussed in short overview in the Results and Discussion chapter. 

 

3.1 Nonmetallocene transition metal complexes in ethene 
polymerization.  
 
3.1.1 Mechanism of the ethene polymerization 

 

Knowledge of the polymerization mechanism is important for good catalyst design and in the search 

for new catalyst precursors. Kinetic studies and the application of analytical methods can provide 

fundamental information about the polymerization process.12a  

The transition metal complexes used for olefin polymerizations are alone catalytically inactive. 

They are simply catalyst precursors and need activation. One of the best activators is MAO, 

discovered by Sinn and Kaminsky in 1975.7 The cocatalyst acts in two important ways: it alkylates 

the catalyst precursor and it provides the formation of the active species through abstraction of one 

alkyl group (Scheme 1).8 

 

X

X
LM + MAO  xTMA 

Me

Me
LM

- XAlMe2

MAO
- MeMAO Me

LM
+.

MAO - methylaluminoxane; TMA - Me3Al 

-

 
Scheme 1. Activation of complexes by MAO 
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The bulkiness of the ligand and the chemical nature of the labile groups X at the metal center define 

the rate of alkylation of the catalyst precursor. Complexes, in which X is amido or, more especially, 

alkoxy substituent, reveal high resistance in this step and alkylation is often incomplete.12b,c The 

efficiency of the alkyl abstraction is highly depended on the activator and the metal. 

The catalytically active cationic species are formed through alkyl group abstraction. They are strong 

Lewis acids with a vacant site, that can coordinate olefin. The coordinated olefin molecule is 

inserted into the metal alkyl bond so that structurally similar metal cation with a longer alkyl chain 

is formed. This cation is able to coordinate the next olefin molecule and propagate the polymer 

chain and so on (Scheme 2).13 

 

Me
LM
+

Me
LM
++

CH2CH2Me
LM

+ C2H4

...
+

LM
(CH2CH2)nMe

 
Scheme 2. Propagation step in olefin polymerization 

 

The polymer chain can be terminated by β-hydrogen transfer to monomer or the chain transfer to 

the aluminum or β-hydrogen elimination may take place.14 The M-H cation formed as a result of β-

hydrogen elimination can be reactivated by olefin insertion into M-H bond (Scheme 3). 

LM
polymerization+

(CH2CH2)(CH2)nMe

+
LM

H
+(CH2=CH)(CH2)nMe

β-H elimination

C2H4

H
LM
+

Et
LM
+

+
LM

(CH2CH2)nMe

+ AlMe

transfer to Al

(CH2CH2)nMeAl +
Me

LM
+ polymerization

+
LM

(CH2CH)nMe

transfer to monomer

H
(CH2=CH)(CH2)nMe +

Et
LM
+ polymerization

 
Scheme 3. Termination mechanisms for polymer chain growth 
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As a consequence of the mechanism of the catalytic ethene polymerization, the complex serving as 

a catalyst for homogeneous olefin polymerization should fulfill following requirements: 

1) There should be at least two labile X groups in cis-orientation (halogens and alkyls are 

preferred), one providing a site for the olefin coordination and the other a site for bonding of 

the growing polymer chain. 

2) The catalytic center should be effectively shielded, with a bulky ligand, from deactivation 

processes capable of breaking the metal-ligand bond. At the same time the metal center 

should be open enough to provide fast alkylation and alkyl abstraction. 

3) For fast and strong olefin coordination, the metal atom in catalytically active species should 

have high positive charge. This means that the ligands should not donate too much electron 

density to the metal and diminish the Lewis acidity of the catalytic center. 

 
3.1.2 Complexes of group 4 metals based on chelate amide ligands 

 

The amido complexes of the group 4 metals have received growing attention in the last 15 years as 

catalysts for homogeneous Ziegler-Natta olefin polymerization. High electron deficiency on the 

metal atom in these 12 electron compounds makes them highly electrophilic and therefore 

potentially active in olefin polymerization.10 The first highly active chelate bisamido catalysts based 

on Zr and Ti were reported in 1996 (1, Figure 1).15 Later, analogous Ti alkyl complexes were found 

to cause living α-olefin polymerization upon (C6F5)3B borane activation.16 The chain transfer to 

aluminum was identified as the main form of chain termination in the complex/MAO system. In the 

absence of aluminum alkyls or MAO, chain termination does not occur, which makes there the α-

olefin polymerization living. 17 The substitution at propane bridge (as in compound 2 in Figure 1) 

led to a drop in the polymerization activity, possibly due to deactivation of the active species by 

toluene coordination to the cationic metal atom. The multi-site character of the ethene 

polymerization was supported by the broad molar mass distribution of the resulting polymers.18 

Further modification of the bridge or nitrogen substituents did not lead to an increase in 

polymerization activity but allowed fine tuning of the properties of the polyethene.19 Only low 

catalytic activity was observed for ethylene and analogous Si-Si or B-B bridged 

bis(amido)complexes (3-5, Figure 1), although strong dependence on the activation type was 

evident for Si-Si type catalysts.20,21,22 Much higher activity (up to 300 kg/(mol×h×bar, 

triphenylmethylborate as activator) was recorded for Zr complexes containing an electron-rich 

naphthalene bridge (6, Figure 1). Activated with MAO these complexes converted into amido 

aluminum species, which led to a drop in polymer productivity.23 The Ti catalysts appeared to be 

even more active than that Zr analogues (up to 2800 kg/(mol×h×bar).24 Biphenyl-bridged 
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bis(amido) Zr catalysts showed low activity in ethene and propene polymerization (7, Scheme 4).25 

The first macrocyclic bis(amido) catalyst (8, Figure 1) was reported in 1999. Although it exhibited 

low polymerization activity the product polymers had high (up to 2×106 g/mol) molar mass.26
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Figure 1. Bis(amido)complexes of group 4 metals that have been studied as catalysts in 

olefin polymerization 

 

The additional interaction of ferrocenyl bridge with the central metal in complex 9 (Figure 1) 

probably stabilizes the active species in ethene polymerization, and the polymer productivity of 

these catalysts reached 100 kg/(mol×h×bar).27

Additional ligand-metal coordination can be provided by the introduction of electron-pair donor 

groups, such as N, O, P, and pyridyl (compounds 10 – 15, Figure 2). After activation, stabile, four-

coordinated cations may be formed and afford improvements in catalytic activity. High productivity 
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(up to 6000 kg/(mol×h)) was observed for complexes 10 (Figure 2) with pyridine group 

incorporated into the ligand bridge.19a,28 Extended Hückel MO calculations showed that the 

pyridine-diamido ligand system has similar coordination behavior at the Zr atom to Cp2ZrX2, which 

served after activation with MAO as a highly active catalyst for ethene polymerization.28 The 

analogous Ti complexes exhibited very low activity in ethene polymerization, probably due to 

reduction to Ti(III) species by MAO.29 Replacement of the pyridine group with N, O, S, or P makes 

the ligand backbone flexible. Such nonrigid complexes adopt two isomeric forms: trigonal (fac) and 

planar (mer) (Scheme 4). It is believed that, in solution, they interconvert rapidly and their ratio 

depends only on the nature of the donor group and the steric influence of amido substituents.30   

 

X
R

R

N
M

D

N X

X RR
N M

D

N

X

fac mer
 

Scheme 4. Isomeric structures of nonrigid bis(amido)complexes having an additional donor group 

 

In 1996, Horton and co-workers31 showed that incorporation of the amino function into the ligand 

frame (11, D = NSiMe3, R = SiMe3, Figure 2) markedly increases the ethene polymerization 

activity of the Zr bis(amido) complexes (observed activity was up to 300 kg/(mol×h)). In recent 

report of the bis(amido)amino Zr complexes with bulky mesityl substituents (11, D = NMe, R = 

Mes) it was established that, in solid state, such compounds have mer geometry, but after activation 

the fac configuration dominates, in both solid state and in solution.32 Sufficient catalytic activity 

was observed in the 1-hexene polymerization, but the living character of the process was 

discouraged by the aggregation (dimerization) of the active cationic species and C-H bond 

activation in the ligand framework.33 The living character in 1-hexene polymerization can be 

achieved by the substitution of the mesityls to 2,6-dichlorophenyl groups, but catalytic activity then 

decreases markedly.34 The analogous Hf complexes became prone to β-hydrogen elimination.35  

The Zr complexes with NPyN ligand framework were staggered in fac configuration (12, Figure 2) 

and exhibited dramatic “initiator effect” in 1-hexene polymerization.36 The 1,2 (propagation step) as 

well as 2,1 hexene insertions followed by β hydrogen elimination were observed.37 The application 

of 2,6-dichlorophenyl groups as ligand substituents was detrimental to realizing the living character 

of the 1-hexene polymerization and improving the catalytic activity.38 Complexes with different 

“arms” in the diamido/donor bridge (11a, Figure 2) did not provide living 1-hexene polymerization, 
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and only atactic polyhexenes were obtained.39 In another approach (13, Figure 2), the asymmetric 

ligands were applied for catalyst synthesis; however, it was concluded that ligand to metal donor-

acceptor coordination is then too labile and the introduced ligand asymmetry is insufficient to 

provide precise stereocontrol of the formed polymer.40  

Bis(amido)oxo Zr complexes (11, D = O, Figure 2) have mer geometry in solid state and are active 

in 1-hexene polymerization.41 However, the fac orientation of the ligand prevails in the similar but 

inactive Ti derivatives.30 It was recently shown that isomeric forms are so close in energy that 

analogous complexes with only small difference in ligand substitution can adopt either fac or mer 

configurations.42 Zr diamido/O-donor complexes with arylated bridge (14, Figure 2) were active in 

ethene polymerization (up to 800 kg/(mol×h) ) and polymerized 1-hexene in living fashion.43 It was 

proposed that, in solution, such Zr compounds have twisted fac geometry, while the geometry of the 

analogous Ti and Hf complexes is changing rapidly between fac and mer. Fac orientation of the 

ligand in solution is also preferred for the activated Zr and Hf compounds, but in solid state the 

ligand framework adopts the mer configuration around the Zr cationic center.44 Use of ligands with 

restricted geometry (15, Scheme 6) did little to improve the catalytic behavior of diamido/O-donor 

complexes.45  
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Figure 2. Bis(amido)complexes of the group 4 metals having an additional donor substituent, used 

for olefin polymerization 
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Bis(amido) Zr complexes having Me2SiOSiMe2 bridge adopt mer geometry in solid state and show 

moderate activity in ethene polymerization (up to 50 kg/(mol×h×bar)).46 Polymers with high molar 

mass and modest molar mass distribution (2.8) are produced at low ethene pressure (1 bar). 

 

3.2 Borane and borate activation of catalyst precursors  
 

Ever since that the discovery that MAO-activated group 4 metallocenes display very high olefin 

polymerization activity, MAO has been the major cocatalyst for metal-catalyzed olefin 

polymerization. The function of MAO in the activation process is fairly well established and 

involves alkylation of the catalyst precursor followed by the formation of a cationic metal center by 

alkyl abstraction.8 Detailed structural information about catalytically active species can not be 

obtained, however, due to the complicated and often variable composition of MAO.47  Application 

of the single-site borane and borate activators, in turn, provides isolable and characterizable 

catalytically active species and plentiful data about the nature and structure of the catalytic 

species.48 

In the first activation studies performed by Jordan et al., Cp2ZrMe2 was reacted with Ag[PF6] or 

Tl[PF6] in acetonitrile, and the reaction led to the cationic Cp2ZrMe(MeCN)+ [PF6]- complex, which 

is stable in MeCN (Scheme 5). However, this compound decomposed instantaneously in THF or 

CH2Cl2 to Cp2Zr(Me)F via F- abstraction from [PF6]- anion. Use of the [BPh4]- anion provided a 

more stable cationic Cp2ZrMe(THF)+[BPh4]- complex.49 This complex was capable of polymerizing 

ethene. However, the presence of a donor ligand like THF slowed the polymerization rate 

dramatically owing to the competition between ethene and THF in coordination to the metal atom.50  

 

Zr
X

CH3
Zr

CH3

NCCH3M[PF6] 
CH3CN [PF6]-+

X - Cl, M - Ag

X - I, M - Tl

- MX

 
Scheme 5. Synthesis of the first Zr metallocene cationic complex 

 

The benzyl analogue of Cp2ZrMe(THF)+[BPh4]- showed similar behavior in ethene 

polymerization.51 Bulky carborane anions were used to avoid the coordination of additional donor, 
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and the cationic complexes exhibited high polymerization activity; but also strong cation-anion 

interaction was observed, indicating the electron deficient character of such cationic complexes.52

In 1991 [B(C6F5)4]- was proposed as an alternative noncoordinating anion. [HNBu3]+[B(C6F5)4]- 53 

and [Ph3C]+[B(C6F5)4]- 54 were used to generate the corresponding cationic systems (Scheme 6). 

These cationic species in toluene exhibited similar catalytic activity and stereospecificity in propene 

polymerization to the parent neutral complexes after MAO activation.54

 

LMMe2 + Ph3C
+B(C6F5)4

- LMMe+B(C6F5)4
- + Ph3CMe

LMMe2 + HNR3
+B(C6F5)4

- LMMe+B(C6F5)4
- + NR3

- CH4

M - Ti, Zr, Hf; R- alkyl, aryl
 

Scheme 6. Activation of the complexes with [HNR3]+[B(C6F5)4]- or [Ph3C]+[B(C6F5)4]-

 

At the same time, a report55 appeared of the ability of B(C6F5)3 to abstract one of the alkyl groups 

from dialkylsubstituted group 4 metallocenes  and produce the similar cationic like complexes 

(Scheme 7). Recently the abstraction of two Me groups from metal center was successfully 

achieved.56  

LMMe2 + B(C6F5)3 LMMe+MeB(C6F5)3
-

 
Scheme 7. Activation of the complexes with B(C6F5)3

 

With these species the ethene and propene polymerizations proceeded rapidly under ambient 

conditions, and linear polymers with Ziegler-Natta mass distribution were obtained.54,55 Since 1991 

the last two methods have been widely used to activate various catalyst precursors: metallocenes, 

metallocenes with constrained geometry, and nonmetallocene complexes.48

 

3.2.1 Complex activation and ion-pair reorganization processes in solution  

  

It is believed that borane or borate activator abstracts one of the alkyl substituents from the metal 

center.48 Detailed studies have been carried out to obtain insight into this reaction. In in situ NMR 

investigations57 of the reaction between Me2Si(Ind)2MMe2 (M – Zr, Hf) and [Ph3C]+[B(C6F5)4]-, 

dimeric µ-Me cationic species were observed (Scheme 8). It was shown that, regardless of the 

nature of the central atom and ligand framework, such dimeric cations are initially formed in the 

activation reaction and then converted to the monomeric cationic species.  
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Scheme 8. Formation of dimeric cationic complexes 

 

Depending on the steric bulk of the activator and complex molecules, as well as the solvent and the 

activator/complex ratio the “monomerization” of these dimeric species may be blocked or slowed 

down, leaving the dimeric cations as the major species in solution and in solid state.58 Upon 

[Ph3C]+[B(C6F5)4]- activation of Zr and Hf bis(amido)complexes with additional donor atoms (11, D 

= NMe, Figure 2), similar dimeric complexes were detected and characterized by NMR, elemental 

analysis, and X-ray diffractometry (Figure 3).32 In the case of the bisphenolate complexes, the 

connection between the metal centers in dimeric cationic complex is realized via µ-O bridges.59

 

 
Figure 3. The solid-state structure of the dimeric cationic species from complex 11 (reprinted with 

permission from Organometallics, 2000, 19, 5325. Copyright 2000 Am. Chem. Soc.). 
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The dynamic NMR investigations showed the coexistence of two exchange processes in solution: 

complex activation/B(C6F5)3 dissociation (kdr) and cation-anion symmetrization (kips, Scheme 9).60  

  
CH3 CH3

CH3 CH3
Zr

CH3CH3

+ *Ar3B
_

CH3 CH3

CH3CH3
Zr

CH3CH3

+* BAr3

_kips

kdr kdr

CH3 CH3

CH3CH3
Zr

CH3CH3

+ *

CH3 CH3

CH3CH3
Zr

CH3CH3

+*Ar3B BAr3+ +

kdr
kdr

CH3 CH3

CH3CH3
Zr

CH3CH3

+ * BAr3

_ kips

CH3 CH3

CH3 CH3
Zr

CH3CH3

+*Ar3B
_

 
Scheme 9. Exchange processes in the alkyl group 4 metal complex/B(C6F5)3 system (reprinted with 

permission from J. Am. Chem. Soc., 1995, 117, 6128. Copyright 1995 Am. Chem. Soc.). 

 

Cation-anion pair dissociation was found to be unimolecular, which was consistent with the rate-

limiting B(C6F5)3 abstraction followed by fast recombination.61 As proposed for cation-anion 

symmetrization, the process proceeded predominantly via ionic quadruples or higher order ionic 

aggregates, and there was no evidence that it occurred via dissociative unimolecular reaction 

paths.62   

Several Zr and Hf metallocenes were included in the kinetic studies.60,61 It was discovered that 

complex activation/B(C6F5)3 dissociation (kdr) is much less sensitive to the ancillary coordination 

environment around the metal center than the cation-anion symmetrization process (kips). kdr and kips 

showed significant sensitivity to the nature of metal.61 It was also noticed that, in polar solvent, the 

cation-anion dissociation/reassociation reaction was very much accelerated, probably because of 

solvent assistance in the ion pair separation process.62,63 The calorimetric data showed that the 

complex activation was an exothermic reaction (ΔHdr was from -8.9 for (Me2Cp)2HfMe2 to -22.6 
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kcal/mol for (Cp’SiMe2Nt-Bu)TiMe2) and the use of high Lewis acidic boron activators was 

thermodynamically favored. As well the ion-pair reorganization barrier was found to grow in the 

order Zr<Ti<Hf, but to decrease sharply in the presence of the polar solvent or sterically bulky sized 

and crowded metal alkyl substituents.62 In later studies were made of the influence of the complex 

activation/activator dissociation and mainly cation-anion symmetrization processes on the catalytic 

activity, chain transfer, and stereoselectivity in single-site olefin polymerization.64

The metal center in the cationic species has greater electrophilic character than in the parent dialkyl 

complexes, and, due to the abstraction of one alkyl group, there is no effective shielding. Such 

complexes are much more reactive and sensitive to the conditions therefore. The decomposition of 

the cationic species in solution has been studied and three main reaction pathways have been 

identified.48 

As was observed by Marks and co-workers,60 the 1,3-(Me3Si)2Cp substituted zirconocene 

undergoes the decomposition via C6F5 group abstraction (Scheme 10).60  

 

(TMS2Cp)2ZrMe+MeB(C6F5)3
- (TMS2Cp)2ZrMe(C6F5)+ MeB(C6F5)2

TMS = SiMe3
 

Scheme 10. Cationic complex decomposition via C6F5 group abstraction 

 

With B(C6F4SiMe3)4
- as a counteranion even relatively stable [Cp2ZrMe]+ decomposes in the 

manner shown in the scheme, with formation of Cp2ZrMe(C6F4SiMe3).65 The formation of the 

unusual (ArNC3H6NAr)Ti(C6F5)CH2B(C6F5)2 was observed in the case of borane activation of the 

corresponding Ti bis(amido)complex. It was proposed that this is a result of B(C6F5)3 addition to 

the intermediate carbene complex.66

Another commonly observed type of decomposition is abstraction of the fluorine atoms from 

counteranions  by complex cations, which results in products having F-M (M = Ti, Zr) bonds.60 In a 

few cases the formed [(L2ZrX)2(μ-F)]+ [BR4]- (X = Me or F) were isolated and characterized.60,65b,67 

In the case of Me2C(Flu)(Cp)ZrMe2 activated with B(C6F5)3, the [Me2C(Flu)(Cp)Zr(C6F5)]2(μ-

F)]+[MeB(C6F5)3]- complex was obtained as a result of the combination of the C6F5 group and F 

abstractions.58

Very often the decomposition of the cationic complex involves C-H bond activation of the ligand. 

This process was first recognized in the generation of 1,3-di-t-Bu substituted zirconocene cation 

(Figure 4),60 and seems to be fairly common in the activation of CG (constrained geometry)-type68 
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or bis(amido) complexes (Scheme 11).69 In some systems, C-H activation is facilitated by a nearby 

metal center70 or additional chelating groups in the ligand.71 

 

 
Figure 4. Solid-state structure of the1,3-di- t-Bu substituted zirconocene cation after intramolecular 

C-H activation (reprinted with permission from J. Am. Chem. Soc., 1994, 116, 10015. Copyright 

1994 Am. Chem. Soc.). 
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Scheme 11. The C-H activation in cationic CG and nonmetallocene group 4 metal complexes 

 

 

Intermolecular C-H bond activation was observed upon activation of di(i-propyl) Hf NPyN complex 

by [PhNHMe2]+[B(C6F5)4]- (Scheme 12).37
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Scheme 12. Intermolecular C-H activation observed for NPyN-type complexes 

 

In halogenated solvents the decomposition of cations often involves the formation of chloro 

complexes.48 For example, [Cl(Fc(NSiMe3)2TiCl)2]+ (Fc – ferrocene) was isolated from the reaction 

of Fc(NSiMe3)2TiMe2 with B(C6F5)3 in CD2Cl2.72  

In the reaction of B(C6F5)3 with a Me3SiCH2-substituted CpTi alkoxy complex, methyl abstraction 

from the Me3SiCH2 group was observed instead of generation of the corresponding Ti cation 

(Scheme 13).73
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Scheme13. Activation of CpTi alkoxy complex 

 

 

3.2.2 Structure of cationic complexes in solution and solid state 

 

NMR spectroscopy is an important tool for investigating the structure of activated complexes in 

solution; in particular the character of the cation-anion coordination can be studied.48 In practice, the 

activation is often carried out in situ in the NMR tube. 1H and 13C NMR were successfully applied 

by Bochmann et al.74 to the structural study of [Cp2TiMe]+BPh4
- in solution. Five possible 

structures were suggested (A-E, Figure 5). From 1H and 13C NMR data (nonequivalence of 

cyclopentadienyl protons, absence of recognizable M-H agostic interactions, and bonding between 

metal center and BPh4
- or amine ligands), they concluded that the Ti cation was pseudotetrahedral 

in solution and was stabilized by solvent coordination (Structure E, Figure 5). Analogous Zr 

complexes revealed the η3 Zr-PhBPh3
- coordination (structure D, Figure 5).75  
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Figure 5. Possible structures of activated metallocene complex in dichloromethane solution 

 

In 1H and 13C NMR spectra of zirconocenes activated with B(C6F5)3, Marks and co-workers60 found 

the broad MeB group and low-field (13C NMR) Zr-Me (indicating the cation like character) signals. 

On the basis of 19F NMR measurements, they concluded that in MeB(C6F5)3
- derived ion pairs the 

cation-anion coordination “is largely through Zr+-Me-B- contact”. They and others detected direct 

metal-fluorine interactions between  the cations and B(C6F5)4
-, B(C6F4i-Pr3Si)4

-or B(C6F4Bu3Si)4
-

.60,61,67 Comparison of 19F NMR spectra of ion pairs  and the corresponding pure borate anions from 

their salts allowed a describtion of their relative cation coordination abilities.60 It was found that 

B(C6F5)4
- is a much more “noncoordinating” anion than MeB(C6F5)3

-.  

As was mentioned above, owing to high electrophilicity the complex cations were also able to 

coordinate with solvent molecules or donor ligands, which freed the counteranion from the cation. 

One particular but important case is the interaction of the cationic species with aromatic solvents, 

which are widely used media in homogeneous olefin polymerization. The strong coordination of η6-

toluene to positively charged Zr(IV) was first observed in activated CpZrMe3 complexes in 1993.76 

Similar Zr-toluene interactions have been found in “constrained geometry” Zr complex, together 

with dynamic cation symmetrization process, above 80 °C.65b Brintzinger et al.77 investigated 

anion/added ligand exchange reaction with a set of hard and soft donors for various zirconocene 

cations. As was expected, the coordination ability of the donor ligands decreased with increasing 

steric bulk and decreasing basicity of the Lewis base. It was shown that the MeB(C6F5)3
-/BDMA or 

DBE (BDMA = benzyldimethylamine, DBE = dibutyl ether) displacements were first-order 

reactions for zirconocene as well as for Lewis bases (Eq 1), while pseudo-first-order rate constants 

were obtained for Si-bridged complexes and N,N-dimethylaniline.77  

 

                                       v = k[Zr][BDMA]                                                              (Equation 1) 

 

DFT (PM3-tm) calculations identified the pentacoordinated zirconocene species as a intermediates 

or transition states for the anion/donor ligand exchange reaction.77
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Several coordination modes between cation and anion can be observed in solid state, varying with 

the metal, activator and ligand. The first solid-state structure of a metallocene activated by B(C6F5)3 

was presented in 1991 (Figure 6).55  

 

 
Figure 6. Solid-state structure of the 1,2-t-Bu2Cp substituted zirconocene cation (reprinted with 

permission from J. Am. Chem. Soc., 1991, 113, 3623. Copyright 1991 Am. Chem. Soc.). 

 

The overall geometry of the metallocene moiety resembles the structure of the parent complex, but 

the marked difference between the two Zr-Me bond lengths (Zr-Me(terminal)  2.252(4) Å vs. Zr-

Me(bridged) 2.549 (3) Å) shows that the methyl group abstraction by B(C6F5)3 is really taking 

place. This is further supported by the tetrahedral configuration of the boron atom and short B-

Me(bridged) distance (1.663(5) Å).55 In the obtained cationic structures, the electrophilicity of the 

central atom has a noticeable influence on the lengths of the Me(bridged)-B, Zr-Me(terminal) and 

Zr-Me(bridged) bonds. It is believed that anion-cation coordination is provided “principally through 

the hydrogen atoms of the bridging group”.60  

A second cation-anion coordination mode is illustrated by the metal-fluorine contacts, which can 

also be seen in solution (see above). In solid state this interaction has been found in only a few 

activated complexes, like Cp2ZrH+HB(C6F5)3
-.60 The structure of cationic thorium complex (Figure 

7) is another example of such coordination between metal and MeB(C6F5)3
- anion. The Th-F 

distances in this compound are 2.675(5) Å and 2.757(4) Å, which are quite short tough still longer 

than sums of the Th4+ and F-ionic radii.78  
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Figure 7. Solid-state structure of the decamethylthorocene cation- MeB(C6F5)3

- anion pair bonded 

via Th-F interactions (reprinted with permission from Organometallics, 1991, 10, 840. Copyright 

1991 Am. Chem. Soc.). 

 

As in solution, the additional coordination of the solvent molecule or the donor ligand to the 

cationic center has been observed in solid state. Such contacts were already ascertained in the first 

solved solid-state structures of the activated complexes. For example, the cationic Zr metallocene 

crystallized from THF had a solvent molecule coordinated to the Zr atom (Figure 8) with Zr-O bond 

length 2.122(14) Å showing tight Zr-THF coordination.50  

 

 
Figure 8. Solid state structure of the Cp2ZrMe(THF)+ cation (reprinted with permission from J. Am. 

Chem. Soc., 1986, 108, 7410. Copyright 1986 Am. Chem. Soc.). 

 

Relatively stable Hf cationic arene complexes were obtained in the presence of toluene the and 

investigated in solid state (Figure 9).76b,c The complex geometry and similarity of the Hf-Cp and Hf-

arene distances (approx. 2.480 Å vs. 2.669-2.689 Å) established the η6-toluene coordination.76c  
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Figure 9. Solid state structure of the CpZrMe2(η6-toluene)+ cation (reprinted with permission from 

Organometallics, 1996, 15, 3600. Copyright 1996 Am. Chem. Soc.). 

 

Another structural feature of the cationic complexes having additional ligand in solution and solid 

state is that the donor molecule forces the counteranion out from the internal coordination sphere.77  

The cationic benzyl species have a more diverse structural chemistry than their methyl substituted 

analogues owing to the presence of the electron-rich phenyl ring, which can also interact with 

positively charged metal center. The first benzyl cationic complex was isolated and characterized by 

Jordan et al.51a (Scheme 14). In solid state the benzyl group was bonded to Zr in η2 fashion through 

methylene carbon and ipso carbon atom (Zr-C bond lengths 2.344(8) and 2.648(6) Å, respectively). 

The significant up field shift of the ortho protons in 1H NMR and the signals of the methylene and 

ipso carbons in 13C NMR indicated that this structure was maintained in solution. The BPh4
- anion 

was shifted to outer coordination sphere by acetonitrile coordination.51  
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CH3CN Zr
N

C
Me

Cp2Fe+[BPh4]-

THF

Zr
CH2Ph

THF

+
THFMeC

N

CH2Cl2 Zr

 
Scheme 14. Synthesis of the benzyl zirconocene cationic complex, the solid state structure was 

reprinted with permission from J. Am. Chem. Soc., 1987, 109, 4111. Copyright 1987 Am. Chem. 

Soc. 
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Later the activation of (PhCH2)4Zr by B(C6F5)3 was studied.79 1H and 13C NMR measurements 

showed that, in solution, the cationic complex had one η2-benzyl substituent (and two η1- PhCH2 

groups) and was strongly coordinated with PhCH2B(C6F5)3
- counteranion via the benzyl group. 

Solid-state data supported these results. The PhCH2B(C6F5)3
- anion was bonded with Zr atom in η6-

fashion, and also η2-benzyl-Zr coordination was present (Figure 10).79  

 

 
Figure 10. Solid-state structure of Zr(CH2Ph)4 activated with B(C6F5)3 (reprinted with permission 

from J. Am. Chem. Soc., 1993, 115, 1160. Copyright 1993 Am. Chem. Soc.). 

 

In activation studies of the benzyl complexes it was concluded that η2-coordination to the metal 

center of the remaining benzyl group and the cation-anion interactions through a multihapto arene 

bridge are common in solution.51b,76a Unusual solid-state structures were obtained for activated 

mono Cp-substituted benzyl Zr complexes. In the case of [(C5H5)Zr(CH2Ph)2]+[PhCH2B(C6F5)3]-, 

the absence of η2-bonded CH2Ph and the presence of “η5”(idealized η6)-PhCH2B(C6F5)3
- 

coordination of the anion to the Zr atom were found, which indicates lower unsaturation of the 

cation than in [Zr(CH2Ph)3]+[PhCH2B(C6F5)3]-.80 In solid state, the related 

[(C5Me5)Zr(CH2Ph)2]+[PhCH2B(C6F5)3]- complex consisted of discrete ions without noticeable 

cation-anion interactions. The highly electrophilic Zr cation was bonded with two remaining benzyl 

groups which behaved as η7 and η3 ligands (Figure 11). MO calculations showed that the η3 benzyl 

group interacted with Zr mainly through methylene carbon atom and, to a lesser extent, trough ipso 

and one of the ortho carbon atoms; in the η7 ligands, all carbon atoms were participating in bonding 

to the same extent. The likely driving force for the observed benzyl group arrangements was the 

relieving of the electron deficiency of Zr, resulting in the formation of a formally 18-electron 

complex.81  
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Figure 11. Solid-state structure of [(C5Me5)Zr(CH2Ph)2]+ (reprinted with permission from 

Organometallics, 1994, 13, 3773. Copyright 1994 Am. Chem. Soc.). 

 
3.2.3 Activation of nonmetallocene alkyl complexes 

  

The metal center in nonmetallocene cations is usually less saturated and potentially more 

electrophilic than that in activated metallocenes. Thus, different chemical and structural behavior 

can be expected for the nonmetallocene cationic complexes.  
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Scheme 15. Activation of Si-bridged bis(amido) Zr complex 

 

Studies of activation of the amido Zr complexes were initiated by Horton and de With.69 Upon 

reaction of the open [(Me3Si)2N]2Zr(CH2Ph)2 with B(C6F5)3 they observed C-H activation. NMR 

studies showed that the PhCH2B(C6F5)3]- anion that formed was bonded with the cation via η6-

benzyl-Zr interaction. In contrast to this, Horton at al. observed the activation of bridged 

[Me2Si(Nt-Bu)2]Zr(CH2Ph)2 to proceed in a common way (Scheme 15), but according to 1H, 13C 
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and 19F NMR measurements the borate counteranion was still coordinated to highly electrophilic 

Zr.31 Reaction of the same complex with Ph3C+B(C6F5)4
- gave a product containing two kinds of 

benzyl groups in ratio 2:1, which indicated the formation of the dimeric cationic complex (Scheme 

15).82

The activation of [RN(CH2)3NR]TiMe2, which served as catalyst precursors for living α-olefin 

polymerization, led to the highly unstable cationic species, which slowly converted to Ti-C6F5 

derivative (see above).66 The analogous Zr cations also revealed high instability. Surprisingly, the 

cationic complexes showed better stability in CD2Cl2 than in benzene, probably due to additional 

coordination of CD2Cl2. The NMR spectra displayed strong anion-cation contacts in solution.83 

From NMR investigations of the generated [R2BN(CH2)3NBR2]MMe+MeB(C6F5)3
- (M – Ti, Zr) 

strong cation-anion interactions were also established in dichloromethane, which was presumably a 

reason for the low polymerization activity of these complexes in CD2Cl2. In aromatic solvents 

(toluene or chlorobenzene), cationic complexes may have been stabilized by the cation-solvent 

coordination.20c,d The ferrocene-bridged bis(amido)Ti methyl cation  {[(η5-

C5H4NSiMe3)2Fe]TiMe}+ (generated from complex 9) showed marked stability in solution due to 

intramolecular Ti-Fe interaction. No significant direct metal-metal contacts were found in the solid 

state (Fe-Ti distance 3.32 Å) (Figure 12). The abstraction of one methyl group was also supported 

by differences in the Ti-Me bond lengths (2.297(4) vs. 2.080(5) Å) and tetrahedral configuration of 

the boron atom. Unlike the {[(η5-C5H4NSiMe3)2Fe]TiMe}+ cation in the dimeric chloro Ti cationic 

complex, {[(η5-C5H4NSiMe3)2Fe]TiCl}2Cl+, the Ti-Fe distance was extremely short (2.49 Å).72 The 

Zr benzyl substituted cation, {[(η5-C5H4NSiMe3)2Fe]ZrCH2Ph}+, displayed similar structural 

features to the analogous Ti complex: absence of the recognizable Zr-Fe interactions (Zr-Fe 

distance 3.1981(7) Å) and the presence of strong cation-anion contacts, which were provided via η6- 

PhCH2B(C6F5)3
- coordination (Zr-Phcentr 2.385(4) Å).84

 

 
Figure 12. Solid-state structure of the ferrocene-bridged bis(amido)Ti methyl cation (reprinted with 

permission from J. Am. Chem. Soc., 2001, 123, 9212. Copyright 2001 Am. Chem. Soc.). 
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With the aim of obtaining more stable, four-coordinated alkyl cations, chelating diamide complexes 

with additional donor were investigated by Schrock and co-workers.43,44 The perfluorophenylborane 

activation of the dimethyl Zr[NON] derivative ([NON] - [((t-Bu-d6)N-o-C6H4)2O]2-) led to the 

unstable [NON]ZrMe+MeB(C6F5)3
- complex, in which the methyl groups appeared to be 

nonequivalent.43b Analogously to the activated metallocenes in solid state, 

[NON]ZrMe+MeB(C6F5)3
- revealed “zwitterionic” structure, where borane had partially abstracted 

one of the methyl groups (Figure 13).43a  

 

 
Figure 13. Solid-state structure of [NON]ZrMe+MeB(C6F5)3

- (reprinted with permission from J. 

Am. Chem. Soc., 1997, 119, 3830. Copyright 1997 Am. Chem. Soc.). 

 

Addition of PhNMe2H+B(C6F5)4
- to [NON]ZrMe2 also generates the corresponding cationic species, 

where dimethyl aniline coordinates with the metal center.44 Similar structure and aniline 

coordination were found for PhNMe2H+B(C6F5)4
- activated [RN-CH2CH2)2O]MMe2 (M – Zr, Hf). 

The cations generated from [RN-CH2CH2)2S]MMe2 (M – Zr, Hf) were not formed so cleanly and 

were not as stable as those obtained for oxygen donor systems.42  

The complexes having an additional donor in ligand bridge revealed structural lability. Depending 

on the conditions (ligand framework etc.), they adopt either mer or fac geometry (see above). In the 

presence of external donor (like Et2O or NMe2Ph), five-coordinated cationic species obtained from 

[NON]ZrMe2 or [NNHN]ZrMe2 complexes exhibited fac geometry, and the additional Lewis base 

ligand was bound in apical position trans to the O or N atoms of the bridge.32,43,44 In contrast to this, 

the pseudooctahedral [NON]ZrMe(THF)2
+ contains the [NON] ligand in mer configuration with 
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two THF molecules trans to each other. However, when the possibility to occupy the trans 

positions is excluded for Lewis donor, the fac geometry is essential, e.g. for [NON]ZrMe(DME)+.85 

In all these compounds where the cation was coordinated with additional Lewis bases, the 

counteranion remained “noncoordinated”. 

The generated [MesNNMeNMes]ZrMe+ (Mes – mesityl) is rather unstable and undergoes 

intramolecular C-H activation, which can be eliminated by replacement of the Mes substituents with 

2,6-Cl2C6H3 groups.33,34 A cationic dimer was formed in the reaction of [MesNNMeNMes]ZrMe2 

(11, D = NMe, Figure 2) with 0.5 eq. of Ph3C+B(C6F5)4
-. In solution, Zr-Me groups were involved 

in dynamic exchange, probably occurring via the dimeric intermediate, containing three bridged Me 

groups between Zr atoms. The dissociation-recombination process was established from NMR 

investigations.34  

The diamido pyridine derivatives PyC(Me)(CH2NHR)2 ([RNPy]H2, Py – 2-pyridyl) were employed 

as relatively rigid [NNN]-type ligands for synthesis of the alkyl Zr and Hf complexes (see above). 

Upon activation of [MesNPy]Zr(alkyl)2 complex by Ph3C+B(C6F5)4
-, either cationic dimer (alkyl = 

Me) or monomeric cation (alkyl – i-Bu) unstable towards β-hydrogen elimination (t1/2 = 40 min) 

was formed depending on the alkyl group.86 Under the same conditions the analogous Hf species 

(alkyl = i-Bu, i-Pr, or Et) appeared to be moderately stable towards β-hydrogen elimination. In the 

case of the Hf-Et or i-Pr substituted complexes, two different monomeric cations can be 

distinguished from the NMR data. The first is formed via a direct alkyl group abstraction, while the 

second is due to insertion of the eliminated alkene (C2H4 or C3H6) into Hf-alkyl bond (Scheme 

16).37 The structure and catalytic behavior of the activated complexes bearing electron-withdrawing 

2,6-X2C6H3 (X – Cl or F) have also been investigated.38
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Scheme 16. Actvation of the RNPy type Hf alkyl complexes 
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The addition of B(C6F5)3 to (t-Bu3PN)4-xTiRx (R-Me, CH2Ph; x – 2,3) gave the corresponding 

“zwitterionic” systems, while activation by PhNMe2H+B(C6F5)4
- generated several kinds of cationic 

species. These cationic species can be transformed to a single cationic complex by coordination 

with PMe3.87 The product of the abstraction of two Me groups was isolated and characterized by X-

ray studies.88  

Recently there was a report of the B(C6F5)3 activation of bis(phenolato) complexes. The reaction 

occurred rapidly, and cationic species with strong cation-anion interactions were formed.59,89 In 

some cases this was followed by intramolecular C-H activation. The solid-state structures of bulky 

(2,6-Ph2C6H3O)2M(CH2Ph)+PhCH2B(C6F5)3
- (M – Ti, Zr) were determined, and strong cation-anion 

bonding via M-η6-CH2Ph connection was established (Ti-arene bond 2.538(7)-2.627(6) Å; Zr-arene 

distance 2.653(4)-2.821(4) Å).90 Similar M-η6-CH2Ph coordination in solution was found for other 

bis(phenolato) cationic complexes.91  

The bis(phenolato) derivatives with donor group in the ligand bridge often show structural lability. 

In solid state, for example, the cationic bis(8-quinolinato) Zr benzyl complex has a different 

configuration than the parent complex. The structural transformation can be presented as the initial 

formation of five-coordinated cationic species followed by the shift of one of the quinolinato 

moieties (Scheme 17). The remaining benzyl group is connected with the metal center in η2-

fashion.92
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Scheme 17. Configuration transformation in the cationic complex formation 

 

The neutral acene benzyl Zr complexes can be converted into corresponding cations by protonolysis 

with PhNMe2H+B(C6F5)4
-. The coordination of the side-formed PhNMe2 is observed both in 

solution and in solid state (Figure 14). The Zr-Ndonor distance was 2.441(4) and comparable to Zr-N 

bond lengths in related Zr complexes containing neutral N-donor ligands. The chemical behavior of 

these acene cationic complexes in solution was also investigated by NMR methods.93  
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Figure 14. Solid-state structure of (F6-acen)Zr(CH2CMe3)(NMe2Ph)+ cation (reprinted with 

permission from Organometallics, 1995, 14, 371. Copyright 1995 Am. Chem. Soc.). 

     

  

4 Results and Discussion 
 

4.1 Experimental notes 
 
The ligands and complexes were prepared and handled under inert argon atmosphere using standard 

Schlenk technique and a glovebox. All solvents, including the ones for preparation of NMR 

samples, were dried with appropriate drying agents. Detailed descriptions of the solvent 

purification, complex synthesis, analyses, and polymerization procedures can be found in the 

experimental parts of the attached original publications. The synthesis and structures of the different 

ligands and metal complexes and their activated forms are presented in the following. The 

polymerization activity of each complex is described in connection with its synthesis and structure.   

 

4.2 Bis(amino)cyclodiphosph(III)azane ligands 

 

4.2.1 Ligand preparationI 

 

Phosphazanes, both cyclic and acyclic, are an established class of P-N compounds known for their 

stability and ease of synthesis. Cyclodiphosph(III)azanes (containing a P2N2 moiety) were first 

reported by Michaelis and Schroeter in 189494 but were fully characterized only in the 1970s.95 It 
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was found for bis(amino)cyclodiphosph(III)azanes that the greater bulkiness of the substituents at 

nitrogen atoms increases the thermodynamic stability of both the P2N2 cycle and the cis 

configuration of the amino groups at the ring (Figure 15).96 Study by 31P NMR helps to distinguish 

the cis and trans isomers from each other and to define the absolute configuration of the 

investigated cylodiphosph(III)azane.95b,97 Because the cis orientation of the amino substituents 

favors the coordination of metals and complex formation, the coordination chemistry of cis-

bis(amino)cyclodiphosph(III)azanes has been well studied.98

 
RR NH

tBu
tBu

N
P P

N

NH

 
Figure 15. Bis(amino)cyclophosph(III)azanes with cis configuration of the amino groups 

 

Homosubstituted bis(amino)cyclodiphosph(III)azanes, (i.e. having identical organic substituents at 

all four nitrogen atoms) are synthesized by condensation reaction of the appropriate amine with 

PCl3.95b Heterosubstituted ligands are prepared by a two-step route. First the dichlorosubstituted 

cyclodiphosph(III)azane (16) is obtained,94,95b,99 and this is reacted with certain lithium amides, or 

with the excess of a free amine. Both these alternatives lead to diamines in good yields.98, 100 And 

both were investigated here as a means to access new, bulky bis(amino)cyclodiphosph(III)azanes. 

The homosubstituted cis-di-t-butylaminocyclodiphosph(III)azane (17) was obtained by the reaction 

of t-butylamine and PCl3 (Scheme 18). The modified literature procedure was used.95b New aryl-

substituted ligands, in turn, were prepared from the cis-dichlorocyclodiphosph(III)azane (16). 

Because of the bulky amines employed, modifications in the general procedure were required to 

make substitution to P-Cl bonds. The attempts to use strong nucleophiles (amido lithium salts) 

failed because the substitution reaction occurred unselectively and the P2N2 ring was partially 

destroyed in the course of the reaction. Direct substitution in the presence of amine excess did not 

lead to the desired products even in harsh conditions. The application of Et3N, which is a more 

active base and less bulky than aryl amines and can serve as a P-Cl bond activator and as base for 

the utilization of forming HCl, led to the desired results. Still, relatively harsh conditions (at least 

fourfold excess of Et3N and 4 days of reflux in THF) were required to achieve full disubstitution at 

the P2N2 ring. This procedure was applied to synthesize new cis- 

bis(amino)cyclodiphosph(III)azanes bearing bulky substituents (18-24, Scheme 18).I-II 
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Scheme 18. Preparation of bulky bis(amino)cyclodiphosph(III)azane ligandsI-II 

 

4.2.2 Structure of bulky cis-bis(amino)cyclodiphosph(III)azansI-II 

 

The cyclodiphosph(III)azane ligands 17-24 are air- and moisture-sensitive oils or sticky solids. 31P 

NMR showed that they all adopt the cis configuration. Single crystal X-ray diffraction analysis was 

undertaken for a series of four of new cyclodiph(III)azanes (Figure 16). Like 31P NMR, the 

measurements supported the exclusive presence of the cis isomer. The data showed that, despite the 

sterically bulky aryl or alkyl substituents, the basic structural features (bond lengths and angles) of 

the ligand backbone are more or less the same as earlier reported for nonbulky ones.98,100,101 In 19-

21 in solid state the P2N2 ring was bent, in agreement with previously reported theoretical 

calculations. The bending could be a result of the repulsive lone pair - bond pair electronic 

interactions.96
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21 22

 

 

Figure 16. Solid state structures of the synthesized cis-bis(amino)cyclodiphosph(III)azans. 19 - cis-

[(2-t-BuC6H4NH)(tBuNP)]2; 20 - cis-[(2-CF3C6H4NH)(tBuNP)]2; 21 - cis-[(2,5-di-t-

Bu2C6H3NH)(tBuNP)]2; 22 -  cis-[(Ph2CHNH)(tBuNP)]2
I-II

 

The structures of 19 and 20 are similar.I The orientation of the aniline groups and their substituents 

gives the molecules overall C2v symmetry. The influence of the electron-withdrawing CF3 

substituents is seen only in the elongation of the exocyclic PN bonds. Owing to the presence of a 

second tert-butyl substituent at the aniline moieties, 21 has lost superfacial C2v symmetry. The bond 

distances and angles in the P2N2 ring in 21 are nevertheless similar to those in 19 and 20 (Figure 

16).I 

The solid state structure of compound 22 bearing very bulky diphenylmethyl groups differs sharply 

from the previously described structures. According to X-ray crystallographic data, the NH groups 

in all other known cyclodiphosph(III)azans adopt the endo orientation relative to the P2N2 ring, 
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98,100,101 (e.g. compounds 19-21 in Figure 16), while in 22 these substituents have the exo-endo 

orientation. Such an unusual structural feature has earlier been reported only for cis-

[(tBuNH)(tBuNPS)]2 with P(V).95b Furthermore, the distortion of the P2N2 ring is diminished as 

indicated by the P-N bond distances and the planarity of the ring. This may be mostly a 

consequence of the unique exo-endo orientation.II 

 

4.2.3 Coordination chemistry of bulky cis-bis(amino)cyclodiphosph(III)azans 

 

The coordination chemistry of the bis(amino)cyclodiphosph(III)azanes has attracted significant 

attention because the cis ligand structure favors the complexation of various main group elements.98 

Although the detailed investigations in this area were beyond the scope of this study, but the 

chemistry of the Li and Mg compounds were prepared and preliminarily investigated as potential 

sources for transition metal complexes. The reactions of 18 and 23 with nBuLi and 23 with Bu2Mg 

occurred selectively according to 31P, 1H, and 13C NMR, but because of the bulky substituents in the 

ligand framework, a long time was required to complete the reaction (Scheme 19).I 
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Scheme 19. Preparation of Li and Mg derivatives of bulky bis(amino)cyclodiphosph(III)azanes I 
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The structure of the Li salt, cis-[(2,4-di-MeC6H3N)(PN-tBu)]2Li2(THF)2 (25), was resolved by X-

ray single crystal diffraction analysis. In solid state the P2N2 ring, exocyclic N, and both Li atoms 

form an inorganic heterocube that is surrounded by the aniline groups of the ligand and two 

coordinated THF molecules (Figure 17). The P2N2 ring is almost planar, which is also related to the 

symmetry of the molecule and the equal bond distances in the ring. The exocyclic P-N bonds are 

shorter than the endocyclic ones (1.674(3) Å vs. 1.768(3) Å). The bond lengths between Li and the 

exocyclic nitrogen atoms are almost equal (from 2.071(6)Å to 2.095(6)Å) and similar to those 

found in related lithium amides.102 Thus, the solid-state structure of compound 25 has similar 

structural features to those described for cis-[(tBuN)(PN-tBu)]2Li2(THF)2.101b Relative to the 

structure of cis-[(tBuN)(PN-tBu)]2Li2(THF)2, however, the distances between the lithium atom and 

the endocyclic nitrogen atoms are lengthened (2.133(6) Å vs 2.104(5) Å) and they can be 

considered typical for bonds between a coordinated lithium cation and a donor nitrogen atom.I 

 
 

 
Figure 17. Solid-state structure of Li bis(amido)cyclodiphosph(III)azane salt (25).I 

 

4.3 Group 4 metals complexes of bis(amido)cyclodiph(III)azanes  
 

First bis(amido)cyclodiphosph(III)azane complexes were prepared in 1997.11a From preliminary 

ethene polymerization experiments the poor stability of Ti and Zr complexes in the presence of 

MAO was claimed.11 One of goals of the present studies was to investigate the influence of the 

ligand substitution on the catalytic behavior of bis(amido)cyclodiphosph(III)azane group 4 metal 

complexes in ethene polymerization and to find stable enough and active catalysts. Also the 

investigations how the ligand substitution is affecting on the structure of the activated species have 

been made. 
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 4.3.1 Synthesis of bis(amido) group 4 metal dichloro derivativesI-III 

 

One of the general synthetic routes to the bis(amido)complexes of transition metals is the 

transmetallation reaction between metal halides and alkali or alkaline earth metal salts of the 

ligand.103 The known bis(amido)cyclodiph(III)azane Ti, Zr and Hf complexes based on cis-[(tBuN-

)(PN-tBu)]2 ligand framework were obtained by this route.11,100 Our attempts to obtain group 4 

metal complexes bearing bulky amido substituents via corresponding lithium or magnesium salts 

failed. The explanation might be the steric demand of these lithium salts, which slows down the 

reaction; or Ti, Zr, and Hf tetrachlorides, which are strong Lewis acids, may attack the phosphorus 

lone pair more readily than the N-Li or N-Mg bond. 

  

i ii
- 2HNMe2 - 2Me3SiNMe2

i - M(NMe2)4, toluene, reflux; ii - excess of Me3SiCl

P
N

P
N

But
But

NH HNR R
P

N

P

N
But

But

N

N

R

R

M
NMe2

NMe2

P

N

P

N
But

But

N

N

R

R

M
Cl

Cl

M - Ti M -Zr M - Hf R 

NMe2 Cl NMe2 Cl NMe2 Cl 

Ph 26a - 31a 31 - - 

Ph2CH 27a 27 32a 32 - - 

2,6-Et2C6H3 28a 28 33a 33 - - 
2,6-iPr2C6H3 29a 29 34a 34 36a 36 

2,5-tBu2C6H3 30a 30 35a 35 37a 37 

 

I II III

 

Scheme 20. Preparation of cyclodiphosph(III)azane group 4 metal complexes 

 

An alternative approach, direct ligand metallation by Ti, Zr and Hf amides, was found to be 

efficient. The reaction of the less Lewis-acidic M(NMe2)4 (M = Ti, Zr, Hf) with [(RNH)(tBuNP)]2  

occurred selectively, and the bis-amido complexes [(RN)(tBuNP)]2M(NMe2)2 were formed in high 

yield (Scheme 20).I-III The M-NMe2 bonds are stronger and more resistant against substitution than 

M-Cl bonds because NMe2 groups are stronger π donors (the free electron pair on N is more 

accessible for a metal) than Cl atoms.104 This slows down the activation of the NMe2-substituted 

complexes and makes the M-Cl derivatives more attractive candidates for application in 
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homogeneous olefin polymerization. The prepared amido complexes were converted into 

[(RNH)(tBuNP)]2MCl2 with high yields by reaction with excess of Me3SiCl (Scheme 20).I-III

 

4.3.2 Preparation of Ti, Zr, and Hf alkyl complexesIII,IV 

 

The known complex [(tBuNH)(tBuNP)]2TiCl2 (38) and three new complexes 28- 30 were allowed 

to react with PhCH2MgCl in Et2O. Phosph(III)azane derivatives 29 and 30 bearing bulky 2,6-i-

Pr2C6H3 and 2,5-t-Bu2C6H3 groups, respectively, were directly converted into benzyl-disubstituted 

complexes [(RN)(t-BuNP)]2Ti(CH2Ph)2 (39, R = 2,6-i-Pr2C6H3; 40, R = 2,5-t-Bu2C6H3), while 28 

and 38 gave only [(RN)(t-BuNP)]2Ti(CH2Ph)Cl (41, R = t-Bu; 42, R =  2,6-Et2C6H3) (Scheme 21). 

Later attempts to introduce a second benzyl group to 41 and 42 by treatment with additional 

PhCH2MgCl led to the desired dibenzyl substituted derivatives in low yields. In this case it 

appeared that the preferable reaction was decomposition of the complex with the formation of large 

quantities of dibenzyl.IV 
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Scheme 21. Preparation of cyclodiphosph(III)azane Ti benzyl complexesIV 

 

Pure [(tBuN)(t-BuNP)]2Ti(CH2Ph)2 (43) was obtained in a moderate yield via treatment of 38 in 

Et2O and PhCH2MgCl solution in THF (Scheme 25). The benzylidene derivative,[(t-BuN)(t-

BuNP)]2TiCHPh(THF) (44), was isolated as side-product from the reaction mixture. These two Ti 

complexes can be separated from each other because of their different solubility in alkane solvents. 

In the proposed mechanism, deprotonation of the initially formed 41 by PhCH2MgCl followed by 
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Cl- abstraction leads to the carbene complex 44, which is stabilized by coordination with THF 

(Scheme 22).IV  
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Scheme 22. Proposed mechanism for formation of Ti carbene complex 44 

 

The benzylation of Zr complexes [(RN)(t-BuNP)]2ZrCl2 (34, 35, and 45, R = t-Bu) was carried out 

under similar conditions as used for Ti derivatives. Bulky [(RN)(t-BuNP)]2ZrCl2 (34, R = 2,6-i-

Pr2C6H3 and 35, R = 2,5-t-Bu2C6H3) were converted into monobenzyl [(RN)(t-

BuNP)]2Zr(CH2Ph)Cl (46 and 47, respectively) (Scheme 23), while less sterically crowded 

[(tBuN)(t-BuNP)]2ZrCl2 (45) was directly transformed into corresponding dibenzyl complex 48 

(Scheme 23). In efforts to get dibenzyl Zr derivatives from 34 and 35, only complex decomposition 

was observed.IV 
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Scheme 23. Preparation of cyclodiphosph(III)azane Zr benzyl complexes.IV 

 

The benzyl Ti and Zr complexes exhibited modest thermal instability and high air and moisture 

sensitivity. 

 43



  

The dimethyl Hf complexes 49-51 were prepared by the reaction of corresponding dichloro Hf 

derivatives with MeMgBr in Et2O (Scheme 24). They exhibited high thermal stability but were 

extremely air and moisture sensitive.III  
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Scheme 24. Synthesis of the dimethyl hafnium cyclodiphosph(III)azane complexesIII

 

4.3.3 Structure of the group 4 metal complexesI-IV 

 

The synthesized group 4 metal derivatives were isolated as oils or solids depending on the 

substitutions at the amido nitrogen. Colors of the obtained material were defined by the coordinated 

metal: Ti derivatives were red to brown, Zr derivatives – white to orange, and Hf derivatives – 

white or pale-yellow. 

In 1H and 13C NMR spectra the complexes exhibited C2 molecular symmetry, since t-butyl 

substituents at the P2N2 ring, as well as alkylaryl groups, were chemically equivalent. In the case of 

the unsymmetrically substituted [(t-BuN)(t-BuNP)]2Ti(CH2Ph)Cl (41), 1H NMR showed chemical 

nonequivalence of t-butyls at the P2N2 ring and Cs molecular symmetry can be proposed.IV   

Single-crystal X-ray analyses of cis-bis(amido)cyclodiphosph(III)azane transition metal derivatives 

are few; only solid state structures of a few complexes based on the cis-[(tBuN-)(PN-tBu)]2 

framework are described in the literature.100,104 In this work investigation was made of the solid-

state structures of group 4 metal cis-bis(amido)cyclodiphosph(III)azane complexes. The structures 

of the Zr and Hf alkyls are described below in connection with activation studies (Section 4.3.5).  

Here the structural features of (PhN)(tBuNP)]2Ti(NMe2)2 (26a) and 

[(Ph2CHN)(tBuNP)]2Zr(NMe2)2 (32a) are presented.I,II The two structures are similar (Figure 18). 

The four amido-metal bonds, and an additional coordination of the cyclodiphosph(III)azane ring 

nitrogen atom to the metal, define a rather distorted trigonal bipyramidal configuration of the 
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coordination center. The presence in solid state of an the additional donor acceptor bond between 

the P2N2 ring and metal changes the molecular symmetry from C2 in solution to Cs in solid state. 

The Ti-Namido bond lengths in 26a are not equal and vary from 1.884(4) Å to 2.020(3) Å. All Zr-

Namido bonds in 32a are equidistant with average length 2.110 Å. The donor-acceptor bond M-NP2N2 

is longer in the Zr complex 32a than in the Ti complex 26a (2.325(4) Å vs. 2.448(7) Å) and in both 

complexes the M-NP2N2 interaction is weaker than normal covalent metal-amido nitrogen bonds. 

The elongation of the Zr-NP2N2 bond length relative to Ti-NP2N2 may be related to the larger radius 

of the Zr atom or it may be a consequence of the weaker Lewis acidity of Zr(IV) than Ti(IV). The 

[(PhN)(tBuNP)]2TiCl2 complex, the dichloro substituted analogue of complex 26a, has been 

described in the literature.100 The Ti-NP2N2 distance was given there as 2.1588(7) Å, which is much 

shorter than in 26a. This difference can be explained by stronger π-donor character of NMe2 

substituents than of Cl groups, or by the donation of additional electron density from the sp2-

hybridized amido nitrogen atoms to the metal center in complex 26a, which decreases the Lewis 

acidity of titanium and thereby the strength of the Ti-NP2N2 interaction. In the complex 26a, and also 

32a, the amido nitrogen atoms are in a pseudo-tetrahedral environment around the metal center with 

angles between two M-Nligand bonds 111.80(1) º in Ti compound and 108.5(2) º in the Zr derivative. 

The Me2N-M-NMe2 angle increased from 98.66(2) º in structure 26a to 100.0(3) º in 32a.I,II 

In the Zr complex 32a, the geometry of the ligand framework (compare structure 22, Figure 16) is 

altered by the zirconium coordination, and the P-N(amido) bonds adopt endo-endo orientation 

relative to the cyclodiphosph(III)azane ring.II 

 
 

26a 32a
 

Figure 18. Solid-state structures of group 4 metal cyclodiphosph(III)azane complexes: 26a - cis-

[(PhN)(tBuNP)]2Ti(NMe2)2, 32a - [(Ph2CHN)(tBuNP)]2Zr(NMe2)2.I,II 
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 [(t-BuN)(t-BuNP)]2TiCHPh(THF) (44) (Figure 19) is distinguished from other group 4 metal 

cyclodiphosph(III)azane derivatives by the presence of Ti-C double bond.IV The first indication of 

the carbene character of 44 was obtained from 1H and 13C NMR data. In 1H NMR the proton signal 

of the TiCH group is downfield shifted (4.05 ppm vs. 3.22 ppm for TiCH2 peak of 43) and in 13C 

NMR a low-field carbene signal of the TiCH moiety (221.93 ppm with JCH = 162.85 Hz) is 

detected. The structural data from the single crystal X-ray studies are in a good agreement with the 

observed NMR spectra. 

In solid state, [(t-BuN)(t-BuNP)]2TiCHPh(THF) (44) is highly unsymmetrical. The titanium atom 

adopts a distorted trigonal bipyramidal configuration, defined by two Ti-Namido, Ti=CH, Ti-O, and 

donor-acceptor Ti-N(from P2N2 cycle) connections (Figure 19).  The double Ti=CH bond is short 

(1.901(4) Å) and distinguished from the single (in range 2.1-2.2 Å) Ti-CH2Ph bond105 in normal 

benzyl Ti bis(amido)complexes. Because the electron density has moved from metal center to the 

benzylidene ligand, titanium acquires a high Lewis acid character, as seen in the shortening of the 

Ti-NP2N2 bond (2.205(3) Å vs. 2.267(2) Å in [(t-BuN)(t-BuNP)]2TiCl2). The configuration of the 

carbene atom with the angle between the Ti=C bond and Ph substituent 161.3(4)° is highly distorted 

from the sp2 defined geometry, which may be due to the presence of significant agostic interactions 

between C61-H61a and titanium. The C61-C62 bond is 1.445(6) Å, which consists with the length 

of standard C(sp2)-C(sp2) bond (1.48 Å).IV 

 

 
Figure 19. Solid-state structure of the cyclodiphosph(III)azane Ti carbene complex  cis-

[(PhN)(tBuNP)]2TiCHPh(THF) 44.IV 
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4.3.4 Results of ethene polymerization I-IV 

 

Despite the clear interest in cis-bis(amido)cyclodiphosph(III)azane-based group 4 metal complexes, 

only a few preliminary reports have described their behavior in olefin polymerization.11b,100 

Unfortunately, neither exact values of polymerization activity nor the properties of the produced 

polymers were reported. Here. in order to study in detail the catalytic behavior of cis-

bis(amido)cyclodiphosph(III)azane derivatives, polymerization experiments with known and novel 

Ti, Zr, and Hf complexes were carried out after activation with MAO, and investigations were made 

of the properties of the produced polymers. 

Under the same polymerization conditions, the Zr based catalysts exhibited the highest activities 

among the group 4 metal complexes (Figure 20).II  

 
Figure 20. Catalytic activity of [(RN)(tBuNP)]2MCl2 (M = Ti, Zr) in ethene polymerization. 

Conditions: 200 ml of toluene, ethene pressure  3.8 bar, Al/M (M = Ti or Zr) ratio  1000, 

polymerization temperature 50 ºCI,II

 

The experimental data showed the catalytic activity and properties of the resulting polymers to 

depend on the substitution at the ligand framework (Figure 20). Most active were Ti and Zr 

complexes bearing cis-[(tBuN-)(PN-tBu)]2. The relatively small t-butyl groups at amido nitrogen 

atoms leave the metal center open for activation and polymer chain propagation, but at the same 

time the catalyst appears to be susceptible to side reactions and deactivation. This may explain the 

good polymerization activity of these catalysts and the fast deactivation of cis-[(tBuN)(PN-

tBu)]2TiCl2  (38) under the applied polymerization conditions. As a result, the overall productivity 
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of complex 38 in polymerization was not high. The labile character of 38 is also supported by the 

formation of polymer with bimodal molar mass distribution in the course of the reaction (Figure 

21).I Although highly active, cis-[(tBuN)(PN-tBu)]2ZrCl2 exhibited enchanced sensitivity to 

increase in the polymerization temperature and MAO concentration.II  

The replacement of the tert-butylamido groups in the cis-[(tBuN)(PN-tBu)]2ZrCl2  complex with 

diphenylmethylamido substituents led to dramatic change in the catalyst behavior (Figures  20 and 

21).I,II The activity declined substantially and the produced polyethene had high Mw and bimodal 

molar mass distribution. Polyethene with narrow molecular mass distribution was obtained with the 

similar Ti complex 27, which also showed rather low polymerization activity (Figure 20).   

 

38 32  
Figure 21. Bimodal molecular mass distribution in the polyethene obtained with catalysts 38 

containing t-butylamido substituents and 32 bearing Ph2CH groups.I 

 

In the series of Ti and Zr catalysts bearing arylamido groups, the polymerization activity grows with 

the bulkiness of the ligand substitution in the order Ph < 2,6-Et2C6H3 < 2,5-t-Bu2C6H3 < 2,6- i-

Pr2C6H3.I,II These complexes produced very high molecular mass polyethene with relatively narrow 

polydispersity, the values lying in the range 2.1 – 6. The polyethylene obtained with Ti derivatives 

has higher Mw (more than 2×106 g/mol was achieved) than the polyethene obtained with Zr 

derivatives. The increased bulk of the arylamido substituents relative to the t-Bu group was still 

insufficient to efficiently protect the catalyst from decomposition under harsh conditions. Both Ti 

and Zr derivatives showed a decline in catalytic activity when polymerization temperature was 

elevated to 70 ºC and MAO concentration increased to Al/Zr ratio 2000:1.I,II Only Zr complex 34 
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bearing very bulky 2,6- i-Pr2C6H3 groups showed increased catalytic activity under such harsh 

conditions.II  

The polymers produced with catalysts used had such high molecular mass that their solubility even 

in hot toluene was very low. At higher monomer concentration, due to enhanced polymer 

formation, the active complex quickly became embedded in the swollen gel-like polymer matrix, 

which led to diffusion-controlled reaction conditions (Figure 22).II 
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Figure 22. Catalytic activity of complexes as a function of ethene concentration for 

[(PhN)(tBuNP)]2ZrCl2 (31), [(Ph2CHN)(tBuNP)]2ZrCl2 (32), [(2,6-Et2C6H3N)(tBuNP)]2ZrCl2 (33), 

[(2,6-iPr2C6H3)(tBuNP)]2ZrCl2 (34), [(2,5-tBu2C6H3N)(tBuNP)]2ZrCl2 (35), [(tBuN)(tBuNP)]2ZrCl2 

(45) as catalyst precursors. Experimental conditions: MAO (Al/M = 1000), polymerization 

temperature 50 ºCII 

 

The benzyl Ti and Zr derivatives 39-43 and 46-48 were also studied as catalyst precursors for 

ethene polymerization. Unfortunately, the high air and moisture sensitivity and thermal instability 

of the parent complexes, as well as the species activated by B(C6F5)3 or MAO, prevented the 

obtaining of high quality data. The complexes activated by B(C6F5)3 showed very low catalytic 

activity. In further experiments, where MAO was the activator, polymerization activities were 
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moderate to high. However, in all experiments, some precatalyst decomposition was detected even 

before the start of polymerization. As a result, two or more kinds of catalytic species may have been 

present in the polymerization mixture. Indeed, according to GPC measurements, most of the 

polymers had bimodal molecular mass distribution and consisted of high and low molecular mass 

fractions (See example on Figure 23).IV

 
Figure 23. GPC of the polyethene produced with complex 39 

([(2,6-i-Pr2C6H3N)(t-BuNP)]2Ti(CH2Ph)2)IV 

 

Heavier components had similar Mw values to those of the corresponding dichloro Ti and Zr 

complexes (27-35); lighter ones had low molecular masses (around 10000 kg/mol) and probably 

were produced by products of the original catalyst decomposition (Table 1).IV 

 

Table 1. Ethene polymerization data for benzyl Ti and Zr complexes a

entry catalyst conc. 
(μmol) 

reaction 

temp. (°C) 

MAO/M yield 
(g) 

activityb Mw (1) Mw (2) 

1 39 20 20 2000 1.1 110 1.45×106 6.9×104

2 41 20 20 2000 1.5 150 5.4×105 9.4×104

3 42 10 20 1000 0.46 92 9.7×105 1.6×104

4 46 10 20 1000 0.53 106 -c - 

5 47 20 40 2000 3 300 1.06×106 1.1×104

6 48 5 20 1000 11.5 4600 4.9×105 2.2×104

a200 ml of toluene, pressure of ethylene 4 bar, polymerization time 30 min; bkg PE/(molcat×h); cpolymer stacked on the 

filters in Waters chromatograph. 
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t-Butyl-substituted Ti and Zr derivatives 41 and 48 showed highest polymerization activities in the 

series of benzyl complexes. In the case of the Ti catalyst 41/MAO, fast decline in catalytic activity 

has observed during the polymerization. In the set of benzyl Ti and Zr cyclodiphosph(III)azane 

derivatives bearing bulky aryl groups the complexes 39 and 47, having large 2,6-i-Pr2C6H3 

substituents, were the most catalytically active.IV Comparison of Ti and Zr catalysts with the same 

R substituent [(RN)(t-BuNP)]2MX2 (X = Cl or CH2Ph) shows them to have similar catalytic 

behavior in ethene polymerization regardless of the nature of the X groups. This means that the 

actual active species have the same or a closely related structure regardless of the X group. This 

finding is in accordance with largely accepted activation mechanism for the homogeneous catalytic 

ethene polymerization (see above). 

Hf methyl and chloro complexes (36, 37, 49-51) showed poor ability to catalyze the polymerization 

of ethene. Also in this case the catalysts bearing t-Bu groups, [(t-BuN)(t-BuNP)]2HfX2 (X = Cl or 

Me), exhibited highest polymerization activity among Hf derivatives.III 

On the basis of the experimental data it can be concluded that the nature and size of the amido 

substituents play a strong role in defining the catalytic activity of the group 4 metal cis-

bis(amido)cyclodiphosph(III)azane derivatives as well as the properties of the polymers. 

 

4.3.5 Activation studiesIII,IV 

 

The presence of an electron-rich phosphorus-nitrogen ring in the vicinity of the metal center in cis-

bis(amido)cyclodiphosph(III)azane complexes raises the question of the site for MAO coordination 

during the activation step. To understand the processes occurring during activation and the nature 

and structure of the true catalytic species involved in olefin polymerization, cis-

bis(amido)cyclodiphosph(III)azane Ti, Zr, and Hf alkyl complexes were activated with B(C6F5)3 

and investigated by NMR and X-ray diffraction techniques.  

The activated species were generated and NMR studies made in two different media: 

deuterobenzene and deuterodichloromethane. After activation of [(t-BuN)(t-BuNP)]2HfMe2 by 

B(C6F5)3 in deuterobenzene,  two different signals for Hf-Me protons were observed in 1H NMR. 

One of these peaks was the same as before activation and the second could be ascribed to the Hf-

Me-B group. The t-BuNimino groups in the activated species appeared to be chemically 

nonequivalent, which may be due to the appearance of an additional donor-acceptor coordination 

between the P2N2 ring and Hf atom in solution. 19F NMR showed the presence of coordinated 

[MeB(C6F5)3]- anion in deuterobenzene, while the full dissociation to LHfMe+ and [MeB(C6F5)3]- 

was observed in CD2Cl2. Presumably, in CD2Cl2, according to 31P NMR results, the intermolecular 
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coordination occurred between naked Hf cations and electron rich phosphorus(III) atoms from an 

other LHfMe+ species.III  

The activated Hf complexes 50, 51 bearing aryl substituents were poorly solubile in benzene. 

Generated in CD2Cl2, however, they stayed in solution and could be investigated by NMR 

techniques. Unlike cis-[(tBuN)(PN-tBu)]2HfMe+ dissolved in benzene, they had C2 molecular 

symmetry in solution and full dissociation on Hf cation and boron anion.III On the basis of NMR 

investigations it can be proposed that aryl substituents play an important role in the delocalization 

of positive charge. The activation of the complexes is presented in Scheme 25. 
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Scheme 25. Activation of Hf complexes bearing t-butylamido or bulky anilido groups III 

 

The cationic nonmetallocene complexes are generally characterized by poor stability, and solid-

state structures are few. The solid-state structures of {[(t-BuN)(t-BuNP)]2HfMe+[MeB(C6F5)3]-} 

(52) and its parent complex 49, [(t-BuN)(t-BuNP)]2HfMe2, were successfully resolved by single-

crystal X-ray analysis.III 

In both complexes the central Hf atom has a distorted trigonal bipyramidal configuration defined by 

two amido-hafnium bonds, two hafnium-methyl bonds and an additional coordination of the metal 

with one of the imino nitrogen atoms in the cyclodiphosph(III)azane ring (Figure 24). In compound 

49 the Hf-Me bonds are equidistant (2.254(5) Å), while in 52 the coordination of B(C6F5)3 to one of 

the hafnium methyl groups causes significant elongation of the Hf-C61 bond (2.473(5) Å vs. 

2.228(6) Å for Hf-C21). The C61-B bond is short (1.673(8) Å) and the configuration of the boron 
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atom is close to tetrahedral, as is common for anionic tetracoordinated boron species. As a result, 52 

in solid state can be considered a tight ion pair ([LHfMe]+[MeB(C6F5)3]–), where the hafnium cation 

is weakly associated with a borate anion.III This association may be provided via agostic Hf-H-B 

interactions. 

 

49 52
 

Figure 24. Solid-state structures of the cationic Hf bis(amido)cyclodiphosph(III)azane 52, {[(t-

BuN)(t-BuNP)]2HfMe+[MeB(C6F5)3]-}, and its parent complex 49, [(t-BuN)(t-BuNP)]2HfMe2 III 

 

The increased, relatively to the parent complex, Lewis acidity of the central atom in 52 is seen in 

the shortening of the donor-acceptor Hf-NP2N2 coordination (2.315(4) Å vs. 2.428(3) Å in 49). Also 

the uncoordinated second imino nitrogen in the P2N2 ring moves closer to Hf, causing puckering of 

the P2N2 ring (2.765(5) Å for Hf-N4 in 52 vs. 3.000(5) Å in 49). The Me-Hf-Me angle is slightly 

diminished from 104.2(2)° in 49 to 100.4(2)°  in 52. 

The B(C6F5)3 activation of the Ti and Zr benzyl complexes was carried out in the same way as 

described for the Hf derivatives. In this case, however, [D6]-benzene could not be used because of 

the poor solubility of the activated Ti and Zr species. The cation generation and NMR investigations 

were therefore performed in CD2Cl2 instead. In 1H NMR study of [(t-BuN)(t-

BuNP)]2Zr(CH2Ph)2/B(C6F5)3 and the analogous Ti derivative 43/B(C6F5)3, two kinds of benzyl 

groups were observed: B-CH2Ph (broadened signal at 2.8 ppm, triplets at 6.84 and 6.96 ppm, and 

doublet at 6.71 ppm) and M-CH2Ph (Ti-CH2Ph sharp peak at 2.9 ppm, Zr-CH2Ph sharp peak at 3.1 

ppm, Ph group multiplet at 7.0-7.21 ppm). The proton signals of Zr-CH2 were shifted downfield 

compared with those of the parent complex (3.10 ppm vs. 2.45 ppm). These data are consistent with 

the cleavage of one of the M-CH2Ph bonds by B(C6F5)3 followed by formation of the [(t-BuN)(t-
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BuNP)]2M(CH2Ph)+ cation and borate PhCH2B(C6F5)3
- anion in the same was asfor the Hf 

complexes (Scheme 25).IV Comparable 1H NMR spectra were obtained for the activated 2,5-

Bu2C6H3 substituted Ti dibenzyl and Zr monobenzyl  derivatives 40 and 46 (with the exception of 

M-CH2Ph signal). Activated Ti and Zr complexes 39 and 47 bearing 2,6-i-Pr2C6H3 groups, in turn, 

appeared to be highly unstable in CD2Cl2 and rapidly (in a few minutes) decomposed to the 

corresponding phosph(III)azane ligand. The partial decomposition of the cation was also detected in 

the activation of 40, 43, 46, 48. The Ti and Zr cationic species are thus highly unstable in 

dichloromethane.  

The 19F NMR spectra showed that PhCH2B(C6F5)3
- anion was not coordinated to the cationic metal 

center. Regardless of the ligand substitution, the positions of the PhCH2B(C6F5)3
- peaks in 19F NMR 

were about the same. The absence of recognizable cation-anion contacts means that the metal center 

is coordinatively unsaturated. The possibility to bind the additional ligands was shown in the 

experiments with trimethylphosphine. Despite the cation-Me3P interactions observed in 31P NMR, 

no changes were detected in 19F NMR, which is consistent with the uncoordinated character of the 

PhCH2B(C6F5)3
- anion.IV The unsaturation of the complex cations may be associated with their 

instability in CD2Cl2 solution. Decomposition of activated complexes can be initiated by the 

coordination of solvent to the metal center. The decomposition of [(t-BuN)(t-BuNP)]2Ti(CH2Ph)2 

(43)/B(C6F5)3 occurred via phosph(III)azane ring degradation.IV Indeed, such lability of the P2N2 

ring in 43/B(C6F5)3 may also be the reason for fast deactivation in the ethene polymerization of the 

Ti catalysts 38 and 41 bearing t-Bu groups.  

The activity of the catalysts in ethene polymerization may be associated with the electrophilicity of 

the central atom in cationic species. In the case of the bis(amido)cyclodiphosph(III)azane group 4 

metal derivatives, the relative electrophilicity of the metal center can be defined by the shift (ΔδP) 

of the 31P NMR peak of the cationic species from the position of the 31P NMR signal of parent alkyl 

complex. The largest ΔδP were observed for the most active [(t-BuN)(t-BuNP)]2MX2 complexes, 

while ΔδP close to zero were obtained for the much less active aryl-substituted [(ArN)(t-

BuNP)]2MX2.III,IV 

The solid-state structures of the activated [(t-BuN)(t-BuNP)]2Zr(CH2Ph)2·Et2O/B(C6F5)3 (53), and 

of the parent complex 48, were investigated by single-crystal X-ray diffraction methods. In both 

compounds the central zirconium atom has highly distorted trigonal bipyramidal configuration. In 

complex 48, two amido nitrogens, two carbon atoms (from PhCH2 groups), and one donor nitrogen 

of the P2N2 ring are located at the vertices of the coordination polyhedron, while in the related 

cation 53 the coordination sphere of the central atom is defined by two Zr-Namido, one Zr-OEt2O, one 

donor-acceptor Zr-NP2N2 bond and η2-coordination to benzyl group (Figure 25).IV The presence of 
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the additional donor-acceptor interactions with phosph(III)azane ligand and Et2O, as well as binding 

of the PhCH2 substituent in η2-fashion, define the positively charged complex 53 as a 16e- species. 

The complex saturation despite the positive charge on the Zr atom appears in the only slightly 

shortened the donor-acceptor Zr-N P2N2 bond relative to that in the parent complex 48 (2.423(3) Å 

vs. 2.4755(16) Å),IV the opposite situation was observed for the highly electron deficient {[(t-

BuN)(t-BuNP)]2HfMe+[MeB(C6F5)3]-} (see above).III  

 

48 53  
Figure 25. Solid-state structure of cationic Zr bis(amido)cyclodiphosph(III)azane 53, {[(t-BuN)(t-

BuNP)]2Hf Zr(CH2Ph)(Et2O)+[PhCH2B(C6F5)3]-}, and its parent complex 48, [(t-BuN)(t-

BuNP)]2Zr(CH2Ph)2
IV 

 

The Zr-CH2Ph bonds in 48 and 53 are almost equidistant (2.278(2) Å and 2.248(4) Å, respectively). 

In cation 53 the benzyl substituent is connected with the central atom in η2-fashion with Zr-C29 

distance 2.697(4) Å, the same type of coordination type does not appear in the parent complex 48.IV

The structures of the activated complex 48/B(C6F5)3 and 53 in solution were investigated by means 

of 1H and 13C NMR methods. The positions of the methylene protons as well as the aromatic 

protons (from BCH2Ph and ZrCH2Ph groups) in 1H NMR spectra of 53 (C6D5Br or CD2Cl2 were 

used as solvents) were similar to those observed for B(C6F5)3 activated Ti and Zr complexes (see 

above). In 13C NMR (C6D5Br) spectrum of 53, the signal for methylene carbon of Zr-CH2Ph group 

appears at 70.2 ppm, and the signal for Cipso atom of Zr-CH2Ph group was found at 148.6 ppm. 

Similar shifts for the carbon atoms of the benzyl group were found in 13C NMR spectra of 

48/B(C6F5)3. Despite of the Zr-η2-CH2Ph coordination displayed for 53 in solid state, it can be 

concluded then, that in solution the benzyl group coordinates to the central atom with η1-fashion.  
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4.4 Bis(imino)cyclodiphosph(V)azane ligands 
 

The coordination chemistry of multidentate cyclodiphosph(V)azanes has attracted considerable 

attention in recent years.106 Prepared from the corresponding cyclodiphosph(III)azanes by oxidative 

addition, these ligands have two kinds of  chelating groups: One an electron donor bonded with 

phosphorus(V) by single bond (usually amino group) and the other an electron donor connected 

with phosphorus(V) by double bonds (usually O, S etc.) (Figure 26 a). The goal of the work was to 

synthesize bidentate cyclodiphosph(V)azans capable of coordinating to a metal atom presumably at 

the facial site of the ligand (Figure 26 b). 
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Figure 26. Structures of cyclodiphosph(V)azane complexes used for side coordination of the metal 

(a) and proposed for facile coordination of the central atom (b). 

 

4.4.1 Ligand preparationV 

 

Starting from the already known compound cis-[(t-BuNP)2Cl2] (16), a very labile methyl derivative 

54107 was obtained (Scheme 26) in low, but reasonable yield for the ligand synthesis.V This 

compound was introduced into the Staudinger reaction with three different organic azides: 

Me3SiN3,107 AdN3 (Ad = 1-adamantyl), and 2,6-di-i-Pr2C6H3N3. The 

bis(imino)cyclodiphosph(V)azane ligands 55-57 formed selectively and in high yield. According to 
31P NMR, imino substitiuents had cis configuration, although admixtures of the trans isomers were 

also detected. The presence of small Me groups at phosphorus(V) stabilizes the desired cis-

configuration of the molecules.96
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Scheme 26. Synthesis of the bis(imino)cyclodiphosph(V)azane ligandsV 

 

4.4.2 Ligand structureV 

 

The solid-state structure of [(ButNPMe)2(Me3SiN)2] (55) was resolved by single-crystal X-ray 

diffraction analysis. However, the crystals obtained for X-ray measurements represented the 55 in 

trans configuration.  Evidently, the product was contaminated by the trans isomer (see above), 

which seems to crystallize better than the cis form (Figure 27). The molecule is highly symmetric 

and has a center of inversion. The P2N2 ring is almost planar and P-N bonds in the ring are of equal 

length. The exocyclic phosphorus-nitrogen groups have exo orientation relative to the phosphazane 

ring. The phosphoimino bonds are much shorter than P-N distances in the P2N2 ring (1.528 Å vs. 

1.697 Å) which confirms the multiple PN connection in P=NSiMe3 substituents. The lengths of the 

Si-Nimino bonds are also different from the classical Si-Namino case. The shortening of Si-N bonds in 

55 could be due to the donation of electron density from occupied π orbital of P=N double bonding 

to the empty d orbitals of Si atoms. This is supported by the differences in Si-N bond lengths in the 

solid structure of (Me3Si)2NP(NSiMe3)2, where there are two types of Me3Si groups, bonded with 

either amino or imino nitrogens.108 Yet another explanation is possible: in the imino nitrogen atom, 

sp2 orbitals have more s character and the maximum of the electron density is closer to the nuclei 

compared with the electron density distribution at sp3 hybridized amino nitrogen, and this leads to 

shortening of Me3Si-Nimino bonds.V 
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Figure 27. Solid-state structure of trans-[(ButNPMe)2(Me3SiN)2] (55)V 

 

4.5 Late transition metal complexes of 
bis(imino)cyclodiphosph(V)azanes 
 

4.5.1 SynthesisV 

 

The newly synthesized ligands 55-57 were reacted with FeCl2, CoCl2, and NiBr2 (Scheme 27).V  
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Scheme 27. Preparation and color of bis(imino)cyclodiphosph(V)azane late transition metal 

complexesV 
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They displayed a mild ability to coordinate with the metals, and only moderate yields were 

achieved. To increase the yield, the reactions were carried out in polar aprotic coordinating solvents 

like THF, at elevated temperatures. Owing to its polymeric structure, NiBr2 revealed the poorest 

complexation activity in the series FeCl2, CoCl2, and NiBr2, and all attempts to obtain adamantly-

substituted Ni complex failed. 

 

4.5.2 StructureV 

 

The Ni, Fe, and Co complexes were isolated as differently colored solids (Scheme 27). As was 

expected, they appeared to be paramagnetic, and their composition could be confirmed only by MS 

and elemental analysis. However, complexes bearing 2,6-i-Pr2C6H3 groups provided reliable 1H, 
13C, and 31P NMR spectra. The NMR data revealed the coordination of metal to the ligand 56, and 

C2v symmetry was established for Fe, Co, and Ni complexes of 56 in solution.V  

 

4.5.3 Ethene dimerization and oligomerizationV 

 

In the family of the late transition metal olefin polymerization catalysts, Fe, Co, and Ni complexes 

incorporating bulky diimino ligands have shown exceptionally high catalytic activity.10 Compounds 

containing phosphoimino substituents display similar coordination properties to ketimines and 

aldimines, which have been used in the preparation of highly active late transition metal catalysts. 

Recently, it was reported that complexes bearing bulky phosph(V)imino ligands are capable of 

polymerizing ethene.109 The bis(imino)cyclodiphosph(V)azane Ni, Fe, and Co complexes studied 

here can be considered as analogues of Brookhart’s α-diimino Ni(II) and Pd(II) derivatives, which 

display high ethene polymerization activity.110

All synthesized late transition complexes 58 – 65 were assessed in ethene polymerization studies.V 

Polymerization experiments made in the presence of Ni or Co complexes activated by MAO 

revealed a high level of ethene consumption. Surprisingly, no polymer was found in the resulting 

product mixture. The GC-MS investigations showed that, instead of ethene polymerization, the 

phosph(V)azane-based catalysts 61 – 65 produced merely a mixture of olefins. The presence of C4 

to ~ C20 alkenes was detected.V  

Iron bis(imino)cyclodiphosph(V)azane derivatives 58 - 60 displayed low catalytic activity. 

Activated with MAO, Ni catalysts 64, 65 gave products with high (up to 95%) content of butene 

(the result of ethene dimerization), while the Co complexes 61 – 63 produced mixtures of low 

molecular mass C4 – C20 oligomers (Table 2).V 
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Table 2. Ethylene dimerization and oligomerization results obtained for the complexes 61-65.a

comp. ethene 
cons. (l) 

activity 
kg/molcat*h 

C4
b 

(wt%) 
C6 
(wt%) 

C10 
(wt%) 

C12 
(wt%) 

C14 
(wt%) 

C16 
(wt%) 

C18 
(wt%) 

61 6.15 1550 14 15 14 13 12 10 7 
62 5.98 1510 19 19 14 11 8 7 5 
63 2.84 720 71 10 5 4 5 5 - 
64 6.03 1590 89 10 1 - - - - 
65 4.44 1120 94 6 - - - - - 

a Oligomerization conditions: toluene  200 ml, ethene pressure  8 bar, oligomerization temperature 30 ºC, Al/M ratio  
1000. 
b C8(wt%) was calculated on the basis of α value: 15% for 61, 17% for 62. 
 

Today, about one-half of the linear α-olefins are ethene oligomers produced by late transition metal 

catalysts.111a The most best-known commercial process for linear α-olefin production is SHOP 

(Shell High Olefin Process), in which the oligomerization reaction is carried out by Ni complexes 

bearing P∩O bidentate ligands.112 Other types of late transition metal complexes, based on 

cyclopentadienyl,113 bidentate diimine,114 bis(imino)pyridyl,115 phosphinopyridine,116 and chelate 

P∩O ligands,117 were recently tested for selective ethene dimerization and oligomerization.118  

The ethene oligomerization activities of the bis(imino)cyclodiphosph(V)azane complexes are in the 

range of the values observed for the known olefin oligomerization catalysts (see Table 2 and 

references above).V Complexes 61 – 65 showed different stability in ethene oligomerization 

according to the central metal atom. At the beginning of the oligomerization process, the activity of 

the Co catalysts was higher than that of the Ni complexes, but Co catalysts were deactivated faster, 

as seen in the swift decline in ethene consumption. Despite these differences in catalytic behavior, 

Co and Ni complexes based on the same ligands displayed similar levels of productivity in ethene 

oligomerization (Table 2). The Co catalysts, as well as the Ni derivatives, showed high thermal 

sensitivity, and at 70 ºC no ethene consumption was observed. Despite the noticeable influence of 

temperature on the complex catalytic activity, the olefin distribution in the resulting products varied 

only slightly with temperature. In the case of the ethene dimerization catalyzed by Ni complexes, 

the yield of the C4 fraction was slightly increased at elevated temperatures.V  

In the ethene dimerization and oligomerization experiments, the bis(imino)cyclodiphosph(V)azane 

Co and Ni complexes 61 – 65 showed similar behavior to the late transition metal catalysts used in 

SHOP (Shell Higher Olefin Process).111 Many new late transition metal complexes capable of 

ethene oligomerization have been reported in recent years. Species containing M-H bonds are 

largely accepted to be catalytically active sites for this process (Scheme 28).111a To draw full 

analogy with the postulated mechanism, the bis(imino)cyclodiphosph(V)azane Co or Ni hydride 
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species are proposed as catalytically active intermediates in ethene dimerization and 

oligomerization. 

 

 
Scheme 28. The proposed catalytic cycle of olefin oligomerization111a

     

Several detailed 1H NMR experiments with Ni complex 61 bearing Me3Si groups were performed 

in deuterobenzene to explore the ethene dimerization. Signals of C4 olefins, toluene (from MAO 

solution), and a small amount of C6 fraction were found in the obtained spectra. According to the 1H 

NMR data, the ratio of butenes-2 to butene-1 was 1.6-1.7:1 and the trans-butene-2 dominated in the 

mixture of the butenes-2 with ratio 1.4-1.7:1.V These results are in agreement with values of ΔH 

reported for formation of the different butenes. Such butene distribution may be a result of the fast 

isomerization process. It has been proposed that olefin isomerization is catalyzed by the same M-H 

species as are responsible for ethene oligomerization.119  

 

4.5.4 Propene dimerization and ethene-propene codimerizationV 

  

Propene dimerization experiments were carried out with all synthesized Ni and Co complexes (61 – 

65). Under the conditions used (polymerization temperature 20 °C and propene pressure 7 bar), Co 

catalysts 61 – 63 exhibited very low activity in propene dimerization, while the Ni 

bis(imino)cyclodiphosph(V)azane derivatives 64 and 65 showed high productivity (Figure 28). GC-
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MS investigations indicated that both Ni and Co catalysts produce C6 olefins. As well, the traces of 

C9 and C12 olefin fractions were detected.V

 

 

 
 

Figure 28. Catalytic activity of [(ButNPMe)2(RN)2]MX2 (M = Co, X = Cl; M = Ni, X = Br) in 

propene dimerization. 

 

 

An analysis of all possible propene-propene combinations (Scheme 33), that could appear in the 

propene dimerization process, indicated nine hexenes (12 if cis/trans isomers are counted). Six 

different alkenes were found in 1H and 13C NMR spectra of the product mixtures obtained with Ni 

complex 65: hexene-1, hexenes-2, hexenes-3, 4-methyl-1-pentene, 4-methyl-2-pentenes, and 2,3-

dimethyl-1-butene. 1H and 13C NMR spectra of olefins (from Aldrich) measured in pure state and as 

mixtures confirmed the analysis. The products of the propene dimerization were also investigated 

by GC-MS, with the same results (Figure 29 and Table 3).V 
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Figure 29. Gas chromatograms of products obtained with Co complex 61 (Part 1) and Ni complex 

65 (Part 2). Comparison is made with the Gas chromatogram observed for mixture of pure 4-

methyl-1-pentene, 4-methyl-2-pentene, 2,3-dimethyl-1-butene, 1-hexene, (Z) and (E) 2- and 3-

hexenes (Part 3)V 

 

Table 3. Comparison of product mixtures from propene dimerization experiments 

catalyst 1-hexene (%) 2-hexene 

and 3-

hexene 

(%) 

4-methyl-

1-pentene 

(%) 

4-methyl-2-

pentene and 

2,3-dimethyl-1-

butene (%) 

C6 total 

(wt%) 

C9 

(wt%) 

C12 

(wt%) 

61 13 71 7 9 83 13 4 

62 20 65 5 10 65 24 11 

64 5 42 10 43 ~100 <1 <1 

65 5 53 9 33 ~100 <1 <1 

 

According to Scheme 29, 1-hexene can form through 1,2-propene insertion into the M-H bond 

followed by 2,1-insertion, while 2-methyl-1-pentene is the result of the 1,2-1,2 insertion sequence. 

2,3-Dimethyl-butene-1 can be formed by 1,2 insertion of propene into the M-iPr cation, and 2-

methyl-1-pentene, alternatively, by 2,1 insertion of propene into this M-iPr cation (Scheme 29).  
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Scheme 29. Possible routes for formation of the different hexenes during the dimerization processV 

 

The GC data (Table 3) indicates that the 1,2-2,1 propene insertion sequence prevails for the Co 

complexes 61 and 62, and the content of the n-hexenes is high. In the propene dimerization process 

provided by Ni catalysts 64 and 65, the two insertion pathways (1,2-2,1 and 1,2-1,2) are of equal 

probability and the content of the branched hexenes is increased in the product mixtures.V       

Note, that 2-methyl-1-pentene was not present among the propene dimerization products. In 

addition, the content of 1-hexene was not high. This can be explained by the fast isomerization that 

was occurring. Hexene isomerization can be catalyzed by the same complex species that provides 

the propene dimerization, analogously to the butene isomerization occurring in ethene dimerization. 

The distribution of the alkenes in the series: 1-hexene, 2-hexenes, 3-hexenes, as well as in the 

products of 2-methyl-1-pentene isomerization, corresponds to the order of thermodynamic stability 

of hexenes.  Absence or low content of the kinetic products, like 2-methyl-1-pentene or hexene-1, is 

consistent with low activation energy of the isomerization process. 

Since the Ni bis(imino)cyclodiphosph(V)azane derivatives exhibited high activity in propene as 

well as ethene dimerization, ethene-propene codimerization with Ni catalysts was expected. The 

reaction was carried out in propene-ethene atmosphere. According to GC investigations of the 

products, a mixture of three fractions (C4, C6 and C5 olefins) was obtained (Figure 30). The pentene 
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olefins were present as a result of the expected ethene-propene dimerization. The content of the 

pentenes in the dimerization product directly depended on the initial propene concentration (Figure 

30). Such behavior may follow from the probably small energy difference between ethene and 

propene insertion into Ni-alkyl bond in the case of the bis(imino)cyclodiphosph(V)azane Ni 

catalysts.  

 

 
Figure 30. Analysis of the product mixtures of propene-ethene codimerization made with complex 

65 by GC 

 

Shielding of the metal center by bulky aryl may make the ethene coordination and subsequent 

insertion into Ni-ethyl or Ni-propyl bond preferable to the incorporation of propene. As a result of 
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this steric control, the formation of the ethene-ethene or ethene-propene co-dimers may be preferred 

to the formation of propene-propene dimers. Greater butene and pentene contents were observed in 

the alkene mixtures produced by Ni catalyst 65 bearing large 2,6-diisopropylphenyl groups, 

indicating that steric control really was occurring in the case of complex 65. 

 

 

5 Conclusions 
 

New early and late transition metal complexes based on the cyclodiphosphazane ligand framework 

were synthesized and investigated. Cyclodiphosph(III)azane complexes of group 4 metals were 

obtained through direct ligand metallation with Ti, Zr or Hf tetrakis(dimethylamides). In solid state 

an additional donor-acceptor ligand-metal coordination was observed, while in solution the 

compounds revealed C2 molecular symmetry. Direct alkylation with Grignard reagents led to the 

corresponding group 4 metal bis(amido)cyclodiphosph(III)azane alkyl complexes.  

Chloro and alkyl Ti and Zr derivatives revealed moderate to high catalytic activity in ethene 

polymerization and produced high molecular mass polyethene. The size and nature of the ligand 

substitution plays a noticeable role in defining the catalytic behavior of these complexes. 

Irrespective of the nature of the X groups in [(RN)(t-BuNP)]2MX2 (M = Ti, Zr; R = alkyl or bulky 

aryl), complexes bearing the same R substituents exhibited similar catalytic behavior in ethene 

polymerization. This means that, catalytic species active in ethene polymerization have same or 

closely related structure, whatever the X group is. This is consistent with the accepted activation 

mechanism of homogeneous olefin polymerization. The activation studies showed that, in spite of 

the presence of electron rich phosphorus(III) atoms, the Lewis acidic cocatalysts activate the metal 

center for ethene polymerization. The electrophilicity of the central atom in 

bis(amido)cyclodiphosph(III)azane group 4 metal catalytic species defines the catalyst behavior, in 

particular the catalytic activity of the complex. At the same time, too high electron deficiency on the 

metal atom leads to destabilization of the phosph(III)azane ring and its breakage in the course of the 

polymerization reaction, which results finally in catalyst deactivation. 

The late transition metal complexes of the bis(imino)cyclodiphosph(V)azanes were obtained by the 

reaction of free ligands and corresponding metal salts. The nature of the central atom defined the 

behavior of the complex in ethene and propene oligomerization. After activation with MAO, the Co 

catalysts produced ethene oligomers with high activity and dimerized propene with low 

productivity. After MAO activation the Ni complexes dimerized ethene and propene with high 

 66



  

catalytic activity and selectivity. The selective alkene dimerization with Ni catalysts may be related 

to the high instability of the Ni-alkyl bond against β-hydrogen elimination. Both Co and Ni 

catalysts are sensitive to harsh conditions, but good catalytic activities can be achieved at mild 

temperatures and modest MAO concentrations. In propene dimerization catalyzed by Co catalysts, 

the 1,2-insertion followed  by 2,1 propene insertion sequence is the main route for chain 

propagation. As a result, olefin mixtures with high content of the n-hexenes are produced. In the 

case of the Ni complexes, the probabilities of 1,2-1,2 and 1,2-2,1 propene insertion sequences seem 

to be about equal, as reflected in the ratio of the linear/branched hexenes in the products. It is 

reasonable to assume that bis(imido)cyclodiphosph(V)azane complex species containing M-H 

bonds are responsible for olefin oligomerization as well as for the observed olefin isomerization. 

The resulting olefin distribution is defined by thermodynamic rules, and consistent with low 

activation energy of the isomerization process. In the case of Ni catalysts, the ethene-propene 

codimerization occurred as a result of the small energy differences between ethene and propene 

insertion into Ni–alkyl bond.  

As shown in this work the cyclodiphosphazane compounds are prospective ligands for the synthesis 

of new active catalysts for use in olefin poly- and oligomerization processes. 
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