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Abstract

Significant progress has been made in various aspects o f the chemistry o f Group 

IV  phosphinimide complexes, particularly in  their use as highly active catalysts for olefin 

polymerization upon activation by an appropriate Lewis acid. Advances in synthetic 

methods have provided routes for the preparation o f phosphinimide amide inorganic and 

organometallic products via metathesis or protonation methods. Testing o f 

TiCp(NPlBu3)X 2 (X  = Cl, Me, NMe2) as hydroamination catalysts has shown that these 

complexes are inactive for this purpose under the conditions employed. In addition, 

numerous synthetic endeavours have revealed that the titanium phosphinimide complexes 

are reluctant to form  isolable imide derivatives. However, through efforts to prepare 

ligand transfer reagents, magnesium phosphinimide complexes have been developed that 

initiate the polymerization o f methyl methacrylate at ambient temperatures, probably via 

a radical process.

Reliable approaches have been developed to obtain a series o f polymerization 

catalyst precursors o f general formulae M[m-(CH2PR2N )2C6H4]X 2 (M  = T i, Zr; R = lBu, 

Cy; X  = Cl, NR2) and Zr(NPtBu3)2X 2 that possess 6 w(phosphinimide) ligands. 

Polymerization testing to determine the effect o f increasing steric bulk o f the ancillary 

ligands on polymerization activity was performed, although catalysts derived from 

M(NPR3)2X 2 (M  = T i, Zr; NPR3 = chelated or non-chelated phosphinimide ligand; X  = 

Cl, Me) were not active enough under the conditions employed to provide this 

information. Reactivity studies o f the titanium  Ms'(phosphinimide) derivatives have 

resulted in  the isolation o f Ti(NPtBu3)2(SiPh3)2 and the generation o f an insertion product 

(3.22) from thermolysis o f Ti(NPlBu3)2Ph2 w ith Ms'(trimethylsilyl)acetylene.

Examination o f the highly active phosphinimide polymerization catalysts inferred 

that the presence o f a cyclopentadienide ligand, in  addition to bulky alkyl groups on the 

phosphorus atom, was beneficial to prolong catalytic activity. In  an effort to use catalysts 

that encompass this apparent advantage while preparing polymers o f different 

composition that remain o f industrial value, a series o f bim etallic titanium  complexes o f 

the general formula ^-(C H 2PR2N TiC pX 2)2C6H4 (Cp’ = Cp, Cp*; R = lBu, Cy; X  = Cl,

iv
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Me) were prepared. For comparison, their monometallic analogues, TiCp(NPR.2Bn)X2, 

were also synthesized and tested using the same polymerization protocol. Several 

important features about these catalysts were ascertained upon examination o f the 

polymer properties. Typically, high catalytic activities were observed, and low 

polydispersity polymers were generated when the discrete activator [Ph3C][B(C 6F5)4] was 

used. However, use o f M AO as the activator in  the presence o f precatalysts that have a 

phosphinimide ligand w ith  a benzyl substituent resulted in  polymers w ith a broad 

molecular weight distribution. Another observation that transpired from this series o f 

polymerization experiments was that the activity increased as the steric bulk o f the 

ligands increased.

Finally, a systematic investigation into the synthesis and u tility  o f zirconium 

phosphinimide complexes as olefin polymerization catalysts was performed. The 

polymerization activity was appreciably influenced by the mode o f catalyst activation; 

when MAO was used, only moderate activities were attained, but when BfCgFsb or 

[Ph3C][B(C6F5)4] were used in  the presence o f low  concentrations o f T 'B A l as a solvent 

scrubber, activities that rivalled the industrial standard ZrCp2Me2 were observed. 

Isolation and characterization o f several cationic derivatives were also performed, the 

products o f which were found to be more susceptible to decomposition than those 

produced from ZrCp2Me2.

In summary, the syntheses o f Group IV  phosphinimide complexes that possess 

known or novel phosphinimide ligands have been surveyed. O f importance are the trends 

in polymerization activity that were established. O f particular significance is the 

determination that both the choice o f co-catalyst and the ligand environment o f the 

catalyst serve to influence the polymer products that are generated in a predictable 

manner in  the series o f precursors investigated.
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Chapter 3 Compound Numbering Scheme
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1 Introduction

1.1 Overture

The primary motivation o f the work detailed in  this thesis is to explore the 

synthesis and u tility  o f Group IV  phosphinimide complexes as possible catalytic 

precursors. In general, advances in the synthetic chemistry o f Group IV  complexes result 

from the search for catalytic precursors, particularly those for insertion olefin 

polymerization catalysis. 1' 6 The desire to circumvent existing patents has encouraged 

numerous collaborative efforts between academic and industrial laboratories. However, 

despite the immense interest in  generating new insertion polymerization catalysts, only a 

few have successfully made the transition to commercial application. In addition to 

producing a catalyst w ith  a high turnover frequency and/or extended lifetim e, it  is often 

desirable to ta ilor the active site so that specific polymer products are manufactured. The 

most logical method to achieve this is to create different ligand environments or to tune 

the engineering o f the polymerization to obtain the desired outcome. U ltim ately, most 

targets do not function w ell as catalysts, therefore rationalization for the low  activity or 

investigation into dominant deactivation processes is often performed to account for the 

observed results. Among the more profitable catalytic candidates, mechanistic 

information is obtained whenever possible.

In keeping w ith  these objectives, the chemistry o f Group IV  complexes performed 

in the Stephan research laboratories has involved progress in  olefin polymerization 

technology through the synthesis o f new catalyst precursors or by determining the mode 

o f catalyst activation or deactivation, where possible. ' More specifically, the 

pioneering use o f the phosphinimide ligand (NPR3) as an ancillary ligand in highly active 

titanium polymerization catalysts has fostered an increased general interest, and other 

research groups have exploited this ligand system on a variety o f metals for various 

catalytic purposes.22' 27 This thesis describes the manipulation o f known and new 

organometallic complexes in an attempt to execute catalytic functions (Chapter 2), the 

design and synthesis o f novel ligands applied to titanium  complexes (Chapters 3 and 4),

1
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and the extension o f the use o f phosphinimide ligands to prepare zirconium complexes 

and subsequently, examine their reactivity w ith strong Lewis acids (Chapter 5).

To assist the reader in  appreciating the scope o f this research, this chapter reviews 

Group IV  inorganic and organometallic complexes and where possible, highlights their 

use as catalytic reagents. Emphasis o f the synthetic achievements w ill be placed on those 

complexes pursued specifically for the purposes o f improving olefm polymerization 

catalysis, either by attempting to create more active catalyst systems, or by preparing 

specific polymer products. It should be noted that this survey is not intended to be 

comprehensive, and olefm polymerization catalysis, including the synthesis o f a variety 

o f transition metal precatalysts, and pertinent theoretical and mechanistic investigations, 

has been extensively reviewed.1’ 28'40

1.2 Group IV Imide Complexes as Synthetic Targets

1.2.1 Common Synthetic Approaches

The isolation or generation o f Group IV  imide complexes is a recent 

accomplishment.41-43 Since the advent o f this area, numerous research groups have 

developed new synthetic routes or used Group IV  imide complexes as mediators for a 

variety o f transformations.44-48 The firs t isolated examples o f zirconium imide complexes 

were reported by Bergman and co-workers,41 while the firs t titanium  imide derivative 

was reported by Roesky and co-workers43 (Figure 1.1). Typically, an isolable monomeric 

structure is achieved in  the presence o f a Lewis base or w ith the use o f bulky ancillary 

ligands. However, in  the absence o f Lewis bases or sufficiently bulky ligands, dimers 

normally result in  which the imide ligand bridges two metal centres.49-51 The latter 

dimeric type o f structure has been exploited in  the preparation o f early-late 

heterobimetallic complexes,52-54 although they w ill not be discussed in further detail.

1 Thematic issues of Chemical Reviews and Topics in Catalysis have been published that provide an excellent synopsis 

of topics and papers related to insertion olefin polymerization, activators and theoretical and mechanistic insights. 

Chem. Rev. (2000), 100, 4; Topics in Catalysis (1999), 7 ,1.
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'Bu

I II III

Figure 1.1: The firs t isolated titanium (I)43 and zirconium (II, III)41 imide complexes.

Several well-established routes to Group IV  imide complexes exist. Thermolysis 

o f M L2(NHR)R' (M  = T i, Zr; L = ancillary ligand; R = bulky group, R' = Ph, Me) or 

ZrL2(NHR )2 has resulted in the elim ination o f an alkane, arene or primary amine to 

provide the desired im ide complex, even i f  only transiently .41’42,50’55 A lternatively, Group 

IV  imides have formed spontaneously at ambient temperatures. For example, addition o f 

four equivalents o f L iN H A r (A r = 2 ,6 -‘Pr2C6H3) to ZrCLfTHF2 in  the presence o f THF 

and pyridine resulted in  the formation o f Zr(N Ar)(N H Ar)2Py2-49 A  related method 

reported by Mountford and co-workers described the reaction o f an excess o f lBuNH2 

w ith TiCU, followed by addition o f f-butyl pyridine (lBuPy), to provide 

T i(N tBu)Cl2(tBuPy)2 in  good isolated yield .56 This imide product, and sim ilar derivatives 

that have bulky aryl groups on the imide nitrogen atom, have served as synthetic 

precursors for conversion to a diverse number o f inorganic56' 65 and organometallic56’66,67 

complexes.

3
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1.2.2 Group IV  Imide Complexes as Catalysts

Group IV  im ide complexes are o f importance since they have demonstrated 

efficacy in  a variety o f catalytic processes. Although most frequently recognized for their 

role in reversible C-H activation,68'70 imine metathesis71'73 or hydroamination,74-77 other 

applications have also been reported. For example, individual reports revealed that 

titanium imide complexes serve as initiators for the syndiospecific polymerization o f
7fi 70 oa qi

methyl methacrylate, 1 perform kinetic resolution and stereoinversion o f allenes, ’ or 

act as a mediator for the guanylation o f amines and transamination o f guanidines 47 In 

order to demonstrate the value o f Group IV  imide complexes as catalysts, it  is worthwhile 

to look at some specific illustrations.

Significant details o f reversible C-H activation by im ido complexes such as 

Ti(NSitBu3)(OSitBu3)2 and Zr(NSitBu3)(NHSitBu3)2 are known, prim arily due to the 

mechanistic work performed by Wolczanski and co-workers.42,68,69,82 Both im ido species 

are transient in  the absence o f a Lewis base or some other stabilizing factor such as bulky 

ligands, attesting to their high reactivity. In  an elegant demonstration, a series o f 

precursors o f the general formula Ti(NHSitBu3)(OSitBu3)2R were heated in  the presence 

o f different alkanes or arenes (R') to produce Ti(NHSitBu3)(OSitBu3)2R' (Figure 1.2). 

This equilibrium  is proposed to be the result o f a two-step process in  which RH is 

extruded to form  Ti(N S itBu3)(OSitBu3)2 which then reacts w ith R'H to form the final 

product. Equilibrium  constants were determined experimentally, and in combination 

w ith kinetic data, revealed that C-H bond addition is preferred in the order o f Ph-H>CH3- 

H>PhCH2-H .82 Supporting results from a recent theoretical investigation have suggested 

that alkane coordination to the titanium imide complex precedes the transition state.

4
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R, R' = H, CH2CH3, Ph, C6H4Me, CH2Ph I

-R'H

R'H

R'

4Bu3Si-

*Bu3Si N = T i ;

\ r ^ 0 '
O-

H

^Si’Bus

"Si'Bua

^0 '

ncl

-Si Bu3

"Si’Bu,

‘BusSi-

R

-NX  Ox 
H

-Si'Bu.-j

'Si'Bu,

Figure 1.2: Reversible C-H activation by a titanium imide complex 82

Imine metathesis may be mediated by zirconium imide complexes.71,72’84 Studies 

performed by Bergman and co-workers have indicated that the mechanism proceeds via a 

formal [2 + 2] cycloaddition reaction between the zirconium imide double bond and the 

imine fragment o f the organic substrate (Figure 1.3).73,84 The lifetimes o f zirconium 

imide metathesis catalysts have been prolonged by increasing the steric bulk o f the 

ancillary ligands. This effectively precludes dimerization o f the active catalytic species, 

which was determined to be a deactivation pathway since its formation is irreversible

under the catalytic conditions employed.73

5
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Figure 1.3: Possible mechanism o f imine metathesis as catalyzed by a zirconium imide
TXcomplex.

Hydroamination is related to the imine metathesis reactions described above, 

since [2 + 2] coupling o f an alkyne w ith the Group IV  imide precursor is considered to be
n>7 or or

the first step o f the catalytic cycle. ’ ’ The proposed mechanism in  the presence o f an 

excess o f primary amine involves cleavage o f the metallaazacyclobutene intermediate by 

addition o f the amine across the metal-carbon bond. Subsequent elim ination o f the 

enamine, which tautomerizes to the imine, regenerates the Group IV  imide complex 

(Figure 1.4). Several reports describe hydroamination catalysis performed using a metal
77 87

precursor that does not possess an imide ligand, ’ although in  these cases, the metal- 

nitrogen double bond is presumed to be generated in situ .86 Finally, a recent comparative 

study performed by Odom and co-workers has demonstrated that increasing the Lewis
oo

acidity o f the titanium  centre correlates to increased rates o f hydroamination.

6
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LaM\ / > R
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,NR

R'

R
l 2m = n r

NR NHR

R' R' R' R'

Figure 1.4: Proposed mechanism o f hydroamination by Group IV  im ide complexes (M  =

1.3 Olefin Polymerization Catalysis Employing Group IV Precursors

1.3.1 Overview

Specific requirements exist for insertion polymerization catalysts derived from 

Group IV  complexes. Typically, homogeneous polymerization catalysts are complexes 

that contain a titanium  or zirconium metal in  the +4 oxidation state, in  addition to a 

metal-carbon a-bond. A  strongly Lewis acidic (cationic) site is generated by activation 

o f the transition metal w ith  a Group XHI-based co-catalyst such as methylaluminoxane 

(M AO ).1 Coordination o f the monomer to generate a Tt-complex occurs, followed by 

insertion into the metal-carbon bond (Figure 1.5).89 This necessitates rigorous exclusion 

o f oxygen, water, and other impurities since Group IV  cationic sites are by nature highly
OQ

reactive and susceptible to deactivation by Lewis bases.

T i, Zr).86
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Figure 1.5: Insertion polymerization o f ethylene performed by a generic Group IV  

cationic complex (M  = T i, Zr, L = ancillary ligand, R = alkyl substituent, X  = ligand that 

may be abstracted, S = solvent or anion).33,90,91

Activators

The most commonly employed activator o f Group IV  olefin polymerization 

precatalysts is M AO, and it is often used in large excess (ca. 500-1000 equivalents). 

MAO has two purposes: it  effectively eliminates impurities in the solvent or monomer 

feedstock that would ordinarily react w ith the catalyst, and it  also provides the 

polymerization-active species by activating the Group IV  metal centre. This is 

performed by abstracting a ligand o f a dialkyl precursor to generate a form ally cationic 

centre, or by alkylating a dihalide precursor to generate M I^M eX , which is subsequently 

converted to the active species upon abstraction o f the second halide ligand. Since the 

in itia l synthesis o f M AO from reaction o f trimethylaluminum (TM A) w ith water,93,94 a 

significant number o f experimental95,96 and theoretical95,97 investigations were attempted 

to determine its exact composition.92,98,99 MAO is presumed to be an oligomeric structure 

o f general formula [A10(CH3)]n, although modem 'H  NM R measurements suggest a 

methyl to aluminum ratio o f 1.5 or higher, depending on the supplier. This NMR 

evidence indicates that TM A is present in MAO, which is significant because TM A can 

greatly influence the polymerization activity.100

Other co-catalysts that have received much attention include B(C6F5)3101,102 and 

[Ph3C][B(C 6F5)4] .103 These are efficient activators, since only one equivalent per metal 

centre is required to obtain an active catalyst (Figure 1.6). Boron-based co-catalysts are 

used extensively in  academic studies since their well-defined molecular structures are 

better suited to mechanistic studies. Their use in commercial practice is lim ited to date

8
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however, since they are expensive to manufacture relative to the aluminum-based 

alternatives (M AO).

B(C6F5)3

\©  .CH

I  CH [Ph3C][B(C6F5)4] 
\ /  3 ^ - Ph3CCH3

'CH,

\ © ^ C H 3 \ i

C6F5
C®^ I i 6F5

Figure 1.6: Use o f borane or borate activators w ith ZrCp2Me2 to generate a single 

“ cationic”  site.103,104

Polymer Analysis

Characterization o f the polymers that are produced by homogeneous 

polymerization Group IV  catalysts is also a key component o f polymer research. 

Although a variety o f methods exist to characterize the polymer product,89 gel permeation 

chromatography (GPC) is the technique most commonly used. Analysis by GPC serves 

to reveal the nature o f the polymer molecular weight distribution. In particular, GPC 

analysis provides number averaged molecular weight (M n in  g m o l'1), weight averaged 

molecular weight (M w in  g m ol'1), and polydispersity index (PDI) (Equations 1.1.a-c) 

relative to standards that are used to calibrate the instrument. During the process o f 

polymer analysis the solution is filtered, which effectively removes solids that could 

damage the column; however, any material that is filtered would be excluded from the

9
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analysis, which is a significant source o f error associated w ith  GPC chromatography. 

Some o f the physical polymer properties are dependent on the molecular weight 

distribution, and often specific values are desired to produce plastics for different types o f 

applications.105 When a-olefm  monomer units are used as polymer precursors, it  is 

advantageous to ascertain the tacticities o f the product, since this influences the overall 

physical properties. However, this is not discussed in detail since it is not relevant for 

polyethylene products produced by Group IV  catalysts.11

M n = £ N,M,- M w = EN,M,M,- PDI = Mw

IN ,  IN /M , M „

a b c

Ni number o f molecules o f fraction i

M j mass o f molecules o f fraction i

Equation 1.1.a-c: Statistical equations for M n, M w (g m ol'1) and PDI.

1.3.2 Successful Group IV  Polymerization Catalysts

A  considerable amount o f synthetic effort has been expended in an attempt to 

produce novel Group IV  complexes that function as catalysts for insertion olefm 

polymerization.1'6 This continues to be an active fie ld  o f research worldwide, and it is 

worthwhile to brie fly describe some o f the key successes in this domain, particularly 

when they are o f commercial importance. Thus, several examples o f efficient Group IV

11 Group IV catalysts that polymerize ethylene tend to produce linear polymers in the absence of an a-olefm 

co-monomer. The advent of late transition metal catalysts has transformed the focus of polymerization 

research, however: using ethylene as a single feedstock, highly branched polymers are produced due to the 

“chain-walking” phenomenon. Ittel, S. D.; Johnson, L. K.; Brookhart, M. Chem. Rev. 2000,100, 1169- 

1203.
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polymerization catalysts are highlighted to illustrate key advances in polymerization 

technology.

Metallocenes

The discovery that ZrCp2Cl2 polymerizes ethylene upon activation by MAO, 

originally reported by Sinn and Kaminsky,106,107 initiated intense study into homogeneous 

polymerization catalysis by Group IV  complexes that possess the metallocene
1 AO I AQ

framework. ’ ’ This represents a significant advancement in  polymerization 

technology for a number o f reasons. First, the homogeneous nature o f metallocene 

catalysts has been extremely helpful in  mechanistic studies. In addition, metallocenes
AA 1 |  A

have provided access to different types o f stereospecific polymers. ’ Zirconocene 

complexes function as single-site catalysts upon activation by M AO, producing polymers 

w ith narrow molecular weight distributions (PDI value o f ca. 2). M odification o f the 

cyclopentadienide ligands, and subsequently, the metallocene catalysts that are generated, 

can have a profound effect on the microstructure o f the polymer when a-olefms are 

employed as the monomer. The polymerization activity is also greatly influenced by the
AA 111 11T

cyclopentadienide ligands. ’ ’ Modifications include the use o f fluorenide or

indenide substituents, tethering the two ligands by a bridging group to generate an ansa-
\ \ " \

metallocene complex (Figure 1.7), or addition o f pendant bulky alkyl groups. 

Heterogeneous catalysts have also been developed that incorporate zirconocenes, and 

these are o f particular interest due to their applications in  commercial processes.114'116

CH

Figure 1.7: Difference between a metallocene and an mwa-metallocene.

11
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Constrained Geometry Catalyst (CGC)

The half-sandwich ligand scaffold o f the constrained geometry catalyst (CGC) 

was in itia lly  reported as part o f a scandium complex by Bercaw and co-workers.117 Soon 

after, use o f the chelating ligand on titanium to afford a highly active catalyst for the 

polymerization o f olefins upon activation by M AO was disclosed simultaneously by Dow 

and Exxon in the patent literature (Figure 1.8).118,119 It was reported that the high 

polymerization activity is the result o f a more open metal centre, hence the naming o f 

“ constrained geometry”  to describe the ligand system. A  direct consequence is better 

access o f the cationic metal centre to the incoming monomer 90 However, this feature 

appears to be part o f a delicate balance, since sim ilar catalysts that possess a bridging 

carbon atom rather than a silicon atom are not nearly as active. They are considered to be 

“ too constrained” , or readily subject to deactivation processes.120,121 Efforts to produce 

an active constrained geometry type o f polymerization catalyst w ith different heteroatoms 

have thus far been unsuccessful.32,40,122'124

CH

*Bu

Figure 1.8: The constrained geometry catalyst precursor.

Constrained geometry catalysts readily incorporate a-o le fin  co-monomers, which 

permits the polymer properties to be modified by changing the type or concentration o f 

co-monomer. The polyethylene polymers that are generated using the CGC have narrow 

polydispersities in  addition to long-chain branches, which permits an ease o f processing 

generally not observed w ith  metallocene-based catalysts.90 For these reasons, the
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mechanism o f polymerization performed by the CGC catalyst has been the subject o f 

theoretical interest.90,125' 130

Phosphinimide-Based Catalysts and Their Related Analogues

The complexes TiCp(NPPh3)C l2 and TiCp(NCButBu)Cl2 were reported originally 

by Latham and workers in  1986,131 however, it  was only recently that modification o f the 

phosphinimide ’ ’ ’ ’ or ketimide ’ ligands has produced olefm polymerization 

catalyst precursors. For example, both Ti(NPtBu3)2Me2 and TiCp(NPtBu3)X 2 (X  = Cl; X  

= Me, Figure 1.9) are extremely active polymerization catalysts upon activation w ith the 

appropriate Lewis acid, affording activities higher than those reported when ZrCp2Cl2 or 

the CGC catalyst are used as a precursor.7,8,21 The explanation proffered for the high 

catalyst activity involved a steric and an electronic comparison o f the [N P ^us]' ligand to 

the [Cp]' ligand.

The steric argument involves examination o f the sim ilarities o f the effective cone

angles o f the ancillary ligands. 136,137 The cyclopentadienide ligand has a cone angle o f
 ̂1

83°, while the cone angle value reported for the tri-t-bu ty l phosphinimide ligand is 87°.

It is noteworthy that the steric bulk directly at the titanium  centre is diminished relative to 

the 6 w-cyclopentadienide analogue, and an increase in polymerization activity may be 

rationalized in a sim ilar manner as the CGC {vide supra), namely that a more “ open”  

metal centre is more accessible to the monomer units. The electronic analogy o f the 

[N P ^us]' ligand to the [C p]' ligand has been performed by Dehnicke and co-workers, 

and is based on the ab ility o f the phosphinimide ligand to donate 7i-electron density to the
1 38

metal centre.

13
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CH

Bu

Bu' Bu

*Bu

Bu

-Bn / Bn

/ Ti\
'Bn Ph Nx  BnV-/

Ph

I  I I  I I I

Figure 1.9: Active polymerization catalysts that possess the phosphinimide (NPR3,1 ) , 21 

ketimide (NCR2, I I ) 135 or guanidinide (NC(NR)2, I I I ) 139 ligands.

The related complexes TiCp(NClBu2)Bn2134’135 and TiCp{NC[N(Ph)CH2]2}Bn2139 

(Figure 1.9) are also highly efficient catalysts for olefin polymerization upon activation 

by B(C6Fs)3. Sim ilar justification for high catalyst activity based on steric grounds and 

increased ^-electron donation from the ancillary ligand to the metal centre was described.

Fenokishi-Imin Haiishi (T it Catalysts

Recently, scientists from M itsui Chemicals Inc. have disclosed a series o f 

titanium- and zirconium-based polymerization catalysts o f unprecedented activity 

(turnover frequency o f 42,900 s' 1) 140 based on the salicylaldim inide ligand to produce 

high molecular weight polyethylene (Figure 1.10) . 140-147 The so-called FI catalysts are 

named for the Japanese nomenclature o f phenoxy-imine (Fenokishi-Imin) ligands. 148 

Similar titanium  catalysts have been disclosed by Coates and co-workers, 149 and both 

research teams have independently reported that the catalysts could be used to prepare 

highly syndiospecific polymers using propylene as a feedstock. 147,149 This series o f 

polymerization catalysts represents a significant achievement, both from industrial (high 

activity) and academic (mechanism, 150,151 liv ing  polymerization145,149) perspectives. The 

attainment o f such high activity is attributed to an electron-rich, chelating ligand w ith 

sufficient steric bulk to stabilize the catalyst. 144

14
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• = N

MCI.

Figure 1.10: H ighly active polymerization catalyst precursors derived from Group IV  

salicylaldim inide complexes.

Bimetallic Catalysts

Group IV  bim etallic complexes have potential as catalytic precursors to 

synthesize polymers o f atypical structure in a controlled and cooperative manner upon 

activation by an appropriate Lewis acid. Most bimetallic titanium  or zirconium olefm 

polymerization catalysts that have been reported produce a polymer that possesses a 

broad molecular weight distribution . 152' 157 From an industrial perspective, this is not 

undesirable, since polymers that have broad molecular weight distributions are more 

readily processed than those that have PDI values < 2 . 158,159 However, the most 

sophisticated advances involve a demonstration o f the cooperative nature o f bimetallic 

polymerization catalysts. 160,161

Active, bim etallic polymerization catalysts have been synthesized that incorporate 

a metallocene162,163 or CGC-based164 ligand system (Figure 1.11). In  general, the 

bimetallic metallocene catalyst activity increased as the concentration o f MAO increased, 

while the polymer molecular weight distribution remained narrow (PDI ca. 3). The 

authors note that this observation correlates w ith more active sites being produced upon 

addition o f higher concentrations o f activator. 162 In  a separate example, ^ C ^ H } NMR 

analysis o f the polymers generated by bimetallic constrained geometry catalysts revealed 

significant branching relative to the polymer produced by the monomeric analogues. 

Sim ilarities in  polymerization activities and polymer molecular weight distributions lead
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Marks and co-workers to propose that the branching was a cooperative chain transfer 

effect between the two metal centres.

I

Cl
! /

,CI

Zr

Cp'

Cl\  ,
\ / ch3

Cl N "CH,

II

Figure 1.11: B im etallic complexes based on a metallocene- (I)162 and CGC-type (II) 

ancillary ligand.

165

1.3.3 Catalyst Considerations: From the Active Species to Cation Decomposition 

Pathways

Influence o f the Counterion

Increasing evidence indicates that the active polymerization catalyst is strongly 

influenced by factors such as solvent or the an ion." Model systems, where a Group IV  

precursor is reacted w ith  a Lewis acid such as A IC I3 or B(C6Fs)3, have demonstrated the 

existence o f solvent-separated (SSIP) or closed/contact (CIP) ion pairs and solvated 

cation-anion pairing (SCAP) or resonance-stabilized pairing o f the catalyst w ith the anion 

(Figure 1.12) . 166-169 In  practice, the relative polymerization ab ility o f the ion pairs is 

presumed to increase in  the order o f SCAP<CIP«SSIP, however the valid ity o f the
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model o f a SSIP, or a distinct Group IV  cation, has been the subject o f deliberation." 

DFT experiments have proposed the “ existence o f a continuum”  o f bonding that varies 

between weak and strong ion-pair interactions. Furthermore, an anion-exchange study 

o f alkyl zirconocene borate ion pairs performed by Brintzinger and co-workers has
171suggested that it  is like ly  zirconocene alkyl cations (SSIP) do not exist. Direct 

endorsement fo r this was reported very recently by Landis and co-workers, who used 

NM R spectroscopy to observe continuous insertion polymerization in situ using rac- 

(C2H4(l-indenyl)2)ZrMe(MeB(C6F5)3). Continuous polymerization implies that the 

counterion re-coordinates to the cation subsequent to every monomer insertion; an 

intermittent polymerization mechanism would im ply that that numerous insertions occur 

prior to the ion-pair reforming, and that the cation exists as a discrete entity. It has 

even been proposed that the concept o f the anion binding after every insertion may, in 

part, account fo r the tacticity o f polymers generated when a-olefms are used as the 

monomer.173

rO A •  Q®.
I II III

Figure 1.12: Solvent-separated ion pair (I), contact ion pair (II) and resonance stabilized 

ion pair (III). The dark circles represent solvent molecules, while the large and small 

white circles represent the anion and cation, respectively.169

In the absence o f Lewis bases,174'180 a variety o f different types o f stabilization o f 

Group IV  cationic complexes have been observed both in solution and in the solid 

state 92,181,182 For example, in  cases where dimethyl Group IV  precursors are treated w ith 

B(C6F5)3, select crystallographic analyses have identified that one o f the methyl groups
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bridges the zirconium metal and the boron centre (Figure 1.13).8,104,183 Solution studies 

have demonstrated that the structure is dynamic, and the borane reagent switches from 

one methyl group to the other.184,185 However, when dibenzyl Group IV  complexes are 

used as metal precursors, several different modes o f stabilization have been noted. 

Bochmann and co-workers have observed r)2-coordination o f the zirconium centre to the
1 O/ 1 0*7

ipso carbon o f the tethered benzyl group (Figure 1.13) for a variety o f metallocenes. ’
188 1 onAlternatively, 7i-coordination o f an aryl group originating from  toluene solvent, ' a 

tethered substituent w ith  a phenyl ligand (Figure 1.13),191494 or the aryl group o f a 

PhCH2B(C6F5)3 counterion187,193,195 has been observed for zirconium complexes that are 

often more electron-deficient than the analogous metallocene derivatives.

CH

[PhCH2B(C6F5)3] ©

Figure 1.13: D ifferent forms o f stabilization o f Group IV  cations.183,187,192 

Catalyst Decomposition Pathways

Many different routes o f catalyst decomposition have been observed. Successful 

characterization o f cationic decomposition products that are produced from different 

metal precursors and activators provides valuable insight fo r the design o f robust next-
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generation catalysts. For this reason, it is beneficial to consider different types o f 

products that have been isolated, in addition to their influence on polymerization activity.

The tendency o f Group IV  polymerization catalysts to suffer from  decomposition 

even in the absence o f water or oxygen has been well documented. Specifically, when a 

zwitterionic complex is generated upon reaction o f a metal precursor w ith  the strong 

Lewis acid B(C6F5)3, a diverse number o f pathways exist that result in  polymerization- 

inactive products. In this manner, Marks and co-workers noticed that ligand 

redistribution occurred over a period o f several hours to produce Z r[l,3 - 

(SiMe3)2C5H 3]2Me(C6F5) (Figure 1.14).167 Sim ilar reactivity has been observed for metal 

complexes that possess a variety o f ancillary ligands 196'200 or employing unusual boron- 

based activators.201 Characterization o f bis(C6F5) zirconium complexes that are prepared 

by this method is more rare, and is presumed to proceed via a stepwise process where the 

M L2Me(C6Fs) (M  = T i, Zr) intermediate is activated by another equivalent o f B(C6Fs)3 

before it experiences the same ligand scrambling.202'204

CH

B(C6F5)3

■CH:
+ HaC

Figure 1.14: Ligand redistribution affords Z r [ l,3 -(SiMe3)2C5H3]2Me(C6F5) (trim ethylsilyl
1 (\1

groups on the Cp ligands omitted for clarity).

Decomposition o f the polymerization-active catalyst also occurs via C-H 

activation processes. The research groups o f M cConville205,206 and Piers134 have reported 

that loss o f methane from  their zwitterionic polymerization catalysts produced the neutral 

products T i[C H 2(CH2N A r)2](C 6F5)[CH 2B(C6F5)2] and
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TiCp(NCtBu2)(C 6F5)[C H 2B(C6Fs)2], respectively. Attack by the Group IV  cationic metal 

centre on its “ spectator”  ligands has also been documented. Cationic zirconium 

metallocenes that have bulky /-butyl or trim ethylsilyl groups on the 

cyclopentadienide ligand cleanly undergo C-H activation to afford the corresponding 

ring-metallated products (Figure 1.15). Sim ilar reactivity w ith  one o f the methyl groups 

on the cyclopentadienide ligand o f the CGC208 or on a mesityl portion o f a diamide 

ligand209 (Figure 1.15) has also been observed.

CH.

CH.

CH
•CH.

CH.B u '

Bu

1 f\1 900Figure 1.15: Attack by the Group IV  cationic metal centre on its “ spectator”  ligand. ’

The formation o f dimeric cationic products has also been detected as a pathway to 

polymerization-inactive Group IV  species. For example, reaction o f 

[ZrCp2M e][B(C 6F5)4] w ith  one equivalent o f ZrCp2Me2 afforded the dimer [Cp2ZrMe(q- 

Me)MeZrCp2][B (C 6Fs)4].210 Although traditionally the dimer is not considered to be an 

active catalyst,111 it  is in  equilibrium  w ith its monomeric precursors, and its formation is 

thus not entirely detrimental.210 Sim ilar cationic dimers synthesized from  a variety o f 

metallocene precursors have been characterized by spectroscopic and crystallographic 

methods. 185,188,210,211 Interestingly, in  two different examples, loss o f one equivalent o f

111 Recently, Sita and co-workers have suggested that their isolation of a dicationic dimer that is bridged by 

two methyl groups may suggest that these complexes participate in olefin polymerization, although there is 

no concrete evidence to support this as of yet. Keaton, R. J.; Jayaratne, K. C.; Fettinger, J. C.; Sita, L. R. J. 

Am. Chem. Soc. 2000,122, 12909-12910.
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methane was observed, providing a methylene-methyl-bridged dimer (Figure 1.16).180,212 

Halide-bridged dimers have also been isolated, and are presumed to be the result o f 

reaction o f the monomeric cationic complex w ith the solvent (CH2Cl2)lv’ 178 or the 

counterion (C6F5 groups) . 167,213

Bu-

Bu © ©

Cp\  C / N
J 'C

/ /  H2 Cp

.CH,

Bu

* B u ^ P \
H3 n ^ ,

N' Zr:

*Bu [B(C6F5)4] ©
H3C'

m H2

^ E t

' ZrC  'X ‘BU
Cp*

[B(C6F5)4] ©

Figure 1.16: Methylene-methyl-bridged dimers isolated by the research groups o f Sita 

and Piers.212

180

Finally, two isolated cases have resulted in  a dichotomy that has emerged for 

active titanium  polymerization catalysts when they are subjected to an excess o f a strong 

Lewis acid. Stephan and co-workers demonstrated that reaction o f Ti(NPtBu3)2Me2 w ith 

an excess o f B(CeF5)3 afforded the di-zw itterionic product Ti(NPtBu3)2(p-Me-B(C6F5)3)2 

(Figure 1.17), which is inactive for the polymerization o f ethylene.214 S im ilarly, reaction 

o f the CGC (Figure 1.17) or Zr[rac-M e2Si(Ind)2]M e2 w ith an excess o f A 1(C6F5)3 resulted 

in  the isolation o f the corresponding di-zw itterionic products. This result was 

significant, since neither di-zw itterion may be produced using B(CgF5)3 as the Lewis acid 

activator. Also noteworthy was the observed increase in  polymerization activity upon 

double activation o f the precatalyst w ith A1(C6F5)3. The authors attributed this to be the 

result o f the formation o f [M L 2(p-M e-A l(C 6F5)3)] [(CeF5)3 A l-p 2-Me-Al(CeF5)3] (M  = Ti, 

L = CGC ligand; M  = Zr, L  = rac-Me2Si(Ind)2), which has a large, weakly-coordinating 

counterion.

1V N. L. S. Yue and L. Cabrera, unpublished results.
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■C ►B(C6F5)3
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h3 ©

'S i
H3C \ m/  2+ C— ^ ai(C6F5)3 

N H, «

‘Bu

Figure 1.17: D icationic titanium  complexes.

1.4 Relevance and Perspective

It is evident that polymerization catalysis using Group IV  complexes is a fie ld o f 

intensive investigation. Several revolutionary types o f titanium  and zirconium catalyst 

systems have been developed and fine-tuned over the past few decades, and 

polymerization engineering and processing has also advanced significantly. However, it 

is clear that this fie ld  continues to be a source o f attraction from an academic standpoint 

since detailed mechanistic insights are not well-understood. In addition, the pursuit o f 

innovative catalysts remains o f commercial interest and continues to motivate a number 

o f research groups.

Previous success in our lab involved contribution to the design and synthesis o f a 

series o f new and commercially relevant titanium  olefm polymerization catalysts. It is 

valuable to explore the attributes o f the titanium-phosphinimide system to understand 

what renders it such an active catalyst, and to discover information about the catalytic 

activity upon systematic modification o f the catalyst structure, or adjustment o f the 

catalytic conditions. In  this manner, this thesis describes our attempts to apply the 

established catalyst TiCp(NPR.3)X 2 in  hydroamination catalysis. Moreover, the use o f the 

phosphinimide functional group on magnesium to evaluate its potential in  ligand-transfer 

reactions w ill be described. Finally, the design and implementation o f new and known 

ligands to titanium  and zirconium to determine their effectiveness as olefin 

polymerization catalysts w ill be detailed.
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2 Group IV Phosphinimide Amide Complexes

2.1 Introduction

Group IV  amide complexes have received enormous attention due to their 

remarkable diversity. They have served as precursors for im ido derivatives;41,42’50’52,68 

olefin polymerization catalysts upon activation by a Lewis acid; ’ precursors in
0 0 1  0 0 7

chemical vapour deposition processes; ' and as hydroamination
77 88 008 000

(pre)catalysts. ’ ’ ’ Although m some circumstances the amide fragment remains a

spectator ligand, in  many instances, the metal-nitrogen bond participates in  the reactivity 

o f the metal complex to a considerable degree. For example, in  the generation o f either 

transient or isolable Group IV  im ido compounds, alkyl or amine groups are frequently 

eliminated upon thermolysis o f the amide precursors (Figure 2.1). Often, these reactions
80 700 701 47 ^0  70 707are reversible. In particular, the propensity o f titanium  ’ ’ ’ or zirconium ’ ’ ’ 

imide reagents to effect C-H activation is the subject o f theoretical and experimental 

interest. In  addition, titanium  and zirconium imide reagents are believed to be the active
77agents in  hydroamination catalysis, generated in situ from the metal amide precursors, 

or alternatively, from  reaction o f the Group IV  dimethyl precursor w ith amines.86

R'

+ NR'H-

NR'H-

R'

Figure 2.1: Generic routes to a Group IV  im ido species (L = spectator ligand; R, R' = 

alkyl or aryl).

Efforts w ith in  our own research group have demonstrated that when the 

phosphinimide ligand is used in place o f the commonly employed cyclopentadienide
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derivatives, it  results in  a titanium  catalyst that exhibits a significant increase in olefin 

polymerization activity when compared to the titanium or zirconium metallocene
7 8 •analogues. ’ Further, it  has been demonstrated that Group IV  phosphinimide complexes 

can facilitate unusual C-H activation processes. I2,16,18’233,234 W ith this atypical reactivity 

in mind, we sought to investigate the reactivity o f a series o f Group IV  amide complexes 

that possessed a phosphinimide ancillary ligand, w ith the aspiration o f generating imide 

phosphinimide compounds.

2.2 Experimental

2.2.1 General Considerations

A ll syntheses were performed employing an atmosphere o f dry, oxygen-free nitrogen in a 

Vacuum Atmospheres inert atmosphere glove box or standard Schlenk techniques using 

oven-dried (140°C) glassware unless otherwise stated. [H NM R data were acquired on a 

Bruker Avance 500 M Hz spectrometer, while 13C {1H } and 31P {IH } NM R data were
1 i

obtained from a Bruker Avance 300 MHz spectrometer. H and C{ H } chemical shifts 

are listed relative to tetramethylsilane in parts per m illion, and were referenced to the 

residual proton or carbon peak o f the solvent. 31P {1H } NM R data were referenced using 

85% H 3PO4 as an external standard. Galbraith Laboratories Inc. or University o f 

Windsor Analytical Services (PerkinElmer 2400 Series II Instrument) performed the 

combustion analyses. GPC analysis o f the poly(methyl methacrylate) (PM M A) sample 

was performed on a Waters 1500 series instrument using THF as the mobile phase at 

35°C. The samples were prepared by dissolving the polymer in  THF, and were filtered 

twice before injection. Molecular weights are expressed relative to polystyrene 

standards. The differential scanning calorimetry analysis o f the PM M A sample was 

performed on a M ettler Toledo instrument.
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2.2.2 Solvents

Reagent grade solvents were purchased from A ldrich Chemical Co., and were pre-dried 

using Grubbs' column systems, manufactured by Innovative Technologies, Inc .235 

Pentanes, PhH and PhMe were further dried over Na prior to distillation. Deuterated 

benzene, toluene and methylene chloride were purchased from  Canadian Isotopes 

Laboratories and degassed by at least 4 freeze/pump/thaw cycles before storing over 4 A  

molecular sieves.

2.2.3 Materials

H yflo Super Cel ®  (Celite) and 4 A  molecular sieves were purchased from A ldrich 

Chemical Co., and dried at 100°C in vacuo for 24 h prior to use. A lternatively, the Celite 

was dried in  the oven at 140°C for 48 h prior to use.

2.2.4 Reagents

The compounds Ti(NPtBu3)C l3,203 TiCp(NPPh3)C l2131 and TiCp(NPtBu3)C l28 were 

prepared according to literature methods, and LiNH(2,6-'Pr2)C6H3 was prepared via a 

modification o f a literature procedure.236 The preparation and characterization o f the new 

compounds ZrCp(NPlBu3)C l2 and ZrCp(NPlBu3)Me2 are outlined in  Section 5.2.4 o f this 

thesis. The reagents "BuLi (2.0 M  in hexanes), A l2Me6, TiCp2Cl2, LiN M e2 and NH 2(2,6- 

'Pr2)C6H3 were purchased from A ldrich Chemical Co.; NH2(2,6-‘Pr2)C6H3 was vacuum- 

distilled from  KOH, and a ll other reagents were used w ithout further purification.
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2.2.5 Inorganic and Organometallic Syntheses

LiNH(2,6-iPr2)C6H 3 (2.1):236 A  solution o f 2.0 M  "BuLi in  hexanes (10.00 mL, 20 mmol) 

was added dropwise at RT to a solution o f NH 2(2 ,6 -'Pr2)C6H 3 (2.60 mL, 20 mmol) in 

pentanes (80 m L). A  white solid precipitated from solution immediately. A fter stirring 

for 1 additional h, the solid was filtered, washed w ith pentanes ( 3 x 1 5  mL), and dried in 

vacuo. Y ield: 3.54 g, 97%. *H NM R (500 MHz, CD2C12) 8 : 6.99 (d, 2H, 3Jh.h = 8  Hz, 

C6H 3 (m-H)), 6.74 (t, 1H, 3JH-h = 8 Hz, C6H 3 (p-H)), 3.72 (br, 1H, N H ), 2.92 (sep, 2H, 

3JH-h = 7 Hz, C(CH3)2H), 1.24 (d, 12H, 3JH-h = 7 Hz, C(CH3)2H). ‘^ { ’H } NM R (75.5 

MHz, CD2C12) 6 : 132.9 (s, C6H3 (ipso-C)), 128.9 (s, C6H3 (o-C)), 123.2 (s, C6H3 (m-C)),

118.8 (s, C6H3 ip-C)), 28.2 (s, C(CH3)2H), 22.8 (s, C(CH3)2H).

TiCp(NPtBu3)(NMe2)2 (2 .2 ): Solid LiNM e2 (46 mg, 0.90 mmol) was added in several 

portions to a clear solution o f TiCp(NPtBu3)C l2 (179 mg, 0.45 mmol) in  PhH (20 mL). 

The slurry was stirred for 20 h, after which time the mixture was filtered through Celite. 

The solvent was removed in vacuo, affording a bright orange solid. The residue was 

washed w ith  pentanes ( 3 x 5  mL) and dried to afford a fine, orange powder (126 mg, 

67%). Small quantities (typical yields ca. 10-15%) o f Ti(NPtBu3)(NMe2)3 were isolated 

from the pentanes washings; a preparative synthesis o f this by-product is detailed below. 

>H NMR (500 MHz, C6D6) 5: 6.18 (s, 5H, C5H 5), 3.28 (s, 12H, N (CH3)2), 1.24 (d, 27H, 

3Jp.H = 13 Hz, C(CH3)3). ^ C ^ H } NM R (75.5 MHz, C6D6) 8 : 109.7 (s, C5H5), 50.5 (s, 

N(CH3)2), 40.6 (d, V c  = 28 Hz, C(CH3)3), 29.7 (s, C(CH3)3). 31P {1H } NM R (121.5 

MHz, C6D6) 8 : 28.9 (s). Anal. Calc'd for C2iH 44N 3PTi: C, 60.42; H, 10.62; N, 10.07. 

Found: C, 60.34; H, 10.52; N, 9.67.

TiCp(NPPh3)(NMe2)2 (2.3): This was prepared in  an analogous fashion to 

TiCp(NPtBu3)(NMe2)2 (2 .2 ) from TiCp(NPPh3)C l2 to afford a yellow  solid (312 mg, 

77%). !H NM R (500 MHz, C6D6) 8 : 7.75 (m, 6 H, C6H 5 ), 7.06 (m, 9H, C6H 5 ), 5.99 (s, 

5H, C5H5), 3.34 (s, 12H, N(CH3)2). ^ C ^ H } NM R (75.5 MHz, C6D6) 8 : 135.9 (d, V c  = 

58 Hz, C6H 5 (ipso-C)), 132.4 (d, 2JP.C = 6  Hz, C6H 5 (o-C)), 128.3 (s, C 6H 5 (p-C)), 128.6
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(d, 3JP.C = 7 Hz, C6H 5 (m-C)), 109.8 (s, C5H 5), 50.1 (s, N (CH3)2). 31P {1H } NM R (121.5 

MHz, C6D6) 5: -9.3 (s).

Ti(NPtBu3)(NMe2)3 (2.4): A  slurry o f LiNM e2 (44 mg, 0.87 mmol) in  PhH (1 mL) was 

added to a suspension o f Ti(NPtBu3)C l3 (105 mg, 0.28 mmol) in  the same solvent (10 

mL). A fter stirring for 12 h at RT, the mixture was filtered through Celite. Removal o f 

the solvent in vacuo afforded an orange, crystalline solid (83 mg, 75%). *H NM R (500 

MHz, C6D6) 5: 3.40 (s, 18H, N(CH3)2), 1.27 (s, 27H, 3JP.H = 13 Hz, C(CH3)3). 13C {!H} 

NMR (75.5 MHz, C6D 6) 5: 46.3 (s, N (CH3)2), 39.9 (d, % .c = 48 Hz, C(CH3)3), 29.5 (s, 

C(CH3)3). 31P {!H } NM R  (121.5 MHz, C6D6) 5: 29.8 (s). Anal. Calc'd for C ig H ^ P T i: 

C, 54.54; H, 11.44; N, 14.13. Found: C, 54.74; H, 11.63; N, 13.78. Deep orange-red 

crystals suitable for X-ray diffraction were grown by slow evaporation from 

hexanes/pentanes.

TiCp2(NMe2)C l (2.5): TiCp2Cl2 (75 mg, 0.30 mmol) was dissolved in PhH (10 mL), and 

a slurry o f LiN M e2 (16 mg, 0.30 mmol) in  PhH (2 mL) was added at RT. The mixture 

was stirred for 16 h, after which time it was filtered through Celite. The solvent was 

removed in vacuo to afford 2.5 as a deep red-brown solid. (53 mg, 6 8 %) *H NM R (500 

MHz, C6D6) 8 : 5.75 (s, 10H, C5H 5), 3.15 (s, 6 H, N (CH3)2). ^ C i'H }  NM R (75.5 MHz, 

C6D6) 8 : 114.0 (s, C 5H 5), 58.6 (s, N (CH3)2).

TiCp(NMe2) 3 (2.6): This red solid was isolated in various yields (< 100 mg, 40-60%) 

when the experiment above was repeated w ith 2 or 3 equivalents o f the amide reagent. 

This compound has been previously reported, although no spectroscopic data was 

detailed. *H NM R (500 MHz, C6D6) 8 : 5.93 (s, 5H, C5H 5), 3.08 (s, 18H, N(CH3)2). 

13C {*H } NM R (75.5 MHz, C6D6) 8 : 110.5 (s, C5H 5), 49.8 (s, N (CH3)2).

ZrCp(NPtBu3)(NMe2) 2 (2.7): Solid LiNM e2 (193 mg, 3.6 mmol) was added in several 

portions at RT to a clear solution o f ZrCp(NPtBu3)C l2 (5.3) (411 mg, 0.90 mmol) in PhH 

(50 mL). The slurry was stirred for 18 h, and was subsequently filtered through Celite. 

The solvent was removed in vacuo, affording 2.7 as a fine, white powder (340 mg, 82%).
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*H NMR (500 MHz, C6D6) 5: 6.32 (s, 5H, C5H 5), 3.14 (s, 12H, N(CH3)2), 1.21 (s, 27H, 

3JP-H = 12 Hz, C(CH3)3). ^ C ^ H } NM R (75.5 MHz, C6D6) 5: 109.6 (s, C 5H5), 46.3 (s, 

N(CH3)2), 39.9 (d, 'jp-c = 48 Hz, C(CH3)3), 29.6 (s, C(CH3)3). 31P {1H } NM R (121.5 

MHz, C6D6) 8 : 31.4 (s). Anal. Calc'd for C2 iH 44N 3PZr: C, 54.74; H, 9.62; N, 9.12. 

Found: C, 53.73; H, 9.64; N, 8.49.

TiCp(NPtBu3)(NH(2,6-iPr2)C6H3)C l (2.8): Solid LiNH(2,6-iPr2)C6H 3 (2.1) (1.51 g, 12.2 

mmol) was added in small portions at RT over a 1 h period to a clear solution o f 

TiCp(NPlBu3)C l2 (4.91 g, 12.2 mmol) in PhH (150 mL). The slurry was stirred for 20 h, 

after which time the mixture was filtered through Celite. The solution was concentrated 

in vacuo to ca. 20 mL, during which time a bright yellow solid precipitated. The solid 

was filtered, washed w ith  pentanes (3 x 20 mL), and dried to afford a fine, yellow  powder 

(5.94 g, 89%). *H NM R  (500 MHz, C6D6) 5: 9.65 (br, 1H, N H ), 7.23 (br, 2H, C6H 3 (m- 

H)), 7.05 (t, 1H, 3JH-h = 7 Hz, C6H 3 (p-H)), 6.21 (s, 5H, C5H 5), 3.26 (sep, *barely 

visible*, 2H, 3JH-h = 7 Hz, C(CH3)2H), 1.39 (d, 12H, 3JH-h = 7 Hz, C(CH3)2H), 1.19 (d, 

27H, 3Jp.H = 13 Hz, C(CH3)3). 13C {!H } NM R (75.5 MHz, C6D6) 8 : 153.9 (s, C6H 3 (ipso- 

C)), 128.3 (s, C 6H 3 (o-C)), 123.3 (s, C6H3 (m-C)), 123.1 (s, C6H 3 (p-C)), 112.8 (s, C5H5), 

41.5 (d, V c  = 27 Hz, C(CH3)3), 29.5 (s, C(CH3)3), 28.1 (s, C(CH3)2H), 22.6 (s, 

C(CH3)2H). 31P {1H } NM R (121.5 MHz, C6D6) 8 : 39.0 (s). Anal. Calc'd for

C29H 5oClN2PTi: C, 64.38; H, 9.32; N, 5.18. Found: C, 63.95; H, 9.06; N, 4.74. Bright 

yellow crystals suitable for X-ray diffraction were grown by slow evaporation from PhH.

Ti(NPtBu3)(NH(2,6-iPr2)C6H3) 3 (2.9): A  slurry o f LiNH(2,6-iPr2)C6H3 (2.1) (591 mg, 4.8 

mmol) in  PhH (20 mL) was added over a 0.5 h period at RT to a clear solution o f 

TiCp(NPlBu3)C l2 (380 mg, 0.96 mmol) in the same solvent (25 mL). The slurry was 

stirred for an additional 10 h, then filtered through Celite. The solvent was removed in 

vacuo, and the residue was washed w ith hexanes ( 3 x 1 0  m L) to afford a yellow solid 

(586 mg, 77%). *H NM R  (500 MHz, C6D6) 8 : 7.80 (br, 3H, N H ), 7.11 (d, 6 H, 3JH-h = 8 

Hz, C6H 3 (w-H)), 6.96 (t, 3H, 3JH-h = 8 Hz, C6H 3 (p-H)), 3.70 (sep, 6 H, 3JH-h = 7 Hz, 

C(CH3)2H), 1.28 (d, 36H, 3JH-h = 7 Hz, C(CH3)2H), 1.06 (d, 27H, 3JP.H = 13 Hz, 

C(CH3)3). “ C ^H } NM R (75.5 MHz, C6D6) 8 : 150.9 (s, C6H 3 (ipso-C)), 137.6 (s, C6H3
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(o-C)), 123.0 (s, C6H3 (m-C)), 120.8 (s, C6H3 (p-C)), 40.6 (d, V c  = 46 Hz, C(CH3)3),

29.4 (s, C(CH3)3), 29.2 (s, C(CH3)2H), 24.1 (s, C(CH3)2H). NM R (121.5 MHz, 

C6D6) 6: 37.4 (s). Anal. Calc'd for C48H8iN 4PTi: C, 72.70; H, 10.30; N, 7.06. Found: C, 

72.49; H, 10.60; N, 7.28. Deep red crystals suitable for X-ray diffraction were grown by 

slow evaporation from  PhH.

ZrCp(NPtBu3)(NH(2,6-'Pr2)C6H3)Me (2.10): NH2(2,6-iPr)C6H3 (58 pL, 0.31 mmol) was 

added dropwise to a clear solution o f ZrCp(NPtBu3)Me2 (125 mg, 0.31 mmol) in  PhH (20 

mL) at RT. A fter stirring for 12 h, the volatile products were removed in vacuo to afford 

a beige solid (162 mg, 92%). !H NM R (500 MHz, C6D6) 5: 7.21 (d, 2H, 3JH.H = 8 Hz, 

C6H 3 (m-H)), 7.04 (t, 1H, 3JH-h = 8 Hz, C6H 3 (p-H)), 6.51 (br, 1H, N H ), 6.20 (s, 5H, 

C5H 5), 3.45 (sep, 2H, 3JH-h = 7 Hz, C(CH3)2H), 1.36 (d, 6H, 3JH-h = 7 Hz, C(CH3)2H), 

1.35 (d, 6H, 3JH-h = 7 Hz, C(CH3)2H), 1.13 (d, 27H, V H = 13 Hz, C(CH3)3), 0.47 (s, 3H, 

Zr-CH3). ^ C ^ H } NM R  (75.5 MHz, C6D6) 6: 150.9 (s, C6H3 (ipso-C)), 137.7 (s, C6H3 

(o-C)), 122.7 (s, C6H3 (m-C)), 120.1 (s, C6H3 (p-C)), 110.0 (s, C5H 5), 40.0 (d, Vc = 47 

Hz, C(CH3)3), 29.0 (s, C(CH3)3), 27.9 (s, Zr-CH3), 27.9 (s, C(CH3)2H), 23.8 (s, 

C(CH3)2H), 22.8 (s, C(CH3)2H). 31P {1H } NM R (121.5 MHz, C6D 6) 8: 34.3 (s). Anal. 

Calc'd for C30H 53N 2PZr: C, 63.89; H, 9.47; N, 4.97. Found: C, 62.84; H, 9.43; N, 4.90.

ZrCp(NPtBu3)(NH(2,6-iPr2)C6H3)2 (2.11): A  slurry o f LiN H (2,6-iPr2)C6H3 (2.1) (527 mg, 

2.9 mmol) in  PhH (20 mL) was added over a 15 m in period at RT to a solution o f 

ZrCp(NPlBu3)C l2 (5.3) (320 mg, 0.72 mmol) in  the same solvent (25 mL). The slurry 

was stirred for an additional 10 h, after which time it was filtered through Celite. The 

solvent was removed in vacuo, and the residue was washed w ith  hexanes ( 3 x 5  mL) to 

afford a beige solid (486 mg, 93%). *H NMR (500 MHz, C6D6) 6: 7.18 (d, 4H, 3JH-h = 8 

Hz, C6H 3 (m-H)), 7.02 (t, 2H, 3JH-h = 8 Hz, C6H 3 (p-H)), 6.34 (s, 5H, C5H 5), 5.75 (s, 2H, 

NH), 3.73 (sep, 4H, 3JH-h = 7 Hz, C(CH3)2H), 1.34 (d, 24H, 3JH-h = 7 Hz, C(CH3)2H),

1.04 (d, 27H, 3Jp.H = 13 Hz, C(CH3)3). 13C {1H } NM R (75.5 MHz, C6D6) 8: 151.9 (s, 

C6H3 (ipso-C)), 138.7 (s, C6H3 (o -C )), 122.9 (s, C6H3 (m-C)), 120.2 (s, C6H3 (p-C)),

111.4 (s, C5H5), 39.9 (d, V c  = 47 Hz, C(CH3)3), 29.5 (s, C(CH3)3), 28.7 (s, C(CH3)2H),

24.3 (s, C(CH3)2H). 31P {1H } NM R (121.5 MHz, C6D6) 8: 35.8 (s). Anal. Calc'd for
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C4iH 68N 3PZr: C, 67.90; H, 9.45; N, 5.79. Found: C, 66.62; H, 9.84; N, 5.86. Colourless 

crystals suitable for X-ray diffraction were grown by slow evaporation from  PhH.

TiCp(NPtBu3)(N H (2 ,6 -iPr2)C6H3)C l + 0.5 A l2Me6: Neat A l2Me6 (0.14 mL, 0.14 mmol) 

was added dropwise at RT to a clear orange solution o f TiCp(NPlBu3)(NH(2,6- 

'Pr2)C6H3)C l (153 mg, 0.28 mmol) in  PhH (15 mL). The solution became deeper yellow 

in colour and was stirred for an additional 2  h, after which time the solvent was removed 

in vacuo. The residue was recrystallized from pentanes to afford yellow  and colourless 

crystals, (combined yield: 162 mg, 94%) X-ray analysis o f crystals isolated from the 

mixture confirmed the presence o f TiCp(NPlBu3)MeCl (2.12) and A l2(p-NH(2,6- 

‘Pr2)CeH3)2Me4 (2.13), although due to their sim ilar solubility properties, they could not 

be adequately separated. Thus, microanalysis was performed on the mixture, confirming 

a 1:1 ratio o f the 2 products. Anal. Calc'd for C32H 59A lC lN 2PTi: C, 64.50; H, 9.83; N, 

4.85. Found: C, 65.19; H, 10.25; N, 5.01. Both, however, were identified 

spectroscopically: A l2(p-NH(2,6-iPr2)C6H 3)2Me4: *H NM R (500 MHz, C6D6) 8 : 7.06 (d, 

2H, 3JH-h = 8 Hz, C6H 3 (m-H)), 6.98 (t, 1H, 3JH-h = 8 Hz, C6H 3 (p-H)), 4.58 (br, 1H, NH), 

3.40 (sep, 2H, 3JH-h = 7 Hz, C(CH3)2H ), 1.26 (d, 12H, 3JH-h = 7 Hz, C(CH3)2H), -0.32 (s, 

6 H, A1-CH3). 13C {!H } NM R  (75.5 MHz, C6D6) 8 : 139.2 (s, C6H 3 (o-C)), 137.7 (s, C6H3 

(ipso-C)), 124.6 (s, C6H 3 (m-C)), 123.8 (s, C6H 3 (p-C)), 29.0 (s, C(CH3)2H), 25.0 (s, 

C(CH3)2H), -7.2 (s, A1-CH3). The spectroscopic and crystallographic data for A l2(p- 

NH(2,6-‘Pr2)C6H3)2Me4 were consistent w ith literature tabulations.238,239 

TiCp(NPtBu3)MeCl: lH NM R  (500 MHz, C6D6) 8 : 6.27 (s, 5H, C5H 5), 1.20 (s, 3H, T i- 

CH3), 1.04 (d, 27H, 3Jp.h = 20 Hz, C(CH3)3). 13C {1H } NM R (75.5 MHz, C6D6) 113.3 (s, 

C5H5), 41.4 (d, % .c = 45 Hz, C(CH3)3), 29.4 (s, C(CH3)3), 25.2 (s, T i-C H 3). 31P {1H} 

NM R (121.5 MHz, C6D6) 8 : 42.0 (s).

Mg2(p-NPtBu3)2(NPtBu3) 2 (2.14): To a solution o f MgnBu2 (2.40 mL, 2.4 mmol; 1.0 M  in 

hexanes) in  PhH (40 m L) was added a clear, colourless solution o f HNPlBu3 (1.04 g, 4.8 

mmol) in  the same solvent (40 mL). A fter stirring at RT fo r 10 h, the volatile products 

were removed in vacuo, affording a white solid (980 mg, 89%). !H NM R (500 MHz, 

C6D6) 8 : 1.49 (d, 54H, 3JP.H = 11 Hz, C(CH3)3), 1.42 (d, 54H, 3JP.H = 12 Hz, C(CH3)3).
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n C{ lU} NM R (75.5 MHz, C6D6) 6 : 40.8 (d, V c = 46 Hz, C(CH3)3), 40.1 (d, V c  = 52 

Hz, C(CH3)3), 31.1 (s, C(CH3)3), 30.9 (s, C(CH3)3). 31P{*H } NM R (121.5 MHz, C6D6) 

6 : 43.2 (s, 2P, p - N P ^ ) ,  25.2 (s, 2P, ct-NP1Bu3). Calc'd for C24H 54MgN2P2: C, 63.08; 

H, 11.91; N, 6.13. Found: C, 63.12; H, 12.28; N, 6.16. Colourless crystals suitable for 

X-ray diffraction were grown from pentanes at -35°C.

Mg3(p-NP'Pr3)4(NP‘Pr3) 2 (2.15): The synthetic methodology for the follow ing 

compounds is analogous to the protocol described above for Mg2(p-NPtBu3)2(NPtBu3) 2 

(2.14), using HP‘Pr3. White solid (1.23 g, 87%). *H NM R (500 MHz, C6D6) 8: 2.25 (m, 

12H, C(CH3)2H ), 1.85 (m, 6 H, C(CH3)2H), 1.32 (dd, 72H, 3JP.H = 12 Hz, 3JH-h = 7 Hz, 

C(CH3)2H), 1.27 (dd, 36H, 3JP.H = 12 Hz, 3JH-h = 7 Hz, C(CH3)2H). 13C {3H } NM R (75.5 

MHz, C6D6) 8 : 28.8 (d, V c  = 57 Hz, C(CH3)2H), 26.1 (d, V c  = 64 Hz, C(CH3)2H),

18.8 (s, C(CH3)2H), 18.2 (s, C(CH3)2H). 31P {1H } NM R (121.5 MHz, C6D6) 8 : 27.6 (s, 

4P, |i-NPlBu3), 7.9 (s, 2P, cy-NPlBu3). Colourless crystals suitable for X-ray diffraction 

were grown from pentanes at -35°C.

2.2.6 X-Ray Experimental

X-ray Data Collection and Reduction: The crystals were manipulated and mounted in 

glass capillaries in a glove box, thus maintaining a dry, 0 2-free environment. The 

diffraction experiments were performed on a Siemens SMART System CCD 

diffractometer at 20°C w ith  Mo K a radiation (k  = 0.71069 A). The observed extinctions 

were consistent w ith  the space groups determined for each sample. Measures o f decay 

were obtained by re-collecting the firs t 50 frames o f each data set. The intensities o f 

reflections w ith in  these frames showed no statistically significant change over the 

duration o f the respective data collections. Empirical absorption corrections based on 

redundant data were applied to each data set. Subsequent solution and refinement were 

performed using the SHELXTL solution package.
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Structure Solutions and Refinements: Non-hydrogen atomic scattering factors were taken 

from literature tabulations.240 The heavy atom positions were determined using direct 

methods or Patterson techniques. The remaining non-hydrogen atoms were located from 

successive difference Fourier map calculations. The refinements were carried out by 

using fu ll-m atrix least squares techniques on F, m inim izing the function co( | F01 - 1 Fc | ) 2 

where the weight co is defined as 4F02/2g(F02) and F0 and Fc are the observed and 

calculated structure factor amplitudes. In the final cycle o f each refinement, all non

hydrogen atoms were assigned anisotropic temperature factors except where noted 

otherwise. Carbon-bound hydrogen atom positions were calculated and allowed to ride 

on the carbon to which they are bonded, assuming a C-H bond length o f 0.95 A. 

Hydrogen atom temperature factors were fixed at 1.2 times the isotropic temperature 

factor o f the carbon atom to which they are bonded. The hydrogen atom parameters were 

calculated, but not refined.

X-ray structural solutions o f Ti(NPlBu3)(NMe2)3 (2.4), TiCp(NPlBu3)(NH(2 ,6 - 

iPr2)C6H3)C l (2.8), Ti(NPtBu3)(NH(2 ,6 -iPr2)C6H3)3 (2.9), ZrCp(NPlBu3)(NH(2,6- 

iPr2)C6H 3) 2 (2.11), Mg2(p-NPtBu3)2(NPtBu3) 2 (2.14) and Mg3(p-NPiPr3)4(NPiPr3)2 (2.15) 

were performed as described above. In addition, a prelim inary solution was obtained for 

TiCp(NPlBu3)M eCl (2.12), although a detailed discussion is precluded due to disorder o f 

the methide and chloride ligands. A  solution o f A l2(p-NH(2 ,6 -'Pr2)C6H3)2Me4 (2.13) was 

also obtained, although a search o f the Cambridge structural database revealed that a 

sim ilar crystallographic analysis had already been performed. ’ Cell parameters, R, 

Rw and GoF values are located in  Table 2.1, while detailed structural parameters have 

been included as an appendix on CD (Appendix C). The solution for structure 2.15 is 

disordered, therefore 8 o f the atoms were refined isotropically, while 63 o f the 69 atoms 

were refined anisotropically (2 extra atoms due to disorder). The solution for structure

2 .8  included one molecule o f C6H6, and the 6  additional atoms were refined 

anisotropically. No residual electron density remained in any o f the solutions that were 

o f any chemical significance. ORTEP drawings o f 2.4, 2.8, 2.9, 2.11, 2.14 and 2.15 are 

depicted in Figures 2.3, 2.4, 2.12 and 2.13, while select bond distances and angles are 

provided in  the text.
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Table 2.1: Crystallographic parameters for Ti(NPtBu3)(NMe2)3 (2.4),

TiCp(NPtBu3)(NH(2,6-iPr2)C6H3)Cl (2.8), Ti(NPtBu3)(NH(2,6-iPr2)C6H3)3 (2.9).

2.4 2.8 2.9

Molecular formula C18H45N4PTi C29H49ClN2PTi C48H78N4PTi

Formula weight 396.42 540.01 790.00

a(A) 14.066(6) 11.334(6) 11.73(4)

b(A) 14.066(6) 11.891(6) 41.9(2)

c(A) 11.023(7) 13.769(7) 20.68(8)

a(°) 90.00 100.315(9) 90.00

P(°) 90.00 101.464(9) 91.97(8)

Y(°) 120.00 107.256(9) 90.00

Crystal system Trigonal Triclin ic Monoclinic

Space group R3 P -l P2i/c

Volume (A 3) 1888.9(7) 1680(1) 1015(7)

DCaic (gem'3) 1.046 1.147 1.038

Z 3 2 4

Abs coeff, p, m m '1 0.410 0.403 0.233

0 range (°) 2.49-22.96 1.56-23.27 1.38-22.50

Reflections collected 2639 7162 39320

Data F02 > 3a(F02) 965 4078 7952

Parameters 73 343 973

R(%) 0.1088 0.0365 0.0959

Rw(%) 0.3150 0.1018 0.1769

Goodness o f F it 1.490 1.028 1.043

The data was collected at 20°C w ith Mo K a  radiation (A, = 0.71069 A )

R = S | IF01 - 1 Fc | | / S | f 0 | ,R w = P ( | f0 | - I Fc | ) 2 / S 1F0 i 2] 05
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Table 2.1 (continued): Crystallographic parameters for ZrCp(NPlBu3)(NH(2,6-

iPr2)C6H3)2 (2.11), TiCp(NPtBu3)MeCl (2.12)v, Al2(p-NH(2,6-iPr2)C6H3)2Me4 (2.13).

2 .1 1 2 .1 2 2.13

Molecular formula C4iH 68N 3PZr C18H35ClNPTi c 28h 46a i2n 2

Formula weight 725.17 379.77 464.64

a(A) 19.38(2) 10.294(5) 18.810(8)

b(A) 19.77(2) 14.828(8) 10.160(4)

c(A) 21.92(2) 28.49(1) 15.901(7)

a(°) 90.00 90.00 90.00

P(°) 90.00 90.00 90.00

y(°) 90.00 90.00 90.00

Crystal system Orthorhombic Orthorhombic Orthorhombic

Space group Pbca Pbca Pna2i

Volume (A3) 8400(2) 4348 3039(2)

Dcaic (gem'3) 1.147 1.016

Z 8 4

Abs coeff, p, mm’1 0.329 0.112

0 range (°) 1.74-23.46 2.28-23.21

Reflections collected 34645 12226

Data F02 > 3a(F02) 3049 2965

Parameters 415 289

R(%) 0.0416 0.0442

Rw(%) 0.0629 0.1013

Goodness o f F it 1.022 1.056

The data was collected at 20°C w ith Mo K a  radiation (k = 0.71069 A )

R = Z | |F 0 1- 1Fc | I / 2 IF 0 1, Rw = [S ( |F 0 1 - I Fc |)2 / Z |fo|2]0'5

vOnly preliminary X-ray data were obtained and the structure was not refined, thus only the cell parameters 

are listed.
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Table 2.1 (continued): Crystallographic parameters for Mg2(p-NPtBu3)2(NPtBu3)2 (2.14) 

and Mg3(p-NPiPr3)4(NPiPr3)2 (2.15).

2.14 2.15

Molecular formula C48Hi08Mg2N4P4 C54Hi2oMg3N6P6

Formula weight 913.90 1112.31

a(A) 13.479(9) 21.19(1)

b(A) 20.00(1) 12.574(7)

c(A) 22.44(2) 28.14(2)

a(°) 101.73(1) 90.00

P(°) 93.18(1) 106.87(1)

Y(°) 94.80(1) 90.00

Crystal system Triclin ic Monoclinic

Space group P -l P2i/c

Volume (A3) 5886(7) 7174(7)

Dcaic (gem'3) 1.031 1.030

Z 2 4

Abs coeff, p., m m '1 0.181 0.210

0 range (°) 0.93-23.30 2.04-22.50

Reflections collected 24378 28021

Data F02 > 3a(F02) 5325 3610

Parameters 1045 600

R(%) 0.0913 0.0609

Rw(%) 0.1549 0.1133

Goodness o f F it 0.884 1.030

The data was collected at 20°C w ith Mo K a  radiation (A, = 0.71069 A)

r  = s  I IfoI - I fcI I / z  |FoI,R w  = P ( I f0| - |fc|)2/ s |f0|2]°'5
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2.2.7 Polymerization Protocol

Purification o f Reagents: PhMe, ACS grade MeOH and methyl methacrylate (M M A) 

were purchased from  A ldrich Chemical Co. The PhMe was purified as described in 

Section 2.2.2, M M A  was vacuum-distilled from Cafb, and MeOH was used without 

purification.

Representative Polymerization: Mg2(p-NPtBu3)2(NPtBu3)2 (2.14) or Mg3(|j,-

NP‘Pr3)4(NP‘Pr3)2 (2.15) was dissolved in PhMe to afford a concentration o f 5 mmol L '1, 

and cooled, i f  desired, fo r 30 min to permit thermal equilibrium. The M M A  was injected 

via syringe, and the polymerization was performed for the prescribed period o f time. The 

reaction was quenched w ith  a large excess o f MeOH (50-100 m L), and the precipitated 

polymer was filtered, washed w ith MeOH (3 x 20 mL), and dried in vacuo to a constant 

weight.

2.2.8 Attempted Hydroamination Protocol

The general attempted procedure is as follows: the titanium precatalyst was dissolved in 

toluene and combined w ith  ten equivalents o f amine (NH2lBu, NH 2EL NH2(2,6- 

‘Pr2)C6H3) and acetylene (PhCCH, PhCCPh, 1-hexyne, 3-hexyne) reagents, then heated in 

a glass bomb for 24-48 hours at 80-100°C. The volatile products were removed in vacuo, 

and the residue was dissolved in CeD6 for NM R analysis; none o f the attempts were 

successful.

2.3 Results and Discussion

Since Group IV  metal complexes that possess dimethyl amide ligands are
97 99R 990

commonly employed as hydroamination catalysts, ’ ’ complexes o f formula 

TiCp(NPR3)(NMe2)2 (R = lBu (2.2), Ph (2.3)) were prepared via salt metathesis o f 

TiCp(NPR3)C l2 w ith  a slight excess o f LiNM e2. The reaction where R = Ph proceeded

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cleanly, and afforded only the desired product, however, where R = lBu, the by-product 

Ti(NPlBu3)(NMe2)3 (2.4) was also generated in low  yields (ca. 10-15%) (Figure 2.2). 

Examination o f the chemical shift from the protons o f the dimethyl amide ligands o f 

TiCp(NPR3)(NMe2)2 (R = lBu (2.2), Ph (2.3)) indicated a downfield shift from 3.28 to

3.34 ppm as the phosphinimide substituent changed from t-butyl to the less basic phenyl 

group.

R = Ph ^-NMe2

NMe,
L iN M e2 xs ^  ^.Ti

- L iC l /P
p / \Ph

N
2.3
77%

V ^ Ci

/ ' - C l  M  u  - L iC l
.  (- LiCp)A  ̂ —R = tB u ^ \ .  / NMe2 Me2N ^  ^ N M e 2

Ji + Ti
L iN M e2 xs N/  NMe2 Nx  NMe2

lB u ^  s?  2.2 *Bu^ #  2.4
/ \  67% , / \  10-15%

'b /  V  BU 'Bu

Figure 2.2: Influence o f R groups on the phosphorus atom to afford different products.

The by-product Ti(NPlBu3)(NMe2)3 (2.4) was prepared in a more conventional 

manner by a metathesis route from Ti(NPlBu3)C l3 and an excess o f the lithium  amide 

reagent. Judicious syntheses o f the related complexes TiCp(NMe2)3 (Cp = C5H5 (2.6),
7 1 R 77 7

CsMes, indenide) have been reported, ’ however, the formation o f 

Ti(NPtBu3)(NMe2)3 (2.4) from TiCp(NPlBu3)C l2 was somewhat unexpected. Although 

cleavage o f a cyclopentadienide ligand from titanium or zirconium is rare, it  is not 

entirely w ithout precedent. This has been observed in the reaction o f MCP2CI2 w ith an 

excess o f lith ium  amide reagent (M  = T i) , 241 dithiolate ligands (M  = T i) , 242 in related
87  74 7hydroamination chemistry, or by radical (M  = Zr) or thermal redistribution (M  = 

^ 244,245 processes jn an attempt to confirm that cleavage o f cyclopentadienide occurs in 

the absence o f the phosphinimide ligand, different stoichiometries o f LiNM e2 were
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reacted w ith TiCp2Cl2. The outcome was the clean isolation o f TiCp2(NMe2)C l (2.5) 

when less than one equivalent o f amide reagent was employed, or mixtures o f 

TiCp(NMe2)3 (2 .6 ) and TiCp2Cl2 i f  more than one equivalent o f the lithium  amide 

reagent was used. Reasons for the preferential formation o f TiCp(NMe2)3 (2.6) rather 

than TiCp2(NMe2)2 remain unclear, however these reactions are frustratingly 

reproducible.

X-ray quality crystals o f Ti(NPlBu3)(NMe2)3 (2.4) were isolated, and the solid- 

state structure is comparable to the related titanium complex TiCp*(NM e2)3 (Figure 

2.3) . 246 The titanium  amide bond distances (symmetry related) o f 1.72(2)A for 

Ti(NPlBu3)(NMe2)3 (2.4) are significantly shorter than the values o f 1.912(9) and 

1.92(1)A for the titanium  amide bond distances that were obtained from X-ray analysis o f 

TiCp*(NMe2)3.246 Given that the calculated T i-N  single bond distance is 1.981 A  247 and 

steric issues are not a factor, it  is reasonable to suggest that the amide ligands in both 

compounds are functioning as a,n  donors. It is also worthwhile to compare the chemical 

shift from the methyl protons o f the amide groups, which are 3.40 and 3.09 ppm in 

deuterated benzene, for T iL(NM e2)3 (L = NPlBu3 and Cp*, respectively). These features 

in solution and the solid state suggest that Cp* donates more electron density that NPlBu3 

in the complexes TiL(N M e2)3.

N1

Til

N2

N3

N2

N3N1 .Til

N4

2.4

Figure 2.3: ORTEP drawings o f Ti(NP*Bu3)(NMe2)3 (2.4) (30% thermal ellipsoids due to 

disorder) and TiCp*(NM e2)3 (additional methyl groups present due to disorder) . 246
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The related zirconium derivative ZrCp(NPtBu3)(NMe2)2 (2.7) was prepared from 

the dichloride precursor w ith an excess o f the lith ium  reagent. Unlike the titanium 

version, no evidence for cleavage o f the Cp ligand was observed.

Sim ilar efforts to investigate the products from  reaction o f MCp(NPtBu3)C l2 w ith 

L iN H (2 ,6 -'Pr2)C6H3 (2.1) were also undertaken. In this manner, TiCp(NPlBu3)(NH(2 ,6 - 

iPr2)C6H3)Cl (2.8), Ti(NPtBu3)(NH(2 ,6 -iPr2)C6H3)3 (2.9) and ZrCp(NPtBu3)(NH(2,6- 

,Pr2)C6H3)2 (2.11) were successfully isolated (Figure 2.5). Unlike the dialkyl amide 

reaction, preparation o f TiCp(NPtBu3)(NH(2 ,6 -‘Pr2)C6H3)2 could not be achieved cleanly. 

A ll three compounds were characterized crystallographically (Figure 2.4, Table 2.2). In 

all three complexes, the metal-nitrogen bond o f the phosphinimide ligand was shorter 

than the metal-nitrogen bond o f the amide ligand(s). In addition, the zirconium-nitrogen 

bond distances for 2 .1 1  were slightly longer than in the titanium complexes, reflecting the 

difference in the size o f the transition metal. Accompanying the increased Zr-N 

phosphinimide bond length was a decrease in the nitrogen-phosphorus bond distance 

(Table 2.2). Also o f interest was the Ti-N-P bond angle, which approached linearity (2.8 

173.18(11)° and 2.11 176.4(2)°) for the two complexes that were not as sterically 

crowded at the metal centre.

N1 N2
Zrl N3

N4

N2

2.8 2.9 2.11

Figure 2.4: ORTEP drawings o f TiCp(NPtBu3)(N H(2 ,6 -'Pr2)C6H3)C l (2.8) (molecule o f 

benzene omitted for clarity), Ti(NPtBu3)(N H(2 ,6 -1Pr2)C6H3)3 (2.9) and

ZrCp(NPtBu3)(N H(2 ,6 -iPr2)C6H 3)2 (2.11) (50% thermal ellipsoids).
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1 LiNH(2,6-lPr2C6H3)

'b/  \ bBu

x
/  X I

-L iC l

-L iC l 
(- LiCp)

LiNH(2,6-iPr2C6H3) xs

2.8
'pr 89%

*Bu 'Pr

2.9
77%

’Bu
P

•b/ \

N

\  / Cl 
Z <

■/ Cl

Bu

LiNH(2,6-‘Pr2C6H3) xs

-L iC l

2.11
93%

Figure 2.5: Synthesis o f TiCp(NPtBu3)(NH(2 ,6 -iPr2)C6H3)C l (2.8), Ti(NPtBu3)(NH(2,6- 

iPr2)C6H3)3 (2.9) and ZrCp(NPtBu3)(NH(2 ,6 -iPr2)C6H3)2 (2.11)
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Table 2.2: Select bond distances and angles for TiCp(NPtBu3)(NH(2,6-iPr2)C6H3)Cl (2.8), 

Ti(NPtBu3)(NH(2,6-iPr2)C6H3)3 (2.9) and ZrCp(NPtBu3)(NH(2,6-iPr2)C6H3)2 (2.11).

Compound M -N  A 

(amide)

M -N A 

(phosphinimide)

N-P A M-N-P ° 

(terminal)

2.8 1.946(2) 1.790(2) 1.601(2) 173.2(1)

2.9

1.915(8)

1.950(6)

1.971(7)

1.774(7) 1.604(7) 167.1(3)

2.11 2.107(4)

2.111(3)

1.939(3) 1.591(3) 176.4(2)

Attempts to prepare the titanium Msfamide) derivative TiCp(NPlBu3)(NH(2,6- 

‘Pr2)C6H3)2 via reaction o f the neutral amine w ith TiCp(NPlBu3)X 2 (X  = Cl, Me), by in 

situ generation o f the lith ium  amide reagent, or by conducting the amide metathesis 

reaction in  a polar solvent (THF) were all ineffective. It is possible that steric factors 

preclude formation o f the desired product. Synthesis o f ZrCp(NPtBu3)(NH(2,6- 

‘Pr2)C6H3)Me (2 .1 0 ), however, was accomplished by reaction o f the appropriate dimethyl 

metal precursor w ith  the neutral amine at ambient temperature (Figure 2.6). Attempts to 

generate the 6A(amide) derivative by this method were not successful; rather, extrusion 

o f free NH2(2,6-'Pr2)C6H3 and HNPlBu3 occurred in varying amounts upon thermolysis, 

suggesting the possible formation o f an im ido species.

3

*Bu-

\  CH3 N H 2(2 ,6 -lPr2C6H3) xs / - « q h

Z < f  ► Z r^
[ /  CHs -CH 4 /  NH

^  92%

% /  \ Bu ‘b/  \ Bu ipr_ /  \

Figure 2.6: Synthesis o f ZrCp(NPtBu3)(NH(2,6-iPr2)C6H3)Me (2.10).
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The room temperature proton NM R spectrum o f TiCp(NPtBu3)(NH(2,6- 

‘Pr2)C6H3)C l (2.8) did not exhibit the expected features. The methine protons on the /- 

propyl groups were not visible, while the doublet signal originating from the methyl 

groups did not integrate well relative to the other ligands. Variable temperature NMR 

analysis confirmed the restricted rotation about the titanium-nitrogen amide bond (Figure 

2.7). Coalescence o f the methine protons o f the /-propyl groups form ally occurs at 308 

K, which accounts for the near-absence o f an NM R signal using the standard conditions 

for an NM R experiment (i.e. ambient temperature). Analysis o f the data (Appendix A) 

indicated a free energy o f activation (AG*) for rotation o f the N -C ^ 0 bond o f the amide 

ligand to be 58.1 + 0.5 kJ m ol'1 at 298 K. This value is greater than those reported for 

Ti(NR2)3Cl (R = Me, Et) (< 42 kJ m ol'1), but compares well w ith an estimation o f 55.6 

kJ m ol'1 obtained for rotation o f the N-C^i0 bond in the related complex Zr{[(N (2,6- 

‘Pr2)C6H3)CH2]2CH2}M e2.248 The higher values are simply reflective o f the crowded 

steric environment around the metal centres.249,250

■Bu

Bu

373 K

303 K

223 K
14 13 12 11 10 9 8 7 6 5 4 3  2

(ppm)

Figure 2.7: Variable-temperature *H NM R spectra o f TiCp(NPtBu3)(NH(2,6-'Pr2)C6Fl3)Cl 

(2.8) in toluene-Jg.

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The chemical shift o f the amide proton in the !H NM R spectra varied greatly 

among this series o f compounds. Values o f 9.65, 7.80, 6.51 and 5.75 ppm were obtained 

for TiCp(NPtBu3)(NH(2,6-iPr2)C6H3)Cl (2.8), Ti(NPtBu3)(NH(2,6-iPr2)C6H3)3 (2.9), 

ZrCp(NPtBu3)(NH(2,6-iPr2)C6H3)Me (2.10) and ZrCp(NPtBu3)(NH(2,6-iPr2)C6H3)2

(2.11), respectively, in  deuterated benzene. Despite the chemical shift o f 9.65 ppm 

obtained for 2 .8 , solid state characterization provided no evidence for hydrogen bonding 

that could account fo r this anomalously downfield resonance.

Attempts to Generate Group IV  Phosphinimide Imide Complexes

A  number o f diverse methods to obtain Group IV  imide phosphinimide 

complexes were attempted. Two commonly employed routes to im ido derivatives 

involve thermolysis o f precursors that possess 6A(amide)41’50’85,251 or mixed alkyl/aryl 

amide groups41’42’50,68’80’252 adjacent to one another (Figure 2.1). Attempts to exploit this 

approach did not yield imide products. Rather, elim ination o f both free amine and 

HNPlBu3 was observed from a variety o f titanium or zirconium phosphinimide- 

containing precursors, in  the presence or absence o f donors such as THF or pyridines. A 

different tactic involved reaction o f Mountford's precursor T i(N tBu)Cl2(tBuPy)256 w ith a 

variety o f phosphinimide reagents (Figure 2.8), including HNPlBu3, LiNPlBu3 and 

Mg2(p-NPtBu3)2(NPtBu3)2 (2.14) (vide infra). Although this is successful for an 

enormous variety o f ancillary ligands,56'67 it did not prove to be a useful synthetic 

approach for preparing complexes that include the phosphinimide ligand system.
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‘Bu

- L i C l
Bu

Bu
Bu

Bu

Figure 2.8: Attempts to generate a Group IV  phosphinimide imide complex from 

Mountford's precursor.56

Other less common methods were also attempted to generate titanium imide 

phosphinimide complexes. Power and co-workers have used the magnesium imide 

(THFMgNPh)6 as an imide transfer reagent to prepare Group IV  metallocene imide 

complexes (Figure 2.9) . 51,253 When the analogous reagent (THFMgN(2 ,6 -'Pr2)C6H3)x 

was treated w ith  TiCp(NPlBu3)C l2, TiCp(NPtBu3)(NH(2 ,6 -‘Pr2)C6H3)C l (2 .8 ) was 

isolated exclusively, even when meticulously dry conditions were used. The same 

outcome resulted whether the magnesium imide was prepared in situ, or isolated, then 

used. This result was disappointing, and the origin o f the proton source remains 

unexplained.
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Figure 2.9: Power's magnesium imide transfer reagent.

Yet another approach involved the use o f trimethylaluminum (TM A). Recently, a 

samarium tra(am ide) precursor was treated w ith an excess o f TM A to give an imide 

product upon elim ination o f methane (Figure 2.10).254 Thus, TiCp(NPtBu3)(NH(2,6- 

'Pr2)C6H 3)C l (2.8) was reacted w ith 1-4 equivalents o f TM A. When an excess o f 

aluminum reagent was used, TiCp(NPtBu3)Me2 was isolated cleanly in  near-quantitative 

yield. However, when 1 equivalent o f TM A was used, TiCp(NPtBu3)MeCl (2.12) and the 

dimer Al2(p-NH(2,6-'Pr2)C6H3)2Me4 (2.13) were obtained (Figure 2.11). This is not 

entirely unusual, since TM A has been used as a methylating reagent to remove 

alkoxide or amide functional groups.

ArHN

ArHN

NHArNHAr

NHAr

NHAr = 2,6-1Pr2C6H;

'Pr

ipr V

Figure 2.10: The u tility  o f TM A to generate a Sm imide complex.
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NM R spectroscopy indicated that the desired product TiCp(NPlBu3)(N(2,6- 

'Pr2)C6H3)p,-C lA lM e2 was not generated but that two distinct compounds were actually 

obtained. Additional characterization techniques served to confirm  this unambiguously. 

X-ray analysis o f both compounds isolated from the mixture, in  addition to a satisfactory 

microanalysis, confirmed a 1:1 ratio o f TiCp(NPtBu3)MeCl (2.12) and Al2(p-NH(2,6- 

'Pr2)C6H3)2Me4 (2.13). The aluminum dimer has previously been characterized by X-ray 

crystallography, and the bond distances and angles derived from our analysis were 

comparable/1,238,239 In addition, TiCp(NPtBu3)MeCl (2.12) features a 31P {1H } chemical 

shift o f 42.0 ppm, which is between the chemical shift region for where the comparable
91dichloride (31.3 ppm) and dimethyl (45.2 ppm) derivatives are observed.

TMA xs

quantitative
\  .NHAr

1 TMA

2.8

NHAr = 2,6-iPr2C6H3
2.12 2.13

Combined Yield: 94%V
Figure 2.11: D iversity in  the reaction o f TiCp(NPtBu3)(NH(2,6-1Pr2)CeH3)Cl (2.8) with 

TMA.

V1 Both crystals were solved in the orthorhombic crystal system (Power Pbn2i; Stephan Pna2i). Selected 

bond distances from literature data, representative of the dimeric structure obtained include: Al(l)-N(l) 

1.970 A , Al(2)-N(l) 1.991 A , Al(l)-N(2) 1.954 A , Al(2)-N(2) 1.982 A , Al(l)-C(l) 1.951 A , Al(l)-C(2) 

1.926 A , Al(2)-C(3) 1.951 A , Al(2)-C(4) 1.969 A . Waggoner, K. M.; Hope, H.; Power, P. P. Angew. 

Chem. 1988,100, 1765-1766. Waggoner, K. M.; Power, P. P. J. Am. Chem. Soc. 1991,113, 3385-3393.
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Testing for Hydroamination Catalysis

Doye and co-workers report moderate conversion o f 3-hexyne and 4- 

methylaniline to the secondary amine (upon workup w ith zinc-modified NaBH3CN in 

methanol) using TiCp(NPPh3)Me2 as a catalyst.27 However, sim ilar transformations were 

not observed for any o f the catalyst precursors tested in our laboratories. When 

Ti(NPtBu3)(N H Ar)3 (2.9), MCp(NPR3)(NMe2)2 (M = T i, R = Ph (2.3); M  = T i (2.2), Zr 

(2.7), R = lBu ) or ZrCp(NPtBu3)(NH(2,6-iPr2)C6H3)xMey (x -  y = 1 (2.10); x = 2, y = 0

(2.11)) were used as a catalyst, free amine or HNPR3 were the only products that were 

soluble in  aromatic solvents, whereas when TiCp(NPlBu3)(N HAr)C l (2.8) was employed, 

[H2NPlBu3][C l] was the only observable product. These results indicate that the 

phosphinimide ligand is not a useful ancillary ligand for Group IV  complexes to provide 

active hydroamination catalysts while employing the attempted conditions.

Magnesium Phosphinimide Complexes

A  tangential result that originated from the exploration o f Group IV  amide- 

phosphinimide chemistry was the preparation o f the magnesium compounds Mg2(p- 

NPtBu3)2(NPtBu3)2 (2.14) and Mg3(p-NP'Pr3)4(NPiPr3)2 (2.15) as “ soft”  phosphinimide 

transfer reagents. They were synthesized from MgnBu2 and two equivalents o f the 

appropriate parent phosphinimine in good yields (87-89%, Figure 2.12). Both products 

are extremely soluble in pentanes (ca. 1 g in 2 mL), and may be isolated from saturated 

solutions as colourless crystals at -35°C. NM R spectroscopy for Mg2(p- 

NPtBu3)2(NPtBu3)2 (2.14) indicated a dimeric structure in deuterated benzene, since 2 sets 

o f signals were observed for the /-butyl groups in the *H and l3C {1H } NM R spectra, in
i ]  i

addition to 2 equal-intensity signals in  the P{ H } NM R spectrum (43.2, 25.2 ppm).

Similar NM R evidence fo r Mg3(p-NP‘Pr3)4(NP'Pr3)2 (2.15) indicated a trim eric structure
1 1 ̂in the same solvent: a 2:1 ratio o f downfield to upheld H and C chemical shifts for the 

/-propyl groups was observed, and a sim ilar ratio o f intensities were also observed in the 

31P {'H } NM R spectrum (27.6, 7.9 ppm). A ll o f the resonances that occur downfield are
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attributed to be a result o f the bridging phosphinimide ligands, while the resonances that 

occur upfield are due to the terminal ligands.

2  H N P ^

MgnBu2

2 HNP‘Pr3

Bu

P"
‘Bu !Bu

‘Bu
t \  
‘BU P=

‘B rf

/ N\
— Mg Mg-

X N

-N:

*Bu
/  t 

=P̂ — ‘Bu

-BuH

-BuH

Bu

Bu | Bu 
*Bu

,\T V*
'Pr— P P— 'Pr

'Pr
, \  
'Pr— P=

' P r

N N
/  \  /  \

=N— Mg Mg Mg N=
\  /  \  /

N N

89%

'Pr

-.p(— 'pr 87% 

ipr

'Pr— P P— 'Pr

i p r  i j  i j  i p rPr Pr

Figure 2 .1 2 : Synthesis o f Mg2(p-NPtBu3)2(NPtBu3)2 (2.14) and Mg3(p-NPiPr3)4(NPiPr3)2

(2.15).

X-ray analysis o f single crystals o f 2.14 and 2.15 confirmed that the proposed 

solution structures o f a dimer and a trimer also existed in the solid state (Figure 2.13, 

Table 2.3). The bridging and terminal phosphinimide ligands have sim ilar bond lengths 

in both compounds. However, the two terminal Mg-N-P bond angles in Mg3(p- 

NP1Pr3)4(NP'Pr3)2 (2.15) are closer to linearity. O f interest is that in Mg2(p- 

NP‘Bu3)2(NP‘Bu3)2 (2.14), an agostic interaction between one o f the hydrogen atoms on a 

/-butyl group was observed (2.298 and 2.374 A ; 2  independent molecules in the 

asymmetric unit, Figure 2.14).
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Figure 2.13: ORTEP diagrams o f the core fragments o f Mg2(|a-NPtBu3)2(NPtBu3)2 (2.14) 

and Mg3(|a-NP'Pr3)4(NP'Pr3)2 (2.15) (/-butyl and /-propyl groups omitted for clarity; 50% 

thermal ellipsoids).

Figure 2.14: ORTEP diagram o f the core fragment o f Mg2(p-NPtBu3)2(NPtBu3)2 (2.14), 

highlighting the agnostic interaction (additional groups omitted for clarity; 50% thermal 

ellipsoids; Mg-H distance 2.298 or 2.374 A  since there are 2  independent molecules in 

the asymmetric unit).

Although Mg2(p-NPtBu3)2(NPtBu3)2 (2.14) did not prove useful as a transfer 

reagent when T i(N tBu)C l2(tBuPy)2 was used as a metal precursor, it  reacted w ith 

ZrCp(NPtBu3)C l2 (5.1) to afford ZrCp(NPtBu3)2Cl (5.2) cleanly in  good yield (ca. 85%).

N4
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Table 2.3: Select bond distances and angles for [Mg(NPtBu3) 2]2  (2.14) and 

[Mg(NPiPr3) 2]3 (2.15).a

Compound Mg-N A  

(bridging)

Mg-N A  

(terminal)

N-P A  

(bridging)

N-P A  

(terminal)

Mg-N-P 0 

(terminal)

[Mg(NPtBu3) 2] 3

(2.14)

M g (l) 2.043(5) 

M g (l) 2.101(6) 

Mg(2) 2.050(5) 

Mg(2) 2.089(6)

1.922(6)

1.902(6)

1.541(5)

1.545(5)

1.541(6)

1.543(5)

150.3(4)

164.5(4)

Mg(3) 2.046(6) 

Mg(3) 2.069(6) 

Mg(4) 2.049(6) 

Mg(4) 2.071(6)

1.920(6)

1.913(6)

1.554(6)

1.556(5)

1.545(6)

1.545(6)

151.2(4)

165.8(4)

[Mg(NP,Pr3) 2]3

(2.15)

2.0793(35)

2.0905(35)

2.0982(40)

2.1082(37)

1.9039(38)

1.8958(41)

1.5555(33)

1.5597(35)

1.5566(31)

1.5655(34)

1.5300(35)

1.5274(37)

174.96(28)

174.53(27)

a) 2.14 has 2 independent molecules in the unit cell; Mg(l) and Mg(2) are the labels for one molecule, 

while Mg(3) and Mg(4) are the labels for the other molecule. Unlike the bond distances obtained for 2.15, 

the distances between the bridging nitrogen atoms and the two magnesium centres are different within each 

dimer, therefore all values are given. The two asymmetric molecules are separated by a row division.

Methyl Methacrylate (M M A ) Polymerization by Magnesium Phosphinimide Complexes

One interesting application o f Mg2(p.-NPtBu3)2(NPtBu3) 2 (2.14) is its ability to 

function as a single-component catalyst for the polymerization o f M M A  to produce ca. 

70% syndiotactic poly(methyl methacrylate) (PM M A) at room temperature (Figure 2.15). 

Evidence from characterization o f the polymer product, in  addition to preliminary 

reactivity experiments, infers that the M M A polymerization occurs via a radical process.
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The polymer physical properties include M n = 45,427 g m ol'1, M w = 87,512 g mol' 1 and a 

polydispersity index (PDI) = 1.9. ‘H NM R spectroscopy (Figure 2.16) clearly 

demonstrated the prim arily (ca . 70%) syndiotactic nature o f the polymer (signature peaks 

due to syndiotactic PMMA: 1.82 and 0.86 ppm) . 257 Surprisingly, Mg3(p-

NP‘Pr3)4(NP'Pr3)2 (2.15) did not initiate polymerization o f M M A  at low ,258'263 or ambient 

temperatures.

M 602C M e02C

Figure 2.15: Syndiotactic PMMA.

r-oVO
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Figure 2.16: “H NM R spectrum (in CDCI3, partial spectrum illustrated) o f -70%  

syndiotactic PM M A generated by Mg2(|a-NPtBu3)2(NPtBu3)2 (2.14).
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In addition, differential scanning calorimetry (DSC) analysis o f the polymer 

indicated a glass transition or softening temperature (Tg) o f ca. 125°C, indicative o f 

prim arily syndiotactic PMMA. Since PMMA that is generated by free radical methods 

has ~67% syndiotactic polymer, this indicates that the PM M A may have been generated 

by a free radical process.264 As a demonstration o f its ability to give up a radical, Mg2(p- 

NPtBu3)2(NPtBu3)2 (2.14) was treated w ith benzophenone. No immediate reaction 

ensued as evidenced by *11 NM R spectroscopy, however, upon stirring in  benzene for 

several hours, the solution changed from colourless to a deep blue, reminiscent o f the 

presence o f a ketyl radical.265 Additional investigations would be required however, to 

unambiguously confirm  that the polymerization occurs by a radical process.

2.4 Summary

A  series o f Group IV  compounds that possess both phosphinimide and amide 

ligands have been prepared and characterized by spectroscopic and crystallographic 

methods. A  variety o f methods were attempted to generate the corresponding Group IV  

imido complexes that s till possess phosphinimide ligands, although without profit. 

Perhaps o f synthetic interest is the feasibility o f producing Ti(NPlBu3)(NRR ')3 derivatives 

from reaction o f half-sandwich dichloride precursors w ith an excess o f lithium  amide. It 

is noteworthy that this does not occur w ith the corresponding zirconium derivatives.

Attempts to induce hydroamination catalysis using any o f the phosphinimide 

amide Group IV  precursors was unsuccessful under the conditions employed. In general, 

it appears that the phosphinimide ligand w ill react readily w ith a proton source, resulting 

in its elim ination from the metal centre.

The most interesting peripheral result is the synthesis o f the magnesium 

phosphinimide complexes Mg2(p-NPtBu3)2(NPtBu3)2 (2.14) and Mg3(|a.-NP1Pr3)4(NP‘Pr3)2

(2.15), which exhibit different reactivity in  the presence o f M M A, consistent w ith the 

differences in steric protection provided by the phosphinimide ligands. The dimer 2.14 

appears to be a radical source, and probably for this reason, it successfully polymerizes 

methyl methacrylate at room temperature to generate low molecular weight polymers
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(>750 insertions). It seems reasonable to suggest that future efforts should endeavour to 

rationalize how this process occurs, possibly using a combined synthetic and 

computational approach.
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3 Group IV Complexes with jBis(Phosphinimide) Ligands

3.1 Introduction

Efforts to discover new, highly active olefin polymerization catalysts that are not 

covered by existing patents have stimulated a number o f research groups32,40 to produce
11ftcommercially viable alternatives such as the constrained-geometry catalyst (CGC, I). 

Recently, titanium  FI catalysts (II, Figure 3.1) have been reported, and they also exhibit 

extremely high polymerization activities using m ild conditions.145 In an equally effective 

demonstration, Stephan and co-workers have described the enormous potential o f 

titanium half-sandwich phosphinimide complexes as precursors for olefin 

polymerization.8,21,132 The &/s(phosphinimide) titanium complex Ti(NPlBu3)Me2 acts as 

an extremely efficient catalyst upon activation w ith  [Ph3C][B(C 6F5)4] when the
n

polymerization is conducted employing industrially relevant conditions. However, the 

Ks'(phosphinimide) catalyst precursors suffer from rapid decomposition to 

polymerization-inactive products upon exposure to aluminum reagents, especially 

trimethylaluminum (TM A ).18 In an attempt to combat this decomposition route, a 

chelating, di-anionic, &zs(phosphinimide) supporting ligand was envisioned: additional 

bulk o f the scaffold tethering the two phosphinimide fragments together might preclude 

certain decomposition pathways from occurring. Furthermore, it  would create a more 

“ open”  metal centre, a concept that was exploited by the CGC to produce an extremely
l i f t

active polymerization catalyst.
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\ D 1

I  I I

Figure 3.1 Illustrations o f the CGC (I) and FI (II) precatalysts.

This chapter details an extension o f the work initiated by Dr. Jeffrey C. 

Stewart,266 namely the preparation o f titanium and zirconium complexes that possess a 

di-anionic, 6 w(phosphinimide) chelating ligand. It is worth mentioning that several 

chelating fe'(phosphinim ide) complexes o f titanium have been reported, however, no
00 0£0 OOD

investigation o f their u tility  as olefin polymerization catalysts has been reported. ’ 

Polymerization testing o f the new complexes described herein, in  addition to the parent 

precatalyst Ti(NPlBu3)2Me2 w ill be detailed. Preliminary reactivity studies o f 

fc(phosphinim ide) titanium complexes w ill be described, both in  this Chapter, and in 

Appendix B.
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3.2 Experimental

3.2.1 General Considerations

The synthetic protocol and characterization by multinuclear N M R  spectroscopy, X-ray 

crystallography and microanalysis were analogous to those described in Section 2.2.1 

w ith additions noted below. 11B {1H } and 19F NM R data were acquired on a Bruker 

Avance 300 M Hz spectrometer, and were referenced using external standards: BF3-Et2 0 , 

and 80% CCI3F in  CDCI3, respectively. Thick-wall glass flasks equipped w ith Teflon 

stopcocks are referred to as “ glass bombs” . GPC analyses o f the polymers were 

performed by N O VA Chemicals Corp., employing a Waters 150C GPC instrument using 

1,2,4-trichlorobenzene as the mobile phase at 140°C. The samples were prepared by

dissolving the polymer in  the mobile phase solvent in  an external 

oven at 0.1% (w/v) and were filtered before injection. Molecular 

weights are expressed as polyethylene equivalents w ith  a relative 

standard deviation o f 2.9% and 5.0% for the M n and M w, 

respectively. Figure 3.2 illustrates the convention used for 

labelling the proton and carbon NM R chemical shifts.

3.2.2 Solvents

Reagent grade pentanes, hexanes, PhH, PhMe, THF and Et2 0  were purchased from 

A ldrich Chemical Co., and were pre-dried using Grubbs' column systems, manufactured 

by Innovative Technologies, Inc .235 A ll solvents were further dried over Na prior to 

distillation. HPLC grade MeOH and 'PrOH were purchased from A ldrich Chemical Co. 

and dried over Mg prior to distillation. Reagent grade NEt3 was purchased from Fluka
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Chemical Co. and was dried over KOH prior to distillation. Deuterated solvents were 

purified by the methods described in Section 2.2.2.

3.2.3 Reagents

The phosphines HPtBu2 (3.1) and m-(CH2PR2)2C6H4 (R = lBu (3.2), Cy (3.3)),271 and the 

organometallic reagents LiPCy2, LiSiPh.3,272 Ti(NP*Bu3)2Me2, Ti(NPtBu3)2Ph2203 and 

ZrBm 273 were prepared via modifications o f literature procedures. The reagents 

MeMgBr, Me3SiCH2MgCl, C1P1Bu2, Me3SiN3, Me3SiX (X  -  C l, Br), L iA lH 4 and a ,a '- 

dibromo-m-xylene were purchased from A ldrich Chemical Co., and HPCy2, Ti(NM e2) 4 

and Zr(NEt2) 4 were purchased from Strem Chemical Co.; a ll were used without further 

purification. The borane B ^ F s ^  (prepared in-house) was generously donated by 

NOVA Chemicals Corp. and was used as received. It should be noted that the 

compounds ^-(CH^B^NSiM es^Cellt (3.4), Ti[w -(C H 2PtBu2N )2C6H4]M e2 (3.16) and 

Ti[m -(CH 2PtBu2N )2CeH4]Bn2 (3.17) were previously prepared by Dr. Jeffrey C. 

Stewart.266

3.2.4 Phosphines

Caution: This reaction is exothermic, and the products are volatile. Ensure that a vessel 

>10 times the reaction volume is employed.

Di-terf-butylphosphine (HP*Bu2, 3.1):271 In a round-bottom flask, L iA lH 4 (980 mg, 25.8 

mmol) was added in several portions over a 1 h period at RT to neat C1P*Bu2 (11.72 g,

64.9 mmol). The slurry was transferred to a glass bomb, and was stirred at RT for 50 h, 

after which time Et20  (5 mL) was added. The m ixture was filtered twice through Celite, 

and the solvent was removed in vacuo affording a clear, colourless liqu id  (8.62 g, 91%). 

The 1H NM R spectrum indicated no evidence o f Et20 , and was consistent w ith literature 

values. 'H  NM R (500 MHz, C6D6) 6 : 3.18 (d, 1H, 'JP-h = 240 Hz, HPlBu2), 1.16 (d, 

18H, 3Jp.h = 19 Hz, C(CH3)3). 13C {!H } NMR (75.5 MHz, C6D6) 5: 31.9 (d, 2JP.C = 14
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Hz, C(CH3)3), 30.0 (d, ‘Jplc = 27 Hz, C(CH3)3). 31P {1H } NM R  (121.5 MHz, C6D6) 8: 

20.1 (s).

1.3-6w-[(di-/erf-butylphosphinyl)methyl]benzene (m-(CH2PtBu2)2C6H4, 3.2):271 ot,oc'- 

dibromo-m-xylene (3.30 g, 12.50 mmol) was added to a Schlenk flask. MeOH was added 

via cannula to generate a slurry, and HPlBu2 (3.84 g, 26.26 mmol) was added via syringe 

at RT. The m ixture was stirred for 16 h, during which time the solution grew 

homogeneous. NEt3 was added via syringe (2.65 g, 26.26 mmol), and the phosphine 

precipitated as a flu ffy  white solid from solution. It was washed w ith  MeOH (3 x 20 

mL), and dried under vacuum for 5 h. A  second crop was obtained by concentrating the 

mother liquor, and precipitating the product w ith degassed water; no degradation in 

purity was noted by *H NM R spectroscopy. The product was recrystallized from PhH to 

remove traces o f H B rN E t3. Yield: 4.40 g (89%). Spectroscopic data were consistent 

w ith literature values.271 NM R (500 MHz, C6D6) 6: 7.61 (s, 1H, C6H 4 (o'-H)), 7.28 (d, 

2H, 3JH-h = 4 Hz, C6H 4 (o-H)), 7.18 (t, 1H, 3JH-h = 4 Hz, C6H 4 (m-H)), 2.75 (s, 4H, 

C H ^ B u ^ , 1.08 (d, 36H, 3JP.H = 15 Hz, C(CH3)3). 13C {*H } NM R (75.5 MHz, C6D6) 5:

141.8 (s, C6H4 (ipso-C)), 131.5 (s, C6H4 (o-C), 128.4 (s, C6H4 (o'-C)), 127.2 (s, C6H4 (m- 

C)), 31.7 (d, ‘Jp-c = 15 Hz, C(CH3)3), 29.9 (s, C(CH3)3), 29.1 (d, V c  = 15 Hz, 

CH2P‘Bu2). 31P {1H } NM R  (121.5 MHz, C6D6) 8: 33.2 (s). Colourless crystals suitable 

for X-ray diffraction were grown by slow evaporation from a mixture o f 

benzene/pentanes.

1.3-8w-[(dicyclohexylphosphinyl)methyl]benzene (m-(CH2PCy2)2C6H4, 3.3):271 Method 

1: a,a'-dibromo-m-xylene (5.71 g, 21.6 mmol) was added to a Schlenk flask. MeOH was 

added via cannula to generate a slurry, and HPCy2 (9.43 g, 47.5 mmol) was added via 

syringe at RT. The m ixture was stirred for 16 h during which time the solution grew 

homogeneous. NEt3 (4.80 g, 47.5 mmol) was added via syringe, and the solution was 

cooled to -30°C  to afford the phosphine as fine, colourless needles (9.65g, 89%). 

Method 2: a,a'-dibromo-m-xylene (130 mg, 0.49 mmol) was dissolved in  THF (20 mL), 

and the solution was cooled to -78°C. A  clear solution o f LiPCy2 (210 mg, 1.03 mmol) 

in  the same solvent (10 m L) was added dropwise, and the m ixture was stirred for 4 h
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before it was gradually warmed to RT. The solvent was removed in vacuo, and the 

product was extracted w ith  hexanes. Following filtra tion  through Celite, the solution was 

concentrated, and the product was recrystallized from pentanes to afford colourless 

needles (180 mg, 72%). !H NM R (500 MHz, C6D6) 8: 7.51 (s, 1H, C6H 4 (o'-H)), 7.18 

(m, 2H, C6H 4 (o -H )), 7.17 (m, 1H, C6H 4 (m-H)), 2.77 (s, 4H, CH2PCy2), 1.84-1.16 (m, 

44H, P(C6H n)2). ^ C ^ H } NM R (75.5 MHz, C6D6) 5: 140.8 (s, C6H4 (ipso-C)), 130.9 (s, 

C6H4 (o -C)), 128.5 (s, C6H4 (o '-C )), 127.0 (s, C6H4 (m-C)), 34.0 (d, ^ . c  = 24 Hz, 

CH2PCy2), 30.3 (d, V c  = 13 Hz, P(C6H n)2 (ipso-C)), 29.8 (d, 2JP.C = 10 Hz, P(C6H n)2 

(o-C)), 27.7 (br s, P(C6H U )2 (m-C)), 26.9 (s, P(C6H n)2 (p-C)). 31P {!H } NM R (121.5 

MHz, C6D6) 8: 1.9 (s).

3.2.5 Phosphinimines274’275

w-(CH2PtBu2NSiMe3)2C6H4 (3.4): Solid m-(CH2PtBu2)2C6H4 (2.06 g, 5.22 mmol) and 

Me3SiN3 (3.01 g, 26.10 mmol) were combined in a Schlenk flask to generate a slurry. 

The mixture was heated at reflux for 15 h, after which time the excess Me3SiN3 was 

removed in vacuo. The resulting beige solid was crushed w ith a mortar and pestle into a 

fine powder and dried for an additional 5 h. Y ield: 2.30 g (94%). This oxidation is also 

successful when PhMe is employed as a solvent. !H NMR (500 MHz, CgDe) 8: 7.53 (s, 

1H, C6H 4 (o '-H )), 7.32 (d, 2H, 3JH-h = 5 Hz, C6H 4 (o-H)), 7.23 (t, 1H, 3JH-h = 5 Hz, C6H 4 

(m-H)), 2.93 (d, 4H, 2JP.H = 10 Hz, C H ^B ua), 1.09 (d, 36H, 3JP.H = 10 Hz, C(CH3)3), 

0.36 (s, 18H, Si(CH3)3). 13C {!H } NM R (75.5 MHz, C6D6) 8: 135.3 (s, C6H4 (ipso-C)), 

132.7 (s, C6H4 (o-C )), 128.8 (s, C6H4 (o'-C)), 127.6 (s, C6H4 (m-C)), 37.2 (d, ’ jp-c = 60 

Hz, C(CH3)3), 31.0 (d, 'Jp-c = 56 Hz, C H ^ B u ^ , 27.4 (s, C(CH3)3), 4.9 (s, Si(CH3)3). 

31P {'H } NM R (121.5 MHz, C6D6) 8: 24.8 (s). Anal. Calc'd for C30H62N 2P2Si2: C, 63.33; 

H, 10.98; N, 4.92. Found: C, 63.38; H, 10.89; N , 4.90. Colourless crystals suitable for 

X-ray diffraction were grown by slow evaporation from benzene.

»i-(CH2PCy2NSiMe3)2C6H4 (3.5): This was prepared by an analogous method as 

described for m-(CH2PtBu2NSiMe3)2C6H4 (3.4) to afford a white solid (2.30 g, 94%). ’H
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NM R (500 MHz, C6D6) 8: 7.57 (s, 1H, C6H 4 (o'-H)), 7.22 (br, 2H, C6H 4 (o-H)), 7.16 (br, 

1H, C6H 4 (m-H)), 2.82 (d, 4H, 2Jp.h = 12 Hz, CH2PCy2), 1.82-1.05 (m, 44H, P(C6H n)2), 

0.38 (s, 18H, Si(CH3)3). 13C {1H } NM R (75.5 MHz, C6D6) 8: 134.9 (s, C6H4 (ipso-C)),

132.3 (s, C6H4 (o-C)), 128.3 (s, C6H4 (o'-C)), 128.0 (s, C6H4 (m-C)), 37.8 (d, Vc = 65 

Hz P(C6H „)2 (ipso-C)), 34.0 (d, Vc = 60 Hz, CH2PCy2), 27.1 (br, P(C6H n)2 (o-C)), 

26.4 (s, P(C6H „ )2 (m-C)), 25.7 (s, P(C6H n)2 (p-C)), 5.2 (s, Si(CH3)3). 31P{*H } NMR 

(121.5 MHz, C6D6) 8:13.5 (s). Anal. Calc’d for C38H70N 2P2Si2: C, 67.81; H, 10.48; N, 

4.16. Found: C, 67.66; H, 10.60; N, 4.03. Colourless crystals suitable for X-ray 

diffraction were grown by slow evaporation from pentanes.

m-(CH2PtBu2N H)2C6H4 (3.6): Solid m-(CH2PtBu2NSiMe3)2C6H4 (570 mg, 1.2 mmol) and 

MeOH (30 m L) were heated at reflux for 16 h, after which time the volatile products 

were removed in vacuo. The residue was re-dissolved in  PhH (10 m L) and filtered 

through Celite. Follow ing removal o f the solvent, the o ily  residue was washed w ith 

hexanes (3 x lOmL) and dried to ultim ately afford a beige foam (320 mg, 81%). !H 

NMR (500 MHz, C6D6) 8: 7.75 (s, 1H, C6H 4 (o'-H)), 7.29 (d, 2H, 3JH-h = 4 Hz, C6H 4 (o- 

H)), 7.12 (br, 1H, C6H 4 (m-H)), 2.86 (d, 4H, 2JP.H = 18 Hz, CH2PtBu2), 1.11 (d, 36H, 3JP.H 

= 22 Hz, C(CH3)3). 13C {xH } NM R (75.5 MHz, C6D6) 8: 135.8 (s, QHU (ipso-C)), 132.6 

(s, C6H4 (o-C)), 128.3 (s, C6H4 (o'-C)), 128.0 (s, C6H4 (m-C)), 36.2 (d, Vc = 56 Hz, 

C(CH3)3), 30.1 (d, V c  = 39 Hz, CH2PlBu2), 27.9 (s, C(CH3)3). 31P {1H } NM R (121.5 

MHz, C6D6) 8:48.2 (s). Anal. Calc’d for C24H46N 2P2: C, 67.89; H, 10.92; N, 6.60. 

Found: C, 67.82; H, 10.93; N, 6.61. Colourless crystals suitable for X-ray diffraction 

were grown by slow evaporation from pentane.

w-(CH2PtBu2N H)2C6H4-2 H Br (3.7): The white solid was isolated as a by-product from 

the above reaction; its presence was due to HBr salts that originated from the phosphine 

synthesis. (PhH insol.; yield: ca. 20 mg, 5%) XH NM R (500 MHz, C6D6) 8: 8.60 (s, 1H, 

C6H 4 (o'-H)), 7.31 (t, 1H, 3JH-h = 8 Hz, C6H 4 (m-H)), 7.22 (d, 2H, C6H 4 (o-H)), 3.59 (d, 

4H, V h  = 11 Hz, C H VBuz), 1.44 (d, 36H, 3JP.H = 15 Hz, C(CH3)3). ‘^ { 'H }  NMR 

(75.5 MHz, C6D6) 8: 134.3 (s, C6H4 (ipso-C)), 132.2 (s, C6H4 (o-C)), 130.7 (s, C6H4 (o'- 

C)), 129.8 (s, C6H4 (m-C)), 36.3 (d, 1JP.C = 50 Hz, C(CH3)3), 27.7 (d, V c = 50 Hz,
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C H ^ B u ^ , 27.7 (s, C(CH3)3). 31P {‘H } NM R (121.5 MHz, C6D6) 8: 64.3 (s). Anal. 

Calc'd for C24H48Br2N 2P2: C, 49.16; H, 8.25; N, 4.78. Found: C, 49.88; H, 8.40; N, 4.52. 

Colourless crystals suitable for X-ray diffraction were grown by slow evaporation from 

CD2C12.

m-(CH2PCy2N H )2C6H4 (3.8): Solid m-(CH2PCy2NSiMe3)2C6H4 (1.08 g, 1.8 mmol) and 

‘PrOH (25 mL) were heated at reflux for 16 h. Removal o f the volatile products in vacuo 

afforded spectroscopically pure white solid (910 mg, 96%). *H NM R  (500 MHz, 

CD2C12) 8: 10.67 (br, 2H, N -H), 8.30 (s, 1H, C6H 4 (o'-H)), 7.38 (t, 1H, 3JH-h = 8 Hz, 

C6H 4 (m-H)), 7.15 (d, 2H, 3JH-h = 8 Hz, C6H 4 (o-H)), 3.51 (d, 4H, 2JP.H = 12 Hz, 

CH2PCy2), 2.34-1.23 (m, 44H, P(C6H n)2). 13C {!H } NM R (75.5 MHz, CD2C12) 8: 140.8 

(s, C6H4 (ipso-C)), 130.9 (s, C6H4 (o-C)), 128.5 (s, C6H4 (o'-C)), 127.0 (s, C6H4 (m-C)), 

34.0 (d, Vc = 24 Hz, CH2PCy2), 30.3 (d, Vc = 13 Hz, P(C6H n)2 (ipso-C)), 29.8 (br, 

P(C6H n ) 2 (o -C )), 27.7 (s, P(C6H „ ) 2 (m-C)), 26.9 (s, P(C6H n ) 2 (p-C)). 31P {1H } NMR 

(121.5 MHz, CD2C12) 8: 36.2 (s).

3.2.6 Inorganic and Organometallic Syntheses

Ti[m-(CH2PtBu2N )2C6H4](NM e2)2 (3.9): Ti(NMe2)4 (0.72 mL, 3.05 mmol) was dissolved 

in PhH (20 m L), and a solution o f w-(CH2PtBu2N H )2C6H4 (3.6) (1.29 g, 3.05 mmol) in 

the same solvent (30 m L) was added drop wise at RT over a 15 m in period. The clear 

yellow solution was stirred for 12  h, after which time the solvent was removed in vacuo 

to afford a sticky yellow  residue. The product was washed w ith  pentanes and dried to 

give a spectroscopically pure yellow solid. Y ield: 1.22 g, 79%. NM R (500 MHz, 

C6D6) 8 : 8.46 (s, 1H, Q H 4 (o'-H)), 7.09 (t, 1H, 3JH-h = 8  Hz, C eftt (m-H)), 6.89 (d, 2H, 

3JH-h = 8 Hz, C6H 4 (o-H)), 3.45 (s, 1 2H, N(CH3)2), 2.85 (d, 4H, 2Jp_h = 9 Hz, C H V B u j), 

1.19 (d, 36H, 3Jp.h = 13 Hz, C(CH3)3). 13C {1H } NM R (75.5 MHz, C6D6) 8 : 134.9 (s, 

C6H4 (o-C )), 134.5 (s, C 6H4 (ipso-C)), 127.4 (s, C6H4 (o'-C)), 127.1 (s, C 6H4 (m-C)), 47.3 

(s, N(CH3)2), 37.1 (d, V c  = 56 Hz, C(CH3)3), 30.0 (d, V c  = 44 Hz, C H ^ B u ^ , 27.7 (s, 

C(CH3)3). 31P {!H } NM R  (121.5 MHz, C6D6) 8 : 12.7 (s).
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Ti[m-(CH2PlBu2N )2C6H4]Br(NM e2) (3.10): Yellow  crystals were isolated as a by-product 

from the above reaction; its presence was due to HBr salts that originated from the 

phosphine synthesis. Due to the relative insolubility o f 3.10 in  pentanes, it  could be 

isolated from a crude m ixture o f 3.9 and 3.10 by dissolving the mixture in a minimum 

amount o f pentanes and filte ring  the slurry; the solid fraction was mostly pure 3.10, while 

the solution contained mostly pure 3.9. (pentanes insol.; yield: ca. 125 mg, 8%) *H 

NMR (500 MHz, C6D6) 5: 8.67 (s, 1H, C6H 4 (o'-H)), 7.07 (t, 1H, 3JH-h = 8 Hz, C6H4  (m- 

H)), 6.86 (d, 2H, 3JH-h = 8 Hz, C6H 4 (o-H)), 3.67 (s, 6H, N (CH 3)2), 2.89 (d, 2H, 2JP.H = 

14 Hz, CHzP'Bui), 2.80 (d, 2H, 2JP.H = 14 Hz, CH2PtBu2), 1.24 (d, 18H, 3JP.H = 14 Hz, 

C(CH3)3), 1.04 (d, 18H, 3Jp.h = 14 Hz, C(CH3)3). u C {lH} N M R  (75.5 MHz, C6D6) 8:

174.9 (s, C6H4 (ipso-C)), 129.5 (s, C6H4 (o-C)), 128.3 (s, C6H4 (o'-C)), 127.7 (s, C6H4 

(m-C)), 48.6 (s, N (CH 3)2), 38.2 (d, V c -  56 Hz, C(CH3)3), 36.2 (d, V c = 56 Hz, 

C(CH3)3), 29.2 (d, ‘JP.C = 44 Hz, CH2PtBu2), 27.3 (s, C(CH3)3), 27.2 (s, C(CH3)3). 

31P {‘H } NM R (121.5 MHz, C6D6) 8: 17.2 (s). Due to the presence o f Ti[m - 

(CH2PtBu2N )2CeH4](NM e2)2 im purity that could not be completely removed (ca. 5% as 

evidenced by lH N M R  spectroscopy, the repeated microanalyses gave high carbon and 

hydrogen values. Anal. Calc'd fo r C26H 5oBrN3P2T i: C, 52.54; H, 8.48; N, 7.07. Found: 

C, 55.04; H, 8.81; N, 7.11. Pale yellow crystals suitable for X-ray diffraction were grown 

by slow evaporation from  benzene/pentanes.

Ti[m-(CH2PCy2N )2C6H4](NM e2)2 (3.11): This was prepared in  an analogous method as 

described for Ti[m -(CH 2PtBu2N )2C6H4](NM e2)2 (3.9), thus only the analytical data is 

included. The product may be obtained as a yellow solid when washed w ith cold 

pentanes. Y ield: 124 mg, 54%. Typical low  yields are a direct result o f the relative 

d ifficu lty  o f obtaining pure m-(CH2PCy2NH)2C6H4 (3.8). 'H  NM R  (500 MHz, CeDe) 8: 

8.60 (s, 1H, C6H 4 (o '-H )), 7.11 (t, 1H, 3JH-h = 7.5 Hz, C6H 4 (m-H)), 7.86 (d, 2H, 3JH-h =

7.5 Hz, C6H 4 (o-H )), 3.57 (s, 12H, N(CH3)2), 2.69 (d, 4H, 2JP.H = 11 Hz, CH2PCy2), 1.95-

1.32 (m, 44H, P(C6H n )2). 13C {1H } NM R (75.5 MHz, C6D6) 8: 134.0 (s, C6H4 (ipso-C)),

133.9 (s, C6H4 (o-C)), 127.3 (s, C6H4 (o'-C)), 127.1 (s, C6H4 (m-C)), 48.1 (s, N (CH3)2),

37.8 (d, V c  = 62 Hz, P(C6H n)2 (ipso-C)), 33.1 (d, V c  = 48 Hz, CH2PCy2), 27.4 (d, V
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C = 12 Hz, P(C6H u)2 (o-C )), 26.6 (s, P(C6H n)2 (m-C)), 26.5 (s, P(C6H „)2 (p-C)). 

31P {‘H } NM R (121.5 MHz, C6D6) 6: 1.6 (s). Anal. Calc'd for C36H 64N 4P2Ti: C, 65.24; H, 

9.73; N, 8.45. Found: C, 64.37; H, 9.58; N, 8.42.

Zr[m-(CH2PtBu2N )2C6H4](N Et2)2 (3.12): Zr(NEt2)4 (199 mg, 0.53 mmol) was dissolved 

in PhH (15 m L), and a clear solution o f m-(CH2PlBu2NH)2C6H4 (3.6) (223 mg, 0.53 

mmol) in  the same solvent (10 mL) was added dropwise at RT. The solution was stirred 

at RT for 24 h, after which time the volatile products were removed in vacuo to afford an 

o ily residue. Pentanes were added to precipitate a pale yellow  solid, which was 

subsequently filtered, washed w ith pentanes and dried. Y ield: 302 mg, 87%. ’H NMR 

(500 MHz, C6D6) 8: 8.20 (s, 1H, C6H 4 (o'-H)), 7.09 (t, 1H, 3JH-h = 8 Hz, C6H 4 (m-H)), 

6.88 (d, 2H, 3JH-h  = 8 Hz, C6H 4 (o-H)), 3.59 (q, 8H , 3JH-h = 7 Hz, N (CH2CH3)2), 2.83 (d, 

4H, 2Jp-H = 10 Hz, CHzP'Buj), 1.38 (t, 12H, 3JH-h = 7 Hz, N(CH2CH3)2), 1.17 (d, 36H, 

3JP-h = 13 Hz, C(CH3)3). 13C {'H } NM R (75.5 MHz, C6D6) 8: 134.9 (d, 3JP.C = 9 Hz, 

C6H4 (o-C )), 133.7 (s, C6H4 (ipso-C)), 127.5 (s, C6H4 (o'-C)), 127.4 (s, C6H4 (m-C)), 45.8 

(s, N (CH2CH3)2), 37.1 (d, V-c = 56 Hz, C(CH3)3), 30.4 (d, Vc = 44 Hz, CH2PlBu2),

27.9 (s, C(CH3)3), 17.1 (s, N(CH2CH3)2). 31P {1H } NM R (121.5 MHz, C6D6) 8: 16.0 (s). 

Anal. Calc'd for C32H64N4P2Zr: C, 58.41; H, 9.80; N, 8.51. Found: C, 55.07; H, 9.13; N, 

7.64.

Ti[m -(CH2PtBu2N )2C6H4]B r2 (3.13): A  1:9 m ixture o f Ti[m -

(CH2PtBu2N )2C6H4]Br(NM e2) (3.10) and Ti[m -(CH2PtBu2N )2C6H4](NM e2)2 (3.9) (551 

mg, ca. 1.1 mmol) was dissolved in  PhH (40 mL) to give a clear yellow  solution, and 

Me3SiBr (0.30 mL, 2.2 mmol) was added dropwise at RT. The solution was stirred for 

20 h, during which time a precipitate formed. The beige solid that precipitated was 

filtered, washed w ith  pentanes ( 3 x 5  mL) and dried in vacuo. Y ield: 522 mg (76%). *H 

NMR (500 MHz, CD2C12) 8: 8.70 (s, 1H, C6H 4 (o'-H)), 7.19 (t, 1H, 3JH-h = 7 Hz, C6H 4 

(m-H)), 7.12 (d, 2H, 3JH-h = 7 Hz, C6H 4 (o-H)), 3.27 (d, 4H, 2JP-h = 10 Hz, CH2PlBu2),

1.34 (d, 36H, V h  = 14 Hz, C(CH3)3). *H NM R (500 MHz, C6D6) 8: 8.92 (s, 1H, C6H 4 

(o'-H)), 7.04 (t, 1H, 3JH-h = 8 Hz, C6H 4 (m-H)), 6.80 (d, 2H, 3JH-h = 8 Hz, C6H 4 (o-H)), 

2.78 (d, 4H, V h  = 10 Hz, CH2PlBu2), 1.10 (d, 36H, V H = 14 Hz, C(CH3)3). 13C {*H}
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NMR (75.5 MHz, CD2C12) 8: 135.4 (s, C6H4 (o'-C)), 133.0 (d, 2JP.C = 8 Hz, C6H4 (ipso- 

C)), 128.6 (s, C6H4 (o -C )), 128.2 (s, C6H4 (m-C)), 39.1 (d, Vc = 54 Hz, C(CH3)3), 29.4 

(d, V c  = 45 Hz, CH2PlBu2), 27.8 (s, C(CH3)3). 31P {1H } NM R (121.5 MHz, CD2C12) 5:

24.7 (s). 31P {1H } NM R  (121.5 MHz, C6D6) 8: 22.4. Anal. Calc'd for C24H44Br2N 2P2Ti: 

C, 45.74; H, 7.04; N, 4.44. Found: C, 45.31; H, 7.11; N , 4.25.

The follow ing compounds were prepared in a sim ilar fashion, w ith  use o f the s ily l 

reagent Me3SiCl, thus only the characterization is described.

Ti[m -(CH2PCy2N )2C6H4]C l2 (3.14): White solid (342 mg, 73%). An alternative route 

afforded the desired product in  low  yields (ca. 10-20%) via Me3SiCl elim ination from the 

reaction o f T iC l4 w ith  m-(CH2PCy2NSiMe3)2C6H4 (3.5) as described by Dr. Jeff 

Stewart.266 'H  NM R  (500 MHz, C6D6) 8: 8.94 (s, 1H, C6H4 (o'-H )), 7.09 (t, 1H, 3JH-h =

7.5 Hz, CeHU (m-H)), 6.83 (d, 2H, 3JH-h = 7.5 Hz, Ceft, (o-H)), 2.64 (d, 4H, V H = 11 

Hz, CH2PCy2), 2.10-0.99 (m, 44H, P(C6H n )2). 13C {‘H } NM R (75.5 MHz, C6D6) 8:

135.1 (s, C6H4 (ipso-C)), 132.4 (s, C6H4 (o-C)), 128.1 (s, C6H4 (o'-C)), 128.0 (s, C6H4 

(m-C)), 37.3 (d, Vc = 62 Hz, P(C6H „)2 (ipso-C)), 31.4 (d, V -c  = 49 Hz, CH2PCy2),

26.9 (d, Vc = 8 Hz, P(C6H h)2 (o -C )), 26.7 (d, V c = 6 Hz, P(C6H n)2 (o-C)), 26.2 (br s, 

P(C6H n)2 (m-C)), 26.1 (br s, P(C6H „)2 (m-C)), 25.9 (s, P(C6H „ )2 (p-C)). 31P {1H } NMR 

(121.5 MHz, C6D6) 8: 8.8 (s). Anal. Calc'd for C32H52Cl2N 2P2Ti: C, 59.54; H, 8.12; N, 

4.34. Found: C, 59.92; H, 8.45; N, 4.43. Colourless crystals suitable for X-ray 

diffraction were grown by slow evaporation from  benzene/pentanes.

Zr[m-(CH2PtBu2N )2C6H4]C l2 (3.15): White solid (120 mg, 75%). *H NM R (500 MHz, 

C6D6) 8: 7.56 (s, 1H, C6H 4 (o'-H)), 7.31 (d, 2H, 3JH-h = 7 Hz, C6H 4 (o-H)), 7.23 (t, 1H, 

V h  = 7 Hz, C6H 4 (m-H)), 2.92 (d, 4H, V H = 11 Hz, CH2PlBu2), 1.05 (d, 36H, V H = 

13 Hz, C(CH3)3). n C {lU} NM R (75.5 MHz, CD2C12) 8: 129.3 (s, C6H4 (o'-C)), 135.0 (s, 

C6H4 (ipso-C)), 127.1 (s, C6H4 (o -C )), 125.6 (s, C6H4 (m-C)), 37.2 (d, V c  = 60 Hz, 

C(CH3)3), 31.0 (d, V c  = 56 Hz, CH2PlBu2), 27.6 (s, C(CH3)3). 31P {1H } NM R (121.5 

MHz, C6D6) 8: 24.5 (s).
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Ti[m-(CH2PtBu2N )2C6H4]M e2 (3.16): T i[w -(CH 2PtBu2N )2C6H4]B r2 (250 mg, 0.40 mmol) 

was slurried in  Et20  (30 m L), and MeMgBr (0.29 mL, 0.88 mmol, 3M solution in Et20 ) 

was added dropwise at RT. The solution was stirred for 12 h, after which time the 

solvent was removed in vacuo. The product was extracted w ith pentanes (3 x 1 0  mL) and 

filtered through Celite. The solvent was removed in vacuo, affording a beige solid. 

Yield: 102 mg, 50%. *H NM R (500 MHz, C6D6) 6: 8.48 (s, 1H, C6H 4 (o'-H)), 7.05 (t, 

1H, 3JH-h = 8 Hz, C6H 4 (m-H)), 6.84 (d, 2H, 3JH-h = 8 Hz, CeHU (o-H)), 2.84 (d, 4H, 2JP.H 

= 10 Hz, CH2PtBu2), 1.17 (d, 36H, 3JP.H = 14 Hz, C(CH3)3), 0.88 (s, 6H, Ti-C H 3). 

13C {‘H } NM R (75.5 MHz, C6D6) 8: 134.0 (s, C6H4 (ipso-C)), 128.2 (s, C6H4 (o-C)),

127.8 (s, C6H4 (o '-C )), 127.2 (s, C6H4 (m-C)), 37.9 (d, Vc = 57 Hz, C(CH3)3), 36.9 (s, 

T i-CH3), 29.7 (d, ^ .c  = 44 Hz, CH2P*Bu2), 27.6 (s, C(CH3)3). 31P {1H } NM R (121.5 

MHz, C6D6) 8: 12.4 (s). The spectroscopic data were sim ilar to that reported by Dr. 

Jeffrey Stewart, who had previously obtained microanalytical data.266 Anal. Calc'd for 

C26H5oN2P2Ti: C, 62.39; H, 10.07; N, 5.60. Found: C, 63.59; H, 10.06; N, 5.22.

The synthetic methodology for the compounds 3.17 and 3.18 is analogous to the protocol 

described for 3.16 using the appropriate Grignard reagent (BnMgCl, Me3SiCH2MgCl) 

and titanium chloride precursor, thus only the analytical data is included.

Ti[m -(CH2PtBu2N )2C6H4]Bn2 (3.17): Yellow-orange solid (62 mg, 74%). 'H  NM R (500 

MHz, C6D6) 8: 8.21 (s, 1H, C6H 4 (o'-H)), 7.30 (d, 4H, 3JH-h = 8 Hz, C6H 5 (o-H)), 7.24 

(pseudo t, 4H, 3JH-h = 8 Hz, C6H 5 (m-H)), 7.00 (t, 1H, 3JH-h = 8 Hz, C6H 4 (m-H)), 6.89 (t, 

2H, 3JH-h = 8 Hz, C6H 5 (p-H)), 6.82 (d, 2H, 3JH-h = 8 Hz, C6H 4 (o-H)), 2.86 (s, 4H, 

CH2Ph), 2.75 (d, 4H, 2JP.H = 14 Hz, CH2PtBu2), 1.02 (d, 36H, 3JP.H = 16 Hz, C(CH3)3). 

13C {‘H } NM R (75.5 MHz, C6D6) 8: 151.9 (s, C6H5 (ipso-C)), 134.0 (s, C6H4 (ipso-C)),

133.6 (s, C6H4 (o '-C )), 128.5 (s, C6H5 (o-C)), 128.2 (s, C6H4 (o-C)), 127.5 (s, C6H4 (m- 

C)), 127.0 (s, C6H 5 (m-C)), 120.1 (s, C6H5 (p-C)), 67.5 (s, CH2Ph), 37.4 (d, V c  = 56 Hz, 

C(CH3)3), 29.8 (d, V c  = 43 Hz, CH2PtBu2), 27.7 (s, C(CH3)3). 31P {1H } NM R (121.5 

MHz, C6D6) 8: 15.5 (s).
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Ti(NPtBu3)2(CH2SiMe3)2 (3.18): White solid (77%). ‘H NM R (500 MHz, C6D6) 5: 1.38 

(d, 54H, 3Jp.H = 13 Hz, C(CH3)3), 1.21 (s, 4H, CH2Si(CH3)3), 0.43 (s, 18H, 

CH2Si(CH3)3). l3C {lU} NM R (75.5 MHz, C6D6) 8: 53.4 (s, CH2Si(CH3)3), 41.0 (d, V c  

= 47 Hz, C(CH3)3), 30.1 (s, C(CH3)3), 3.9 (s, CH2Si(CH3)3). 31P {1H } NM R (121.5 MHz, 

C6D6) 5: 26.1 (s).

Ti(NPtBu3)2(SiPh3)2 (3.19):272 Solid Ph3S iLi (207 mg, 0.68 mmol) was added in several 

portions at RT to a clear solution o f Ti(NPtBu3)2Cl2 (214 mg, 0.34 mmol) in  PhH (20 

mL). A fter stirring for 12 h, the dark green slurry was filtered through Celite. Removal 

o f the solvent afforded a dark green solid; to obtain spectroscopically pure colourless 

product, the solid was recrystallized from PhMe at -30°C  (242 mg, 71%). *H NM R (500 

MHz, C6D6) 8: 7.66 (dd, 12H, 3JH-h= 8 Hz, V h =  2 Hz, C6H 5 (o-H)), 7.60 (m, 6H, C6H 5 

(p-H)), 7.18 (m, 12H, C6H 5 (m-H)), 1.49 (d, 54H, 3JP.H = 13 Hz, C(CH3)3). V ^ H }  

NMR (75.5 M Hz, C6D6) 8: 136.9 (s, C6H5 (o-C)), 136.4 (s, C6H 5 (p-C)), 135.1 (s, C6H5 

(ipso-C)), 129.8 (s, C6H5 (m-C)), 41.1 (d, V c  = 48 Hz, C(CH3)3), 30.6 (s, C(CH3)3). 

31P {'H } NM R (121.5 MHz, C6D6) 8: 25.8 (s).

Zr[m-(CH2PtBu2N )2C6H 4]2 (3.20): Solid ZrBru (100 mg, 0.22 mmol) was added at RT to 

a clear solution o f m-(CH2PtBu2NH)2CeH4 (3.6) (191 mg, 0.45 mmol) in  PhH (20 mL). 

The slurry became dark brown and homogeneous upon stirring for 16 h. Following 

filtra tion through Celite, the solvent was removed in vacuo, affording a colourless solid. 

It was washed w ith  pentanes ( 3 x 5  mL) and dried in vacuo. Y ield: 96 mg, 47%. *H 

NM R (500 MHz, C6D6) 8: 8.34 (s, 1H, C6H 4 (o'-H)), 7.12 (t, 1H, 3JH-h = 7 Hz, C6H 4 (m- 

H)), 6.97 (d, 2H, 3JH-h = 7 Hz, C6H 4 (o-H)), 3.00 (d, 4H, 2JP.H = 10 Hz, CH2PlBu2), 1.28 

(d, 36H, 3Jp.h = 13 Hz, C(CH3)3). 13C {1H } NM R (75.5 MHz, C6D6) 8: 135.7 (s, C6H4 

(ipso-C)), 133.4 (s, C6H4 (o '-C )), 127.3 (s, C6H4 (o-C)), 126.9 (s, C6H4 (m-C)), 37.4 (d, 

V c  = 56 Hz, C(CH3)3), 31.9 (d, V c  = 44 Hz, C H ^B uz), 28.7 (s, C(CH3)3). 31P{*H} 

NMR (121.5 MHz, C6D6) 8: 11.7 (s).
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Generation o f A l[m -(C H 2PtBu2N)(CH2PtBu2NH)C6H4]M e2 (3.21): A l2Me6 (110 pL, 1.20 

mmol A l) was added dropwise to a clear solution o f (3.6) (52

mg, 0.12 mmol) in  C6Dg (0.7 mL) at RT. The solution was stirred for 1 h, then 

transferred to an NM R tube for analysis; quantitative conversion to product was observed 

in addition to excess A l2Me6). 'H  NM R (500 MHz, C6D6) 5: 7.72 (br s, 1H, C6H 4 (o'- 

H)), 7.16 (br, 1H, 3JH-h = 8 Hz, C6H 4 (m-H)), 7.01 (br, 2H, 3JH-h = 8 Hz, C6H 4 (o-H)),

3.00 (br d, 4H, V h  = 12 Hz, CH2PtBu2), 0.68 (d, 36H, 3JP.H = 14 Hz, C(CH3)3), 0.14 (s, 

6H, A1-CH3). 13C {!H } NM R (75.5 MHz, C6D6) 6: 133.0 (s, C6H4 (ipso-C)), 132.9 (s,

C6H4 (o-C )), 130.2 (s, C6H4 (o'-C)), 129.2 (s, C6H4 (m-C)), 35.9 (d, V c  = 30 Hz, 

C(CH3)3), 27.8 (d, V c  = 32 Hz, C(CH3)3), 26.9 (s, C(CH3)3), 1.4 (s, A1-CH3). 31P {1H } 

NM R (121.5 MHz, C6D6) 8: 62.6 (s).

3.2.7 Reactivity o f  Bis (phosphinimide) Titanium Complexes

Ti(NPtBu3)2[o-(Me3SiC=CSiMe3)C6H4] (3.22):

Ti(NPtBu3)2Ph2 (46 mg, 0.07 mmol) was dissolved in 

PhMe-d8 (0.75 mL), and Me3SiCCSiMe3 (17 pL, 0.07 

mmol) was added via syringe. The clear solution was 

transferred to a glass bomb, and the solution was 

freeze/pump/thaw degassed (x 3). The solution was 

heated under static vacuum for 48 h at 90°C, resulting in a 50% conversion to the 

insertion product. PhH (50%) was also seen in the *H NM R  spectrum, proffering 

evidence o f the desired benzyne intermediate. *H NM R (500 MHz, CeDe) 8 : 7.50 (d, 1H, 

3Jh-h = 8 Hz, C6H 4 (o -H )), 7.37 (dd, 1H, V h  = 7 Hz, V h  = 1 Hz, C6H 4 (o'-H)), 7.11 

(td, 1H, V h  = 8 Hz, V -h  = 1 Hz, C6H 4 (m '-H)), 6.89 (td, 1H, V h  = 7 Hz, V h  = 1 

Hz, CeHL, (m-H)), 1.32 (d, 36H, V H = 13 Hz, C(CH3)3), 0.57 (s, 9H, Si(CH3)3), 0.50 (s, 

9H, Si(CH3)3). 13C {*H } NM R (75.5 MHz, C6D6) 8 : 192.7 (s, {quaternary-C)), 188.8 (s, 

{quaternary-C)), 167.9 (s, {quaternary-C)), 146.7 (s, {quaternary-C)), 134.2 (s, CeH4 (o - 

C)), 126.3 (s, C6H4 (o -C )), 126.2 (s, C6H4 (m '-C)), 122.9 (s, C6H4 (m-C)), 41.0 (d, V c =
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47 Hz, C(CH3)3), 30.0 (s, C(CH3)3), 4.24 (s, Si(CH3)3), 4.16 (s, Si(CH3)3). 31P{*H} 

NMR (121.5 MHz, C6D6) 5: 28.4 (s).

3.2.8 X-Ray Experimental

X-ray structural solutions o f m-(CH2PlBu2)2C6H4 (3.2), m-(CH2PtBu2NSiMe3)2C6H4 

(3.4), m-(CH2PCy2NSiMe3)2C6H4 (3.5), m-(CH2PtBu2NH)2C6H4 (3.6), Ti[m- 

(CH2PtBu2N )2C6H4]Br(NM e2) (3.10), Ti[m-(CH2PCy2N )2C6H4](NM e2)2 (3.11), and T i[m- 

(CH2PCy2N )2C6H4]C l2 (3.14) were obtained using direct methods or by a Patterson map. 

Preliminary solutions were obtained for m-(CH2PtBu2NH)2C6H4'2 HBr (3.7) and Ti[m- 

(CH2PtBu2N )2CeH4]B r2 (3.13), although the data were too poor for a detailed discussion. 

Cell parameters, R, Rw and GoF values are located in Table 3.1, while additional 

structural parameters have been included as an appendix on CD. The solution for 

structure 3.11 is disordered, therefore 21 o f the atoms were refined isotropically (two 

cyclohexyl groups), while 31 o f the 43 atoms were refined anisotropically (9 extra atoms 

due to disorder). The solution for structure 3.10 included two molecules o f CgHe, and the 

12 additional atoms were refined anisotropically. No residual electron density remained 

in any o f the solutions that was o f any chemical significance. An ORTEP drawing o f 3.6 

is depicted in Figure 3.5, while select bond distances and angles are provided in Tables

3.2, 3.3 and in  the text.
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Table 3.1: Crystallographic parameters for w-(CH2PtBu2)2C6H4 (3.2), m-

(CH2PtBu2NSiMe3)2C6H4 (3.4) and m-(CH2PCy2NSiMe3)2C6H4 (3.5).

3.2 3.4 3.5

Molecular formula c 24h 44p2 C3oH62N2P2Si2 C38H70N 2P2Si2

Formula weight 394.53 568.94 673.08

a(A) 25.55(1) 9.860(9) 10.541(6)

b(A) 8.449(5) 14.08(1) 15.118(8)

c(A) 12.046(6) 14.83(1) 15.328(9)

a(°) 90.00 65.98(2) 67.282(9)

P(°) 93.01(1) 75.78(2) 71.043(9)

Y (°) 90.00 84.34(2) 75.16(1)

Crystal system Monoclinic Tric lin ic T ric lin ic

Space group Cc P -l P -l

Volume (A3) 2597(2) 1824(3) 2107(2)

DCaic (gem'3) 1.009 1.036 1.061

Z 4 2 2

Abs coeff, p, mm"1 0.173 0.204 0.186

0 range (°) 3.03-23.24 1.58-23.66 2.71-23.37

Reflections collected 5318 7834 8928

Data F02 > 3a(F02) 2266 3816 4583

Parameters 235 325 397

R(%) 0.0408 0.0438 0.0449

Rw(%) 0.1159 0.1177 0.1246

Goodness o f F it 1.047 0.959 1.036

The data was collected at 20°C w ith Mo K a  radiation (A, = 0.71069 A ) 

R = 2 | | F01 - 1 Fc | | /  2  |F oI,R w = [2 ( |f 0 | - I Fc | )2 / S | F012]05
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Table 3.1 (continued): Crystallographic parameters for ^-(C^P^^NH^CeHU (3.6), m-

(CH2PtBu2NH)2C6H4-2 HBr (3.7), Ti[w-(CH2PtBu2N)2C6H4]Br(NMe2) (3.10).

3.6 3.7 3.10

Molecular formula C24H46N 2P2 C24H48Br2N2P2 C38H62BrN3P2Ti

Formula weight 424.57 586.41 750.66

a(A) 13.457(8) 24.20(2) 14.413(8)

b(A) 13.908(8) 15.02(1) 17.579(9)

c(A) 14.713(8) 19.79(1) 17.190(9)

a (°) 90.00 90.00 90.00

P(°) 108.388(10) 94.89(1) 103.449(11)

y (°) 90.00 90.00 90.00

Crystal system Monoclinic M onoclinic Monoclinic

Space group P2i/n C2/c P2i/n

Volume (A 3) 2613(3) 7167(8) 4236(4)

Dcaic (gem'3) 1.079 1.385 1.177

Z 4 8 4

Abs coeff, p, m m '1 0.178 1.344 1.248

0 range (°) 1.79-23.17 1.86-23.33 1.68-23.26

Reflections collected 10896 5122 17553

Data F02 > 3cr(F02) 2709 1860 3638

Parameters 253 293 406

R(%) 0.0422 0.1083 0.0686

Rw(%) 0.1236 0.2272 0.2067

Goodness o f F it 1.011 1.195 1.002

The data was collected at 20°C w ith  Mo K a  radiation (A. = 0.71069 A)

R = £ | IF01 - 1Fc I I / S IF01, Rw = [2 (IF 01 - | f c|)2/£  | f o| 2]0'5
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Table 3.1 (continued): Crystallographic parameters for Ti[m-(CH2PCy2N)2C6H4](NMe2)2

(3.11), Ti[m-(CH2PtBu2N)2C6H4]Br2 (3.13)vii, Ti[m-(CH2PCy2N)2C6H4]Cl2 (3.14).

3.11 3.13 3.14

Molecular formula C36H64N 4P 2Ti C24H44N2P2TiBr2 C32H 52CI2N 2P 2Ti

Formula weight 662.75 630.24 645.50

a(A) 8.726(5) 23.78(1) 11.47(1)

b(A) 12.389(8) 14.930(8) 17.37(2)

c(A) 18.38(1) 18.92(1) 17.70(2)

a (°) 102.84(1) 90.00 90.00

P(°) 93.06(1) 113.365(7) 101.95(2)

Y(°) 90.69(1) 90.00 90.00

Crystal system Triclin ic Monoclinic Monoclinic

Space group P -l P2i/c P2i/c

Volume (A3) 1934(2) 6164.85 3452(8)

Dcaic (gem'3) 1.138 1.242

Z 2 4

Abs coeff, p, mm ' 1 0.332 0.519

0  range (°) 2.28-23.29 1.66-23.55

Reflections collected 8246 14456

Data F02 > 3a(F02) 3079 2608

Parameters 364 352

R(%) 0.0680 0.1585

Rw(%) 0.1975 0.3607

Goodness o f F it 0.862 1 .0 1 0

The data was collected at 20°C w ith  Mo K a  radiation (A = 0.71069 A) 

R  =  2  | | F 0 1- 1Fc | I /  2  | f 0 | , R w = [ 2 ( | f 0 | - | f c | ) 2 / 2  1F 0 12] ° 5

™ Only preliminary X-ray data were obtained and the structure was not refined, thus only the cell 
parameters are listed.
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3.2.9 Polymerization Protocol

Purification o f Reagents: Reagent grade PhMe was purchased from  A ldrich Chemical 

Co., and dried using Grubbs' column systems, manufactured by Innovative Technologies, 

Inc.235 ACS grade MeOH was purchased from A ldrich Chemical Co., and HC1 was 

purchased from  EM Science; both were used as received. Ethylene was purchased from 

Matheson Gas Co., and was dried over alumina and 3A molecular sieves. MAO, T 'BA l 

(Akzo Nobel), B(C6Fs)3 and [Ph.3C][B(C 6F5)4] (prepared in-house) were generously 

donated by N O VA Chemicals Corp., and were used as received.

Description o f the B ilchi autoclave:VU1 The Buchi autoclave is a jacketed 1 L borosilicate 

vessel, and is enclosed by top and bottom stainless steel plates. The vessel is equipped on 

the top plate w ith  inlets for addition o f reagents via syringe, solvent, nitrogen/vacuum, 

monomer (ethylene), a thermocouple well, and a rupture valve. An external stirrer is 

powered by a 220 V  motor, and the rate may be adjusted from 0-2400 rpm. The 

temperature is controlled using a water bath, and the tubing is only rated to 75 °C 

therefore rendering this the maximum operating temperature. The autoclave is located in 

a fumehood (rather than in  a specified “ bomb room” ), thus the maximum temperature 

above boiling point o f the solvent is 20°C, while the maximum operating pressure is 87 

psi.

(i-Procedure using M AO ) A  1L Buchi autoclave was dried in vacuo (10' mmHg) for 

several hours. PhMe (500 mL) was transferred into the vessel under a positive pressure 

o f N 2 and was heated to 30°C. The temperature was controlled (to ca. +2°C) w ith an 

external heating/cooling bath and was monitored by a thermocouple that extended into 

the polymerization vessel. The vessel was vented o f N 2 and then pressurized w ith C2H4 

(1.82 atm) while the solvent stirred at a rate o f 150 rpm. A  solution o f MAO (500 eq, 

10% in PhMe) was injected and the mixture was stirred for 5 min. A  solution o f the 

precatalyst (in 2 mL PhMe, 25 pmol) was injected, and the rate o f stirring was increased 

to 1000 rpm, while the solution stirred for 30 min. Any recorded exotherm was w ithin

VIU For a detailed description, including illustrations, refer to Chapter 2 of C. L. Beddie’s Ph.D. Dissertation.
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the allowed temperature differential o f the heating/cooling system. The reaction was 

quenched w ith  1 M  HC1 in MeOH, and the precipitated polymer was subsequently 

washed w ith  HC1, HCl/MeOH and PhMe before drying at 50°C for at least 48 h prior to 

weighing.

(ii-Procedure using T 'B A l/B ^ F s ^  Activator) The polymerization protocol, in  addition 

to the isolation o f the polymer, was performed as described above w ith  the follow ing 

modifications: A  solution o f T 'B A l (20 eq, 25% in  heptanes) was injected and the mixture 

was stirred for 5 min. A  solution o f the precatalyst (in 2 mL PhMe, 25 pmol), followed 

immediately by B(C6F5)3 (PhMe, 2 eq) was injected. The solution was then stirred for 

the prescribed amount o f time. Whenever an exception to this method was performed, it 

is noted appropriately in  the polymerization tables.

The masses o f reagents used for the polymerizaitons and polyethylene products, in 

addition to the raw GPC data, may be viewed in Appendix D (on CD).

3.3 Results and Discussion

The phosphines HPlBu2 (3.1) and /n-(CH2PR2)2CeH4 (R = lBu (3.2), Cy (3.3)) 

were prepared via a m odification o f a literature procedure.271 Addition o f diethyl ether to 

extract the secondary phosphine 3.1 from the slurry, prepared from  ClPtBu2 and L iA lH 4, 

afforded clean material, thus negating any requirement fo r further purification. 

Subsequent reaction o f 3.1, or commercially available HPCy2 w ith  m-(CH2Br)2C6H4 in 

methanol generated the corresponding &A(phosphonium) salt, which was deprotonated in 

situ w ith a slight excess o f triethylamine to afford m-(CH2PR2)2C6H4 (R = lBu (3.2), Cy 

(3.3)) (Figure 3.3). Evidence suggested (crystallographic characterization o f HBr salts; 

vide infra) that purification o f the phosphines by washing w ith  methanol was not 

sufficient to completely remove NEt3-HBr. To avoid ammonium salt contamination, the 

phosphines were recrystallized from pentanes (R = lBu) or methanol (R = Cy) at -35°C. 

In this manner, crystals suitable for X-ray diffraction were obtained for 3.2. The NMR
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chemical shifts fo r 3.2 were consistent w ith literature values.271 The phosphine 3.3 has 

been reported in  several organometallic complexes, however, the NM R  data for this 

ligand have not been divulged. Spectroscopic characterization o f 3.3 was consistent w ith 

the reported formulation.276'278

2 HPR2 5 NEt?

HBr

Br Br ® PH
2 Br" © PH

R R R R R R R R

R = lBu (3.2), 89% 

R = Cy (3.3), 89%

Figure 3.3: Synthesis o f the aryl phosphines 3.2 and 3.3.

Conversion o f the aryl phosphines to the corresponding My(phosphinimines), m- 

(CH2PR2NSiMe3)2CeH4 (R = lBu (3.4), Cy (3.5)), was readily achieved by reaction w ith 

an excess o f trim ethylsilylazide (Figure 3.4). It is noteworthy that Dr. Jeffrey C. Stewart 

firs t performed this reaction to obtain 3.4.266 Characteristic downfield shifts in the 

31P {1H } NM R spectra and X-ray characterization o f both ligands corroborated formation
71 0 7 0

o f the oxidized products in  near-quantitative yield (Table 3.2). ’ ’ The trim ethylsilyl 

phosphinimines reacted w ith  methanol (R = lBu) or isopropanol (R = Cy) to afford the 

parent phosphinimines m-(CH2PR2N H)2C6H4 (R = ‘Bu (3.6), Cy (3.8)). The use o f 

isopropanol w ith smaller alkyl groups on the phosphorus atom often permits formation o f 

undesireable oxide by-products (Figure 3.4).lx Extraction o f the crude oils w ith benzene 

provided spectroscopically pure product, although the cyclohexyl derivative proved 

especially susceptible to decomposition, probably since the smaller groups on the 

phosphorus atom provided access to these pathways. Signature downfield shifts in the

lx E. Hollink and S. B. Hawkeswood, unpublished results. When appropriate, MeOH may replace ‘PrOH, 

although this requires lower temperatures and shorter reaction times.
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31 1P{ H} N M R  spectra were once again observed upon conversion to the parent 

phosphinimines (Table 3.2).x’ 266,279

R = lBu (3.2) 

R = Cy (3.3)

5 Me3SiN3

R = lBu (3.4), 94% 
R = Cy (3.5), 94%

-N 2

R,

R" \
Me3Si

MeOH or lPrOH 
*>

R = tBu (3.6), 81% 
R = Cy (3.8), 96%

/ /

SiMe3 + Me3SiOR, 
R = Me, !Pr

Figure 3.4: Synthesis o f 6»(phosphinimines) 3.4-3.8.

x E. Hollink and S. B. Hawkeswood, unpublished results. Unfortunately, most of the reviews only cover 

differences in X-ray results or simply provide lists of phosphinimines that have been prepared. Dehnicke, 

K.; Krieger, M.; Massa, W. Coord. Chem. Rev. 1999,182, 19-65. Gololobov, Y. G.; Zhmurova, I. N.; 

Kasukhin, L. F. Tetrahedron 1981, 37 ,437-472. Gololobov, Y. G.; Kasukhin, L. F. Tetrahedron 1992, 48, 

1353-1406. Dehnicke, K.; Weller, F. Coord. Chem. Rev. 1997,158, 103-169.
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Table 3.2: Nitrogen-phosphorus bond distances and 31P {’H }N M R  data (ppm)a for the 

ZnXphosphinimine) ligands.

Compound N-P A J|P {'H } (ppm)

ff7-(CH2PtBu2NSiMe3)2C6H4 (3.4) 1.538(2)

1.531(2)

24.8

w-(CH2PCy2NSiMe3)2C6H4 (3.5) 1.533(2) 13.5

w-(CH2PtBu2NH)2C6H4 (3.6) 1.577(2)

1.581(2)

48.2

w-(CH2PtBu2NH)2C6H4-2 HBr (3.7) b 64.3°

m-(CH2PCy2NH)2C6H4 (3.8) n/a 36.2

a) C6D6 solvent unless otherwise noted.

b) Only preliminary X-ray data were obtained.

c) CD2C12 solvent.

Crystals o f 3.6 suitable for X-ray diffraction were grown from pentanes (Table

3.2, Figure 3.5) and sim ilarly, crystals o f the side product ^-(G H y^B ^N H ^C eE E ^ HBr 

(3.7) were obtained from methylene chloride, however a detailed discussion o f the results 

obtained from the solution o f the latter compound is precluded due to poor X-ray data. 

Fortunately, due to the insolubility o f 3.7 in  aromatic solvents such as benzene or toluene, 

it is efficiently separated from 3.6 by filtration. Isolation and characterization o f 3.7 

offered in itia l evidence that the aryl phosphine was not being sufficiently purified to 

remove the ammonium salt. NM R data, however, also provided distinction between the 

two products (^P ^H J in  C6D6 and CD2CI2, respectively 8: 48.2 (3.6), 64.3 (3.7)).

Figure 3.5: ORTEP drawing o f m-

(CH2PtBu2N H)2C6H4 (3.6) (50% thermal

ellipsoids).
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Previously, Dr. Jeffrey C. Stewart observed that reaction o f m- 

(CH2PlBu2NSiMe3)2C6H4 (3.4) w ith T iC fr afforded Ti[m -(CH2PtBu2N )2C6H4]C l2 in good

the desired T iLC k complexes only in low  yields after recrystallization (< 30%). Crystals 

suitable for X-ray diffraction were obtained by this route, although only the X-ray data 

obtained from analysis o f Ti[m -(CH 2PCy2N )2C6H4]C l2 (3.14) were suitable for a detailed 

report o f the metrical parameters. These low  yields may be attributed to an unreliable 

route due to the methylene protons, which Bochmann and co-workers have demonstrated 

to be relatively acidic in  related &zs(phosphinimine) ligands derived from 

diphenylphosphinoethane (dppe) (Figure 3.6).24 It is noteworthy that Siemeling and co

workers have circumvented this unwanted side reaction to successfully isolate a TiL^Ck 

derivative by dropwise addition o f the related ligand [tBu2P(NSiMe3)CH2]2CH2 to TiC fr 

in hot solvent.270

Reaction o f m-(CH2PR2NH)2C6H4 (R = lBu (3.6), Cy (3.8)) w ith Ti(NM e2) 4 

provided a more reliable procedure to the desired titanium  complexes Ti[m- 

(CH2PR2N )2C6H4](NM e2)2 (R = lBu (3.9), Cy (3.11)). These syntheses were performed 

reproducibly in  reasonable yields when the parent phosphinimines were free o f 

ammonium salt contaminants (Figure 3.7). When the ligand precursor is impure, 

mixtures o f 3.9 and the dissymmetric species Ti[m -(CH 2PtBu2N )2C6H 4]Br(NM e2) (3.10) 

were obtained. Fortunately, separation o f the m ajority o f the bromo amide derivative 

from the corresponding 6 «(amide) version is relatively straightforward due to the high
o i l  t

solubility o f the latter compound in pentanes. P{ H } NM R spectroscopy readily 

distinguishes between 3.9 and 3.10, w ith chemical shifts at 12.7 and 17.2 ppm, 

respectively. Interestingly, the 31P {’H } spectrum for 3.10 only exhibits one signal, while

yield. Replication o f this procedure using 3.4 or the cyclohexyl derivative 3.5 afforded

Cl

Figure 3.6: The product o f C-H activation o f a phosphinimine ligand by TiCU .24
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the methylene fragments o f the ligand are inequivalent in the 'H  and 13C {'H } NMR 

spectra.

R = *Bu (3.4) R = lBu, X = Br (3.13) 
R = Cy, X = Cl (3.14)R = Cy (3.5)

low yield

Me3Si

R = lBu (3.6) 
R = Cy (3.8)

Ti(NMe2)4

R\  
rA

NH

R R

/ / \  rA

Me3SiBr 
high yield

+

-R Rv

'N n^  ^ R  R - \  nHN \  /  Nss

M e 2N ^  ^ N M e z  + H N M e 2 ' ' V

R = Bu (3.9), 79% R = lBu (3.10), 8%

R = Cy (3.11), 54%

Figure 3.7: Synthesis o f h«(phosphinimide) titanium complexes.

The derivatives 3.10, 3.11, 3.13 and 3.14 were further characterized by X-ray 

crystallography, although poor quality o f the data obtained for 3.13 precludes a detailed 

discussion. Comparison o f the metal-nitrogen bond distances o f the phosphinimide 

ligands in  T i[w -(C H 2PtBu2N)2C6H4]Br(NM e2) (3.10) and Ti[m - 

(CH2PCy2N )2C6H4](NM e2)2 (3.11) revealed that the T i-N  phosphinimide bond lengthens 

upon substitution o f the bromide ligand w ith an amide ligand (Table 3.3). This is
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accompanied by a shortening o f the N-P bond length. This may represent an increase o f 

donation o f electron density from the phosphinimide ligand to accommodate the electron- 

withdrawing bromide ligand, or steric influences. The most significant difference is the 

decrease o f the titanium-NP bond angle from approximately linear (ca. 170°) for 3.10, to 

151.3(3)° and 157.7(3)° fo r 3.11.

Table 3.3: Key bond distances and angles for available data o f X-ray analyses o f chelate 

complexes o f the form  T iLX 2.

Compound Ti-NP A N-P A Ti-NP °

Ti[w -(C H 2PtBu2N)2C6H4]Br(NMe2)

(3.10)

1.818(4)

1.827(4)

1.578(5)

1.570(5)

170.9(3)

172.3(3)

Ti[w -(CH 2PCy2N)2C6H4](NMe2)2(3.11) 1.866(4)

1.879(5)

1.553(4)

1.567(4)

151.3(3)

157.7(3)

Ti[m -(CH2PCy2N )2C6H4]C l2 (3.14) 1.78(1)

1.82(1)

1.57(1)

1.59(1)

160.9(9)

170.2(9)

The analogous chemistry may be performed using zirconium in the place o f 

titanium. In itia lly  however, m AC F^B ^N H ^C eEU  (3.6) was treated w ith  ZrBnj in  a 1:1 

ratio, resulting in  the loss o f four equivalents o f toluene to afford the presumed 

monomeric product Zrfra^CFEP'B^N^CgHUh (3.20) (Figure 3.8). This phenomenon 

has also been observed upon reaction o f ZrBn4 w ith  l,l'-vV-substituted ferrocenediyl 

ligands w ithout rationalization.280 A  possible explanation is that the transient compound 

Zr[m-(CH2PtBu2N )2C6H4]Bn2 is more soluble in benzene than ZrBmt, and therefore reacts 

more readily w ith  the 6A(phosphinimine) (or &A(amine)) ligand in solution. To 

circumvent this, m-(CH2PtBu2N H)2C6H4 (3.6) was reacted w ith  Zr(NEt2)4 to provide 

Zr[w-(CH 2PtBu2N )2C6H4](N Et2)2 (3.12) in  good yield (87%). Subsequent conversion to 

Zr[w-(CH 2PtBu2N )2C6H4]C l2 (3.15) was achieved by reaction o f 3.12 w ith MesSiCl; 

NMR spectroscopy confirmed that the phosphinimide ligand remained intact upon 

selective cleavage o f the amide groups. Conversely, an attempt to prepare the
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corresponding dimethyl compound from reaction o f Zr[w-(CH 2PtBu2N )2CeH4](NEt2)2 

(3.12) w ith  TM A, in  a sim ilar manner as performed by Gibson and co-workers, was 

unsuccessful. This is perhaps not surprising considering the susceptibility o f titanium 

or zirconium phosphinimide complexes to attack o f the nitrogen atom by TM A .12,16,18,234

'Bu Bu

NH HN

ZrBrn

' B u  - PhCH3

B u . *Bu

w '-x /S *
V /

Bu X  B uBU\ p̂  % p/ BU
B u ^  Bu

(3.6)

(3.20), 47%

Figure 3.8: Loss o f four equivalents o f toluene to give the presumed monomeric product 

Zr[m-(CH2PtBu2N )2C6H4]2  (3.20).

A lkylation o f Tijm ^CFLP^^hThCfiFLJB^ (3.13) w ith  precise control o f the 

stoichiometry o f MeMgBr or BnMgCl provided Tilm^CFLP^^TSThCeFLJR^ (R = Me 

(3.16), R = Bn (3.17)) in  reasonable yields (50-74%).266 These were prepared expressly 

for the purpose o f determining their ethylene polymerization activities upon reaction w ith 

well-defined co-catalysts such as B(C6F5)3 or [Ph3C ][B(C 6Fs)4].
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Utility as Ethylene Polymerization Catalysts

Prior to testing the chelated &zs(phosphinimide) titanium  complexes as olefin 

polymerization catalysts, the procedure was optimized using Ti(NPlBu3)2X 2 (X  = Cl, Me) 

as a standard due to its relative ease o f synthesis. In addition, they were compared to the 

industrially accepted standard ZrCp2X 2 (X  = C l, Me). A  more detailed description o f the 

polymerization method and collection o f polymer is provided in  Section 4.3. Previously, 

it was reported that an activity o f 62,310 g m m ol'’h '1 was achieved when Ti(NPtBu3)2Me2 

was reacted w ith  [Ph3C ][B(C 6Fs)4] under commercially relevant solution polymerization 

conditions. This experiment was performed at high temperature (160°C), and high 

monomer pressure (228 atm) in cyclohexane under solution flow  conditions (catalyst and 

ethylene were continuously loaded into the reactor while polymer product was 

continuously removed).7 When the temperature and pressure is substantially reduced to 

30°C and 1.82 atm, as in  laboratory conditions in  a Buchi reactor, it  is apparent that the 

polymerization activity is dramatically different (Table 3.4).

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.4: Optimization o f ethylene polymerization conditions using Ti(NPtBu3)2Me2 as a 

standard.3

Precursor A1 (eq) Borane Reagent Activity M n M w PDI

Ti(NPtBu3)2Me2b 20 B(C6F5)3 Trace - - -

Ti(NPlBu3)2Me2 20 B(C6F5)3 84 65,700 326,400 4.97

Ti(NPtBu3)2Me2 0 B(C6F5)3 20 31,400 38,500 1.23

Ti(NPtBu3)2Me2C 20 [Ph3C][B(C6F5)4] 4 22,200 281,200 12.67

Ti(NPtBu3)2Me2d 20 [Ph3C][B(C6F5)4] 75 77,200 510,400 6.61

Ti(NPlBu3)2Me2 20 [Ph3C][B(C6F5)4] 185 149,800 654,600 4.37

Ti(NPlBu3)2Me2 10 [Ph3C][B(C6F5)4] 145 582,800 983,500 1.69

Ti(NPlBu3)2Me2 0 [Ph3C][B(C6F5)4] 155 170,800 479,600 2.81

ZrCp2Me2 20 B(C6F5)3 1740 69,500 192,300 2.77

ZrCp2Me2 20 [Ph3C][B(C6F5)4] 1010 171,000 334,800 1.96

a) T'BAl scrubber reported in number of equivalents of A1 relative to Ti/Zr, Ti/Zr:B ratio 1:2, PhMe 

solvent, 30°C, 1.82 atm C2, 50 pM precatalyst, 10 min. Activity reported in g mmor1h"1atm'1, Mn and Mw 

in g mol'1.

b) Ti:B ratio 1:1.

c) Hexanes solvent instead of PhMe.

d) Reverse order of catalyst loading: i.e. the solution of [Ph3C][B(C6F5)4] was injected, followed 

immediately by a solution of the catalyst precursor.

Several factors were varied to determine the best possible conditions to test and 

compare the chelated ^/^(phosphinimide) titanium precatalysts, including varying the 

catalyst loading method, type and ratio o f Lewis acid activator, the solvent, and the 

aluminum (scrubber) concentration. Traditionally, when a polymerization is performed, 

the best results are obtained when the scrubber is injected into the reactor and the solution 

is stirred for five minutes.21 This effectively removes any trace impurities which may 

remain in the solvent from the purification columns, or walls o f the reactor. Next, the 

catalyst precursor is injected, followed immediately by the activator. The order of 

catalyst-activator addition is particularly important when Ti(NPlBu3)2Me2 is activated

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



w ith two equivalents o f [Ph3C][B(C 6Fs)4]; the polymerization activity was reduced in ha lf 

when the co-catalyst was added before the precatalyst (75 vs. 185 g mmol"’h '1 atm '1). 

This is like ly  the result o f formation o f a dicationic species, which was determined to be 

inactive for the polymerization o f ethylene.214

It was determined that [Ph3C][B(C 6F5)4] was a more efficient activator o f 

Ti(NPtBu3)2Me2 than B(C6Fs)3, providing twice as much polymer product per mole o f 

precatalyst under otherwise identical conditions (84 vs. 185 g m m ol'1 h '1 atm"1). 

Furthermore, the resulting polymer produced by activation w ith  B(C6F5)3 had a value o f 

M n (number averaged molecular weight) that halved from 150,000 g m o l'1 from when 

[Ph3C][B(C 6F5)4] was used to 66,000 g m ol'1. When only one equivalent o f B(C6Fs)3 was 

used as activator, very little  polymer was isolated. This indicated that two equivalents o f 

B(C6F5)3 were required to produce measurable amounts o f polymer. In  addition, toluene 

was determined to be a better solvent than hexanes, since when the latter solvent was 

used, only a negligible amount o f plastic was produced under otherwise optimized 

conditions. Upon analysis o f the polymer formed in the hexanes solvent, the 

polydispersity index (PDI) was 12.67, which indicates that the polymer was not produced 

from a well-behaved single-site catalyst.

Finally, varying the scrubber (tri/.yobutylaluminum, T 'B A l) concentration had a 

dramatic effect on the polymerization, depending on the activating agent employed. For 

the m ajority o f polymerization experiments, a ratio o f 1:20 is employed for the ratio o f 

titanium precatalyst:aluminum purifying agent. When B(CgF5)3 is used as an activator, as 

the aluminum concentration is reduced to zero, the polymerization activity drops from 84 

to 20 g m m o rV 'a tm '1. Even more interesting are the properties o f the polymer that is 

produced: as the aluminum concentration drops, so does the molecular weight o f the 

polymer. In addition, the PDI value decreased from 4.97 to 1.23 as the aluminum 

concentration is reduced from 20 to zero equivalents. This may indicate that at higher 

aluminum concentrations, the catalyst produces higher molecular weight polymer before 

undergoing a number o f processes (chain transfer o f the polymer chain to the aluminum 

centre, decomposition, p-H transfer or elim ination) which ultim ately broaden the PDI 

value. Conversely, w ithout the presence o f the aluminum reagent, the catalyst encounters
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impurities more readily therefore quenching the active species. The mechanism o f 

polymer transfer to aluminum is also eliminated.

These effects o f varying the T 'B A l concentration are not nearly as predictable 

when [Ph3C ][B(C 6F5)4] is used as an activator. Although the polymerization activity 

does decrease when the aluminum concentration is reduced from 20 to 10 equivalents 

(185 to 145 g m m or’h"1atm‘1), it  does not decrease further as the scrubber concentration 

is reduced to zero. Rather, the activity seems to stabilize w ith in  experimental error to a 

value o f 150 g m m ol^h^atm '1. Furthermore, the polymer molecular weights and 

polydispersities are not linearly dependent on the aluminum concentration. For example, 

the polymer molecular weight decreases as the aluminum concentration is lowered from 

20 equivalents to zero, but when 10 equivalents are employed, the molecular weight 

increases while the polydispersity decreases. Since these observations are consistent as 

long as the conditions are reproduced exactly, this illustrates that competing processes o f 

the polymerization mechanism cannot be exactly deduced from the polymer properties.

From these observations, it  is clear that varying the polymerization technique is 

essential fo r determining optimal conditions. Polymerization activities using 

Ti(NPlBu3)2Me2 as a precatalyst fluctuate from trace isolation o f polymer to 185 g mmol' 

’fr'a tm '1, however, it  is clear that this class o f catalyst precursor is not effective for 

polymerization employing standard laboratory practices. To put these values in 

perspective, they were compared to the accepted standard precursor ZrCp2Me2, which 

produced polymer w ith  activities o f 1740 and 1010 g m m ol^h^atm '1, depending on 

whether B(C6F5)3 or [Ph3C][B(C6F5)4] was used as an activating agent.

In itia lly , polymerization testing o f the precursors Ti[m -(CH 2PR2N )2C6H4]X 2 (R = 

lBu, X  = NMe2 (3.9), Br (3.13), Me (3.16); R = Cy, X  = NMe2 (3.11), Cl (3.14)) and 

Zr[w-(CH 2PtBu2N )2C6H4]C l2 (3.15) was performed using M AO as an activator. 

Although it has been established that MAO is an ineffective activator fo r Ti(NPlBu3)2X 2 

(X  = Cl, Me) since it induces catalyst decomposition (using TM A as a model),7’18 these 

experiments were performed to determine i f  the chelated ^(phosphin im ide) ligand 

provided a titanium  centre that displayed sim ilar polymerization behaviour. A ll 

precursors produced polyethylene w ith low  to moderate activities (Table 3.5, and see 

Table 4.4 for activity nomenclature). Only the precatalysts that have lBu groups on the
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phosphorus atom such as Ti(NPlBu3)2Cl2 or the chelated version Ti[m - 

(CH2PlBu2N )2C6H4]B r2 (3.13) produced sufficient plastic to determine polymerization 

activities o f 60 and 75 g m m ol^h^atm '1, respectively. The precursor Z r[m- 

(CH2PtBu2N )2C6H4]C l2 (3.15) fared even worse as a catalyst precursor; a polymerization 

activity o f only 40 g m m o l'V a tm ’1 was obtained. Unfortunately, the polymer produced 

by the catalyst derived from  T i[/r2-(CH2PtBu2N )2C6H4]B r2 (3.13) was not soluble enough 

to perform a GPC analysis, thus a comparison o f the polymer properties could not be 

made. It is clear, however, that under these conditions the frz's(phosphinimide) Group IV  

class o f precursors are not useful olefin polymerization catalysts.

Table 3.5: Comparison o f the polymerization activities using Ti[m -(CH 2PR2N )2C6H4]X 2 

(R = lBu, X  = NMe2 (3.9), Br (3.13), Me (3.16); R = Cy, X  = NMe2 (3.11), C l (3.14)) or 

Ti(NPlBu3)2X 2 (X  = Cl, Me) as a precursor w ith activation by M AO .a

Precursor A ctiv ity M n M w PDI

Ti(NPtBu3)2Cl2 60 37,300 428,800 11.44

Ti[w -(CH 2PtBu2N)2C6H4](NMe2)2(3.9) Trace b b b

Ti[m -(CH2PCy2N)2C6H4](NM e2)2(3.11) Trace 91,700 634,900 6.92

Ti[/»-(CH2PtBu2N)2C6H4]B r2 (3.13) 75 c c c

Ti[m -(CH2PCy2N )2C6H4]C l2 (3.14) Trace b b b

Zr[m-(CH2PtBu2N )2C6H4]C l2 (3.15) 40 13,900 92,500 6.65

Ti(NPlBu3)2Me2 Trace b b b

Ti[m -(CH2PtBu2N )2C6H4]M e2 (3.16) Trace b b b

ZrCp2C l2 1830 95,100 293,300 3.08

ZrCp2Me2 1700 78,200 201,500 2.58

a) MAO activation, Ti/Zr:Al ratio 1:500, PhMe solvent, 30°C, 1.82 atm C2, 50 |_iM precatalyst, 10 min, 

Activity reported in g mmoUlUatm"1, M„ and Mw in g mol"1.

b) Too little polymer to analyze.

c) Polymer formed a gel that would not dissolve in 1,2,4-trichlorobenzene.
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Slightly elevated polymerization activities were observed when Ti(NPlBu3)2Me2 

was activated by boron-based co-catalysts (Table 3.4), therefore the chelated 

^•(phosphinim ide) titanium  precatalyst T i[w -(C H 2PlBu2N )2C6H4]M e2 (3.16) was 

subjected to the same conditions. The precursor Ti[m -(CH2P*Bu2N )2C6H4]M e2 (3.16) 

displayed lower polymerization activities relative to Ti(NPlBu3)2Me2 upon activation 

w ith B(C6Fs)3 or [Ph3C ][B(C 6Fs)4] using the optimized polymerization conditions (Table 

3.6). This may be rationalized by a steric argument: rather than three lBu groups on the 

phosphorus atom, there is (essentially) a di-*Bu benzyl group. It is apparent that the 

chelated Z)zT(phosphinimide) titanium precatalysts are not adequate substitutes for 

Ti(NPlBu3)2X 2 using these polymerization conditions.

Table 3.6: Comparison o f the polymerization activities using Ti[m -

(CH2PlBu2N )2C6H4]M e2 (3.16) or Ti(NPlBu3)2Me2 as a precursor while activated by 

B(C6F5)3 or [Ph3C ][B(C 6F5)4] (TB).a

Precursor Activator A ctiv ity M n M w PDI

Ti(NPtBu3)2Me2 B(C6F5)3 94 65,700 326,400 4.97

Ti[/n-(CH2PtBu2N)2C6H4]Me2

(3.16)

B(C6F5)3 6 24,100 189,400 7.86

ZrCp2Me2 B(C6F5)3 1760 69,500 192,300 2.77

Ti(NPtBu3)2Me2 TB 205 149,800 654,600 4.37

Ti[/n-(CH2PtBu2N)2C6H4]Me2

(3.16)

TB 26 60,800 360,600 5.93

ZrCp2Me2 TB 1030 171,000 334,800 1.96

a) Ti/Zr:B ratio 1:2, Ti/Zr:Al ratio 1:500, PhMe solvent, 30°C, 1.82 atm C2 , 50 |iM precatalyst, 10 min, 

Activity reported in g mmol'1h'1atm'1, Mn and Mw in g mol'1.
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3.4 Summary

A reliable synthetic route to the &w(phosphinimine) ligands m-(CH2PR2NH)2C6H4 

(R = lBu (3.6), Cy (3.8)), and their corresponding titanium complexes Ti[m- 

(CH2PR2N)2C6H4]X 2 has been established. The majority of complications in these 

preparations may be avoided simply by rigorously purifying the initial phosphines. The 

methodology was further extended to include the zirconium derivatives Zr[m- 

(CH2PtBu2N)2C6H4]X2 (X = NEt2 (3.12), Cl (3.15)). Alternatively, reaction of the neutral 

ligand w-(CH2PtBu2NH)2C6H4 (3.6) in a 1:1 ratio with ZrBm produced Zr[m- 

(CH2PtBu2N)2C6H4] 2  (3.20).

It is evident that the present chelating ^^(phosphinimide) scaffold does not 

provide an active titanium olefin polymerization catalyst under the polymerization 

conditions attempted throughout the course o f this work. Rather, it has demonstrated that 

the Group IV b ̂ (phosphinimide) complexes react in an entirely different manner than 

their corresponding MCP2X2 analogues, even although the phosphinimide ligand is 

arguably similar to the cyclopentadienide ligand based on steric and electronic 

rationalizations.21
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4 Bimetallic Titanium Phosphinimide Complexes

4.1 Introduction

The use o f single-site homogeneous catalysts to produce polymer materials that 

possess narrow polydispersities is prevalent in  the scientific literature, particularly w ith 

reference to liv ing  catalyst systems.206,209,281'286 Resins o f narrow polydispersity are o f 

academic interest, since they tend to support a well-defined polymerization mechanism 

w ith one active catalytic site. To maximize processing efficiency, industrial applications 

favour materials that consist o f a broader molecular weight distribution, while s till 

defining specific molecular weight ranges.158,159 Typically, broad molecular weight 

products are generated by m odifying the engineering process o f the polymerization rather 

than employing unusual catalyst precursors. Regulating factors such as pressure or 

temperature (and consequently the phase)287 o f the polymerization, or simply the addition
988 9Q9 987 9QA

o f hydrogen, ' co-monomer, carbon dioxide or water have a dramatic influence 

on the polymer materials that are formed. Alternatively, multimodal polymers may be
^ q c  7 f i l  709

formed by the use o f specific ratios o f several precatalysts or activators in  a 

single reactor while effecting the polymerization. By employing several single-site 

catalyst precursors or differing activators in  the same reactor, assorted well-defined 

polymers are in essence combined together to provide a product that ultim ately possesses 

a broader molecular weight distribution. The same effect may also be achieved by 

employing two different catalyst systems in  tandem reactors, followed by a mechanical 

blending to produce the desired products.303,304

More recently, an increasingly sophisticated approach involves the use o f 

cooperative catalysts and only ethylene as a feedstock to produce highly branched
i | \ r  70 6

materials. ’ From a practical perspective, however, it  would be advantageous to use a 

single precatalyst in  a single reactor to produce the desired multimodal materials. This 

ultimately requires a catalyst that possesses two or more distinct polymerization-active
707sites. An elegant demonstration o f this criterion is illustrated by the active binuclear 

catalysts (e.g. (p-CH2CH2-3,3’ )[l-(M e2SiN tBu)InTiMe2]2)161,308 or co-catalysts (e.g.
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[Ph3C]2[((C 6F5)3B)2C6F4]308'310 reported by Marks and co-workers. These systems are 

particularly desirable, since modifying the catalyst to co-catalyst ratio provides polymers 

that range from essentially monodisperse (PDI 1.1-1.2) to materials that possess 

extremely broad molecular weight distributions.

Given these fresh perspectives o f tailoring either the cationic (catalyst) or the 

anionic (co-catalyst) portion o f the polymerization site to produce specific polymer 

products, a series o f bim etallic titanium phosphinimide complexes and their 

corresponding monometallic derivatives were targeted. A  description o f the catalyst 

preparation, subsequent polymerization testing and polymer analysis w ill be detailed.

4.2 Experimental

4.2.1 General Considerations

The synthetic protocol, and characterization o f the complexes or polymer products by 

multinuclear NM R  spectroscopy, X-ray crystallography, GPC and microanalysis are 

analogous to those described in  Sections 2.2.1 and 3.2.1.

4.2.2 Solvents

A ll solvents, including deuterated solvents used for NM R experiments, were purified 

using the methods described in  Sections 2.2.2 and 3.2.2.

4.2.3 Reagents

TiCpCF was prepared according to a literature method244,245 and the phosphines R2BnP 

(R = ‘Bu (4.3), Cy (4.4))311 and ^-(C H 2PR2)2C6H4 (R = ‘Bu (4.5), Cy (4.6))271 were 

prepared via m odification o f literature procedures. The improved synthesis o f HP‘Bu2
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(3.1) is detailed in Section 3.2.4. Indene was purchased from Aldrich Chemical Co., and 

was dried over NaOH prior to vacuum distillation. Lithium indenide was freshly 

prepared and isolated as a solid from an equimolar amount o f indene and "BuLi prior to 

use. The reagents MeMgBr, BnMgCl, "BuLi, Me3 SiN3 , MesSiCl, ClPtBu2 , ClPCy2 and 

oc,oc'-dibromo-/?-xylene were purchased from Aldrich Chemical Co., and HPCy2 , and 

TiCp*Cl3 were purchased from Strem Chemical Co.; all were used without further 

purification.

4.2.4 Organic Syntheses

1,4-b is-(\ -methyl-1H- 

indenyl)benzene (p-

(CH2C9H7)2C6H4, 4.1): a ,a '-

dibromo-p-xylene (1.69 g, 6.4 

mmol) was slurried in  Et2 0  (80 

mL) and a clear pink solution o f 

indenyl lith ium  (1.56 g, 12.8 mmol) 

in Et20 (20 mL) was added dropwise at RT. The solution was stirred for 12 h, after 

which time the solvent was removed in vacuo. The product was extracted w ith  PhH (3 x 

30 mL), and the extracts were filtered through Celite. The solvent was concentrated in 

vacuo to ca. 20 mL, and the product was precipitated w ith pentanes (ca. 10 mL). The

white solid was filtered, washed w ith pentanes ( 3 x 1 0  mL) and dried. A  second crop o f

material was isolated from  the mother liquor in  the same manner; no degradation in 

purity was evident by *H NM R spectroscopy. Combined yield: 1.84 g (86%). *H NMR 

(500 MHz, C6D6): 7.44 (d, 2H, 3JH-h = 7 H z , C9H 7 (H-5)), 7.35 (pseudo t, 2H, 3Jh.h = 7 

Hz, C9H 7 (H-7)), 7.32 (d, 2H, 3JH-h = 8 Hz, C9H 7 (H-8)), 7.27 (s, 4H, C6H 4), 7.25 (pseudo 

t, 2H, 3JH-h = 8 Hz, C9H 7 (H-6)), 6.88 (d, 2H, 3JH-h = 5 Hz, C9H 7 (H-3)), 6.54 (dd, 2H, 

3JH-h = 5 Hz, 4JH-h = 1 Hz, C9H 7 (H-2)), 3.81 (pseudo t, 2H, 3JH-h = 7 Hz, C9H 7 (H -l)), 

3.16 (dd, 2H, 2JH-h = 13.5 Hz, 3JH-h = 7 H z  (cis), C6H4CH2), 2.83 (dd, 2H, 2JH-h = 13.5 

Hz, 3JH-h = 9 H z  (trans), C6H4CH2). ^ C f’H } NM R (75.5 MHz, C6D6) 5: 147.3 (s, C9H7
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(C-9)), 144.5 (s, C6H4 (ipso-C)), 139.2 (s, C9H7 (C-2)), 138.4 (s, C9H7 (C-4)), 131.1 (s, 

C9H7 (C-3)), 129.2 (s, C6H4 (o-C)), 126.9 (s, C9H7 (C-7)), 124.8 (s, C9H7 (C-6)), 123.4 

(s, C9H7 (C-8)), 121.3 (s, C9H7 (C-5)), 52.1 (s, C9H7 (C -l)), 37.8 (s, C6H4CH2). Anal. 

Calc'd for C26H22: C, 93.37; H, 6.63; N, 0.00. Found: C, 92.82; H, 6.74; N, 0.03.

4.2

1,4-bis-(3 -m ethyl-\H -\-  

(trim ethylsilyl)inden-1 -yl)benzene (p-

(CH2C9H6SiMe3)2C6H4, 4.2): A  slurry o f 

/?-(CH2C9H7)2C6H4 (4.1) (216 mg, 0.64 

mmol) in  Et20  (20 mL) was cooled to - 

35°C, and "BuLi (0.65 mL, 0.13 mmol) 

was added dropwise via syringe over a 

15 m in period. The solution was 

gradually warmed to RT and was stirred for 5 h, during which time the mixture became 

homogeneous. The solution was re-cooled to -35°C and Me3SiCl (0.17 mL, 0.13 mmol) 

was added dropwise via syringe over a 5 m in period. The solution was warmed to RT, 

and stirred for an additional 16 h. The solvent was removed in vacuo, and the product 

was extracted w ith  pentanes (3 x1 5  mL). Following filtra tion  through Celite, the solvent 

was removed in vacuo to afford a white solid (193 mg, 63%). *H NM R (500 MHz, 

C6D6): 7.38 (pseudo t, 4H, C9H 7 (H-5,7)), 7.20 (s, 4H, C6H 4), 7.18 (dd, 2H, 3JH-h = 6 Hz, 

4JH-h = 1 Hz, C9H 7 (H-8)), 7.16 (m, C9H 7 (H-6)), 6.16 (s, C9H 7 (H-2)), 3.85 (s, 4H, 

C6H4CH2), 3.23 (s, 2H, C9H 7 (H-3)), -0.15 (s, 18H, Si(CH3)3). 13C {!H } NM R (75.5 

MHz, C6D6) 5: 146.6 (s, C9H7 (C -l)), 144.6 (s, C6H4 (C-9)), 141.4 (s, C9H7 (C-4)), 138.1 

(s, C6H4 {ipso-C)), 131.9 (s, C9H7 (C-5)), 129.2 (s, C9H7 (o-C)), 125.1 (s, C9H7 (C-6)),

124.2 (s, C9H7 (C-8)), 123.0 (s, C9H7 (C-7)), 120.0 (s, C9H7 (C-2)), 44.7 (s, C9H7 (C-3)),

34.4 (s, C6H4CH2), -3.4 (s, Si(CH3)3). Anal. Calc'd for C32H38Si2: C, 80.27; H, 8.00; N, 

0.00. Found: C, 80.01; H, 8.42; N, 0.03.
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4.2.5 Phosphine Syntheses

Di-terf-butylbenzylphosphine (‘Bi^BnP, 4.3):311 ClPlBu2 (1.90 g, 10.53 mmol) was 

dissolved in Et20 (50 mL), and a 1.0 M  solution o f BnMgCl in  Et20 (7.90 mL, 15.80 

mmol) was added dropwise via syringe at -78°C over a 30 m in period. The solution was 

stirred at -78°C fo r 5 h, then gradually warmed to RT. A fter stirring for an additional 48 

h, a precipitate had formed. The solvent was removed in vacuo, and the product was 

extracted w ith  pentanes (3 x 25 mL). Following filtra tion  through Celite, the solvent was 

removed in vacuo, affording a viscous oil. To remove residual BnMgCl, the crude 

mixture was dissolved in  a minimum amount o f pentanes {ca. 2 m L), and cooled to 

-35°C. The slurry was filtered while cold, and the solvent was removed in vacuo to 

afford a colourless liqu id  that solidified to a gel. The phosphine was used w ithout further 

purification, and spectroscopic data were consistent w ith  literature values.311,312 Yield: 

1.98 g, 80%. NM R  (500 MHz, C6D6) 8: 7.40 (d, 2H, 3JH-h = 8 Hz, C6H 5 (o-H)), 7.19 

(pseudo t, 2H, 3JH-h = 8 Hz, C6H 5 (m-H)), 7.06 (t, 1H, 3JH-h = 8 Hz, C6H 5 (p-H)), 2.76 (d, 

2H, 2Jp.h = 2 Hz, CH2Ph), 1.09 (d, 18H, 3JP.H = 11 Hz, C(CH3)3). 13C {'H } NM R (75.5 

MHz, C6D6) 6: 142.0 (s, C6H 5 (ipso-C)), 130.0 (s, C6H 5 (o-C)), 127.8 (s, C6H5 (m-C)),

125.6 (s, C6H 5 (p-Q ), 31.7 (d, % .c = 24 Hz, C(CH3)3), 30.9 (d, 2JP.C = 14 Hz, C(CH3)3),

29.0 (d, lJP.c = 26 Hz, CH2PtBu2). 31P {1H } NM R (121.5 MHz, C6D6) 8: 34.1 (s).

Dicyclohexylbenzylphosphine (Cy2BnP, 4.4):313 ClPCy2 (6.02 g, 25.9 mmol) was 

dissolved in Et30  (100 mL), and a 1.0 M  solution o f BnMgCl in  Et20 (13 mL, 25.9 

mmol) was added dropwise via syringe at -78°C over a 30 m in period. The solution was 

stirred at -78°C for 5 h, then gradually warmed to RT and stirred for an additional 16 h 

during which time a precipitate formed. The solvent was removed in vacuo, and the 

product was extracted w ith  pentanes (3 x 25 mL). Following filtra tion  through Celite, the 

solvent was removed in vacuo, affording a white solid. Spectroscopic data were 

consistent w ith  literature values.313 Yield: 4.21 g, 56%. JH NM R (500 MHz, CeDe) 8 :

7.33 (d, 2H, 3JH-h = 8 Hz, C6H 5 (o-H)), 7.17 (pseudo t, 2H, 3JH-h = 8 Hz, C6H 5 (m-H)),

7.03 (t, 1H, 3JH-h = 8 Hz, C6H 5 (p-H)), 2.71 (s, 2H, CH2Ph), 1.80-1.10 (m, 22H,
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P(C6H ii)2). V ^ H }  NM R (75.5 MHz, C6D6) 5: 140.9 (s, C6H5 (ipso-C)), 129.8 (s, C6H5 

(o-C)), 128.6 (s, C6H5 (m-C)), 125.7 (s, C6H5 (p-C)), 34.0 (d, Vc = 10 Hz, P(C6H „)2 

(ipso-C)), 30.2 (d, 1 Jp-c = 8 Hz, CH2PCy2), 29.7 (d, 2JP.C = 6 Hz, P(C6H n)2 (o-C)), 26.6 

(s, P(C6H u)2 (m-C)), 26.8 (s, P(C6H n)2 (p-C)). NM R (121.5 MHz, C6D6) 6: 2.5

(s).

1.4-&/5'-[(di-terr-butylphosphinyl)methyl]benzene (p-(CH2PlBu2)2C6H4, 4.5):271 a ,a '- 

dibromo-p-xylene (0.88 g, 3.3 mmol) was slurried in MeOH (35 mL) and HPlBu2 (1.08 g,

7.3 mmol) was added via syringe. The mixture was stirred at RT for 16 h, during which 

time the solution became homogeneous. NEt3 was added via syringe (0.74 g, 7.3 mmol), 

and 4.5 precipitated as a fine white solid from solution. The solid was isolated by 

filtration, washed w ith  MeOH (3 x 1 0  mL), and dried in vacuo fo r 5 h. A  second crop o f

4.5 was obtained by concentrating the mother liquor, and precipitating the product w ith 

degassed water; no degradation in  purity was evident upon examination o f the *H NMR 

spectrum. Combined yield: 1.16 g (88%). *H NM R (500 MHz, C6D6): 7.38 (s, 4H, 

C6H 4), 2.73 (s, 4H, CH2PlBu2), 1.06 (d, 36H, 3JP.H = 10 Hz, C(CH3)3). V ^ H }  NMR 

(75.5 MHz, C6D6) 5: 138.4 (s, C6H4 (ipso-C)), 130.1 (s, C6H4 (o-C)), 32.1 (d, Vc = 54 

Hz, C(CH3)3), 30.1 (s, C(CH3)3), 29.0 (d, V c  = 48 Hz, CH2PlBu2). 31P{*H } NMR 

(121.5 MHz, C6D6) 5: 33.4 (s). Anal. Calc’d for C24H44P2: C, 73.06; H, 11.24; N, 0.00. 

Found: C, 72.36; H, 11.05; N, 0.08. Colourless crystals suitable fo r X-ray diffraction 

were grown by slow evaporation from PhH.

'7711.4-to-[(dicyclohexylphosphinyl)methyl]benzene (p-(CH2PCy2)2C6H4, 4.6): This was

prepared by an analogous method as described for the synthesis o f 4.5 to afford a white 

solid (4.23 g, 85%). *H NM R (500 MHz, C6D6) 6: 7.33 (s, 4H, C6H 4), 2.72 (s, 4H, 

CH2PCy2), 1.80-1.12 (m, 44H, CH2P(C6H n)2). V ^ H }  NM R (75.5 MHz, C6D6) 6:

137.9 (s, C6H4 (ipso-C)), 129.7 (s, C6H4 (o-C)), 34.0 (d, V c = 17 Hz, P(C6H n)2 (ipso- 

C)), 30.3 (d, V c  = 14 Hz, CH2PCy2), 29.7 (d, 2JP.C = 10 Hz, P(C6H n )2 (o-C)), 27.6 (s, 

P(C6H „)2 (m-C)), 26.9 (s, P(C6H U)2 (p-C)). 31P {!H } NM R (121.5 MHz, C6D6) 8: 1.2 

(s). Anal. Calc’d for C32H 52P2: C, 77.07; H, 10.51; N, 0.00. Found: C, 76.26; H, 10.59; 

N, 0.09.
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4.2.6 Phosphinimine Syntheses274

lBu2BnPNSiMe3 (4.7): Liquid lBu2BnP (590 mg, 2.5 mmol) was dissolved in PhMe (10 

mL) to give a clear, colourless solution. Me3SiN3 (0.38 mL, 2.8 mmol) was added at RT, 

and the solution was heated at 45°C for 18 h. The foggy solution was filtered through 

Celite, and the solvent was removed in vacuo, affording a colourless liqu id (489 mg, 

60%). *H NM R (500 MHz, C6D6) 5: 7.35 (d, 2H, 3JH-h =  8 Hz, C6H 5 (o-H)), 7.19 

(pseudo t, 2H, 3JH-h = 8 Hz, C6H 5 (m-H)), 7.06 (t, 1H, 3JH-h = 8 Hz, C6H 5 (p-H)), 2.74 (d, 

2H, 2Jp.h = 10 Hz, CH2Ph), 0.99 (d, 18H, 3JP.H = 14 Hz, C(CH3)3), 0.31 (s, 9H, 

Si(CH3)3). 13C {!H } NM R (75.5 MHz, C6D6) 5: 135.7 (d, V c  = 5 Hz, C6H 5 (ipso-C)),

130.9 (d, Vc = 3 Hz, C6H 5 (o -C )), 128.5 (s, C6H5 (m-C)), 126.2 (s, C6H5 (p-C)), 37.1 (d, 

Vc = 36 Hz, C(CH3)3), 30.8 (d, V-c = 33 Hz, C H ^ B u ^ , 27.6 (s, C(CH3)3), 4.7 (s, 

Si(CH3)3). 31P {1H } NM R (121.5 MHz, C6D6) 6: 24.6 (s).

Cy2BnPNSiMe3 (4.8): Solid Cy2BnP (4.21 g, 14.6 mmol) was dissolved in PhMe (30 

mL) to give a clear, colourless solution. Me3SiN3 (1.93 mL, 14.6 mmol) was added at 

RT, and the solution was heated at 70°C for 18 h. The solvent was removed in vacuo, 

and the residue was washed w ith  cold pentanes ( 3 x 1 0  mL) to afford a white solid (5.24 

g, 96%). *H NM R  (500 MHz, C6D6) 6: 7.32 (d, 2H, 3JH-h = 8 Hz, C6H 5 (o-H)), 7.19 

(pseudo t, 2H, 3JH-h = 8 Hz, C6H 5 (m-H)), 7.08 (t, 1H, 3JH-h = 8 Hz, C6H 5 (p-H)), 2.68 (d, 

2H, 2JP-h = 12 Hz, CH2Ph), 1.78-1.01 (m, 44H, P(C6H „ )2), 0.39 (s, 9H, Si(CH3)3). 

l3C {lR} NM R (75.5 MHz, C6D6) 5: 135.1 (s, C6H5 (ipso-C)), 130.3 (s, C6H5 (o-C)),

128.3 (s, C6H 5 (m-Cj), 126.4 (s, C6H5 (p-C)), 37.6 (d, V c  = 65 Hz, P(C6H n )2 (ipso-C)),

34.2 (d, Vc = 59 Hz, CH2PCy2), 27.0 (d, Vc = 12 Hz, P(C6H n)2 (o-C)), 26.5 (s, 

P(C6H n)2 (m-C)), 25.5 (s, P(C6H n)2 (p-C)), 5.1 (s, Si(CH3)3). 31P {lH } NM R (121.5 

MHz, C6D6) 5: 13.8 (s). Anal. Calc'd for C22H38NPSi: C, 70.35; H, 10.20; N, 3.73. 

Found: C, 70.39; H, 10.50; N , 3.80. Colourless crystals suitable for X-ray diffraction 

were grown by slow evaporation from pentanes.

p-(CH2PtBu2NSiMe3)2C6H4 (4.9): Solid p-(CH2PtBu2)2C6H4 (4.5) (690 mg, 1.7 mmol) 

and Me3SiN3 (1.00 g, 8.7 mmol) were combined at RT to generate a slurry. The mixture
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was heated at reflux for 15 h, after which time the excess Me3SiN3 was removed in 

vacuo. The beige solid was crushed w ith a mortar and pestle into a fine powder, washed 

w ith hexanes (3 x 10 mL) and dried in vacuo fo r an additional 5 h to afford a white 

powder (0.88 g, 88%). *H NM R (500 MHz, C6D6) 5: 7.39 (s, 4H, CefU), 2.73 (d, 4H, 2JP. 

H = 10 Hz, CH2PtBu2), 0.99 (d, 36H, 3JP.H = 13 Hz, C(CH3)3), 0.35 (s, 18H, Si(CH3)3). 

13C {'H } NM R (75.5 MHz, C6D6) 5: 133.4 (s, C6H4 (ipso-C)), 130.4 (s, C6H4 (o-C)), 37.1 

(d, V c  = 60 Hz, C(CH3)3), 30.1 (d, V c  = 57 Hz, CH2PlBu2), 27.6 (s, C(CH3)3), 1.4 (s, 

Si(CH3)3). 31P {1H } NM R  (121.5 MHz, C6D6) 5: 24.6 (s). Anal. Calc'd for

C30H62N 2P2Si2: C, 63.33; H, 10.98; N, 4.92. Found: C, 63.34; H, 10.36; N, 4.93.

/?-(CH2PCy2NSiMe3)2CgH4 (4.10): This was prepared by an analogous method described 

for the synthesis o f 4.9 to afford a white solid (2.77 g, 94%). *H NM R (500 MHz, CgDe) 

8: 7.34 (s, 4H, C6H 4), 2.67 (d, 4H, 2JP.H = 12 Hz, CH2PCy2), 1.78-1.07 (m, 44H, 

CH2P(C6H „ )2), 0.41 (s, 18H, Si(CH3)3). V ^ H }  NM R  (75.5 MHz, C6D6) 8: 132.9 (s, 

C6H4 (ipso-C)), 130.1 (s, C6H4 (o-C)), 37.6 (d, V c  = 65 Hz, P(C6H U)2 (ipso-C)), 33.7 

(d, V c  = 60 Hz, CH2PCy2), 27.2 (d, V c = 13 Hz, P(C6H n)2 (o-C)), 26.5 (s, P(C6H „)2 

(m-C)), 26.2 (s, P(C6H n )2 (p-C)), 5.2 (s, Si(CH3)3). 31P {1H } NM R (121.5 MHz, C6D6) 8:

13.5 (s). Anal. Calc'd for C38H70N 2P2Si2: C, 67.81; H, 10.48; N, 4.16. Found: C, 68.08; 

H, 10.85; N, 3.89. Colourless crystals suitable for X-ray diffraction were grown by slow 

evaporation from  hexanes.

^-(C H 2PtBu2N H)2C6H4 (4.11): Solidp-(CH2PtBu2NSiMe3)2C6H4 (4.9) (1.21 g, 2.2 mmol) 

and MeOH (50 m L) were heated at reflux for 16 h, after which time the volatile products 

were removed in vacuo. The o ily residue was washed w ith hexanes (3 x 1 0  mL) to afford 

a fine white powder (0.79 g, 87%). ’H NM R (500 MHz, CD2C12) 8: 7.33 (s, 4H, C6H4), 

3.12 (d, 4H, V h  = 11 H z , CH2P1Bu2), 1.21 (d, 36H, V H = 13 Hz, C(CH3)3). 13C {1H } 

NM R (75.5 MHz, CD2C12) 8: 135.5 (s, C6H4 (ipso-C)), 130.6 (s, C6H4 (o-C)), 36.5 (d, 

V c  = 56 Hz, C(CH3)3), 29.9 (d, V c = 40 Hz, C H ^B uz), 27.8 (s, C(CH3)3). 31P {!H } 

NM R (121.5 MHz, CD2C12) 8: 51.7 (s). Anal. Calc'd for C24H46N 2P2: C, 67.89; H, 10.92; 

N, 6.60. Found: C, 67.17; H, 10.93; N, 6.67.

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



p-(CH2PCy2N H )2C6H4 (4.12): Solidp-(CH2PCy2NSiMe3)2C6H4 (4.10) (1.97 g, 2.9 mmol) 

and 'PrOH (50mL) were heated at reflux for 16 h. Removal o f the volatile products in 

vacuo afforded a white, o ily  solid (1.47 g, 95%). *H NM R (500 MHz, CD2C12) 5: 7.34 (s, 

4H, C6H 4), 3.24 (d, 4H, 2JP.H = 13 Hz, CH2PCy2), 2.85 (br, 2H, N H ), 1.93-1.15 (m, 44H, 

P(C6H h)2). n C{ lH} NM R (75.5 MHz, CD2C12) 5: 131.4 (s, C6H4 (ipso-C)), 130.9 (s, 

C6H4 (o-C)), 35.6 (d, V c  = 60 Hz, P(C6H n)2 (ipso-C)), 31.5 (d, V c  = 48 Hz, 

CH2PCy2), 27.2 (d, V c  = 13 Hz, P(C6H n)2 (o-C)), 26.4 (br, P(C6H n)2 (m-C)), 26.4 (br, 

P(C6H n)2 (p-C)). 31P {!H } NM R (121.5 MHz, CD2C12) 5: 36.2 (s).

4.2.7 Organometallic Syntheses131’314

TiCp*(NPtBu2Bn)Cl2 (4.13): The metal complexes 4.13-4.16 were prepared in a 

comparable fashion, thus only a representative experiment is described. Solid T iC p*C l3 

(1.12 g, 3.8 mmol) was dissolved in PhMe (100 mL) to give a clear, red solution. 

*Bu2BnPNSiMe3 (4.7) (1.24 g, 3.8 mmol) was dissolved in PhMe (10 m L), and was added 

dropwise at RT to the solution containing the titanium  reagent. The suspension was 

stirred for 24 h, after which time the volatile products were removed in vacuo. The bright 

orange solid was washed w ith  hexanes (3 x 10 mL) and dried. Y ield: 1.73 g (91%). *H 

NMR (500 MHz, C6D6) 8: 7.39 (d, 2H, 3JH-h = 8 Hz, C6H 5 (o-H)), 7.19 (pseudo t, 2H, 

3JH-h = 8 Hz, C6H 5 (m-H)), 7.08 (t, 1H, 3JH-h = 8 Hz, C6H 5 (p-H)), 2.92 (d, 2H, V h  = 12 

Hz, CH2Ph), 2.21 (s, 15H, C5(CH3)5), 1.10 (d, 18H, V H = 14 Hz, C(CH3)3). 13C {!H} 

NMR (75.5 MHz, C6D6) 6: 140.8 (s, C6H5 (ipso-C)), 131.2 (s, C6H5 (o-C)), 128.7 (s, 

C6H5 (m-C)), 127.1 (s, C6H5 (p-C)), 125.9 (s, C5(CH3)5), 39.6 (d, Vc = 52 Hz, 

C(CH3)3), 30.9 (d, V c  = 48 Hz, CH2Ph), 27.8 (s, C(CH3)3), 13.1 (s, C5(CH3)5). 31P {!H } 

NMR (121.5 MHz, C6D6) 5: 35.3 (s). Anal. Calc'd for C24H38Cl2NPTi: C, 59.54; H, 7.99; 

N, 2.78. Found: C, 59.07; H, 8.08; N, 2.60. Bright orange crystals suitable for X-ray 

diffraction were grown by slow evaporation from PhH.

TiCp*(NPCy2Bn)Cl2 (4.14): Bright orange solid (580 mg, 93%). !H NM R (500 MHz, 

C6D6) 8: 7.20 (d, 2H, 3J H - h  = 8 Hz, C6H 5 (o-H)), 7.15 (pseudo t, 2H, 3J H - h  = 8 Hz, C6H 5
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(m-H)), 7.04 (t, 1H, 3JH-h = 8 Hz, C6H 5 (p-H)), 3.01 (d, 2H, 2JP.H = 14 Hz, CH2Ph), 2.20 

(s, 15H, C5(CH3)3), 1.71-0.96 (m, 22H, P(C6H n )2). 13C {‘H } NM R  (75.5 MHz, C6D6) 8:

132.6 (d, 2Jp.c = 7 Hz, C6H 5 (ipso-C)), 130.5 (d, 3JP.C = 5 Hz, C6H 5 (o-C)), 128.9 (s, C6H5 

(m-C)), 127.2 (s, C6H 5 (p-C)), 125.9 (s, C5(CH3)5), 37.2 (d, V c  = 59 Hz, P(C6H U)2 

(ipso-C)), 32.2 (d, ' j P.c = 52 Hz, CH2PCy2), 26.8 (d, V c = 12 Hz, P(C6H n)2 (o-C)), 26.7 

(d, 2JP-C = 12 Hz, P(C6H u )2  (o-C )), 26.1 (s, P(C6H n)2 (m-C)), 26.0 (s, P(C6H „)2 (p-C)),

13.2 (s, C5(CH3)5). 31P {1H } NM R (121.5 MHz, C6D6) 8: 23.0 (s). Anal. Calc'd for 

C29H44Cl2NPTi: C, 62.60; H, 7.97; N, 2.52. Found: C, 62.29; H, 8.27; N, 2.45. Orange 

crystals suitable for X-ray diffraction were grown by slow diffusion o f pentanes/hexanes 

into PhH.

T iC p tN P ^ B n )^  (4.15): Bright yellow solid (393 mg, 77%). !H NM R (500 MHz, 

C6D6) 8: 7.26 (d, 2H, 3JH-h = 8 Hz, C6H 5 (o-H)), 7.20 (pseudo t, 2H, 3JH-h = 8 Hz, C6H 5 

(m-H)), 7.07 (t, 1H, 3JH-h = 8 Hz, C6H 5 (p-H)), 6.22 (s, 5H, C5H 5), 2.61 (d, 2H, 2JP.H = 10 

Hz, CH2Ph), 1.04 (d, 18H, 3JP.H = 15 Hz, C(CH3)3). 13C {’H } NM R (75.5 MHz, C6D6) 8:

131.5 (d, 2Jp.c = 5 Hz, (ipso-C)), 128.7 (d, 3JP.C = 5 Hz, (o-C)), 128.6 (s, C6H5 (m-C)),

128.3 (s, C6H 5 (p-C)), 115.5 (s, C5H 5), 39.3 (d, Vc = 51 Hz, C(CH3)3), 28.9 (d, Vc = 
47 Hz, CH2Ph), 27.2 (s, C(CH3)3). 31P {1H } NM R (121.5 MHz, C6D6) 8: 34.9 (s). Anal. 

Calc'd for C20H30Cl2NPTi: C, 55.32; H, 6.96; N, 3.23. Found: C, 55.49; H, 7.14; N, 3.19.

TiCp(NPCy2Bn)Cl2 (4.16): Bright yellow solid (685 mg, 92%). *H NM R (500 MHz, 

C6D6) 8: 7.27 (d, 2H, 3JH-h = 8 Hz, C6H 5 (o-H)), 7.18 (pseudo t, 2H, 3JH-h = 8 Hz, C6H 5 

(m-H)), 7.06 (t, 1H, 3JH-h = 8 Hz, C6H 5 (p-H)), 6.38 (s, 5H, C5H 5), 2.65 (d, 2H, 2JP.H = 13 

Hz, CH2Ph), 1.74-0.84 (m, 22H, P(C6H n )2). 13C {1H } NM R (75.5 MHz, C6D6) 8: 131.6 

(d, V c  = 8 Hz, C6H5 (ipso-C)), 130.8 (d, 3JP.C = 5 Hz, C6H 5 (o-C)), 128.9 (s, C6H5 (m- 

C)), 128.5 (s, C6H 5 (p-C)), 115.2 (s, C5H 5), 36.6 (d, V c  = 58 Hz, P(C6H n)2 (ipso-C)),

30.9 (d, V c  = 52 Hz, CH2PCy2), 26.6 (d, V c  = 13 Hz, P(C6H n)2 (o-C)), 25.9 (s, 

P (Q H h)2 (m-C)), 25.7 (s, P(C6H n)2 (p-C)). 31P {‘H } NM R (121.5 MHz, C6D6) 8: 24.3 

(s). Anal. Calc'd fo r C24H44Cl2NPTi: C, 59.28; H, 7.05; N, 2.88. Found: C, 59.68; H, 

7.28; N, 2.82. Yellow  crystals suitable for X-ray diffraction were grown by slow 

diffusion o f pentanes/hexanes into PhH.
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^-(C H 2PtBu2N TiC p*C l2)2C6H4 (4.17): The bimetallic metal complexes 4.17-4.20 were 

prepared in a sim ilar fashion, thus a representative experiment is described, p- 

(CH2PlBu2NSiMe3)2C6H4 (4.9) (810 mg, 1.2 mmol) and C p*TiC l3 (700 mg, 2.4 mmol) 

were slurried in  PhMe (80 mL) to afford a bright orange suspension. The mixture was 

heated at reflux for 15 h, after which time it was filtered through Celite. The filtrate was 

concentrated to ca. 20 mL, and the bright orange powder that precipitated was isolated by 

filtration, washed w ith  PhH ( 3 x 1 5  mL) and dried in vacuo. Y ield: 1.06 g (95%). !H 

NM R (500 MHz, CD2C12) 6: 7.48 (s, 4H, C6H 4), 3.38 (d, 4H, 2JP.H = 12 Hz, CH2PlBu2), 

2.14 (s, 3OH, C5(CH3)5), 1.34 (d, 36H, 3JP.H = 15 Hz, C(CH3)3). V ^ H }  NM R (75.5 

MHz, CD2C12) 5: 133.4 (s, C6H4 (ipso-C)), 131.5 (s, C6H4 (o-C)), 123.2 (s, C5(CH3)5),

40.6 (s, CH2PlBu2), 39.8 (d, Vc = 55 Hz, C(CH3)3), 28.3 (s, C(CH3)3), 8.9 (s, 

C5(CH3)5). 31P {1H } NM R (121.5 MHz, CD2C12) 8: 37.2 (s). Anal. Calc'd for

C44H74Cl4N 2P2T i2 : C, 56.79; H, 8.02; N, 3.01. Found: C, 54.92; H, 8.16; N, 3.35.

j9-(CH2PCy2NTiCp*Cl2)2C6H4 (4.18): Bright orange solid (980 mg, 79%). ‘H NM R (500 

MHz, C6D6) 5: 7.36 (s, 4H, Ceftr), 3.01 (d, 4H, 2JP.H = 13 Hz, CH2PCy2), 2.24 (s, 30H, 

C5(CH3)5), 1.71-1.03 (m, 44H, P(C6H n)2). n C{lK}  NM R (75.5 MHz, C6D6) 5: 137.4 (s, 

C6H4 (ipso-C)), 131.0 (s, C6H4 (o -C )), 125.8 (s, C5(CH3)5), 37.2 (d, Vc = 59 Hz, 

P(C6H n)2 (ipso-C)), 31.9 (d, V c  = 52 Hz, CH2PCy2), 26.8 (d, 2JP.C = 12 Hz, P(C6H n )2 

(o-C)), 26.1 (s, P(C6H „ )2 (m-C)), 26.1 (s, P(C6H n )2 (p-C)), 13.2 (s, C5(CH3)5). 31P {‘H} 

NM R (121.5 MHz, C6D6) 8: 22.4 (s). Anal. Calc'd for C52H 82Cl4N 2P2T i2: C, 60.36; H, 

7.99; N, 2.71. Found: C, 60.20; H, 8.19; N, 2.76. Bright orange crystals suitable for X- 

ray diffraction were grown by slow evaporation from PhMe.

p-(CH2PtBu2NTiCpC l2)2C6H4 (4.19): Bright yellow  solid (2.34 g, 95%). *H NM R (500 

MHz, CD2CI2) 8: 7.54 (s, 4H, Q ft,) , 6.29 (s, 10H, C5H 5), 3.31 (d, 4H, 2JP.H = 10 Hz, 

CH2PtBu2), 1.40 (d, 36H, 3JP.H = 13 Hz, C(CH3)3). 13C {]H } NM R (75.5 M H z ,, CD2C12) 

8: 132.7 (s, C6H4 (ipso-C)), 132.0 (s, C6H4 (o-C)), 116.0 (s, C5H 5), 46.4 (s, CH2PtBu2),

40.0 (d, Vc = 51 Hz, C(CH3)3), 27.8 (s, C(CH3)3). 31P {1H } NM R (121.5 MHz,
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CD2C12) 6: 38.7 (s). Anal. Calc'd for C34H54Cl4N 2P2T i2: C, 51.67; H, 6.89; N, 3.54. 

Found: C, 52.65; H, 7.64; N, 3.45.

p-(CH2PCy2NTiCpC l2)2C6H4 (4.20): Bright yellow solid (1.36 g, 95%). *H NM R (500 

MHz, C6D6) 8: 7.46 (s, 4H, C6H 4), 6.39 (s, 10H, C5H 5), 3.21 (d, 4H, 2JP.H = 12 Hz, 

CH2PCy2), 1.96-1.27 (m, 44H, P(C6H n )2). n C{ lU} NM R (75.5 MHz, C6D6) 8: 131.8 (s, 

C6H4 (ipso-C)), 131.5 (s, C6H4 (o -C )), 115.7 (s, C5H5), 37.1 (d, Vc = 58 Hz, P(C6H „)2 

(ipso-C)), 31.1 (d, Vc = 53 Hz, CH2PCy2), 27.0 (d, 2JP.C = 13 Hz, P(C6H n)2 (o-C)), 26.3 

(s, P(C6H n)2 (m-C)), 26.3 (s, P(C6H n)2 (p-C)). 31P {'H } NM R  (121.5 MHz, C6D6) 8:

27.0 (s). Anal. Calc'd fo r C42H62Cl4N 2P2T i2: C, 56.40; H, 6.99; N , 3.13. Found: C, 56.23; 

H, 7.00; N, 3.36. Bright yellow  crystals suitable for X-ray diffraction were grown by 

slow evaporation from  CD2C12.

TiCp*(NPtBu2Bn)Me2 (4.21): The alkyl derivatives 4.21-4.24 were prepared in a 

comparable fashion, thus only a representative experiment is described. 

TiCp*(NPtBu2Bn)Cl2 (160 mg, 0.32 mmol) was slurried in Et20  (15 m L), and a 3.0 M  

solution o f MeMgBr in  the same solvent (2.24 mL, 0.67 mmol) was added dropwise via 

syringe at RT. The slurry was stirred for 15 h, after which time the solvent was removed 

in vacuo. Extraction w ith  hexanes ( 3 x 1 0  mL) and filtra tion  through Celite afforded a 

bright yellow  solution. Subsequent removal o f the solvent in vacuo generated bright 

yellow crystals (122 mg, 83%). !H NM R (500 MHz, C6D6) 8: 7.38 (d, 2H, 3JH-h = 8 Hz, 

C6H 5 (o-H )), 7.15 (pseudo t, 2H, 3JH-h = 8 Hz, C6H 5 (m-H)), 7.08 (t, 1H, 3JH-h = 8 Hz, 

C6H 5 (p-H)), 2.90 (d, 2H, 2JP.H = 12 Hz, CH2Ph), 2.03 (s, 15H, C5(CH3)5), 1.16 (d, 18H, 

V h  = 14 Hz, C(CH3)3), 0.39 (s, 6H, Ti-C H 3). 13C {1H } NM R (75.5 MHz, C6D6) 8:

135.0 (d, 2JP.C = 7 Hz, C6H 5 (ipso-C)), 130.9 (d, 3JP.C = 5 Hz, C6H 5 (o-C)), 128.3 (s, C6H5 

(m-C)), 126.7 (s, C6H 5 (p-C)), 118.5 (s, C5(CH3)5), 44.4 (s, T i-C H 3), 39.0 (d, V c  = 54 

Hz, C(CH3)3), 31.6 (d, Vc = 48 Hz, CH2Ph), 28.0 (s, C(CH3)3), 12.2 (s, C5(CH3)5). 

31P {1H } NM R (121.5 MHz, C6D6) 8: 21.4 (s). Anal. Calc'd for C27H46NPTi: C, 69.96; H, 

10.00; N, 3.02. Found: C, 69.59; H, 10.03; N, 3.02. Yellow  crystals suitable for X-ray 

diffraction were grown by slow evaporation from hexanes.
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TiCp*(NPCy2Bn)Me2 (4.22): Light yellow solid (100 mg, 47%). *H NM R (500 MHz, 

C6D6) 8 : 7.28 (d, 2H, 3JH-h = 8 Hz, C6H 5 (o-H)), 7.17 (pseudo t, 2H, 3JH-h = 8 Hz, C6H 5 

(m-H)), 7.06 (t, 1H, 3JH-h = 8 Hz, C6H 5 (p-H)), 2.93 (d, 2H, 2JP.H = 13 Hz, CH2Ph), 2.08 

(s, 15H, C5(CH3)5), 1.91-1.03 (m, 22H, P(C6H n )2), 0.45 (s, 6 H, T i-C H 3). u C{lH} NMR 

(75.5 MHz, C6D6) 8 : 134.2 (d, 2JP.C = 7 Hz, C6H5 (ipso-C)), 130.3 (d, 3JP.C = 5 Hz, C6H 5 

(o-C)), 128.6 (s, C 6H 5 (m-C)), 126.8 (s, C6H 5 ip-C)), 118.5 (s, C 5(CH3)5), 42.6 (s, T i- 

CH3), 38.1 (d, V c  = 60 Hz, P(C6H n ) 2 {ipso-C)), 34.4 (d, ‘j P.c -  52 Hz, CH2PCy2), 27.0 

(d, 2JP-c = 3 Hz, P(C6H „ ) 2 (o-C)), 26.8 (d, 2JP.C = 3 Hz, P(C6H n ) 2 (o-C)), 26.4 (s, 

P(C6H n ) 2 (m-C)), 26.3 (s, P(C6H U ) 2 (p-C)), 12.3 (s, C5(CH3)5). 31P {1H } NM R (121.5 

MHz, C6D6) 8 : 8.4 (s). Anal. Calc'd for C3 iH 50NPTi: C, 72.22; H, 9.77; N , 2.72. Found: 

C, 71.93; H, 10.10; N, 2.52. Yellow-orange crystals suitable for X-ray diffraction were 

grown by slow evaporation from pentanes.

TiCp(NPtBu2Bn)Me2 (4.23): Beige solid (74 mg, 78%). 'H  NM R (500 MHz, C6D6) 8 :

7.32 (d, 2H, 3JH-h = 7 Hz, C6H 5 (o-H)), 7.16 (pseudo t, 2H, 3JH-h = 7 Hz, C6H 5 (m-H)),

7.05 (t, 1H, 3JH-h = 7 Hz, C6H 5 (p-H)), 6.08 (s, 5H, C5H 5), 2.74 (d, 2 H, 2JP.H = 11 Hz,

CH2Ph), 1.06 (d, 18H, 3Jp.h = 14 Hz, C(CH3)3), 0.70 (s, 6 H, T i-C H 3). ^ C ^ H } NMR 

(75.5 MHz, C6D6) 8 : 134.0 (s, C6H5 (ipso-C)), 131.1 (d, 3JP.C = 4 Hz, C6H 5 (o-C)), 128.4 

(s, C6H 5 (m-C)), 126.8 (s, C6H 5 (p-C)), 111.1 (s, C 5H5), 41.4 (s, T i-C H 3), 38.5 (d, V c  = 

54 Hz, C(CH3)3), 30.2 (d, Vc = 48 Hz, CH2Ph), 27.5 (s, C(CH3)3). 31P {1H } NMR 

(121.5 MHz, C6D6)8 :21.6  (s).

TiCp(NPCy2Bn)Me2 (4.24): Beige solid (230 mg, 46%). *H NM R (500 MHz, C6D6) 8 :

7.33 (d, 2H, 3Jr.h = 8 Hz, C6H 5 (o-H)), 7.18 (pseudo t, 2H, 3JH-h = 8  Hz, C6H 5 (w-H)),

7.06 (t, 1H, 3JH-h  = 8 Hz, C6H 5 (p-H)), 6.18 (s, 5H, C5H 5), 2.71 (d, 2H, 2JP.H = 13 Hz,

CH2Ph), 1.62-0.98 (m, 22H, P(C6H n)2), 0.73 (s, 6 H, T i-C H 3). 13C {1H } NM R (75.5 

MHz, C6D6) 8 : 133.5 (d, 2JP.C = 7 Hz, C6H 5 (ipso-C)), 130.5 (d, 3JP.C = 5 Hz, C6H 5 (o-C)),

128.5 (s, C6H 5 (m-C)), 127.0 (s, C6H 5 (p-C)), 110.8 (s, C5H5), 40.7 (s, T i-C H 3), 37.6 (d, 

'JP.C = 60 Hz, P(C6H h )2 (ipso-C)), 32.9 (d, Vc = 53 Hz, CH2PCy2), 26.8 (d, 2JP.C = 12 

Hz, P(C6H n ) 2 (o-C)), 26.3 (s, P(C6H „ ) 2 (p-C)), 26.0 (d, 3JP.C = 8 Hz, P(C6H „ ) 2 (m-C)). 

31P {1H } NM R (121.5 MHz, C6D6) 8 : 10.2 (s). Anal. Calc'd for C26H40NPTi: C, 70.11; H,
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9.05; N, 3.14. Found: C, 69.03; H, 9.20; N, 3.08. Yellow  crystals suitable for X-ray 

diffraction were grown by slow evaporation from pentanes.

p-(CH2PtBu2N TiCp*M e2)2C6H4 (4.25): The alkyl bim etallic derivatives 4.25-4.28 were 

prepared in a comparable fashion, thus only a representative experiment is described, p- 

(CH2PtBu2N TiC p*C l2)2C6H4 (210 mg, 0.27 mmol) was slurried in  Et20 (25 mL), and a

3.0 M solution o f MeMgBr in  the same solvent (0.84 mL, 1.4 mmol) was added dropwise 

via syringe at RT. The slurry was stirred for 15 h, after which time the solvent was 

removed in vacuo. Extraction w ith hexanes (3 x 10 mL) and filtra tion  through Celite 

afforded a colourless solution. Removal o f the solvent in vacuo generated a white solid 

(230 mg, 77%). >H NM R (500 MHz, C6D6) 5: 7.50 (s, 4H, C6H 4), 2.96 (d, 4H, 2J P- h  = 11 

Hz, CH2P*Bu2), 2.12 (s, 3OH, C5(CH3)5), 1.17 (d, 36H, 3JP.H = 14 Hz, C(CH3)3,), 0.46 (s, 

12H, T i-C H 3). 13C {*H } NM R (75.5 MHz, C6D6) 6: 133.4 (s, C6H4 (ipso-C)), 130.8 (s, 

C6H4 (o -C )), 118.4 (s, C5(CH3)5), 44.4 (s, T i-C H 3), 38.9 (d, V c  = 54 Hz, C(CH3)3),

31.6 (d, V c  = 48 Hz, CH2PlBu2), 28.0 (s, C(CH3)3), 12.3 (s, C5(CH3)5). 31P {1H } NMR 

(121.5 MHz, C6D6) 6: 22.0 (s). Anal. Calc'd for C48H 86N 2P2T i2: C, 67.91; H, 10.21; N, 

3.30. Found: C, 60.51; H, 8.96; N, 2.95.

p-(CH2PCy2NTiCp*M e2)2C6H4 (4.26): Yellow  solid (410 mg, 73%). *H NM R (500 

MHz, C6D6) 8: 7.35 (s, 4H, C6H 4), 2.92 (d, 4H, V h = 13 H z, CH2PCy2), 2.10 (s, 30H, 

C5(CH3)5), 1.81-1.10 (m, 44H, P(C6H n)2), 0.43 (s, 12H, Ti-C H 3). V ^ H }  NM R (75.5 

MHz, C6D6) 8: 132.5 (s, C6H4 (ipso-C)), 130.5 (s, C6H4 (o-C)), 122.3 (s, C5(CH3)5), 42.7 

(s, Ti-CH3), 38.2 (d, Vc = 61 Hz, P(C6H n)2 (ipso-C)), 34.0 (d, Vc = 52 Hz, 

CH2PCy2), 27.1 (d, Vc = 12 Hz, P(C6H n )2 (o-C)), 26.5 (d, Vc = 6 Hz, P(C6H „)2 (m- 

C)), 26.4 (s, P(C6H u )2 (p-C)), 11.9 (s, C5(CH3)5). 31P {1H } NM R (121.5 MHz, C6D6) 8:

8.0 (s). Anal. Calc'd for C56H94N2P2T i2: C, 70.57; H, 9.94; N, 2.94. Found: C, 67.06; H, 

9.29; N, 2.63. Yellow  crystals suitable for X-ray diffraction were grown by slow 

evaporation from  pentanes.

p-(CH2PlBu2NTiCpM e2)2C6H4 (4.27): Colourless block crystals (160 mg, 83%). 'H  

NMR (500 MHz, C6D6) 8: 7.48 (s, 4H, C6H 4), 6.18 (s, 10H, C5H 5), 2.80 (d, 4H, V h =
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10 Hz, C H zP^ui), 1.06 (d, 36H, 3JP.H = 14 Hz, C(CH3)3), 0.72 (s, 12H, Ti-C H 3). 

13C {‘H } NM R (75.5 MHz, C6D6) 5: 132.5 (s, C6H4 (ipso-C)), 130.8 (s, C6H4 (o-C)),

110.9 (s, C5H5), 41.3 (s, CH2PlBu2), 38.4 (d, lJP.c = 54 Hz, C(CH3)3), 31.7 (s, T i-CH3),

27.4 (s, C(CH3)3). 31P {1H } NM R (121.5 MHz, C6D6) 8: 22.6 (s). Anal. Calc'd for 

C38H66N 2P2T i2: C, 64.41; H, 9.39; N, 3.95. Found: C, 65.15; H, 9.39; N, 3.47. 

Colourless crystals suitable for X-ray diffraction were grown by slow evaporation from 

PhMe.

/?-(CH2PCy2NTiCpMe2)2C6H4 (4.28): Yellow  needle-like crystals (450 mg, 77%). *H 

NM R (500 MHz, C6D6) 8: 7.48 (s, 4H, C6H 4), 6.22 (s, 10H, C5H 5), 2.70 (d, 4H, 2JP.H = 

12 Hz, CH2PCy2), 1.65-1.06 (m, 44H, P(C6H n)2), 0.74 (s, 12H, T i-C H 3). ^ C ^ H } NM R 

(75.5 MHz, C6D 6) 8: 132.1 (s, C6H4 (ipso-C)), 130.6 (s, C6H4 (o-C)), 110.8 (s, C5H 5),

40.8 (s, T i-C H 3), 37.6 (d, lh*c = 60 Hz, P(C6H n ) 2 (ipso-C)), 32.4 (d, Vc = 53 Hz, 

CH2PCy2), 26.9 (d, 2JP.C = 12 Hz, P(C6H n ) 2 (o-C)), 26.3 (s, P(C6H ii) 2 (m-C)), 26.1 (s, 

P(C6H n ) 2 (p-C)). 31P {1H } NM R (121.5 MHz, C6D 6) 8 : 10.1 (s). Anal. Calc'd for 

C46H74N 2P2T i2: C, 67.98; H, 9.18; N, 3.45. Found: C, 68.30; H, 9.45; N, 3.06. Yellow 

crystals suitable for X-ray diffraction were grown by slow evaporation from  PhH.

4.2.8 Reactions with Borane Reagents

[TiCp*(NPtBu2Bn)Me][MeB(CeF5)3] (4.29): Solid TiCp*(NPtBu2Bn)Me2 (14 mg, 0.030 

mmol) and B(C6Fs) 3 (15 mg, 0.030 mmol) were dissolved separately in  CH2C12 (2 mL 

each) to give clear solutions. They were combined rapidly at RT, and the solution 

remained clear, although changed colour from yellow to red-orange. A fter stirring for 10 

min, the solvent was removed in vacuo. The residue was washed w ith  pentanes ( 2 x 2  

mL) and dried exhaustively in vacuo to obtain a yellow  foam (22 mg, 76%). 

Decomposition (ca. 40%) was observed at RT in CD2C12 solution over a 24 h period. 'H  

NMR (500 MHz, CD2C12) 8 : 7.39 (br, 1H, C6H 5 (p-H)), 7.34 (br, 2H, C6H 5 (w-H)), 7.30 

(br, 2H, C6H 5 (o -H )), 2.37 (d, 1H, 2JP.H = 13 Hz, CH2Ph), 2.35 (d, 1H, 2JP.H = 13 Hz, 

CH2Ph), 2.03 (s, 15H, C5(CH3)3), 1.31 (d, 9H, 3JP.H = 20 Hz, C(CH3)3), 1.30 (d, 9H, 3JP.H

1 0 2
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= 20 Hz, C(CH3)3), 0.89 (s, 3H, T i-C H 3), 0.48 (br s, 3H, H 3CB(C6F5)3). V ^ H }  NMR 

(75.5 MHz, CD2C12) 8 : 148.8 (d(br), ' j C-F = 255 Hz, C6F5 (o-C)), 138.0 (d(br), V f  = 240 

Hz, C6F5 (p-C)), 137.0 (d(br), V f  = 220 H z,C 6F5 (m-C)), 132.4 (br, C6F5 (ipso)), 130.2 

(s, C6H 5 (ipso-C)), 129.5 (s, C6H 5 (o-C)), 129.4 (s, C6H 5 (m-C)), 128.7 (s, C6H 5 (p-C)),

125.8 (s, C 5(CH3)5), 41.2 (s, T i-C H 3), 40.3 (d, V c  = 50 Hz, C(CH3)3), 39.3 (d, V c  = 50 

Hz, C(CH3)3), 32.3 (d, V c  = 26 Hz, CH2Ph), 28.2 (s, C(CH3)3), 13.7 (s, C5(CH3)5), 10.3 

(br, H3CB(C6F5)3). n B { lK}  NM R (96.25 MHz, CD2C12) 5: -15.2 (s). 19F NM R (282.34 

MHz, CD2C12) 6 : -133.50 (d, 6 F, V f = 23 Hz, C6F 5 (o-F)), -165.64 (br, 3F, C6F5 (p-F)), 

-168.20 (br, 6 F, C6F 5 (w-F)). 31P {1H } NM R (121.5 MHz, CD2C12) 8 : 37.8 (s). Anal. 

Calc'd for C45H 46BF15NPTK C, 55.41; H, 4.75; N, 1.44. Found: C, 55.15; H, 5.12; N, 

1. 10.

4.2.9 X-Ray Experimental

X-ray structural solutions o f p-(CH2PlBu2)2C6H4 (4.5), Cy2BnPNSiMe3 (4.8), p- 

(CH2PCy2NSiMe3)2C6H4 (4.10), TiCp*(NPtBu2Bn)Cl2 (4.13), TiCp*(NPCy2Bn)Cl2

(4.14), TiCp(NPCy2Bn)Cl2 (4.16), p-(CH 2PCy2N TiC p*C l2)2C6H4 (4.18), p- 

(CH2PCy2NTiCpC l2)2C6H4 (4.20), TiCp*(NPCy2Bn)Me2 (4.22), TiCp(NPCy2Bn)Me2 

(4.24), p-(CH 2PCy2NTiCp*M e2)2C6H4 (4.26), p-(CH 2PtBu2NTiCpMe2)2C6H4 (4.27), p- 

(CH2PCy2NTiCpMe2)2C6H4 (4.28) were obtained using direct methods, while 

TiCp*(NPtBu2Bn)Me2 (4.21) was solved using a Patterson map. Cell parameters, R, Rw 

and GoF values are located in  Table 4.1, while detailed structural parameters have been 

included as an appendix on CD. The solutions for structures 4.5, 4.20, 4.26 and 4.28 

included solvent molecules: 4.20 had a molecule o f CD2C12 in  the cell, while the other 

three solutions included a molecule o f CeHf,. The additional atoms due to the presence o f 

solvent were refined anisotropically. No residual electron density remained in any o f the 

solutions that was o f any chemical significance. Representative ORTEP drawings o f 4.5, 

4.8, 4.10, 4.16 and 4.20 are depicted in Figures 4.2 and 4.4, while select bond distances 

and angles are provided in  Table 4.2 and in the text.
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Table 4.1: Crystallographic parameters for (4.5), Cy2BnPNSiMe3

(4.8), Jp-(CH2PCy2NSiMe3)2C6H4 (4.10).

4.5 4.8 4.10

Molecular formula C24H 44P2 C22H38NPSi C38H7oN2P2Si2

Formula weight 394.53 375.60 673.08

a(A) 6.1600(2) 9.107(5) 9.453(6)

b(A) 8.2564(3) 34.51(2) 14.566(8)

c(A) 13.5269(6) 14.996(8) 17.62(1)

a(°) 80.190(1) 90.00 106.25(1)

P(°) 79.053(1) 96.75 (1) 104.112(9)

y(°) 71.074(1) 90.00 103.76(1)

Crystal system Triclin ic Monoclinic T ric lin ic

Space group P -l P2i/n P -l

Volume (A 3) 634.54(4) 4680(4) 2133(2)

D caic (gem'3) 1.032 1.066 1.048

Z 1 4 2

Abs coeff, (i, mm ' 1 0.177 0.174 0.184

0  range (°) 1.54-24.99 1.18-23.18 1.61-23.27

Reflections collected 3184 19794 9172

Data F02 > 3a(F02) 1726 3826 4385

Parameters 124 451 397

R(%) 0.0674 0.0411 0.0371

Rw(%) 0.2067 0.0815 0.0979

Goodness o f F it 0.913 1.056 0.902

The data was collected at 20°C w ith Mo K a  radiation (X = 0.71069 A)

r  = s  I | f 0 | - | f c| 1 / 2 |F0|,Rw == [Z ( | f 0| - 1 Fc|)2/ E 1F0 12] ° 5
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Table 4.1 (continued): Crystallographic parameters for TiCp*(NPtBu2Bn)Cl2 (4.13),

TiCp*(NPCy2Bn)Cl2 (4.14), TiCp(NPCy2Bn)Cl2 (4.16).

4.13 4.14 4.16

Molecular formula C25H4oCl2NPTi C29H44Cl2NPTi C24H34Cl2NPTi

Formula weight 504.35 556.42 486.28

a(A) 9.743(6) 11.359(7) 11.660(6)

b(A) 17.53(1) 16.38(1) 13.481(7)

c(A) 16.13(1) 16.44(1) 15.984(8)

a(°) 90.00 90.00 90.00

P(°) 98.57(1) 103.67(1) 90.00

y(°) 90.00 90.00 90.00

Crystal system Monoclinic Monoclinic Orthorhombic

Space group P2i/c P2i/c P2i2i2i

Volume (A3) 2724(3) 2985(3) 2512(2)

DCaic (gem'3) 1.230 1.238 1.286

Z 4 4 4

Abs coeff, p, mm ' 1 0.581 0.537 0.628

9 range (°) 2.32-23.19 2.22-23.34 1.98-23.21

Reflections collected 11282 12502 10691

Data F02 > 3a(F02) 3307 3191 3219

Parameters 271 307 262

R(%) 0.0394 0.0331 0.0233

Rw(%) 0.1213 0.0878 0.0555

Goodness o f F it 1.114 1.015 0.982

The data was collected at 20°C w ith  Mo K a  radiation (X = 0.71069 A ) 

R = E | IF 0 1 - 1 Fc | | / 2  1F0 1, Rw = [S( | F0 1 - | f c |)2 / Z  IF0 12] ° 5
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Table 4.1 (continued): Crystallographic parameters for /?-(CH2PCy2NTiCp*Cl2)2C6H4

(4.18),p-(CH2PCy2NTiCpCl2)2C6H4 (4.20), TiCp*(NPtBu2Bn)Me2 (4.21).

4.18 4.20 4.21

Molecular formula C52H82Cl4N 2P2T i2 C44H62C l8D4N 2P2T i2 C27H46NPTi

Formula weight 1034.714 1068.33 463.52

a(A) 15.218(9) 8.974(5) 10.037(5)

b(A) 24.24(1) 11.490(6) 19.06(1)

c(A) 15.996(9) 14.905(8) 15.059(8)

a (°) 90.00 96.09(1) 90.00

P(°) 110.39(1) 105.085(9) 104.05(1)

y (°) 90.00 1 1 2 .2 0 ( 1) 90.00

Crystal system Monoclinic T ric lin ic Monoclinic

Space group P2i/c P -l P2i/c

Volume (A 3) 5530(5) 1337(1) 2794(3)

DCaic (gem'3) 1.243 1.322 1 .1 0 2

Z 4 2 4

Abs coeff, p, mm ' 1 0.574 0.789 0.376

0  range (°) 1.60-23.21 2.16-23.27 1.76-23.24

Reflections collected 22618 5717 11755

Data F02 > 3c(F02) 5218 3019 3214

Parameters 559 262 271

R(%) 0.0546 0.0461 0.0408

Rw(%) 0.1515 0.1317 0.1209

Goodness o f F it 0.859 1.062 1.056

The data was collected at 20°C w ith  Mo K a  radiation (X = 0.71069 A ) 

R = E | iFo l - lFc l  I / E |FoI,Rw = [ S ( | f 0 | - I Fc | ) 2 / E | f o | 2] 0-5
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Table 4.1 (continued): Crystallographic parameters for TiCp*(NPCy2Bn)Me2 (4.22),

TiCp(NPCy2Bn)Me2 (4.24),jp-(CH2PCy2NTiCp*Me2)2C6H4 (4.26).

4.22 4.24 4.26

Molecular formula CsiHsiNPTi C26H4oNPTi C68Hi06N2P2Ti2

Formula weight 516.60 445.46 1109.29

a(A) 11.613(6) 11.729(7) 16.53(1)

b(A) 16.468(8) 13.616(8) 17.11(1)

c(A) 16.287(8) 16.206(9) 24.45(1)

O 90.00 90.00 90.00

P(°) 102.618(9) 90.00 106.22(1)

Y(°) 90.00 90.00 90.00

Crystal system M onoclinic Orthorhombic Monoclinic

Space group P2i/c P2i2i2, P2i/c

Volume (A 3) 3040(3) 2588(3) 6639(7)

DCaic (gem'3) 1.129 1.143 1 .1 1 0

Z 4 4 4

Abs coeff, p, mm ' 1 0.352 0.404 0.327

0  range (°) 2.32-23.35 1.95-23.22 1.28-23.21

Reflections collected 12840 10620 27145

Data F02 > 3<r(F02) 3036 3103 2660

Parameters 307 262 667

R(%) 0.0417 0.0595 0.0510

Rw(%) 0.1119 0.1196 0.1084

Goodness o f F it 0.927 1.199 0.693

The data was collected at 20°C w ith  Mo K a  radiation (X = 0.71069 A )

r  = e I | f 0 | - | f c | 1 / Z | f 0 | , r w =: [S( 1F01 - 1 Fc | ) 2 /  E 1F0 12] ° 5
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Table 4.1 (continued): Crystallographic parameters for p-(CH2PtBu2NTiCpMe2)2C6H4

(4.27), jp-(CH2PCy2NTiCpMe2)2C6H4 (4.28-).

4.27 4.28

Molecular formula C38H 66N 2P 2 ^ 2 C52H 80N 2P 2T i2

Formula weight 708.67 890.92

a(A) 16.290(9) 8.794(5)

b(A) 16.455(9) 9.772(5)

c(A) 15.594(8) 16.678(9)

a(°) 90.00 77.21(1)

PO 1 0 0 .8 6 ( 1) 79.91(1)

Y (°) 90.00 68.50(9)

Crystal system M onoclinic T ric lin ic

Space group P2i/c P -l

Volume (A 3) 4105(4) 1293(1)

Dcaic (gem'3) 1.147 1.144

Z 4 1

Abs coeff, p., mm ' 1 0.493 0.404

0 range (°) 1.78-23.25 2.27-23.26

Reflections collected 17348 5554

Data F02 > 3a(F02) 4621 3034

Parameters 397 262

R(%) 0.0378 0.0379

Rw(%) 0.1081 0.1080

Goodness o f F it 1.008 1.033

The data was collected at 20°C w ith  Mo K a radiation (X = 0

r = s  I |FoI - I f c | 1 / E | f 0 | ,Rw = [ ? ( I f 0 1 - I f c| )2 / e  1
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4.2.10 Polymerization Protocol

Purification o f reagents used in  the polymerizations and a b rie f description o f the reactor 

are detailed in  Section 3.2.9.

(i-Procedure using a Schlenk flask apparatus w ith M AO activation) A  Schlenk flask was 

charged w ith PhMe (50 mL) and M AO (500:1 A l:T i ratio in PhMe), and the solution was 

presaturated w ith  the monomer by brie fly evacuating/backfilling (x 4) and then stirring 

under an atmosphere o f C2H4 fo r 5 min. A  PhMe solution o f the catalyst precursor such 

that the resultant catalyst concentration was 350 pmol L ' 1 was injected, and the mixture 

was stirred at RT for 30 min. The reaction was quenched w ith  1 M  HC1 in MeOH, and 

the precipitated polymer was subsequently washed w ith  HC1, HCl/MeOH and PhMe 

before drying at 50°C for at least 48 h prior to weighing.

(ii-Procedure using a Buchi reactor apparatus w ith M AO activation) A  1L Buchi glass 

autoclave was dried in vacuo (10‘ mmHg) for several hours. PhMe (500 mL) was 

transferred into the vessel under a positive pressure o f N 2 and was heated to 30°C for at 

least 30 min. The temperature was controlled (to ca. +2°C) w ith  an external 

heating/cooling bath and was monitored by a jacketed thermocouple that extended into 

the polymerization vessel. The vessel was vented o f N 2 and then pressurized w ith C2H4 

(1.82 atm) while the solvent stirred at a rate o f 1000 rpm. A  solution o f MAO (500:1 

A l:T i ratio in  PhMe) was injected and the mixture was stirred for 5 min. A  PhMe 

solution o f the precatalyst such that the resultant catalyst concentration was 50 pmol L ' 1 

was injected and the solution was stirred for the desired amount o f time. Any recorded 

exotherm was w ith in  the allowed temperature differential o f the heating/cooling system. 

The reaction was quenched by emptying the contents o f the autoclave into ca. 200 mL o f 

1 M  HC1 in MeOH. The collection/treatment o f the polymer was as described above.

(iii-Procedure using a Buchi reactor apparatus w ith  [Ph3C ][B(C 6F5)4] activation) The 

polymerization experiment was conducted in the same manner as described for MAO 

activation w ith the fo llow ing modifications: a solution o f T 'B A l (10:1 A l:T i ratio in
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PhMe) was injected and the mixture was stirred for 5 min. A  PhMe solution o f the 

precatalyst such that the resultant catalyst concentration was 50 pmol L '1 was injected, 

followed immediately by a PhMe solution o f the activator (1, 2 or 4 equivalents), and the 

solution was stirred for the desired amount o f time. Recorded exotherms were significant 

enough that they could not be adequately controlled using the heating/cooling system 

(typical temperature spikes ca. 10°C). The reaction was quenched by emptying the 

contents o f the autoclave into ca. 200 mL o f 1 M  HC1 in  MeOH. The 

collection/treatment o f the polymer was as described above.

The masses o f reagents and polyethylene, in  addition to the raw GPC data, may be 

viewed in Appendix D (on CD).

4.3 Results and Discussion

The phosphines RiBnP (R = lBu (4.3), Cy (4.4)) were prepared via a modification
711

o f a literature procedure from the reaction o f BnMgCl w ith  CIPR2 at low temperature 

(Figure 4.1). The related para-substituted aryl phosphines p-(CH 2PR2)2CeH4 (R = lBu 

(4.5), Cy (4.6)) were prepared in good yields (typically 80-90%) in  a sim ilar manner to 

the mcto-substituted versions as described in Section 3.2.4 (Figure 4.1), w ithout the 

impediment o f the persistent by-product NEt3-HBr (vide supra). Spectroscopic data 

confirmed the presence o f the desired products, and p-(CH 2PlBu2)2C6H 4 (4.5) was further 

characterized by X-ray crystallography (Figure 4.2). A ll phosphines were readily 

oxidized to the corresponding trimethylsilyl-phosphinim ines from  reaction w ith excess 

Me3SiN3 (Figure 4.1). The phosphinimines were characterized spectroscopically, and in 

both cases where R = lBu, an upfield shift in  the 31P {1H ) NM R spectra o f ca. 10 ppm was 

observed relative to the parent phosphines, in  contrast to a downfield shift o f ca. 10 ppm 

where R = Cy. X-ray crystallographic analyses o f the cyclohexyl derivatives also 

confirmed the successful oxidation (Figure 4.2). The P-N bond distances o f 1.543(2), 

1.540(2) and 1.544(2) A, and the Si-N bond distances o f 1.658(2), 1.656(2) and 1.669(2) 

A for Cy2BnPNSiMe3 (4.8) and p-(CH2PCy2NSiMe3)2C6H4 (4.10) (latter 2 values),
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respectively, are representative o f typical trimethylsilyl-phosphinim ine compounds.315,316 

The syntheses o f p-(C H 2PR2NH)2C6H4 (R = lBu (4.11), Cy (4.12)) from  reaction o f the 

appropriate trim ethylsilyl-phosphinim ine precursor w ith  methanol was also feasible, 

although where R = Cy, isopropanol proved to be a better choice o f reagent to avoid 

oxide impurities.

c ip r 2

+

BnM gCl

,PR2

Me3SiN3

R = (4.3), 80%
R = Cy (4.4), 56%

i) 2 HPR2 

2NEt3

R2P

R = Bu (4.5), 8 8% 
R = Cy (4.6), 85%

R.
P = N

SiMe3

f l l

R = lBu (4.7), 60% 
R = Cy (4.8), 96%

MeiSiNi /
r 2p

N

Me3Si

SiMe3
N

,p r 2

R = tBu (4.9), 8 8 % 
R = Cy (4.10), 94%

Figure 4.1: Synthesis o f R2BnP and p-(CH 2PR2)2CeH4, and their trim ethylsilyl- 

phosphinimine derivatives.

I l l

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SilO.
K >

N1

4.8

4.5

o

pi 5 ^
N2 Si2

Sil
N1

0 - ^ 0

o -o

4.10

O f

c S

Figure 4.2: ORTEP drawings o f ̂ -(C FEP^^^C eFE (4.5), Cy2BnPNSiMe3 (4.8) and p- 

(CH2PCy2NSiMe3)2C6H4 (4.10) (50% thermal ellipsoids).

The bim etallic titanium  complexes /?-(CH2PR2NTiCp'C l2)2C6H4 (Cp' = CsMes 

(Cp*), R = lBu (4.17), Cy (4.18); Cp' = C5H5 (Cp), R = *Bu (4.19), Cy (4.20)) were 

attained upon liberation o f Me3SiCl by metathesis o f the trimethylsilyl-phosphinim ines 

w ith two equivalents o f the appropriate TiCp'C^ precursor (Figure 4.3).131 A  sim ilar 

approach was exploited by Bochmann and co-workers to prepare the related bimetallic 

complexes m-(PPh2N TiC p*C l2)2C5H3N (I) and (CH2PPh2N TiC p*C l2)2 ( II) ,24 and by 

Cavell and co-workers to prepare CH2(PR2N TiC p*C l2)2 (R -  Me, Ph, Cy, I I I )  (Figure 

4.4).269 The bim etallic tetrachloride complexes 4.17-4.20 were relatively insoluble in 

aromatic solvents such as benzene or toluene, which necessitated spectroscopic 

characterization to be performed in CD2CI2 solvent in  several cases. The solubility 

increases i f  Cp* is replaced by Cp, or i f  cyclohexyl groups replace the /-butyl groups. 

For all derivatives, only one set o f signals is observed in  the *H NM R spectrum 

representing each o f the aryl, Cp, benzyl and alkyl protons. This is as expected, due to 

the inherent symmetry o f the molecule in  solution, in  addition to the freedom o f rotation 

o f the benzyl portion o f the compounds. X-ray crystallography confirmed the bimetallic 

nature o f the cyclohexyl derivatives (see Figure 4.5 for an ORTEP depiction o f one
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example), although attempts to grow X-ray quality crystals o f the f-butyl analogues were 

unfortunately unsuccessful. Key bond distances and angles are summarized in Table 4.2.

^SiMe3 TiCp'CI2

N N

/ = \  / R2 Titp'CI, / = \  / PR2

N

Me3Si CI2C p't /

Cp' = Cp*

R = lBu (4.9) R = lBu (4.17), 95%; Cy (4.18), 79%

R = Cy (4.10) Cp' = Cp
R = lBu (4.19), 95%; Cy (4.20), 95%

Figure 4.3: Synthesis o f bim etallic titanium com plexes,/^(C Fy^N TiC p'Ch^CgFLt.

/
Cl— Ti

er

pp*

pi \ h p/  Vh

*cp\
;N— Ti----Cl

^Cl

II

Cp*

ci——Ti
er Ph Ph

*Cp

-Ti Cl
\ ) l

III *Cp
\

Cl

N

J i R = Me, Ph, Cy 'T i'/ \ .  /\
.Cp*

Cl Cl

Figure 4.4: Related bim etallic phosphinimide complexes.24,269
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The monometallic versions, TiCp'(NPR.2Bn)Cl2 (Cp' = Cp*, R = lBu (4.13), Cy

(4.14); Cp' = Cp, R = lBu (4.15), Cy (4.16)), were synthesized using the desired 

trimethylsilyl-phosphinim ine precursor in  high yields (77-93%), but conveniently, 

heating was not required to ensure complete reaction. Spectroscopy and X-ray data 

confirmed the formulated structures for a ll cases. It must be noted that the crystal 

structure o f TiCp(NPtBu2Bn)Cl2 (4.15) was previously determined by Dr. Fred Guerin in 

collaboration w ith  N O VA Chemicals Inc. A ll key bond distances and angles were 

sim ilar to those obtained from the comparable bimetallic derivatives (Table 4.2, see 

Figure 4.5 for an ORTEP depiction o f one example), and related structures previously 

reported in the literature .8,24,131,138

C13

Ti2 C14N2

N1Cll
T il

C12

4.16 4.20

Figure 4.5: ORTEP illustrations o f TiCp(NPCy2Bn)Cl2 (4.16) and p-

(CH2PCy2NTiCpCl2 )2 C6 H4 (4.20) (CH2CI2 molecule omitted for clarity), representative 

o f a bimetallic complex and its related monometallic analogue (50% thermal ellipsoids).
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Table 4.2: Key bond distances and angles for available data from X-ray analysis o f p- 

(CH2PR2NTiCp,X 2)2C6H4 and TiCp'(NPR2Bn)X2.

Compound T i - X A T i-N A N-P A Ti-NP 0

TiCp * (NPtBu2Bn)Cl2 (4.13) 2.322(1)
2.324(1)

1.786(2) 1.598(2) 167.6(1)

TiCp*(NPCy2Bn)Cl2 (4.14) 2.317(1)
2.309(1)

1.776(2) 1.594(2) 157.3(1)

TiCp(NPtBu2Bn)Cl2 (4.15)a 2.3072(9)
2.3091(8)

1.760(2) 1.599(2) 175.2(1)

TiCp(NPCy2Bn)C l2 (4.16) 2.312(1)
2.314(1)

1.765(2) 1.607(2) 168.4(1)

p-(CH 2PCy2N TiC p*C l2)2C6H4

(4.18)
2.312(2)
2.328(2)
2.305(2)
2.317(2)

1.786(5)
1.768(5)

1.589(5)
1.602(5)

157.1(3)
162.6(3)

p-(CH 2PCy2NTiCpCl2)2C6H4
(4.20)

2.303(2)
2.323(1)

1.764(3) 1.608(3) 172.7(2)

TiCp*(NPtBu2Bn)Me2 (4.21) 2.164(3)
2.228(3)

1.830(2) 1.580(2) 172.6(2)

TiCp*(NPCy2Bn)Me2 (4.22) 2.136(3)
2.152(3)

1.811(2) 1.570(2) 162.8(2)

TiCp(NPCy2Bn)Me2 (4.24) 2.131(6)
2.130(6)

1.804(4) 1.579(4) 168.1(3)

i7-(CH2PCy2NTiCp*Me2)2C6H4
(4.26)

2.119(7)
2.145(6)
2.160(6)
2.155(6)

1.829(5)
1.813(5)

1.573(5)
1.582(5)

163.4(4)
161.5(4)

p-(CH2PtBu2NTiCpMe2)2C6H4
(4.27)

2.137(3)
2.143(3)
2.124(3)
2.130(4)

1.806(2)
1.802(2)

1.582(2)
1.581(2)

171.0(1)
173.9(2)

^-(C H 2PCy2NTiCpMe2)2C6H4
(4.28)

2.160(3)
2.191(3)

1.806(2) 1.580(2) 167.8(1)

a) Structure was determined by Dr. Fred Guerin in collaboration with NOVA Chemicals Inc.

Methylation o f a ll the titanium  chloride complexes was readily achieved from the 

use o f MeMgBr at ambient temperature. In this manner, TiCp'(NPR2Bn)Me2 (Cp' = Cp*, 

R = lBu (4.21), Cy (4.22); Cp' = Cp, R = lBu (4.23), Cy (4.24)) and p- 

(CH2PR2NTiCp,Me2)2C6H4 (Cp' = Cp*, R = lBu (4.25), Cy (4.26); Cp' = Cp, R = lBu
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(4.27), Cy (4.28)) were prepared in moderate to good yields (Figure 4.6). W ithout 

exception, methylation o f the titanium centre(s) resulted in  an upfield shift o f the signal 

in the 31P NM R spectra relative to the di- or tetrachloride precursors, and an upfield shift 

for the Cp ligand 'H  and ^ C l 'H }  resonances (Table 4.3). This correlates well w ith 

increased electron density at the titanium centre(s) upon exchange o f chloride ligands for 

methyl groups. Several o f the methyl derivatives were characterized by X-ray 

crystallography (Table 4.2). In a ll cases, the titanium-nitrogen phosphinimide bond 

length increased upon substitution w ith methyl groups, which is also consistent w ith a 

more electron-rich metal centre; this observation may be interpreted as the phosphinimide 

ligand donating slightly less electron density to the titanium  atom. ’

Cp'̂
R2P ^ N - T i - C I

S' Cl

i f lkk
Cp’ = Cp*

R = lBu (4.13), Cy (4.14) 
Cp' = Cp 

R = ‘Bu (4.15), Cy (4.16)

MeMgBr

CP'\
R2P ^ N - T i - M e  

^  Me

[ f lkk
+ MgBrCl

Cp' = Cp*
R = lBu (4.21), 83%; Cy (4.22), 47% 

Cp' = Cp
R = ‘Bu (4.23), 78%; Cy (4.24), 46%

/
N
II
PR,

J

.TiCp'CI2

MeMgBr

R!p W
II

, . / N
CI2CpTi Cp' = Cp*

R = lBu (4.17), Cy (4.18)
Cp, = Cp R = lBu (4.25), 77%; Cy (4.26), 73%

R = lBu (4.19), Cy (4.20) CP' = CP
R = lBu (4.27), 83%; Cy (4.28), 77%

PR

R2P
+ MgBrCl

Cp' = Cp*

Figure 4.6: Syntheses of£>-(CH2PR2NTiCp'Me2)2C6H4 and TiCp'(NPR2Bn)Me2.
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Table 4.3: Comparison o f NM R shifts (ppm) for p-(CH 2PR2N TiCp'X2)2C6H4 and 

TiCp'(NPR2Bn)X2.a

Compound Cp 'H Cp 13C{*H} ^ P ^ H }

TiCp*(NPtBu2Bn)Cl2 (4.13) 2 .2 1 125.9,13.1 35.3

TiCp * (NPCy2Bn)Cl2 (4.14) 2 .2 0 125.9, 13.2 23.0

TiCp(NPtBu2Bn)Cl2 (4.15) 6 .2 2 115.5 34.9

TiCp(NPCy2Bn)Cl2 (4.16) 6.38 115.2 24.3

p-(CH 2PtBu2N T iCp* C12)2C6F[4 (4.17) 2.14b 123.2, 8.9b 37.2b

j7-(CH2PCy2NTiCp*Cl2)2C6H4 (4.18) 2.24 125.8,13.2 22.4

p-(CH2PtBu2NTiCpCl2)2C6H4 (4.19) 6.29b 116.0b 38.7b

p-(CH2PCy2NTiCpCl2)2C6H4 (4.20) 6.39 115.7 27.0

TiCp*(NPtBu2Bn)Me2 (4.21) 2.03 118.5,12.2 21.4

TiCp * (NP Cy2Bn)Me2 (4.22) 2.08 118.5,12.3 8.4

TiCp(NPtBu2Bn)Me2 (4.23) 6.08 1 1 1 .1 2 1 .6

TiCp(NPCy2Bn)Me2 (4.24) 6.18 1 1 0 .8 1 0 .2

/7-(CH2PtBu2NTiCp*Me2)2C6H4(4.25) 2 .1 2 118.4,12.3 2 2 .0

p-(CH 2PCy2NTiCp*Me2)2C6H4 (4.26) 2 .1 0 122.3,11.9 8 .0

p-(CH 2PtBu2NTiCpMe2)2C6H4 (4.27) 6.18 110.9 2 2 .6

p-(CH 2PCy2NTiCpMe2)2C6H4 (4.28) 6 .2 2 1 1 0 .8 1 0 .0

a) C6D6 solvent unless otherwise noted.

b) CD2C12 solvent.

Generation o f the zwitterion [T iCp* (NPlBu2Bn)Me] [MeB(C6F5)3] (4.29) was 

achieved by reaction o f an equimolar amount o f the dimethyl precursor w ith the strong 

Lewis acid B(CeF5)3. When this synthesis is performed, it  is key that the two precursors 

are dissolved in meticulously dry solvent separately to give clear solutions. Upon 

combining at ambient temperature, the desired product is occasionally plagued by 

persistent side-products, reflecting the extreme sensitivity o f this zw itterion to the 

reaction conditions. Further, the cation decomposes {ca. 40% in 12 hours) to unidentified
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products i f  le ft in  methylene chloride solution under an inert atmosphere. Interestingly, 

the signals o f the benzyl aromatic ring broadened in  the *H NM R spectrum relative to the 

titanium dimethyl precursor, and the two /-butyl groups gave rise to individual doublets 

upon formation o f the tight ion-pair. In addition, two distinct signals for T i-C H 3 (0.89 

ppm) and T i-C H 3-B(C6F5)3 (0.48 ppm) were observed in  the 'H  N M R  spectrum, a 

phenomenon that has been observed in the related complex 

[TiCp(NPtBu2C6H4oPh)Me][MeB(C6F5)3], but not [TiCp(NPtBu3)M e][M eB(C 6F5)3].8, xi 

A  satisfactory CHN microanalysis o f the yellow foam attested to its purity, since X-ray 

quality crystals were unfortunately not obtained. A ll attempts to prepare mono- or di- 

zwitterionic complexes from  the bimetallic titanium  precursors were unsuccessful, 

resulting only in  intractable mixtures.

U tility  as Ethylene Polymerization Catalysts

In itia lly , polymerization experiments were conducted employing Schlenk-line 

conditions, namely using an atmospheric pressure o f ethylene, room temperature and 50 

mL o f toluene in  a Schlenk flask. By performing the polymerization experiments over a 

30 minute period, it  was possible to obtain a catalyst activity that reflected the 

polymerization behaviour over time, rather than just the firs t few minutes, which often 

gives a rtific ia lly  high values. A ll polymerization experiments were performed at least in 

duplicate un til the activities were w ith in reasonable experimental error. The polymer 

yields were obtained by precipitating the product w ith  hydrogen chloride solution in 

methanol, and drying the polymer to a constant weight.

Several factors must be taken into consideration when examining these, or any, 

polymerization results. It is imperative that the activity units are carefully scrutinized, 

since they may be easily manipulated to obtain seemingly high polymerization activities. 

For example, i f  higher pressures o f ethylene gas are used and not accounted for, inflated 

polymerization activities w ill result. For this reason, all activities in  this thesis are 

reported in  grams o f polymer that are obtained per m illim ole o f precatalyst, per hour, per

X1J. E. Kickham, unpublished results.
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atmosphere o f ethylene (g mmol' 1 h' 1 atm'1, Equation 4.1). For convention, the catalytic 

activity w ill be rated relative to Gibson's scale (Table 4.4) . 32 Other factors that influence 

polymerization activity include the rate o f stirring, temperature, solvent employed, size o f 

the vessel, and most importantly, the selection and concentration o f scrubber and/or 

activator.™’ 40,317 In particular, even i f  the same source o f aluminum reagent (MAO, 

methylaluminoxane) is employed, the age o f the activator influences the polymerization 

numbers obtained, since MAO is notorious for decomposing during storage over 

time .40,318,319 In addition, since the exact composition o f M AO remains to be 

unequivocally identified ,95 even different batches from  the same company may possess 

slightly different properties.319 Thus, the reader is cautioned that although exhaustive 

efforts have been undertaken to acquire strictly reproducible results, this is not always 

possible, and the values reported herein represent an average description o f 

polymerization activity and polymer product. In all cases, the activity is compared to the 

industrially accepted standard, zirconocene dichloride or dimethyl. This is a common 

practice since it is commercially available or readily synthesized, and acts as a very 

active olefin polymerization catalyst upon activation w ith  many Lewis acids, including 

MAO, B(C6F5)3, [Ph3C ][B(C 6F5)4], and other sim ilar reagents.

Table 4.4: Gibson's rating for catalytic performance o f ethylene polymerization 

catalysts.32

Catalyst Evaluation

Very low

Low

Moderate

High

Very High

xu C. L. Beddie, unpublished results.
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<1

1-10

10-100

100-1000

>1000
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Polymerization A ctiv ity  =  g polymer________ = g m m ol'1h '1atm'1

(mmol catalyst) (hour) (atm ethylene)

Equation 4.1: Polymerization activity units.

In itia l results from the Schlenk-line polymerizations indicate that p- 

(CH2PR2N TiCp'X2)2C6H4 and TiCp'(NPR.2Bn)X2 display moderate to high catalytic 

activity for ethylene polymerization upon activation w ith M AO (Table 4.5). The 

polymerization activity is directly proportional to the size o f the phosphinimide ligand; 

more polymer is generated upon increasing the size o f the groups on the phosphorus 

atom. This result is in  agreement w ith  other cases that exploit increased steric bulk on 

the phosphinimide ligand to afford more active Group IY  olefin polymerization catalysts 

upon activation w ith  MAO. ’ In  addition, as Cp is changed to Cp*, the activity also 

increases for each ligand set. This is consistent w ith calculations and experimental 

observations that demonstrate increased electron density provided by a Cp* group effects
1 A ?  TOO TOT

an increase in  polymerization rate. ’ ' F inally, the monomeric analogues are more 

active than their bim etallic counterparts. Possible explanations for this observation are 

that the bim etallic derivatives are less soluble in toluene, or that they are more prone to 

entanglement in  the growing polymer chain. Unfortunately, the precise reasons remain 

unclear.
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Table 4.5: Schlenk-line polymerization results.®

Precatalyst A ctiv ity M n M w PDIb

TiCp*(NPtBu2Bn)Cl2 (4.13) 42 53,800 234,100 4.35

/7-(CH2PtBu2N C p*T iC l2)2C6H4 (4.17) 18 24,200 131,100 5.42

p-(CH2PCy2N C p*T iC l2)2C6H4 (4.18) <1 c c c

J5-(CH2PtBu2NCpTiC l2)2C6H4 (4.19) 10 3,150 15,200 4.83

/K C H 2PCy2NCpTiC l2)2C6H4 (4.20) <1 c c c

TiCp * (NPtBu2Bn)Me2 (4.21) 165 58,000 117,400 2.02

j2-(CH2PtBu2NCp*TiM e2)2C6H4 (4.25) 48 84,400 138,700 1.64

/K C H 2PCy2NCp*TiM e2)2C6H4 (4.26) 34 d d d

p-(CH2PtBu2NCpTiMe2)2C6H4 (4.27) 20 17,600 38,100 2.16

p-(CH2PCy2NCpTiM e2)2C6H4 (4.28) 6 270,600 536,500 1.98

ZrCp2Cl2 200 14,000 35,600 2.54

ZrCp2Me2 470 18,500 55,800 3.02

a) MAO activation, Ti/Zr:Al ratio 1:500, PhMe solvent, 25°C, 1 atm C2, 350 pM precatalyst, 30 min, M„ 

and Mw in g mol'1, Activity in units of g mmol-Ti*1h'1atm'1.

b) Average PDI reported.

c) Too little polymer to analyze.

d) Polymer would not dissolve in 1,2,4-trichlorobenzene.

In  order to determine the polymerization activities under more controlled 

polymerization conditions, the experiments were repeated in a Buchi reactor. The 

temperature was maintained at 30 ±2°C, and the polymerizations were conducted under 

more dilute concentrations (50 pmol L"1), and higher ethylene pressure (1.82 atm; vide 

infra). Even when the additional ethylene pressure is taken into consideration (Equation 

4.1), a ll polymerization activities are higher, probably a reflection o f the lower 

precatalyst concentrations. The same general trends occur as for the Schlenk-line 

experiments: namely that the Cp* complexes are more active than the corresponding Cp 

derivatives, and the f-butyl groups on the phosphorus atom generate more active species 

then the cyclohexyl versions (Table 4.6). These results compare w ell relative to
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(CH2PPh2N TiC p*C l2)2, which displays only moderate activity when activated w ith 

MAO.24 Perhaps the most interesting feature o f these systems became evident upon gel 

permeation chromatography (GPC) analysis o f the polymer products.

Table 4.6: Buchi reactor polymerization results.3

Precatalyst A ctiv ity” M n M w PDI°

TiCp*(NPtBu2Bn)Cl2 (4.13) 142 85,700 239,800 2.80

/KCH2PtBu2NCp*TiCl2)2C6H4 (4.17) 75 101,000 319,200 3.16

j?-(CH2PCy2N C p*T iC l2)2C6H4 (4.18) 14 d d d

/7-(CH2PtBu2NCpTiCl2)2C6H4 (4.19) 23 30,100 143,300 4.76

HCH2PCy2NCpTiCl2)2C6H4 (4-20) 13 568,800 1,104,000 1.94

TiCp* (NPtBu2Bn)Me2 (4.21) 276 197,100 628,400 3.19

Jp-(CH2PtBu2NCp*TiMe2)2C6H4 (4.25) 43 241,900 468,600 1.94

/K C H 2PCy2NCp*TiMe2)2C6H4 (4.26) 46 d d d

p - (  CH2PtBu2NCpTiMe2)2C6H4 (4.27) 23 19,500 195,200 10.01

p-(CH2PCy2NCpTiMe2)2C6H4 (4.28) 10 420,300 1,416,000 3.37

ZrCp2C l2 610 161,100 340,800 2.12

a) MAO activation, Ti/Zr:Al ratio 1:500, PhMe solvent, 30°C, 1.82 atm C2b, 50 pM precatalyst, 30 min, Mn 

and Mw in g mol'1.

b) Normally, the activity would be reported in units of g mmol-Ti'Wtm'1. Due to a clogged purification 

column, the steady-state pressure of ethylene was likely not 1,82 atm {vide infra), and these numbers are 

likely underestimated. These results, including the standard ZrCp2Cl2, were reproducible prior to 

maintenance of the column and therefore the relative activities are still valid.

c) Average PDI reported.

d) Polymer would not dissolve in 1,2,4-trichlorobenzene.

It is advantageous at this time to brie fly summarize the information that can be 

gleaned from GPC analysis o f polymer materials. A ll samples were prepared by 

obtaining a homogeneous fraction o f polymer. The sample is dissolved in 1,2,4- 

trichlorobenzene at high temperatures, filtered, and processed through the GPC
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instrument. As indicated in Table 4.5 and 4.6, some o f the polymer samples could not be 

handled by this method. During the chromatography, the larger polymer molecules elute 

first, since the smaller molecules take a longer period o f time to pass through the column. 

The elution times are compared to a standard graph that is generated using samples o f 

precise molecular weight. The ultimate result is a graph (Figure 4.7) that exhibits the 

logarithm o f the molecular weight vs. the change o f the polymer weight divided by the 

change o f the logarithm o f the molecular weight. Recall that the purpose o f this analysis 

is to determine several features o f the polymer distribution; in  particular, number 

molecular weight (M n in g m ol'1), weight averaged molecular weight (M w in g mol"1), and 

polydispersity index (PDI) (Equations 4.2.a-c). The PDI, a value which may not be lower 

than 1.00, is an indication o f how monodisperse the polymer sample is. Typically, 

single-site catalysts produce polymer materials that possess narrow polydispersities (ca. 

2),145 although often multimodal products are desired for their relative ease o f processing 

or distinct physical properties.

Mn: 31,400 
Mw: 38,500 
Mz: 46,100

Log(Molecular Weight)

Figure 4.7: D ifferential molecular weight distribution o f a monodisperse polymer sample.
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M n =  £  N /M j 

2 N ,

M w =  £ N ,M ,M ,-  

£  N ,M <

PDI = Mw

M n

Nj number o f molecules o f fraction i

M j mass o f molecules o f fraction i

Equation 4.2.a-c: Statistical equations for M n, M w (g m o l'1) and PDI.

Inspection o f the results from the GPC data indicated several features about this 

series o f catalyst systems (Table 4.5 and 4.6). The bim etallic precatalysts p- 

(CH2PCy2N TiCp'X 2)2C6H4 (4.18, 4.20, 4.26, 4.28) generated very high molecular weight 

polyethylene (M w = 500,000 -  1,100,000 g m ol'1) upon activation w ith  MAO. The PDI 

values are narrow (< 2) relative to the other bimetallic catalysts that have /-butyl groups

on the phosphorus atom. In several cases, the polymer could not be dissolved in the

mobile phase for analysis, which may indicate that the materials possess extremely high 

molecular weights. Given the relatively low polymerization activities relative to the 

other catalysts, this data is characteristic, since poor ethylene polymerization catalysts 

often give high molecular weight polymer. Whether this is the result o f a single catalytic 

titanium centre, or two centres that have been simultaneously activated remains unclear.

When the data from the B iichi reactor are compared to the data obtained from the 

Schlenk experiments, a ll o f the polymerization activities and the molecular weights are 

higher. A  number o f factors may account for this difference in activity: in  the BUchi 

reactor, the temperature and ethylene pressure was higher, and the catalyst concentration 

greatly reduced (from  350 to 50 prnol L '1). In  addition, it is important to note that the 

polymerization activities for TiCp*(NPlBu2Bn)X2, 100-200 g m m ol''h '1 atm '1, relative to 

ZrCp2X 2, 600-700 g m m ob'h^atm '1, (X  = C l, Me) seem respectable, however, it  is like ly 

that the zirconocene standards possess polymerization rates that are ethylene diffusion 

lim ited at these catalyst concentrations. A  flow  o f ethylene was noted for the 

zirconocene standards over the entire 30 minute period o f the experiment, however, no 

ethylene flow  was observed after a 5-10 minute period when the titanium  phosphinimide
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complexes were used. Therefore, in itia l polymerization rates for these catalysts are like ly 

much higher, although the reported activities reflect their overall effectiveness over an 

extended period o f time.

In several cases, large average PDI values o f 5-10 were observed. Simple visual 

inspection (Figure 4.8) o f the GPC trace confirms that the polymer has a bimodal 

molecular weight distribution when ̂ -(CH^B^NTiCpMea^CgFLi (4.27) was employed 

as a catalyst precursor. This is an interesting result, since in  some cases, it is highly 

desirable to produce materials that possess a bimodal molecular weight distribution. A  

variety o f methods have been reported by other research groups to achieve this 

result.159,287'301 Based on these results, it  appears that employing a bim etallic catalyst 

precursor could be a beneficial approach to producing these types o f polymer materials, 

since ideally, no additional engineering tasks such as the use o f tandem reactors, addition 

o f hydrogen or mechanical blending would be required.

Mn: 19,500 
Mw: 195,200 
Mz: 791 *>00 
Pd: lO.dl

dW / 09 1 
dLog(M\ /)

0.6

tBu2P''

4.27
0.3i

0 .0,
2.50 3.00 3,50 4.00 4.50 5.00

Log(Molecular Weight)
5.50 6.00 6.50 7,00r.oo

Figure 4.8: Bimodal distribution o f polymer generated from  M AO activation o f p- 

(CH2PtBu2NTiCpMe2)2C6H4 (4.27).

Not a ll o f the polymeric materials produced displayed such an obvious 

distribution o f molecular weights. When the plastic that was produced from the most 

active bim etallic complex o f the series, />-(CH2PtBu2N TiC p*C l2)2C6H4 (4.17), was 

assessed by GPC, a more subtle bimodal molecular weight distribution was observed 

(blue trace, Figure 4.9). Interestingly, the polymer derived from  the related monometallic
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derivative TiCp*(NPtBu2Bn)Cl2 (4.13) had a molecular weight distribution that appeared 

to be the same as one o f the polymer distributions that was produced from the bimetallic 

analogue (red trace, Figure 4.9). This seems remarkable and offers a possible explanation 

for the observation o f a bimodal distribution when the bim etallic catalysts are used. A  

straightforward explanation could be that one o f the titanium  sites on the bimetallic 

precatalyst is being activated in a sim ilar fashion to the titanium  centre o f the 

monometallic analogue. This appears to be responsible for the lower molecular weight 

fraction o f the polymer. The second titanium centre o f the bim etallic precursor would be 

activated under different conditions, namely before or after the other metal centre. I f  this 

theory is reasonable, it  would seem like ly the other titanium  centre would be activated 

after the centre responsible for the lower molecular weight fraction. By having additional 

polymer around the other titanium  centre, it  may serve as a significantly large ligand 

(Figure 4.10), thus permitting the active catalyst to facilitate the production o f higher 

molecular weight polymer. This rationale is based on the precedence that phosphinimide 

ligands tend to perform better on Group IV  olefin polymerization catalysts when a larger 

scaffold exists, presumably to protect the nitrogen atom from attack and subsequent 

catalyst deactivation by the Lewis acid activators.16,18,21,234
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d W  /  0.8 0 -

d L o g (M W )

4.00 4.50
Log(Molecular

*Bu /B u

4.17

Figure 4.9: A  comparison o f the polymer that was produced from  catalysts derived from 

p-(CH2PtBu2N TiC p*C l2)2C6H4 (4.17) and its monometallic derivative 

TiCp*(NPtBu2Bn)Cl2 (4.13).

p

P = polymer chain 
L = solvent, counterion

2+

Figure 4.10: Possible scenario o f the polymer functioning as a large ancillary ligand o f an 

active titanium  polymerization catalyst.

In  an unfortunate demonstration o f the sensitivity o f the catalyst to polymerization 

conditions, subsequent reproduction o f the polymerization experiments afforded different 

polymer products. The two factors that had been altered were the M AO source and the
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ethylene flow . The ethylene flow , previously dampened by a clogged gas purification 

column, was increased to maintain the operating conditions at a steady-state pressure o f 

1.82 atmospheres. When the monometallic analogues were subjected to the “ same”  

polymerization conditions, the result was a polymer that possessed a broader molecular 

weight distribution. These results were deemed reproducible under the altered conditions 

after several GPC analyses o f polymers generated from several identical polymerization 

experiments were conducted. O f interest from  this series o f polymerization testing 

results was the in itia l appearance o f a higher molecular weight fraction that accumulated 

over time (Figure 4.11). This behaviour is remarkably sim ilar to the pattern that is 

produced by the bim etallic analogues, and may suggest that the active catalyst undergoes 

some sort o f transformation through the course o f the polymerization. For example, 

Bochmann and co-workers have observed that the methylene protons o f 

(CH2PPh2N TiC p*C l2)2 are acidic enough to be activated by the titanium  centre.24 It is 

probable that the benzylic protons are subject to sim ilar pathways, even i f  by an 

intermolecular process. This process may account fo r the bimodal polymer distributions 

generated from the monometallic or bim etallic catalyst precursors.

dW /
dLog(MW)

1.20

10 minutes 

15 minutes 

20 minutes
0.90

0.60

4.13

0.30

0.00
2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00

Log(Molecular Weight)

Figure 4.11: M onitoring the molecular weight distribution over time o f the polymer 

produced by TiCp*(NPtBu2Bn)Cl2 (4.13) upon activation w ith MAO.
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The Buchi polymerization experiments for TiCp*(NPtBu2Bn)X2 (X  = Cl (4.13), 

Me (4.21)) were also monitored over time for relative activity (Table 4.7). It appears as 

although the activities are nearly the same whether the dimethyl or dichloride precursors 

are employed. This indicates that methyl-for-chloride exchange o f the dichloride 

precursor occurs rapidly w ith  MAO. In addition, as the polymerization progresses over 

time, the rate o f polymerization decelerates. Due to the amount o f polymer material that 

was recovered (in  excess o f 10 grams), it  is possible that the catalyst is not being 

sufficiently saturated w ith  ethylene, since when large polymer masses are produced in the 

Buchi reactor, a polymer film  can form, which precludes ethylene from  entering the 

solvent phase. The most probable explanation is that some o f the active polymerization 

species has decomposed.

One important observation is that the activity after 10 minutes is in  the same order 

o f magnitude o f the activity obtained using the industrially accepted standard, ZrCp2X 2 

(X  = Cl, Me). Consider that when TiCp(NPtBu3)C l2 is employed as a catalyst precursor, 

upon activation w ith  M AO, the resulting catalyst is extremely active and produces 

polymers w ith low  PDI values (< 2). ’ However, when one o f the t-butyl groups on the 

phosphorus atom is substituted w ith  a benzyl group, the catalyst formed upon activation 

w ith MAO is s till highly active, but instead produces polydisperse polymer materials. 

This result may be industrially significant, since the catalyst boasts respectable 

polymerization activities, while producing materials that are commercially relevant. This 

consequence also suggests that the role o f the benzyl substituent on the phosphorus atom 

is key to the m odification o f the active catalyst site.
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Table 4.7: M onitoring polymerization activity over time o f the catalysts produced from 

activation o f TiCp*(NPtBu2Bn)X2 (X  = Cl (4.13), Me (4.21)) by M AO .a

Precatalyst Time (min) Polymer Y ield (g) A ctiv ity

TiCp*(NPtBu2Bn)Cl2 (4.13) 10 10.335 1360

TiCp*(NPtBu2Bn)Cl2 (4.13) 15 12.157 1070

TiCp*(NPtBu2Bn)Cl2 (4.13) 20 14.360 950

TiCp* (NPtBu2Bn)Me2 (4.21) 10 10.803 1440

TiCp*(NPlBu2Bn)Me2 (4.21) 15 12.952 1140

TiCp*(NPlBu2Bn)Me2 (4.21) 20 15.575 1030

TiCp* (NPtBu2Bn)Me2 (4.21) 30 15.902 700

ZrCp2Cl2 10 13.880 1830

ZrCp2Me2 10 12.856 1695

a) MAO activation, Ti/Zr:Al ratio 1:500, PhMe solvent, 30°C, 1.82 atm C2, 50 |iM precatalyst, activity in 

units of g mmol'1 tCatm'1.

In  an attempt to observe how multiple metal centres in  a single catalyst precursor 

perform polymerization o f ethylene, varying equivalents o f [Ph3C][B(C 6F5)4] were added 

to the /?-(CH2PCy2NCp'TiM e2)2C6H4 (Cp' = Cp* (4.26), Cp (4.28)) precursors. The 

purpose o f this series o f experiments was to determine i f  one o f the titanium centres 

could be selectively activated, and the difference ( if  any) when both metal centres were 

activated. Polymerization experiments were conducted using one, two and four 

equivalents o f [Ph.3C ][B(C 6F5)4] as the catalyst activator, which was selected specifically 

for its ability to activate a single catalytic site via irreversible alkyl abstraction.

The polymerization activities and polymer properties are summarized in  Table 

4.8, and several key observations may be noted. One o f the most striking features is the 

dramatic difference in  activity between the Cp* (4.26) and Cp (4.28) precursors. The 

bulkier Cp* analogue is ca. four times as active as the Cp derivative when four 

equivalents o f [Ph3C][B(C 6F5)4] are used, and ca. 50 times higher when one equivalent is 

used. As the equivalents o f activator are increased from one to two, regardless o f the
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precatalyst employed, the polymerization activities also increase. Interestingly, a ll PDI 

values obtained upon analysis o f the polymer were less than 4 and the GPC curves were 

monodisperse, indicative o f predominantly single-site catalysis. This is in  direct contrast 

to the results obtained when MAO was used as an activator. It appears like ly that in 

order to obtain materials o f higher polydispersity, two things are required: that the 

phosphinimide ligand is derived from a phosphine w ith  two basic, bulky groups (e.g. t- 

butyl) and an “ activatable”  group (i.e. benzyl), and that M AO is employed as an 

activator. The M AO serves to m odify the in itia l active catalyst, and generate another 

polymerization-active species that produces higher molecular weight polymer.

Table 4.8: Buchi reactor polymerization results using [Ph3C ][B(C 6Fs)4] as a discrete 

activator.3

Precatalyst Eq.b A ctiv ity M „ M w PDI

/H C H 2PCy2NCp*TiM e2)2C6H4 (4.26) 1 568 213,600 566,400 2.65

/H C H 2PCy2NCp*TiM e2)2C6H4 (4-26) 2 805 126,300 382,300 3.03

/K C H 2PCy2NCp*TiM e2)2C6H4 (4.26) 4 470 252,200 718,000 2.85

^-(C H 2PCy2NCpTiMe2)2C6H4 (4.28) 1 10 50,300 206,700 4.11

/?-(CH2PCy2NCpTiMe2)2C6H4 (4.28) 2 87 628,900 1,270,000 2.02

/K C H 2PCy2NCpTiMe2)2C6H4 (4-28) 4 110 157,500 491,000 3.12

ZrCp2Me2c 2 1010 171,000 334,800 1.96

a) T'BAl scrubber, Ti:Al ratio 1:5, Activator = [Ph3C][B(CsF5)4], PhMe solvent, 30°C, 1.82 atm C2, 50 pM 

precatalyst, 10 min, Mn and Mw in g mol'1, activity in g mmol(precatalyst)'1 h'1 atm'1.

b) Number of equivalents of [Ph3C][B(C6F5)4].

c) Zr: A1 ratio 1:20.
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A  Conceptual Extension o f B im etallic Titanium Phosphinimide Complexes

The main shortcoming o f the bimetallic titanium  phosphinimide complexes 

described herein is the relatively low  polymerization activities relative to zirconocene 

standards when activated by MAO. Assessment o f a series o f active titanium  catalysts o f 

the general formula TiCp(NPR.3)C l2 indicate that the presence o f the tri-t-butyl 

phosphinimide ligand is crucial to obtain high catalytic performance when discrete 

activators such as [Ph3C][B(C6F5)4] are not employed.20,21 Although other options, 

including bulky /ra(amino)phosphinirnide titanium complexes, show great promise,xnl it 

seems logical to envision a different series o f bim etallic complexes that incorporate the 

NPlBu3 fragment to determine i f  MAO could be used as an activator to produce a highly 

active bimetallic catalyst system in the absence o f the “ activatable”  group tethered to the 

phosphorus atom (Figure 4.12).

Bu— R

Bu 'Bu

X = Cl, Me
Bu— P

Bu

Figure 4.12: The proposed extension o f bimetallic titanium phosphinimide complexes.

xm C. L. Beddie, unpublished results. This new class of precatalysts are also sensitive to the activation 

conditions, and show only moderate activity upon activation with MAO.
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For this reason, a new ligand that incorporated indenyl fragments was designed to 

tether two titanium  centres. Thus, ^-(CFLCgHv^CeHU (4.1) was prepared in high yield 

(86%) from the addition o f two equivalents o f lith ium  indenide to ^-(CF^Br^CeFh at 

ambient temperature. Detailed !H, 13C {1H } and 2D NM R studies indicated that the 

isomer depicted in Section 4.2.4 was the only product. Attempts to prepare the 

cyclopentadienyl version were not pursued, due to the insolubility o f the ligand in 

commonly employed organic solvents. Subsequently, /?-(CH2C9H6SiMe3)2CeH4 (4.2) 

was attained from  the addition o f nBuLi to the neutral bis(indenyl) ligand, which 

generated the d ilith io  salt ̂ -(CfLLiCgPL^CgFL at -35°C, followed by in situ addition o f 

Me3SiCl. Unfortunately, prolonged thermolysis o f /KCfUCeHgSiMes^CeFU (4.2) with 

Ti(NPlBu3)C l3 resulted in no apparent reaction. Efforts to produce the desired titanium 

product from  reaction o f ̂ -(CFLCgFL^CfifL (4.1) w ith Ti(NM e2)4, followed by addition 

o f HNPlBu3 are ongoing.

4.4 Summary

A series o f bim etallic titanium complexes o f the general formula p- 

(CH2PR2NTiCp,X 2)2C6H4 (Cp' = Cp, Cp*; R = lBu, Cy; X  = Cl, Me), and their 

monometallic counterparts, TiCp(NPR2Bn)X2, have been synthesized in generally good 

yields. A ll spectroscopic and crystallographic evidence indicate that the two families o f 

compounds are structurally quite similar. Upon activation w ith  M AO, the catalysts

produce polyethylene w ith  activities that range from essentially zero to being competitive
0 1w ith the common standard ZrCp2Cl2. Like related titanium  phosphinimide complexes, 

the polymerization activity increases upon addition o f steric bulk both on the 

phosphinimide ligand itself, and through variation o f the type o f cyclopentadienyl group.

Perhaps the most interesting result is the type o f polymer product that is being 

produced by this class o f precursor. The materials possess bimodal molecular weight 

distributions, in  addition to having high molecular weights in general, which may be o f
1 CO

commercial significance. Comparison o f the polymer products to those produced by 

the related catalyst precursors TiCp(NPlBu3)X 2 indicates that the presence o f the benzyl
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group plays a considerable role in the formation o f polydisperse polymer products. 

Studies that employ [Ph3C][B(C 6F5)4] as an activator also indicate that M AO plays a 

crucial role in  the generation o f the polydisperse materials. Efforts to extend the concept 

to highly active bim etallic catalysts upon activation by M AO include the design o f p- 

[CH2C9H7Ti(NPtBu3) ]2CeH4. Although it has not been successfully synthesized to date, it 

w ill like ly be a good candidate as a highly active catalyst and could ultimately be used to 

perform insightful polymerization experiments to determine the effect, i f  any, o f the 

second titanium centre.
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5 Zirconium Half-Sandwich Phosphinimide Complexes

5.1 Introduction

Titanium and zirconium have both been used extensively in  the production o f 

olefin polymerization catalysts.31,33,112,144 Recently, hafnium complexes have also 

demonstrated potential in  polymerizing olefins w ith high activites.324,325 Although active 

catalyst systems exist fo r a ll o f the Group IV  metals, it  is d ifficu lt to predict which metal 

w ill produce the most active catalyst for a particular ligand. There are numerous 

examples in  which the titanium  complexes act as better catalysts than their zirconium 

analogues, or vice versa.32,40 As a relatively recent example, M cConville and co-workers 

have employed a chelating diamide ligand to prepare complexes o f the form 

M [CH2(CH2N A r)2]X 2 (M  = T i, Zr; A r = (2,6-iPr2)C6H3, (2,6-Me2)C6H3; X  = Cl, Me;
9 1  f  9d .R

Figure 5 .1 ,1). ’ Although the titanium derivatives perform liv ing  polymerization o f

a-olefins upon activation w ith B(C6F5)3281 and produce extremely high activities when
9 1  f\MAO is used as activator, the zirconium analogues only act as moderate 

polymerization catalysts (Table 4.4).248 Conversely, when M [tBuNON]Me2 (M  = T i, Zr; 

[lBuNON] = (‘Bu-dtf-N-o-CeFL^hO; Figure 5.1, II) were activated by 

[NMe2HPh][B(C6F5)4], the titanium  derivatives were inactive for olefin polymerization, 

while the zirconium derivatives polymerized 1-hexene in a liv ing  manner.
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Figure 5.1: Group IV  olefin polymerization precatalysts that show different catalytic 

activities upon activation, depending on the metal centre.

In some cases, judicious ligand design can provide for active titanium and 

zirconium olefin polymerization catalysts. The M itsui Chemical Co. has divulged a 

series o f complexes o f the general formula M L 2CI2 (M  = T i, Zr; L  = salicylaldehyde 

derivative; Figure 5.1, III) that polymerize ethylene w ith extremely high turnover 

frequencies (> 20 000 m in '1 atm '1) upon activation w ith  M AO .140,145 In this example, 

there s till remains a difference between the activities o f the two metal centres; the 

zirconium derivatives are at least twice as active as their titanium  counterparts under 

sim ilar polymerization conditions.

It is clear that it  is challenging to predict which Group IV  metal is the best 

candidate for an individual ligand system to produce the most active olefin 

polymerization catalyst. Previously, our research group has demonstrated the ability o f 

titanium phosphinimide complexes to effect ethylene polymerization upon activation 

w ith an appropriate Lewis acid.7,8,21 In this chapter, the synthesis o f analogous zirconium 

phosphinimide complexes w ill be described and an investigation into their ability to 

polymerize ethylene w ill be detailed.
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5.2 Experimental

5.2.1 General Considerations

The synthetic protocol, and characterization o f the complexes or polymer products by 

multinuclear NM R spectroscopy, X-ray crystallography, GPC and microanalysis are 

analogous to those described in Section 2.2.1 and 3.2.1.

5.2.2 Solvents

A ll solvents, including deuterated solvents used for NM R experiments, were purified 

using the methods described in Sections 2.2.2 and 3.2.2.

5.2.3 Reagents

HNP‘Bu3, LiNPlBu3,275 ZrCp* (NPtBu3)C l2 and ZrCp*(NPtBu3)Me212 were prepared 

according to protocol established or modified in  the Stephan laboratories. The reagents 

'PrNCN'Pr, A l2Me6, MeMgBr, BnMgCl, PhMgBr, Me3SiCH2M gCl, C6F5MgBr, Me3SiCl 

and LiNM e2 were purchased from A ldrich Chemical Co., and *Bu3P, ZrCU, ZrCp2HCl, 

[ZrCpCl3]n and Zr(NEt2)4 were purchased from Strem Chemical Co.; all were used 

without further purification except for ‘PrNCN'Pr, which was dried over 3A molecular 

sieves and freeze/pump/thaw degassed (x 4) before use. B(C6Fs)3, [NMe2HPh] [B(C6F5)4] 

and [Ph3C ][B(C 6F5)4] were generously donated by N O VA Chemicals Corp., and were 

used as received.
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5.2.4 Inorganic and Organometallic Syntheses

Zr(NPlBu3)2(NEt2)2 (5.1): A  suspension o f HNPlBu3 (890 mg, 4.0 mmol) in  PhMe (20 

mL) was added dropwise to a clear solution o f Zr(NEt2)4 (777 mg, 2.0 mmol) in  the same 

solvent (50 mL). The clear mixture was heated at reflux for 12 h, after which time the 

volatile products were removed in vacuo. The product was purified by recrystallization 

in  pentanes/Et2 0  at -35°C to afford colourless crystals (1.24 g, 93%). 'H  NM R (500 

MHz, C6D6) 8 : 3.72 (q, 8 H, 3JH-h = 7 Hz, NCH 2CH3), 1.36 (d, 54H, 3JP.H = 12 Hz, 

C(CH3)3), 1.31 (t, 12H, 3JH-h = 7 Hz, NCH2CH3). 13C {'H } NM R  (75.5 MHz, C6D6) 8 :

44.7 (s, NCH 2CH3), 40.2 (d, ^ .c  = 48 Hz, C(CH3)3), 30.1 (s, C(CH3)3), 16.6 (s, 

NCH2CH3). 31P {1H } NM R (121.5 MHz, C6D6) 8 : 28.5 (s). Anal. Calc'd for 

C32H74N4P2Zr: C, 57.53; H, 11.16; N, 8.39. Found: C, 55.95; H, 10.78; N, 8.60. 

Colourless crystals suitable for X-ray diffraction were grown by slow evaporation from 

pentanes.

Zr(NPlBu3)3(NMe2) (5.2): Zr(NPlBu3)3Cl (5.7) (201 mg, 0.26 mmol) was dissolved in 

PhH (20 m L), and solid LiN M e2 (41 mg, 0.79 mmol) was added at RT. The slurry was 

stirred for 20 h at RT, after which time it was filtered through Celite. The solvent was 

removed in vacuo to afford a white solid (124 mg, 61%). ’H NM R (500 MHz, CeDe) 8 : 

3.53 (s, 6 H, N (CH 3)2), 1.45 (s, 81H, 3JP.H = 12 Hz, C(CH3)3). ^ C ^ H } NM R (75.5 MHz, 

C6D6) 8: 46.9 (s, N (CH 3)2), 40.2 (d, V c  = 48 Hz, C(CH3)3), 30.4 (s, C(CH3)3). 31P {1H} 

NMR (121.5 MHz, C6D6) 8 : 26.1 (s). Anal. Calc'd for C s s IW ftZ r : C, 58.20; H, 11.18; 

N, 7.14. Found: C, 55.75; H, 10.85; N, 7.07. Colourless crystals suitable for X-ray 

diffraction were grown by slow evaporation from  pentanes.

ZrCp(NPlBu3)C l2 (5.3): Solid LiNPlBu3 (160 mg, 0.72 mmol) was added in several 

portions over a 30 m in period to a slurry o f [ZrCpCLJn (180 mg, 0.72 mmol) in PhH ( 2 0  

mL). The slurry was stirred for 48 h at RT, after which time it was filtered through 

Celite. Gradual removal o f the solvent in vacuo afforded colourless crystals (260 mg, 

81%). *H N M R  (500 MHz, C6D6) 8 : 6.40 (s, 5H, C5H 5), 1.10 (d, 27H, 3JP.H = 12 Hz,
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C(CH3)3). ^ C ^ H } NM R (75.5 MHz, C6D6) 5: 113.8 (s, C 5H 5), 41.0 (d, lJP-c = 28 Hz, 

C(CH3)3), 29.8 (s, C(CH3)3). 31P {1H } NM R (121.5 MHz, C6D6) 8 : 40.7 (s). Anal. Calc'd 

for C i7H32Cl2NPZr: C, 46.04; H, 7.27; N, 3.16. Found: C, 46.21; H, 7.30; N, 3.16. 

Colourless crystals suitable for X-ray diffraction were grown by slow evaporation from 

PhH.

ZrCp*(NPtBu3)C l2 (5.4): This compound was prepared according to a literature method. 12 

Colourless crystals suitable for X-ray diffraction were grown from  PhMe at -30°C.

ZrCp(NPtBu3)2C l (5.5): Solid LiNP'Bua (210 mg, 0.94 mmol) was added in several 

portions over a 10 m in period to a slurry o f [ZrCpCl3]n (120 mg, 0.47 mmol) in  PhH (20 

mL). The mixture was stirred for 24 h at RT, after which time it was filtered through 

Celite. Gradual removal o f the solvent in vacuo afforded colourless crystals (250 mg, 

8 6 %). lR  NM R  (500 MHz, C6D6) 6 : 6.57 (s, 5H, C5H 5), 1.27 (d, 54H, 3JP.H = 5 Hz, 

C(CH3)3). ^ C ^ H } NM R (75.5 MHz, C6D6) 8 : 110.6 (s, C 5H 5), 40.6 (d, % .c = 48 Hz, 

C(CH3)3), 29.9 (s, C(CH3)3). 31P {1H } NM R (121.5 MHz, C6D6) 8 : 31.5 (s). Anal. Calc'd 

for C29H 59ClN 2P2Zr: C, 55.78; H, 9.52; N, 4.49. Found: C, 55.65; H, 9.80; N, 4.52. EA 

for the H20  adduct (5.5 H 20 ): Anal. Calc'd for C29H6iC lN 2OP2Zr: C, 54.22; H, 9.57; N, 

4.36. Found: C, 54.24; H, 9.86; N , 4.38. Colourless crystals suitable for X-ray 

diffraction were grown by slow evaporation from PhH, and co-crystallized w ith the H20  

adduct. A ll attempts to deliberately prepare the H20  adduct were unsuccessful.

ZrCp2(NPlBu3)C l (5.6): ZrCp2HCl (320 mg, 1.2 mmol) was slurried in  PhH (35 mL), and 

a suspension o f HNPlBu3 (270 mg, 1.2 mmol) in the same solvent (5 mL) was added 

dropwise at RT. The slurry was stirred for 12 h, after which time the solvent was 

gradually removed in vacuo, affording colourless crystals (520 mg, 92%). *H NM R (500 

MHz, C6D6) 8 : 6.19 (s, 10H, C5H 5), 1.16 (d, 27H, 3JP.H = 13 Hz, C(CH3)3). 13C {1H } 

NMR (75.5 MHz, C6D6) 8 : 112.5 (s, C5H5), 40.8 (d, lh-c  = 47 Hz, C(CH3)3), 29.9 (s, 

C(CH3)3). 31P {!H } NM R (121.5 MHz, C6D6) 8 : 36.4 (s). Anal. Calc'd for

C22H37ClNPZr: C, 55.84; H, 7.88; N, 2.96. Found: C, 54.58; H, 8.03; N, 2.92.
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Colourless crystals suitable for X-ray diffraction were grown by slow evaporation from 

PhH.

Zr(NPlBu3)2Cl2 (5.7): MesSiCl (0.18 mL, 1.45 mmol) was added to a solution o f 

Zr(NPlBu3)2(NEt2)2 (464 mg, 0.69 mmol) in PhH (40 mL). The clear solution was stirred 

at RT for 20 h, after which time the volatile products were removed in vacuo. The solid 

was washed w ith  pentanes (3 x 10 mL) and dried to afford a white solid (332 mg, 81%). 

*H NMR (500 MHz, C6D6) 6 : 1.29 (d, 54H, 3JP.H = 13 Hz, C(CH3)3). 13C {!H } NM R 

(75.5 MHz, C6D6) 5: 40.5 (d, xh-c = 47 Hz, C(CH3)3), 29.7 (s, C(CH3)3). 31P {lH } NMR 

(121.5 MHz, C6D 6) 5: 35.6 (s). Anal. Calc'd for C24H54Cl2N2P2Zr: C, 48.46; H, 9.15; N, 

4.71. Found: C, 48.02; H, 9.51; N, 4.62.

Zr(NPtBu3)3Cl (5.8): An improved synthesis for this previously reported compound203 is 

described. Solid ZrC ft (183 mg, 0.79 mmol) was dissolved in THF (15 mL) at -35°C, 

and a clear solution o f LiNPlBu3 (527 mg, 2.36 mmol) in  the same solvent (10 mL) was 

added dropwise over a 10 m in period. The solution was warmed to RT and stirred for 12 

h during which time the yellow  colour disappeared. The solvent was removed in vacuo, 

and the product was extracted w ith PhH (2 x1 5  mL). Following filtra tion  through Celite, 

the solvent was removed in vacuo, affording a white solid. Analytically pure product was 

obtained by recrystallizing the crude mixture from PhMe/pentanes at -35°C to ultimately 

afford colourless crystals (238 mg, 39%). The spectroscopic data agreed w ith literature 

values. *H NM R  (500 MHz, C6D6) 8 : 1.42 (d, 81H, 3JP.H = 12 Hz, C(CH3)3). 13C {!H } 

NM R (75.5 MHz, C6D6) 5: 40.0 (d, lh-c = 48 Hz, C(CH3)3), 29.8 (s, C(CH3)3). 31P {1H} 

NM R (121.5 M Hz, C6D6) 5: 29.2 (s).

ZrCp(NPlBu3)Me2 (5.9): A  3.0 M  solution o f MeMgBr in Et2 0  (1.2 mL, 3.6 mmol) was 

added dropwise at RT to a slurry o f ZrCp(NPtBu3)C l2 (5.3) (320 mg, 0.72 mmol) in  the 

same solvent (30 mL). The mixture was stirred for 15 h, after which time the solvent was 

removed in vacuo. The product was extracted w ith  hexanes (3 x 20 m L,) and the extracts 

were filtered through Celite. Removal o f the solvent afforded a white solid (210 mg, 

72%). *H NM R (500 MHz, C6D6) 8 : 6.26 (s, 5H, C5H 5), 1.16 (d, 27H, 3JP.H = 13 Hz,
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C(CH3)3), 0.26 (s, 6 H, Zr-CH3). 13C {1H } NM R (75.5 MHz, C6D6) 6 : 109.7 (s, C5H5),

40.2 (d, V c  = 47 Hz, C(CH3)3), 29.5 (s, C(CH3)3), 28.1 (s, Zr-CH3). 31P {!H } NMR 

(121.5 MHz, C6D6) 8 : 33.4 (s). Anal. Calc'd for C i9H38NPZr: C, 56.67; H, 9.51; N, 3.48. 

Found: C, 55.70; H, 9.42; N, 3.22.

The synthetic methodology for the compounds 5.10-5.17 is analogous to the protocol 

described above using the appropriate Grignard reagent (MeMgBr (3.0 M  in Et2 0 ), 

BnMgCl (2.0 M  in  Et20 ), PhMgBr (3.0 M  in Et20 ), Me3SiCH2M gCl (1.0 M  in Et20 )) 

and zirconium chloride precursor, thus only the spectroscopic data is included.

ZrCp(NPtBu3)2Me (5.10): White solid (235 mg, 85%). !H NM R (500 MHz, C6D6) 5: 

6.41 (s, 5H, C5H 5), 1.27 (d, 54H, 3JP.H = 12 Hz, C(CH3)3), 0.33 (s, 3H, Zr-CH3). ^ C ^ H } 

NM R (75.5 MHz, C6D6) 5: 108.9 (s, C5H 5), 40.4 (d, V c  = 48 Hz, C(CH3)3), 30.0 (s, 

C(CH3)3), 29.5 (s, Zr-CH3). 31P {1H } NM R (121.5 MHz, C6D6) 8 : 28.5 (s). Anal. Calc'd 

for C30H62N 2P2Zr: C, 59.66; H, 10.35; N, 4.64. Found: C, 54.24; H, 9.86; N, 4.38.

ZrCp2(NPlBu3)Me (5.11): Colourless crystals (112 mg, 82%). *H NM R (500 MHz, 

C6D6) 8 : 5.97 (s, 10H, C5H 5), 1.13 (d, 27H, 3JP.H = 12 Hz, C(CH3)3), 0.39 (s, 3H, Zr- 

CH3). 13C {!H } NM R  (75.5 MHz, C6D6) 8: 109.5 (s, C5H 5), 40.5 (d, V c  = 28 Hz, 

C(CH3)3), 29.9 (s, C(CH3)3), 16.6 (s, Zr-CH3). 31P {!H } NM R (121.5 MHz, C6D6) 8 : 33.0 

(s). Calc'd fo r C23H 40NPZr: C, 61.01; H, 8.90; N, 3.09. Found: C, 58.36; H, 8.65; N, 

3.04.

ZrCp(NPlBu3)Bn2 (5.13): Light brown solid when washed w ith Et20  (133 mg, 80%). ]H 

NM R (500 MHz, C6D6) 8 : 7.22 (d, 4H, 3JH-h = 8 Hz, C6H 5 (o-H)), 7.03 (pseudo t, 4H, 

3JH-h = 8 Hz, C6H 5 (m-H)), 6.93 (t, 2H, 3JH-h = 8 Hz, C6H 5 (p-H)), 5.95 (s, 5H, C5H 5), 

2.48, 2.03 (ABq, 4H, 2JH-h = 10 H z, CH2C6H5), 1.09 (d, 27H, 3JP.H = 13 Hz, C(CH3)3). 

l3C {lU} NM R (75.5 MHz, C6D6) 8 : 149.9 (s, C6H 5 (ipso-C)), 130.0 (s, C6H 5 (o-C)),

126.3 (s, C6H 5 (m-C)), 120.7 (s, C6H 5 (p-C)), 111.7 (s, C 5H 5), 56.5 (s, CH2C6H5), 40.2 

(d, V c  = 45 Hz, C(CH3)3), 29.5 (s, C(CH3)3). 31P {!H } NM R (121.5 MHz, C6D6) 8:
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35.4 (s). Colourless crystals suitable for X-ray diffraction were grown by slow 

evaporation from  hexanes. Anal. Calc'd for C3iH 46NPZr: C, 67.10; H, 8.36; N, 2.52. 

Found: C, 65.74; H, 8.41; N, 2.29.

ZrCp*(NPtBu3)Bn2 (5.14): White solid when washed w ith hexanes (0.088 mg, 72%). *H 

NMR (500 MHz, C6D6) 5: 7.20 (d, 4H, 3JH-h = 7 Hz, C6H 5 (o-H)), 7.10 (pseudo t, 4H, 

3JH-h = 7 Hz, C6H 5 (m-H)), 6.89 (t, 2H, 3JH-h = 7 Hz, C6H 5 (p-H)), 2.29, 2.13 (ABq, 4H, 

2JH-h =  11 H z , CH2C6H5), 1.93 (s, 15H, C5(CH3)5), 1.10 (d, 27H, 3JP.H = 13 Hz, C(CH3)3). 

^ C ^ H } NM R (75.5 MHz, C6D6) 8: 151.2 (s, C6H5 (ipso-C)), 128.5 (s, C6H5 (o-C)),

127.2 (s, C6H5 (m-C)), 120.7 (s, C6H5 (p-C)), 118.2 (s, C5(CH3)5), 62.1 (s, CH2C6H5),

40.2 (d, % .c = 47 Hz, C(CH3)3), 29.6 (s, C(CH3)3), 11.7 (s, C5(CH3)5). 31P {‘H } NMR 

(121.5 MHz, C6D6) 8: 36.6 (s).

ZrCp(NPlBu3)2Bn (5.15): Colourless crystals (156 mg, 89%). 'H  NM R (500 MHz, C6D6) 

8: 7.38 (d, 2H, 3JH-h = 7Hz, C6H 5 (o-H)), 7.33 (pseudo t, 2H, 3JH-h = 7 Hz, C6H 5 (m-H)), 

6.93 (t, 1H, 3JH-h = 7 Hz, C6H 5 (p-H)), 6.30 (s, 5H, C5H 5), 2.69 (s, 2H, CH2C6H5), 1.27 

(d, 54H, 3Jp-H = 12 Hz, C(CH3)3). 13C {1H } NM R (75.5 MHz, C6D6) 8: 155.5 (s, C6H5 

(ipso-C )), 126.2 (s, C6H 5 (o -C )), 124.3 (s, C6H 5 (m-C)), 119.0 (s, C6H5 (p-C)), 110.2 (s, 

C5H5), 47.1 (s, CH2C6H 5), 40.4 (d, V c  = 47 Hz, C(CH3)3), 30.0 (s, C(CH3)3). 31P {1H } 

NM R (121.5 MHz, C6D6) 8: 29.7 (s). Calc'd for C36H66N2P2Zr: C, 63.58; H, 9.78; N, 

4.12. Found: C, 62.53; H, 9.86; N, 4.38. Colourless crystals suitable for X-ray 

diffraction were grown by slow evaporation from hexanes.

ZrCp(NPtBu3)[C H 2Si(CH3)3]2 (5.16): White solid (232 mg, 77%). *H NM R (500 MHz, 

C6D6) 8: 6.35 (s, 5H, C5H 5), 1.15 (d, 27H, 3JP.H = 13 Hz, C(CH3)3), 0.34 (s, 18H, 

Si(CH3)3), 0.47, 0.07 (ABq, 4H, 2JH-h = 11 H z, CH2Si(CH3)3). 13C {JH } NMR (75.5 

MHz, C6D6) 8: 109.5 (s, C5H5), 42.5 (s, CH2Si(CH3)3), 40.4 (d, V c  = 47 Hz, C(CH3)3), 

29.6 (s, C(CH3)3), 4.3 (s, Si(CH3)3). 31P {‘H } NM R (121.5 MHz, C6D6) 8: 34.0 (s).

ZrCp(NPlBu3)Ph2 (5.17): Light brown, crystalline solid (202 mg, 84%). 'H  NM R (500 

MHz, C6D6) 8: 7.95 (d, 4H, 3JH-h = 7 Hz, C6H 5 (o-H)), 7.31 (pseudo t, 4H, 3JH-h = 7 Hz,
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C6H 5 (m-H)), 7.21 (t, 2H, 3J H - h  = 7 Hz C6H 5 (p-H)), 6.38 (s, 5H, C5H 5), 1.06 (d, 27H, 3JP. 

H — 6 Hz, C(CH3)3). 13C {!H } NM R (75.5 MHz, C6D6) 5: 183.9 (s, C6H5 (ipso-C)), 136.7 

(s, C6H5 (o-C )), 126.9 (s, C6H 5 (m-C)), 126.7 (s, C6H 5 (p-C)), 111.5 (s, C5H 5), 40.2 (d, 

V c  = 46 Hz, C(CH3)3), 23.0 (s, C(CH3)3). 31P {1H } NM R (121.5 MHz, C6D6) 8: 35.4 

(s).

ZrCp(NPlBu3)(C 6F5)2 (5.18) Method 1: A  0.5 M  solution o f CeFsMgBr in  Et30  (5.6 mL, 

2.8 mmol) was added dropwise at RT to a slurry o f ZrCp(NP*Bu3)C l2 (250 mg, 0.56 

mmol) in the same solvent (80 mL). The slurry was stirred for 15 h, after which time the 

solvent was removed in vacuo. The product was extracted w ith  PhH (3 x 20mL) and the 

extracts were filtered through Celite. Following removal o f the solvent, the brown 

residue was washed w ith  hexanes ( 3 x 5  mL), filtered and dried in vacuo to afford a pale 

grey solid (320 mg, 81%). Method 2: Solid ZrCp(NPlBu3)Me2 (36 mg, 0.089 mmol) and 

B(CgF5)3 (46 mg, 0.089 mmol) were combined in a dry vial. Addition o f PhH (2 mL) 

resulted in  a foggy suspension that grew clear w ith in  1 min. A fter stirring at RT for 30 

min, the volatile products were removed in vacuo, and the residue was washed w ith 

hexanes ( 3 x 2  mL) before drying to afford a white solid (56 mg, 89%). 'H  NM R (500 

MHz, C6D6) 8: 6.41 (s, 5H, C5H 5), 0.94 (d, 27H, 3JP.H = 6 Hz, C(CH3)3). 13C {*H } NMR 

(75.5 MHz, C6D6) 8: 148.0 (dd, 'J c -f = 220 Hz, 2JC-f = 30 Hz, C6F5 (o-C)), 140.6 (dd, lJC- 

F = 240 Hz, 2Jc.f  = 15 Hz, C6F5 (p-C)), 140.1 (s, C6F5 (ipso-C)), 136.8 (ddd, ‘ Jc-f = 260 

Hz, 2JC-f = 30 Hz, 2JC-f = 15 H z, C6F5 ( m - C)), 112.5 (s, C5H 5), 39.9 (d, V c  = 45 Hz, 

C(CH3)3), 28.9 (s, C(CH3)3). 19F {1H } NM R (282.34 MHz, C6D6) 8: -118.73 (m, 4F, 

C6F5 (o -F )), -154.46 (t, 2F, 3JF-f = 20 Hz, C6F5 (p-F)), -161.49 (m, 4F, C6F5 (m-F)). 

31P {1H } NM R  (121.5 MHz, C6D6) 8: 42.7 (s). In  Method 2, the borane side-products 

were identified spectroscopically, and the chemical shifts for BMe(C6F5)2 were sim ilar to 

literature data.167 BMe(C6F5)2: *H NM R (500 MHz, C6D6) 8: 1.25 (br s, 3H, B-CH3). 

"B ^ H } NM R (96.25 MHz, C6D6) 8: 76.8 (br). 19F {'H } NM R (282.34 MHz, C6D6) 8: - 

133.52 (d, 4F, 3JF-f =  20 Hz, C6F5 (o-F)), -165.58 (br, 2F, C6F5 (p-F)), -168.16 (br, 4F, 

C6F5 ( m - F)). BMe2(C6F5): l H  NM R (500 MHz, C6D6) 8: 0.77 (br s, 6H, B-CH3). 

11B {1H } NM R (96.25 MHz, C6D6) 8: 81.8 (br). 19F {!H } NM R (282.34 MHz, C6D6) 8: -
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131.54 (m, 2F, C6F5 (o-F)), -152.59 (t, IF , 3JF.F = 8 Hz, C6F5 (p-F)), -163.60 (m, 2F, 

C6F5 (w-F)).

5.2.5 Reactions with Borane Reagents

[ZrCp(NPtBu3)2][BnB(C 6F5)3] (5.19): Solid ZrCp(NPtBu3)2Bn (51 mg, 0.075 mmol) and 

B(C6F5)3 (38 mg, 0.075 mmol) were dissolved separately in  PhH (2 mL each) to give 

clear solutions. They were combined at RT, and a red insoluble o il separated 

immediately. The PhH layer was decanted off, and the o il was washed w ith PhH ( 3 x 1  

mL) before drying in vacuo. Y ield: 83 mg (93%). *H NM R (500 MHz, CD2C12) 6: 7.64 

(br, 2H, C6H 5 (m-H)), 7.45 (s, 1H, C6H 5 (p-H)), 7.17 (br, 2H, C6H 5 (o-H)), 6.81 (s, 5H, 

C5H 5), 3.42 (br, 2H, CH2C6H5), 1.69 (d, 54H, 3JP.H = 13 Hz, C(CH3)3). 13C {‘H } NMR 

(75.5 MHz, CD2C12) 5: 149.9 (s, C6F5, (ipso-C)), 149.3 (d(br), 'Jc-f = 240 Hz, C6F5 (o- 

C)), 138.5 (d(br), ' j c.F = 240 Hz, C6F5 (p-C)), 137.5 (d(br), 'Jc-f = 240 Hz, C6F5 (m-C)),

129.7 (s, C6H 5 (ipso-C)), 129.8 (s, C6H 5 (o-C)), 127.7 (s, C6H 5 (m-C)), 123.3 (s, C6H5 (p- 

C)), 112.4 (s, C 5 H 5 ), 71.2 (s, CH2C6H5), 40.9 (d, lh-c  = 36 Hz, C(CH3)3), 30.6 (s, 

C(CH3)3). “ B ^ H } NM R (96.25 MHz, CD2C12) 5: -16.6 (s). ^ F ^ H } NM R (282.34 

MHz, CD2C12) 5: -131.14 (d, 6F, 3JF.F = 20 Hz, C6F5 (o-F)), -165.02 (t, 3F, 3JF.F = 20 Hz, 

C6F5 (p-F)), -167.71 (t, 6F, 3JF.F = 20 Hz, C6F5 (m-F)). 31P {!H } NM R (121.5 MHz, 

CD2C12) 6: 37.9 (s).

[ZrCp(NPtBu3)(N iPrC(CH3)N iPr)][MeB(C6F5)3] (5.20): ZrCp(NPtBu3)Me2 (99 mg, 0.24 

mmol) and ‘PrNCN'Pr (40 pL, 0.24 mmol) were combined in PhH (5 mL) to give a 

colourless solution. A  clear solution o f B(C6F5)3 (126 mg, 0.24 mmol) in  the same 

solvent (5 m L) was added at RT, and a bright yellow  o il emerged immediately. After 

stirring for 5 min, the solution was pipetted off, and the o il was washed w ith PhH ( 3 x 3  

mL) and pentanes ( 3 x 3  mL). Drying in vacuo resulted in  a bright yellow  solid (132 mg, 

53%). *H NM R (500 MHz, CD2C12) 5: 6.71 (s, 5H, C5H 5), 3.79 (sept, 2H, 3JH-h = 6 Hz, 

C(CH3)2H ), 2.19 (s, 3H, NC(CH3)N), 1.39 (d, 27H, 3JP.H = 7 Hz, C(CH3)3), 1.19 (d, 6H, 

3JH-h = 6 Hz, C(CH3)2H), 1.11 (d, 6H, 3JH-h = 6 Hz, C(CH3)2H), 0.52 (br s, 3H,
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H 3CB(C6F5)3). 13C {'H } NM R (75.5 MHz, CD2C12) 8: 170.7 (s, NC(CH3)N), 148.9 (dd, 

1J C-F = 235 Hz, 2JC-f = 10 Hz, C6F5 (o-C)), 138.1 (d(m), lJc.F = 240 Hz, C6F5 (p-C)),

136.9 (ddd, ‘Jc-f = 250 Hz, 2JC.F = 20 Hz, 3JC.F = 11 Hz, C6F5 (m-C)), 129.6 (br s, C6F5 

(ipso)), 115.6 (s, C5H5), 49.5 (s, CH(CH3)2), 40.8 (d, ^ .c  = 60 Hz, C(CH3)3), 29.7 (s, 

C(CH3)3), 26.2 (s, C(CH3)2H), 25.5 (s, C(CH3)2H), 13.7 (s, NC(CH3)N), 10.6 (br q, JB.C 

= 52 Hz, H3CB(C6F5)3). n B { lU} NM R (96.25 MHz, CD2C12) 5: -19.1 (s). ^ F ^ H } 

NMR (282.34 M Hz, CD2C12) 8: -133.27 (d, 6F, 3JF.F = 20 Hz, C6F5 (o-F)), -163.54 (t, 3F, 

3Jf .f = 20 Hz, C6F5 (p-F)), -168.03 (m, 6F, C6FS (m-F)). 31P {!H } NM R (121.5 MHz, 

CD2C12) 8: 46.5 (s). Anal. Calc'd for C44H 52BF15N 3PZr: C, 50.77; H, 5.04; N, 4.04. 

Found: C, 50.42; H, 5.19; N, 4.17.

[ZrCp*(NPtBu3)(N iPrC(CH3)N iPr)][MeB(C6F5)3] (5.21): ZrCp*(NPtBu3)Me2 (40 mg, 

0.085 mmol) and 'PrNCN'Pr (13 pL, 0.085 mmol) were combined in PhH (5 mL) to give 

a colourless solution. A  clear solution o f B(C6F5)3 (43 mg, 0.085 mmol) in  the same 

solvent (3 mL) was added at RT, and a bright yellow o il separated immediately. After 

stirring for 5 min, the solution was pipetted off, and the o il was washed w ith  PhH ( 3 x 3  

mL) and pentanes ( 3 x 3  mL). Drying in vacuo resulted in  a bright yellow  solid (72 mg, 

77%). *H NM R (500 MHz, CD2C12) 8: 3.74 (s, 2H, 3JH-h = 6 Hz, C(CH3)2H), 2.22 (s, 

3H, NC(CH3)N), 2.21 (s, 15H, C5(CH3)5), 1.37 (d, 27H, 3JP.H = 13 Hz, C(CH3)3), 1.23 (d, 

6H, 3JH-h = 6 Hz, C(CH3)2H), 1.15 (d, 6H, 3JH-h = 6 Hz, C(CH3)2H), 0.50 (br s, 3H, 

H 3CB(C6F5)3). ^ C ^ H } NM R (75.5 MHz, CD2C12) 8: 172.7 (s, NC(CH3)N), 148.9 (dd, 

^c -f = 235 Hz, 2JC-f = 11 H z , C6Fs (o-C )), 138.0 (d(m), 'Jc-f = 240 Hz, C6F5 (p-C)),

136.9 (ddd, 1JC-F = 245 Hz, 2JC-f = 22 Hz, 3JC-f = 12 Hz, C6F5 (m-C)), 128.9 (br s, C6F5 

(ipso)), 125.7 (s, C 5(CH3)5), 49.4 (s, CH(CH3)2), 40.7 (d, % .c = 45 Hz, C(CH3)3), 29.7 

(s, C(CH3)3), 25.7 (s, C(CH3)2H), 25.6 (s, C(CH3)2H), 14.6 (s, NC(CH3)N), 12.8 (s, 

C5(CH3)5), 10.5 (br q, JB.C = 50 Hz, H3CB(C6F5)3). UB {*H } NM R (96.25 MHz, CD2C12) 

8: -19.1 (s). l 9 ¥ { l H }  NM R (282.34 MHz, CD2C12) 8: -133.40 (d, 6F, 3JF-f =  20 Hz, C6F5 

(o-F)), -165.64 (t, 3F, 3JF.F = 20 Hz, C6F5 (p-F)), -168.17 (m, 6F, C6F5 (m-F)). 31P {‘H } 

NMR (121.5 MHz, CD2C12) 8: 47.2 (s). Anal. Calc'd for C49H 62BF15N 3PZr: C, 52.97; H, 

5.62; N, 3.78. Found: C, 52.69; H, 5.82; N, 3.79.
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[ZrCp(NPtBu3)M e(THF)][M eB(C 6F5)3] (5.22): ZrCp(NPtBu3)Me2 (24 mg, 0.060 mmol) 

and B(C6Fs)3 (31 mg, 0.060 mmol) were dissolved in  1 mL (each) o f CH2CI2 to give 

clear, colourless solutions. THF (50 mL, 0.60 mmol) was added at RT to the solution 

containing the Zr precursor, followed immediately by the solution o f B(C6Fs)3. The pale 

yellow mixture was stirred for 30 min, then the solvents were removed in vacuo. The 

residue was washed w ith  pentanes ( 2 x 2  mL), and dried in vacuo to afford a pale yellow 

solid. (46 mg, 78%) lH NM R (500 MHz, CD2C12) 8 : 6.51 (s, 5H, C5H 5), 4.02 (br, 4H, 

OCH2CH2), 2.05 (br, 4H, OCH2CH2), 1.45 (d, 27H, 3JP.H = 13 Hz, C(CH3)3), 0.50 (s, 3H, 

Zr-CH3), 0.49 (br s, 3H, H 3CB(C6F5)3). ^ H }  NM R (75.5 MHz, CD2C12) 5: 149.7 (br 

s, C6F5 (ipso)), 148.7 (d(br), ‘Jc-f = 240 Hz, C6F5 (o-C)), 138.8 (d(m), ‘Jc-f = 245 Hz, 

C6F5 (p-C)), 136.9 (d(m), 'Jc-f =  240 Hz, C6F5 (m-C)), 113.6 (s, C 5H5), 73.9 (s, 

OCH2CH2), 41.2 (d, V c  = 45 Hz, C(CH3)3), 30.3 (s, C(CH3)3), 29.0 (Zr-CH3), 26.1 (s, 

OCH2CH2), 12.5 (br q, JB-c = 20 Hz, H3CB(C6F5)3). NM R (96.25 MHz,

CD2CI2) 5: -20.8 (s). 19F{*H } NM R (282.34 MHz, CD2C12) 8 : -132.92 (d, 6 F, 3JF-f =  8 

Hz, C6F5 (o-F )), -163.98 (t, 3F, 3JF-f = 20 Hz, C6F5 (p-F)), -167.80 (m, 6 F, C6F 5 (m-F)). 

31P{*H} NM R (121.5 MHz, CD2C12) 8 : 46.6 (s).

[ZrCp(NPtBu3)Me(NMe2Ph)][B(C 6F5)4] (5.23): ZrCp(NPtBu3)Me2 (33 mg, 0.089 mmol) 

and [NMe2HPh][B(C 6Fs)4] ( 6 6  mg, 0.089 mmol) were dissolved in 0.5 mL (each) o f 

CD2CI2 to give clear, colourless solutions. The solution containing the Zr precursor was 

added to the solution o f borate at -35°C, and vigorous evolution o f gas was observed. 

The solution was transferred to an NM R tube immediately fo r analysis. The product 

formed quantitatively, as indicated by multinuclear NM R spectroscopy; due to rapid 

decomposition, this product was not isolated, and microanalysis could not be performed. 

*H NM R (500 MHz, CD2C12) 8 : 7.69 (pseudo t, 2H, 3JH-h = 8 Hz, C6H 5 (m-H)), 7.62 (t, 

1H, 3JH-h = 8 Hz, C6H 5 (p-H)), 7.48 (d, 2H, 3JH-h = 8 Hz, C6H 5 (o-H)), 5.87 (s, 5H, 

C5H 5), 3.20 (s, 3H, N -CH 3), 3.03 (s, 3H, N-CH3), 1.50 (d, 27H, 3JP.H = 13 Hz, C(CH3)3), 

0.62 (s, 3H, Zr-CH3). ^ C ^ H } NM R (75.5 MHz, CD2C12) 8 : 148.4 (d(br), ‘Jc-f = 240 

Hz, C6F5 (o-C )), 141.0 (s, C6F5, (ipso-C)), 138.4 (d(br), 'Jc-f = 249 Hz, C6F5 (p-C)),

136.5 (d(br), ^c -f = 244 Hz, C6F5 (m-C)), 133.2 (s, C 6H 5 (w-C)), 129.7 (s, C 6H 5 (p-C)),

129.2 (s, C 6H 5 (ipso-C)), 117.6 (s, C 6H 5 (o-C)), 113.3 (s, C 5 H 5 ), 51.0 (s, N - C H 3) ,  45.8 (s,
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N-CH3), 33.9 (s, Zr-CH3), 41.2 (d, lh-c  = 45 Hz, C(CH3)3), 29.6 (s, C(CH3)3). n B { lU} 

NM R (96.25 MHz, CD2C12) 6: -16.9 (s). l9¥ { lU} NM R (282.34 MHz, CD2C12) 6: - 

133.32 (d, 8F, 3JF.F = 8 Hz, C6F5 (o-F)), -163.93 (t, 4F, 3JF.F = 20 Hz, C6F5 (p-F)), - 

167.76 (pseudo t, 8F, 3JF.F = 20 Hz, C6F5 (m-F)). 31P {1H } NM R (121.5 MHz, CD2C12) 6:

47.2 (s).

[ZrCp*(NPtBu3)M e][B (C 6F5)4] (5.24): ZrCp*(NPlBu3)Me2 (40 mg, 0.085 mmol) and 

[Ph3C][B(C6Fs)4] (78 mg, 0.085 mmol) were dissolved in 2 mL (each) o f CH2C12 to give 

clear, colourless solutions. The solution containing the borate was added to the solution 

o f zirconium precursor at -35°C, and the solution was stirred for 30 min. The solvent 

was removed in vacuo, and the o ily  yellow residue was washed w ith  PhMe ( 3 x 3  mL) 

and dried exhaustively in vacuo to afford a sticky yellow  residue. lH NM R (500 MHz, 

CD2C12) 6: 1.95 (s, 15H, C5(CH3)5), 1.34 (d, 27H, 3JP.H = 13 Hz, C(CH3)3), 0.07 (br s, 

3H, Zr-CH3). 13C {!H } NM R (75.5 MHz, CD2C12) 6: 149.7 (br s, C6F5 (ipso)), 148.8 

(d(br), 1 JC-f = 240 Hz, C6F5 (o-C)), 140.4 (d(m), ^c -f = 245 Hz, C6F5 (p-C)), 136.9 

(d (m ),1 JC-f = 245 Hz, C6F5 (m-C)), 120.9 (s, C5(CH3)5), 40.9 (d, V c  = 46 Hz, C(CH3)3),

39.9 (s, Zr-CH3), 29.9 (s, C(CH3)3), 12.1 (s, C5(CH3)5). n B { lK} NM R (96.25 MHz, 

CD2C12) 6: -20.9 (s). ^ F ^ H } NM R (282.34 MHz, CD2C12) 6: -133.33 (br, 6F, C6F5 (o- 

F)), -164.02 (t, 3F, 3Jf .f  = 41 Hz, C6F5 (p-F)), -167.82 (m, 6F, C6F5 (m-F)). 31P {’H } 

NM R (121.5 MHz, CD2C12) 5: 43.8 (s).

5.2.6 Reactions with Aluminum Reagents

[ZrCpCl2]3CH (5.25): ZrCp(NPtBu3)C l2 (5.3) (90 mg, 0.20 mmol) was dissolved in PhH 

(10 mL), and A l2Me6 (40 pL, 2.0 mmol) was added at RT via syringe. A fter stirring for 

several hours, the solvent and excess A l2Me6 were removed in vacuo. The crude residue 

was dissolved in  CD2C12 for analysis without isolation o f the product; the product had 

formed quantitatively by NM R spectroscopy. The by-product A l2(NPlBu3)Me5 was also
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observed, and spectroscopic data were consistent w ith  previously determined values.xlv 

*H NM R (500 MHz, CD2C12) 5: 15.9 (s, 1H, Zr3CH), 6.31 (s, 15H, C5H 5). 13C {*H} 

NM R (75.5 MHz, CD2C12) 8: 336.1 (s, Zr3CH, DEPT 90-confirmed), 115.8 (s, C5H5).

5.2.7 X-Ray Experimental

X-ray structural solutions o f Zr(NPlBu3)2(NEt2)2 (5.1), Zr(NPtBu3)3(NMe2) (5.2), 

ZrCp(NPlBu3)C l2 (5.3), ZrCp*(NPtBu3)C l2 (5.4), ZrCp(NP4Bu3)Bn2 (5.13) and 

ZrCp(NP(Bu3)2Bn (5.15) were obtained using direct methods, while ZrCp2(NPlBu3)Cl 

(5.6) was solved using a Patterson map. In addition, a prelim inary solution was obtained 

for ZrCp(NPlBu3)2C l (5.5), although the data was too poor for a detailed discussion. The 

solution for structure 5.2 is disordered, therefore 18 o f the atoms were refined 

isotropically (3 /-butyl groups), while 34 o f the 46 atoms were refined anisotropically (6 

extra atoms due to disorder). Cell parameters, R, Rw and GoF values are located in  Table 

5.1, while detailed structural parameters have been included as an appendix on CD. No 

residual electron density remained in any o f the solutions that was o f any chemical 

significance. ORTEP drawings o f 5.2, 5.13 and 5.15 are depicted in Figures 5.2 and 5.6, 

while select bond distances and angles are provided in Tables 5.2, 5.3 and in  the text.

XIV J. E. Kickham, unpublished results.
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Table 5.1: Crystallographic parameters for Zr(NPtBu3)2(NEt2)2 (5.1), Zr(NPtBu3)3(NMe2)

(5.2), ZrCp(NPtBu3)Cl2 (5.3).

5.1 5.2 5.3

Molecular formula C32H72N4P2Zr C38H6oN4P3Zr Ci7H32Cl2NPZr

Formula weight 666.10 757.03 443.53

a(A) 17.79(2) 13.306(9) 10.252(2)

b(A) 17.80(2) 13.409(9) 14.886(3)

c(A) 25.81(3) 16.00(1) 28.717(6)

a (°) 90.00 79.10(1) 90.00

P(°) 90.00 73.21(1) 90.00

Y(°) 90.00 60.70(1) 90.00

Crystal system Orthorhombic Triclin ic Orthorhombic

Space group Pbca P-l Pbca

Volume (A 3) 8180(1) 2379(3) 4382(2)

DCaic (gem'3) 1.082 1.057 1.344

Z 8 2 8

Abs coeff, p, m m '1 0.370 0.357 0.816

9 range (°) 1.80-20.50 1.74-23.32 1.69-25.00

Reflections collected 23352 9774 17365

Data F02 > 3a(F02) 2081 5405 3152

Parameters 352 379 199

R(%) 0.1074 0.0722 0.0657

Rw(%) 0.2386 0.1864 0.1638

Goodness o f F it 0.982 1.187 1.167

The data was collected at 20°C w ith Mo K a radiation (X = 0.71069 A )

r  = i  I |F oI - | f c | 1 / 1  | f 0 | , r w = [2(1 F01 - 1 Fc | )2 / S iF o l2]0-5
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Table 5.1 (continued): Crystallographic parameters for ZrCp*(NPtBu3)Cl2 (5.4),

ZrCp(NPtBu3)2Cl (5.5),xv ZrCp2(NPtBu3)Cl (5.6).

5.4 5.5 5.6

Molecular formula C22H42Cl2NPZr C29H59ClN2P2Zr C22H37ClNPZr

Formula weight 513.66 624.42 473.19

a(A) 11.888(6) 17.492(1) 8.472(4)

b(A) 16.743(9) 14.6264(8) 14.295(7)

c(A) 13.508(7) 27.369(2) 19.506(9)

a(°) 90.00 90.00 90.00

P(°) 96.934(9) 90.10(1) 90.00

y (°) 90.00 90.00 90.00

Crystal system Monoclinic Monoclinic Orthorhombic

Space group P2i/n P2J/C P2!2 i2 i

Volume (A 3) 2669(2) 7002(7) 2362(2)

DCaic (gem'3) 1.278 1.165 1.330

Z 4 4 4

Abs coeff, p., m m '1 0.680 0.499 0.653

0 range (°) 1.95-23.24 1.16-23.26 2.09-23.20

Reflections collected 11059 29627 10186

Data F02 > 3a(F02) 3400 5934 2705

Parameters 244 616 235

R(%) 0.0249 0.1088 0.0493

Rw(%) 0.0694 0.2961 0.1288

Goodness o f F it 1.025 1.104 1.018

The data was collected at 20°C w ith  Mo K a  radiation (A, = 0.71069 A )

R = 2 | | f0| - | f c| I /  2 IF01, Rw = [S ( | Fo I - | f c |)2/E  1F012]° 5

xvOnly preliminary X-ray data were obtained.
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Table 5.1 (continued): Crystallographic parameters for ZrCp(NPlBu3)Bn2 (5.13),

ZrCpC^Bu&Bn (5.15).

5.13 5.15

Molecular formula C3iH 46NPZr C36H66N 2P2Zr

Formula weight 554.88 680.07

a(A) 11.35(6) 10.759(6)

b(A) 15.765(8) 19.55(1)

c(A) 16.780(9) 19.43(1)

a (°) 90.00 90.00

P(°) 90.00 103.55(1)

Y(°) 90.00 90.00

Crystal system Orthorhombic Monoclinic

Space group P2i2i2! P2i/c

Volume (A 3) 3004(3) 3974(4)

DCaic (gem'3) 1.227 1.137

Z 4 4

Abs coeff, p, m m '1 0.437 0.381

0 range (°) 2.17-23.19 2.16-23.37

Reflections collected 12830 16934

Data F02 > 3ct(F02) 4067 3645

Parameters 307 370

R(%) 0.0217 0.0339

Rw(%) 0.0560 0.0850

Goodness o f F it 1.031 0.872

The data was collected at 20°C w ith Mo K a radiation (A. = 0.71069 A ) 

R = 2 I IF01 -1 Fc I I / 2  | f 0 |,R w = [Z ( |F oI - I f c |)2/Z  IF012]° 5
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5.2.8 Polymerization Protocol

Purification o f reagents used in the polymerizations was sim ilar to that described in 

Section 3.2.9. The Schlenk flask and B iichi autoclave polymerizations were performed 

according to the procedure described in Section 4.2.10, w ith modifications detailed in the 

Tables in Section 5.3. Recorded exotherms upon activation w ith  [Ph3C][B(C 6F5)4] were 

significant enough that they could not be adequately controlled using the heating/cooling 

system (typical temperature spikes ca. 10-30°C). In  the few cases where the temperature 

increase necessitated the polymerization experiment to be halted, the modifications are 

noted in Table 5.6.

The masses o f reagents and polyethylene, in  addition to the raw GPC data, may be 

viewed in  Appendix D (on CD).

5.3 Results and Discussion

Previous attempts to synthesize Zr(NPlBu3)2Cl2 (5.7) from  reaction o f LiNP*Bu3 

w ith ZrC l4 in  benzene resulted in the isolation o f crystals o f Zr(NPtBu3)3Cl (5.8) from an 

otherwise intractable m ixture o f products.203 It is noteworthy that the related complex 

Zr(NPPh3)2Cl2(HNPPh3)2 was prepared directly from  ZrC l4-THF2 using [Cs(NPPh3)]4 in 

THF, although no yields are reported and there is no indication that it  was the sole 

product.327 Thus, an alternate route from the amide precursors Zr(NR2)4 (R = Me, Et) and 

Zr(NEt2)2Cl2 'THF2328 was envisioned to prepare the desired metal complex. 

Transamination is frequently successful to produce the appropriate ZrL2(NR2)2 

complex,256,280,329,330 however, inseparable products resulted upon reaction o f Zr(NR2)4 

(R = Me, Et) w ith  HNPlBu3 at ambient temperatures in aromatic or chlorinated solvents. 

X-ray quality crystals o f Zr(NPlBu3)3(NMe2) (5.2) (Table 5.2, Figure 5.2) and 

Zr(NPlBu3)3(OMe) were obtained in low  yield (< 5% each) from  the mixture where R = 

Me, therefore clean isolation in  sufficient quantity fo r spectroscopic characterization 

proved problematic. X-ray analysis o f a single crystal o f Zr(NPlBu3)3(OMe) only
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provided sufficient information to indicate its structure, however, the data were too poor 

for a detailed discussion. This by-product like ly  resulted from trace methanol originating 

from the synthesis o f the ligand precursor, although when the experiment was repeated 

w ith meticulously dried HNPlBu3, intractable mixtures s till resulted. Subsequently, 

Zr(NPtBu3)3(NMe2) (5.2), was prepared in the absence o f side-products via salt 

metathesis from  Zr(NPtBu3)3Cl (5.8) and LiNM e2 in  moderate yield (Figure 5.3). It is 

also worth mentioning that the synthesis o f Zr(NPlBu3)3Cl (5.8) was optimized by 

reacting three equivalents o f LiNPlBu3 w ith ZrCU in  THF rather than in toluene as was 

previously performed, and subject to work-up, provided exclusively the desired

product.

Figure 5.2: An ORTEP depiction o f

Zr(NPtBu3)3(NMe2) (5.2) (50% thermal ellipsoids). 

One o f the t-butyl groups is disordered, and both 

crystallographic positions are indicated.

Zr(NMe2)4
+

LiNMe2

2 H N P ^

3 L iN P ^

+

PhH
B

*Bu "

B u '”  y t *

A Zr.

A clean isolation o f product 
B mixtures

Figure 5.3: D ifferent routes for the synthesis o f Zr(NPlBu3)3(NMe2) (5.2).
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Table 5.2: Key bond distances and angles from X-ray analyses o f Zr(NPlBu3)2(NEt2)2 

(5.1) and Zr(NPtBu3)3(NMe2) (5.2).

Compound Z r-N A

(amide)

Z r-N A

(phosphinimide)

N-P A Zr-N-P °

Zr(NPtBu3)2(NEt2)2 2.04(2) 1.99(1) 1.54(2) 175.4(9)

(5.1) 2.08(2) 2.03(2) 1.60(1) 178(1)

Zr(NPtBu3)3(NMe2)

(5.2)

2.068(6) 2.005(6)

2.020(5)

2.022(6)

1.553(6)

1.552(5)

1.547(6)

171.1(4)

170.1(4)

176.2(4)

A  m ixture o f compounds was also obtained when Zr(NEt2)2Cl2-THF2 was reacted 

w ith HNPlBu3 in  aromatic solvents at ambient temperature. The synthesis o f 

Zr(NPtBu3)2(NEt2)2 (5.1) was achieved in good yield (93%), however, upon thermolysis 

o f Zr(NEt2)4 w ith  two equivalents o f HNPlBu3 in  toluene. X-ray quality crystals o f the 

pentanes-soluble product (ca. 1 g in 2 mL) were grown from pentanes at -35°C (Table

5.2), and in combination w ith ‘H NM R spectroscopy, confirmed that free diethylamine 

was not coordinated to the monomeric zirconium centre. Coordination o f volatile 

dialkylamines to the metal centre that have been liberated through the course o f the
a ? /  1 i ' l l

reaction has been observed in  related protonation experiments. ’ ' O f interest are 

the angles o f the ligands w ith  respect to the zirconium centre: both phosphinimide 

zirconium angles approach linearity (Table 5.2), and the two amide ligands are nearly 

planar (Zr-N-C: 120(1)°, 129(1)° and 130(2)°, 119(1)°).

The preparation o f Zr(NPlBu3)2Cl2 (5.7) was subsequently achieved by reaction o f 

the fe(am ide) precursor Zr(NPtBu3)2(NEt2)2 (5.1) w ith an excess o f Me3SiCl through 

exclusive cleavage o f the amide ligands. Further, the synthesis o f Zr(NPlBu3)2Me2 (5.12) 

was attempted using a number o f methods. In an analogous fashion to a route that 

Gibson and co-workers successfully employed,256 Zr(NP*Bu3)2(NEt2)2 (5.1) was treated 

w ith five equivalents o f TM A for 30 minutes under m ild conditions. Following the 

appropriate workup, the result was the isolation o f the previously characterized complex
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A l2(NPlBu3)Me5 (Figure 5.4).XV1 Traditional routes involving addition o f methyl lithium  

or methyl Grignard reagent to the dichloride metal precursor were also unsuccessful.

*Bu
lBu (Bu JBu

'Bu \

' B u ' X  N\  /  2 Al2Me6 H,C / ' A  .
/ Zr\   ►

'Bu.

c h 3
/  \   ►  ‘Af 'A l^

/  NEt  ̂ H3C ^  \ /  ^ C H

H3

*Bu A
Bu

quantitative by !H NMR spectroscopy

Figure 5.4: Cleavage o f the phosphinimide bond from zirconium by TM A.

As a complement to ZrCp*(NPlBu3)C l2 and the ensuing alkyl and aryl derivatives 

that were prepared by Dr. Fred Guerin and Ms. Nancy Yue, ZrCp(NPtBu3)C l2 (5.3) was 

analogously synthesized from reaction o f one equivalent o f LiNPlBu3 w ith [ZrCpCl3]n.12 

When two equivalents o f the lithium  salt were employed, isolation o f ZrCp(NPlBu3)2Cl 

(5.5) was also feasible. In addition, ZrCp2(NPtBu3)C l (5.6) was accessible by the 

reaction o f Schwartz's reagent, ZrCp2HCl, w ith HNPlBu3. A ll o f the chloride Cp 

zirconium derivatives (Figure 5.5) were characterized by X-ray crystallography (Table

5.3). In addition, a 1:1 ratio o f ZrCp(NPlBu3)2Cl (5.5) and its water adduct 

ZrCp(NPtBu3)2Cl-H20  (5.5-H20 )  co-crystallized, although no evidence o f the two 

distinct products was observed by NM R spectroscopy. These results are somewhat 

dubious however, since the X-ray data is poor. Elemental (CHN) analysis successfully 

differentiated between 5.5, and the sample contaminated by the water adduct. A ll 

attempts to deliberately prepare the water adduct by addition o f stoichiometric amounts 

o f water were unsuccessful. The source o f water ( if  it was indeed present) like ly 

originated from the solvent o f crystallization, hence the reason a ll solvents "dried" on

XV1J. E. Kickham, unpublished results.

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Grubbs'-type purification columns235 were further distilled (from  this point on) from the 

appropriate drying reagent.

81%

‘Bu

'Bu

5.5
86%‘Bu

‘Bu

‘Bu

5.6
92%

Figure 5.5: Synthesis o f assorted zirconium phosphinimide chloride derivatives.
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Table 5.3: Key bond distances and angles from X-ray analyses o f various zirconium 

phosphinimide chloride complexes.

Compound Zr-C l A Z r-N A N-P A Zr-NP °

ZrCp(NPtBu3)C l2 (5.3) 2.418(2)

2.410(2)

1.902(5) 1.588(5) 174.8(4)

ZrCp*(NPtBu3)C l2 (5.4) 2.442(1)

2.431(1)

1.923(2) 1.593(2) 163.5(1)

ZrCp*(NP'Pr3)C l2a 2.581(2)

2.559(3)

1.926(7) 1.569(7) 175.2(4)

ZrCp * Cp(NPtBu3)C la 2.5070(8) 1.976(2) 1.565(2) 161.2(2)

ZrCp2(NPtBu3)C l (5.6) 2.511(3) 1.978(5) 1.583(5) 171.9(3)

Zr(NPtBu3)3Cl (5.8)b 2.460(1) 1.989(2)

1.988(3)

1.993(2)

1.558(3)

1.560(3)

1.556(2)

167.7(2)

164.2(2)

164.8(2)

a) Yue, N. L. S.; Hollink, E.; Guerin, F.; Stephan, D. W. Organometallics 2001,2 0 ,4424-4433.

b) Guerin, F.; Stewart, J. C.; Beddie, C.; Stephan, D. W. Organometallics 2000 ,19, 2994-3000.

Derivatization o f the chloride precursors using an excess o f the appropriate 

Grignard reagent resulted in an archive o f alkyl and aryl derivatives. The methyl- 

containing products ZrCp(NPlBu3)Me2 (5.9), ZrCp(NPlBu3)2Me (5.10) and 

ZrCp2(NPtBu3)Me (5.11) were prepared for the purposes o f olefin polymerization and 

stoichiometric reactions w ith  Lewis acids. A ll formulations were supported by 

spectroscopic data, although microanalyses o f the alkyl derivatives were plagued by low 

carbon values from  side reactions that occur during the combustion process -  probably 

due to formation o f zirconium carbides.334,335 Additional a lkyl and phenyl derivatives 

that were prepared in this fashion include ZrCp(NPlBu3)R2 (R = Bn (5.13), CELSiMes 

(5.16), Ph (5.17)), ZrCp*(NPtBu3)Bn2 (5.14) and ZrCp(NP‘Bu3)2Bn (5.15). 

Spectroscopic characterization o f the aforementioned compounds was performed, and the 

data supports the formulations in  all cases. O f interest is that the diastereotopic
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methylene protons in  the half-sandwich complexes ZrCp(NPlBu3)Bn2 (5.13), 

ZrCp*(NPlBu3)Bn2 (5.14) and ZrCp(NPlBu3)(CH2SiMe3)2 (5.16) exhibited an AB quartet 

in  the *H NM R spectra, w ith  2J values o f 10-11 Hz. In addition, ZrCp(NPlBu3)Bn2 (5.13) 

and ZrCp(NP*Bu3)2Bn (5.15) were further characterized by X-ray methods (Figure 5.6).

Zrl
N1N2

Zrl
N1

(5.13) (5.15)

Figure 5.6: ORTEP drawings o f ZrCp(NPlBu3)Bn2 (5.13) and ZrCp(NPlBu3)2Bn (5.15) 

(50% thermal ellipsoids).

In the X-ray structure o f ZrCp(NPtBu3)Bn2 (5.13), one o f the benzyl ligands is 

coordinated in  an r\ fashion; this bonding mode has been observed in  a number o f related 

compounds such as Zr(0-2,6-tBu2C6H3)Bn3,336 Zr[C 5H4(RMe2CH2Ph)]Bn3, (R = C,337 

Si338), Zr(p-tBuCH2Ph)4339 and HfCp*Bn3.340 The Z r -C ^  bond distance o f 2.779(3) A, 

and Zv-C-Cipso angle o f 90.9(2)° fa ll w ith in the acceptable range for r|2-bound benzyl 

groups (Zr-Cjpso <2.90 A , Zr-C-C,p.vo <100°).341 In some instances, this may be duly 

interpreted as an electrophilic metal centre, although in other cases, factors such as 

solvent can play a role in  this interaction in  the solid state. An interesting comparison o f 

two different X-ray analyses o f Zr{CyNC[N(SiM e3)2]N C y}Bn3 was performed when the 

complex was crystallized from pentanes and toluene, respectively resulting in  the 

absence341 or presence342 o f an ^-coordinated benzyl group.

Additional evidence to support an electrophilic metal centre may be obtained 

from NM R spectroscopy. Rothwell and co-workers propose a significant upheld shift in 

the NM R spectrum for the ortho protons o f the benzyl groups (< 6.8 ppm; “ normal”  

region: 6.8-7.5 ppm), in  addition to an increase in  the ’Jch o f the methylene fragment

158

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(> 130 Hz).336 Since the chemical shifts o f the ortho protons from the benzyl groups for 

ZrCp(NPtBu3)Bn2 (5.13), ZrCp*(NPlBu3)Bn2 (5.14) and ZrCp(NPtBu3)2Bn (5.15) are 

7.22 ppm, 7.20 ppm and 7.38 ppm, respectively, and the 'Jch for the methylene group o f 

ZrCp(NPlBu3)Bn2 (5.13) is 120 Hz, we are not able to unequivocally state that the p2- 

coordinated benzyl group is a result o f an unusually electrophilic metal centre. Rather, it 

appears more like ly  this is a direct result o f crystal packing forces.341 In accordance w ith 

these observations, X-ray analysis o f ZrCp(NPtBu3)2Bn (5.15) revealed an q 1-coordinated 

benzyl ligand (Figure 5.6).

Thermolysis o f ZrCp(NPtBu3)Bn2 (5.13), ZrCp*(NPlBu3)Bn2 (5.14), 

ZrCp(NPlBu3)2Bn (5.15) and ZrCp(NPlBu3)(CH2SiMe3)2 (5.16) in  the presence o f 

pyridine to generate a transient alkylidene was attempted, although no reaction occurred, 

even upon heating to refluxing xylene temperatures for a week. This route has been used 

in several rare cases to produce a bridging343 or terminal344 zirconium carbene. In 

addition, thermolysis o f ZrCp(NPtBu3)Ph2 (5.17) in  the presence o f diphenylacetylene in 

an attempt to trap a benzyne intermediate also resulted in no reaction. Although a 

common pathway for the related zirconocene diphenyl derivatives,345'348 Ms. Nancy Yue 

and co-workers observed the same lack o f reactivity using ZrCp*(NPlBu3)Ph2 as a metal
349precursor.

Stoichiometric reactions o f Group IV  olefin polymerization precatalysts w ith 

Lewis acids such as B(C6Fs)3 or [Ph3C][B(C 6Fs)4] are commonly performed to generate a 

single active polymerization site. Reaction o f ZrCp(NP Bu3)Me2 (5.9) w ith B(C<5F5)3 at 

room temperature resulted in the immediate formation o f ZrCp(NPlBu3)(C 6F5)2 (5.18) as 

indicated by multinuclear NM R spectroscopy (Figure 5.7). Confirmation o f this product 

was achieved by an independent synthesis from  ZrCp(NPtBu3)C l2 (5.3) and the 

appropriate Grignard reagent, CgFsMgBr. Cleavage o f the boron-CeFs bond to afford 

polymerization-inactive Group IV  compounds has been observed in a variety o f cases 

such as Zr(TMS2Cp)2(C6F5)M e,167 Ti[C H 2(CH2N A r)2][C H 2B(C6F5)2]C 6F5 (A r = 2,6- 

R2C6H3, R = Me, 'Pr),205 [T i(q 5,q6-C5H4CMe2Ar)(C 6F5)M e][M eB(C6F5)3] (A r = 3,5- 

Me2C6H3),200 and the ketamide complex TiCp,(NCtBu2)[CH2B(C6F5)2]C6F5 (Cp' = Cp,
i r A

Cp*). Complete and instantaneous conversion to a bis{C ^s) Group IV  derivative is 

rare, but not unprecedented. Sim ilar reactivity has been observed from the reaction o f

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ti(NPlBu3)3Me w ith  one equivalent o f B(C6Fs)3, which generated Ti(NPtBu3)2(C6F5)2 in 

good yield.203

Figure 5.7: Formation o f ZrCp(NPtBu3)(C6F5)2 (5.18).

Successful isolation o f cationic zirconium phosphinimide complexes was attained

when the syntheses were performed in the presence o f a Lewis base, or when sufficient

steric bulk at the zirconium metal centre precluded ligand exchange reactions. When

ZrCp'(NPtBu3)Me2 (Cp' = Cp (5.9), C p*12) was treated w ith B(C6Fs)3 in  the presence o f

the carbodiimide 'PrNCN'Pr, migration o f a methyl group occurred to afford the four-

coordinate amidinate cations [ZrCp'(NPtBu3)(N'PrC(CH3)N ‘Pr)][M eB(C 6F5)3] (Cp1 = Cp

(5.20), Cp* (5.21)), which appear indefinitely stable under a nitrogen atmosphere (Figure

5.8). S im ilarly, reaction o f ZrCp(NPtBu3)Me2 (5.9) w ith  B(C6F5)3 in  the presence o f ten

equivalents o f tetrahydrofuran permitted the isolation o f

[ZrCp(NPtBu3)M e(THF)][M eB(C6F5)3] (5.22) (Figure 5.8). In a ll three cases, the methyl
1 1 ^ 1

group attached to the boron centre were clearly distinct in  the H and C{ H } NMR 

spectra, giving rise to broad proton signal at ~0.5 ppm, and a broad quartet in the 

13C {1H} NM R spectra at -10  ppm w ith ^ b-c values o f 50 Hz for 5.20 and 5.21 and 20 

Hz for 5.22. Increased steric protection at the zirconium centre, in  combination w ith a 

larger alkyl substituent, also facilitated generation o f the cation

[ZrCp(NPlBu3)2][BnB(C 6F5)3] (5.19) when ZrCp(NPlBu3)2Bn was treated w ith B(C6F5)3.

B(C6F5)3 + B(C6F5)2Me

+ B(C6F5)Me2

The methylene protons gave rise to a broadened signal in  the !H NM R  spectrum, and the 

sharp UB NM R signal at -16.6 ppm confirmed a tetracoordinate boron environment.351
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Figure 5.8: Synthesis o f isolable cationic zirconium phosphinimide complexes.

Alternatively, the use o f reagents that form ally abstract or protonate o ff a methide 

ligand, such as [Ph3C][B(CgF5)4] or [NMeaHPh] [B(C6F5 ) 4 ] , tend to generate cationic 

zirconium phosphinimide complexes that are unstable relative to products produced from 

the aforementioned routes. Only two such examples were prepared cleanly from reaction 

o f the appropriate metal precursor ZrCp'(NPtBu3)Me2 (Cp' = Cp (5.9), C p*12) w ith the 

Lewis acid salt at low  temperature (-35°C) to generate 

[ZrCp(NPtBu3)Me(NMe2Ph)] [B(C6F 5 ) 4 ] (5.23) (Figure 5.8) and
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[ZrCp*(NP*Bu3)M e][B (C 6F5)4] (5.24). Both complexes were stable long enough to 

characterize by NM R  spectroscopy, although they decomposed rapidly in  solution 

(w ithin 1-2 days) to an intractable mixture o f products.

In an effort to model the reactivity o f the metal complex w ith methylaluminoxane 

(MAO) before using it as an activator in ethylene polymerization 

experiments,9,12,13,16’18’233’234 ZrCp(NPtBu3)C l2 (5.3) was reacted w ith  trimethylaluminum 

(TM A). This appears to be a reasonable model based on the work o f Ziegler and co

workers, which suggests that TM A plays a role in the active/dormant olefin
07

polymerization catalyst equilibrium  process. When Ms. Nancy Yue treated 

ZrCp*(NPtBu3)C l2 (5.4) w ith TM A, numerous products were produced, two o f which
17were identified as Z r (IV ) cluster compounds. Based on the sim ilarities o f features in 

the NMR spectra, the trim er [ZrCpCysCH (5.25) is proposed to be the result o f the 

quantitative conversion o f ZrCp(NPtBu3)C l2 (5.3) when reacted w ith TM A (Figure 5.9). 

The 'H  NM R spectrum possesses a signal at 15.9 ppm, which correlates (HMQC) to a 

carbon signal o f 336.1 ppm. Performance o f a DEPT 90 experiment confirmed that the 

shift at 336.1 ppm in  the 13C {'H } NM R spectrum was due to a tertiary carbon atom. A  

trimer is proposed based on the integration o f the methine proton w ith  respect to the Cp 

protons, and is like ly  accommodated based on its relative size compared to Cp*, which 

produces zirconium clusters that possess four or five transition metal atoms.

Zr5C14 C16

5.25
C16

Zr4 Zr3( Zr4

Zrl
C14

C2Zr2 C13C12

Figure 5.9: ORTEP depictions o f the heavy atom cores (50% thermal ellipsoids) o f Zr IV  

cluster derivatives derived from the reaction o f ZrCp*(NPlBu3)C l2 (5.4) w ith TM A (a, 

b)12 compared w ith  the proposed product [ZrCpCysCH (5.25).
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Utility as Ethylene Polymerization Catalysts

The polymerization experiments and treatment o f the polymer samples were 

performed in a sim ilar manner described in  Section 4.3. Only the Buchi reactor was used 

to determine the relative polymerization activities, however, since the data obtained from 

these experiments is more reliable due better control o f variables such as temperature, stir 

rate and ethylene pressure. Preliminary screening using ZrCp'(NPlBu3)X 2 (Cp' = Cp, X  = 

Cl (5.3), Me (5.9); Cp' = Cp*, X  = Cl (5.4), Me12) and M AO as a solvent 

scrubber/activator resulted in  moderate polymerization activities (Table 5.4) relative to 

the zirconocene standards. For comparative purposes, the analogous titanium  precursors 

were also tested under identical conditions, and the polymerization results are reported 

w ith the values obtained using industrial zirconocene standards (Table 5.4). Modeling 

experiments w ith  TM A demonstrate that the zirconium phosphinimide complexes react 

immediately at ambient temperature, but the titanium versions do not react w ith TM A 

unless heated for prolonged periods o f time. Since the zirconium polymerization 

precursors react more rapidly w ith TM A, it appears like ly that catalyst deactivation 

occurs in  the presence o f MAO. This would preclude high polymerization activities for 

the 30 minute period in  which the polymerizations were conducted. In addition, this 

rationale could also account for why the zirconium precursors are much less active than 

their titanium  analogues under these conditions.
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Table 5.4: Comparison of the polymerization activities using MCp'(NPtBu3)X2 (M = Ti,

Zr; Cp' = Cp, Cp*; X = Cl, Me) as a precursor and activated by MAO.a

Precatalyst A ctiv ity M „ M w PDI

TiCp(NPtBu3)C l2 890 364,200 686,700 1.89

ZrCp(NPtBu3)C l2 (5.3) 100 3,450 234,300 67.91

TiCp*(NPtBu3)C l2 650 60,500 149,500 2.47

ZrCp * (NPtBu3)C l2 (5.4) 50 3,070b

783,900

5,930b

1,261,000

1.93b

1.61

TiCp(NPlBu3)Me2 735 465,900 812,000 1.74

ZrCp(NPtBu3)Me2 (5.9) 90 36,500 94,300 2.58

TiCp*(NPtBu3)Me2 550 93,800 203,700 2.17

ZrCp*(NPtBu3)Me2 60 5,260 172,400 32.78°

ZrCpCl3 10 9,480 313,600 33.08

ZrCp2Cl2 600 161,100 340,800 2.12

ZrCp2Me2 780 99,400 221,200 2.23

a) MAO activation, Ti/Zr:Al ratio 1:500, PhMe solvent, 30°C, 1.82 atm C2, 50 |iM precatalyst, 30 min, Mn 

and Mw in g mol'1, activity in g mmol'Vatm'1.

b) Two different polymer fractions of sufficient separation were observed from a single sample, thus the 

mathematical analysis was performed on each curve.

c) The majority of the polymer sample was lower molecular weight material; the PDI value is skewed due 

to the presence of a small fraction (< 10%) of high molecular weight polymer (Mz = 2,019,000 g mol'1).

The polymer produced in the ethylene polymerization screening o f 

ZrCp(NPtBu3)C l2 (5.3) and ZrCp*(NPlBu3)C l2 (5.4) using M AO as activator were 

examined by GPC to determine the molecular weight distributions. The polymer 

produced by the catalyst derived from ZrCp(NPlBu3)C l2 (5.3) had an extremely high PDI 

o f 67.91 which is indicative o f multiple active sites, and is consistent w ith  the proposed 

catalyst decomposition by MAO. The polymer produced using ZrCp*(NPlBu3)C l2 (5.4) 

as precatalyst had a sim ilar molecular weight distribution to the polymer produced from 

a blank experiment using ZrCpCT as the catalyst precursor under identical conditions.
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This suggests that a possible decomposition route may be abstraction o f the 

phosphinimide ligand from the zirconium centre. The polymer produced by 

ZrCp*(NPtBu3)C l2 (5.4) under these conditions had a distinct bimodal distribution; the 

lower molecular weight fraction has an M n value o f 3,070 g m o l'1 which is reminiscent o f 

the M n value o f 3,450 g m ol’1 obtained from the polymerization catalyst derived from 5.3. 

However, it  was accompanied by a higher molecular weight fraction w ith M n = 783,900 g 

m ol'1; this is like ly  indicative o f two distinct ethylene polymerization catalysts derived 

from a single zirconium precursor. It should also be noted that the polymerization 

activity resulting from  the use o f ZrCpCb as the catalyst precursor is significantly lower 

(ca. 10 times less active) then that obtained using ZrCp'(NPtBu3)C l2 (Cp' = Cp, Cp*), 

which indicates that the phosphinimide ligand does serve to increase the polymerization 

activity.

Conversely, when polymerizations were attempted using Zr(NP*Bu3)2X 2 (X  = 

NEt2 (5.1), Cl (5.6)) as a precatalyst and M AO as an activator, only moderate activities 

were attained (Table 5.5). In  addition, the polymerization activities and polymer 

properties were the same, w ith in experimental error, as the results obtained using the 

analogous titanium  derivative Ti(NPlBu3)2Cl2. Given these findings, in  combination w ith 

those observed in Section 3.3, it  appears as though Group IV  half-sandwich 

phosphinimide complexes are more valuable as olefin polymerization catalysts then those 

that possess two phosphinimide ancillary ligands.
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Table 5.5: Comparison o f the polymerization activities using M(NPtBu3)2X2 (M = Ti, Zr;

X = Cl, Me) as a precursor when activated by MAO.a

Precursor A ctiv ity M n M w PDI

Zr(NPtBu3)2(NEt2)2 (5.1) Trace b b b

Ti(NPtBu3)2Cl2 60 37,300 426,800 11.44

Zr(NPtBu3)2C l2 (5.6) 55 18,300 197,000 10.77

ZrCp2Cl2 1830 95,100 293,300 3.08

a) PhMe solvent, 30°C, 1.82 atm C2, 50 pM precatalyst, 10 min, MAO Ti/Zr:Al ratio 1:500, Mn and Mw in 

g mol'1, activity in g mmor1h"1atm'1.

b) Too little polymer to analyze.

In  an effort to achieve higher polymerization activities, the method o f activation 

was modified to incorporate 20 equivalents o f triwobutylalum inum (T 'B A l) as a solvent 

purification agent, and two equivalents o f B(C6F5)3 or [Ph3C][B(C6F5)4] as a co-catalyst. 

Often, substitution o f the co-catalyst effectively tempers the polymerization activities 

based on counterion effects or rates o f catalyst lifetimes, in  addition to modulating the 

properties o f the polymers that are produced.92 In addition, these experiments were 

performed for ten minute intervals, w ith one notable exception; by performing the 

polymerizations o f extremely active catalysts for shorter intervals o f time or under more 

dilute catalyst conditions, issues that arise from insufficient saturation o f the catalyst w ith 

monomer are minim ized.352 For example, the polymerization reactor may become so 

plugged w ith  polymer after 5-10 minutes that the ethylene flow  may decelerate or even 

be quenched, resulting in  an activity that is underestimated. For the purpose o f 

comparison, the titanium  analogues were also subjected to the same polymerization 

conditions.

When the metal precursors MCp'(NPtBu3)Me2 (M  = T i, Cp' = Cp8, Cp*21; M  = Zr 

Cp' = Cp (5.18), C p*12) and ZrCp(NPtBu3)Bn2 (5.13) were activated by B(C6F5)3, an 

increase in polymerization activity relative to activation by M AO was observed. As 

illustrated when M AO was used as an activator, the titanium derivatives were more active 

than their zirconium counterparts. Interestingly however, the polymerization activity
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decreased slightly upon addition o f steric bulk on the Cp substituent from 

ZrCp*(NPtBu3)Me2 to ZrCp(NPlBu3)Me2 (5.8), which contradicts the observations w ith 

the analogous titanium  derivatives (see Table 5.6).

In addition, when ZrCp(NPlBu3)Bn2 (5.13) was used as a catalyst precursor and 

activated by B(C6F5)3, the polymerization activity is double that o f the corresponding 

dimethyl complex ZrCp(NPlBu3)Me2 (5.8). This may be accounted for by two different 

explanations. Bochmann and co-workers have observed that the zirconium cation 

behaves differently w ith  the anion i f  a dimethyl vs. a dibenzyl metal precursor is 

employed (Figure 5.10).187 This in  turn, plays a crucial role in  the subsequent 

polymerization activities. Another possible explanation for the lower polymerization 

activity that arose using ZrCp(NPlBu3)Me2 (5.8) as a catalyst precursor w ith B(C6Fs)3 is 

the ease o f formation o f ZrCp(NPtBu3)(C6F5)2 (5.18) (vide supra). Unfortunately, efforts 

to cleanly isolate the zw itterion derived from the reaction o f ZrCp(NPlBu3)Bn2 (5.13) 

w ith B(CgF5)3 were unsuccessful, however, the absence o f evidence o f 

ZrCp(NPtBu3)(C6F5 ) 2  (5.18) by multinuclear NM R spectroscopy is a key observation that 

further suggests the reactivity o f the two alkyl precursors is not the same.

Figure 5.10: D iversity o f the anion-cation interaction upon m odification o f alkyl groups
I 07

that are a-bound to the zirconium centre.

©
PhCH2B(C6F5)3

•C... ©
"B(C6F5)3
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Table 5.6: Comparison o f the polymerization activities using MCp'(NPtBu3)Me2 (M  = Ti, 

Zr; Cp' = Cp, Cp*) as a precursor when activated w ith 2 equivalents o f B(C6F5)3 or 

[Ph3C][B(C6F5)4].a

Precatalyst Activator A ctiv ity M„ M w PDI

TiCp(NPtBu3)Me2 B(C6F5)3 1500 130,700 547,100 4.19

ZrCp(NPtBu3)Me2 (5.8) B(C6F5)3 400 6,640 94,900 14.29

ZrCp(NPtBu3)Bn2 (5.13) B(C6F5)3 760 8,720 263,800 30.25

TiCp*(NPlBu3)Me2 B(C6F5)3 1030 67,200 151,800 2.26

ZrCp*(NPtBu3)Me2 B(C6F5)3 270 59,900 161,300 2.69

ZrCp2Me2 B(C6F5)3 1740 69,500 192,300 2.77

T iCp(NPlBu3)Me2 Ph3CB(C6F5)4 2155b 44,700 151,500 3.39

ZrCp(NPtBu3)Me2 (5.8) Ph3CB(C6F5)4 1270 7,450 24,400 3.28

ZrCp(NPlBu3)Bn2 (5.13) Ph3CB(C6F5)4 940 6,120 76,600 12.52

TiCp*(NPtBu3)Me2 Ph3CB(C6F5)4 7690° 194,000 632,700 3.26

ZrCp * (NPlBu3)Me2 Ph3CB(C6F5)4 1010 54,200 177,000 3.27

ZrCp2Me2 Ph3CB(C6F5)4 1010 171,000 334,800 1.96

a) Ti/Zr:Al ratio 1:20 (T'BAl), PhMe solvent, 30°C, 1.82 atm C2, 50 pM precatalyst, 10 min, Mn and Mw in 

g mol'1, activity in units of g mmol'1h'1atm'1.

b) Polymerization was quenched after 7 min since the temperature had spiked to 47°C and was still 

increasing at a relatively rapid rate.

c) Polymerization was quenched after 2.5 min since the temperature had spiked to 73°C and was still 

increasing at a rapid rate. Therefore, this activity is slightly inflated, although it is clear that this catalyst is 

extremely active under these polymerization conditions.

When MCp'(NPtBu3)Me2 (M  = T i, Cp' = Cp8, Cp*21; M  = Zr, Cp' = Cp (5.18), 

C p*12) were activated by [Ph3C][B(C6F5)4], the polymerization activities increased 

significantly to become sim ilar to, or even surpass the activity o f the zirconocene 

standard (Table 5.6). This is a notable result, especially given the activities that result 

upon activation by M AO. In addition to producing catalysts that display very high 

polymerization activities, the catalysts derived from MCp(NPtBu3)Me2 (M  = T i, Zr (5.8))
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are in the same order o f magnitude o f the standard, which represents a breakthrough in 

ethylene polymerization catalysis by zirconium phosphinimide complexes. Admittedly, 

ZrCp*(NPlBu3)Me2 is also in the same range, however, the titanium  analogue is 

extremely active under these polymerization conditions; the experiments had to be 

interrupted after 2.5 minutes since the temperature o f the vessel had exceeded 70°C (a 

40°C temperature spike in 2 minutes!), and showed no sign o f stabilizing. Therefore, the 

activity o f 7690 g polymer mmol"1 h' 1 atm' 1 is like ly inflated, and the (necessary) 

prelim inary termination o f the polymerization experiment attests to its unusually high 

activity.

5.4 Summary

A  series o f zirconium phosphinimide complexes o f general formulae 

Zr(NPlBu3)2X 2 and ZrCp(NPlBu3)X 2 have been prepared in a straightforward manner in 

good yields. Subsequent reaction o f the half-sandwich precursors w ith  co-catalysts and 

Lewis acids commonly employed in olefin polymerization has demonstrated atypical 

reactivity, such as the immediate, quantitative formation o f ZrCp(NPtBu3)(C 5F5)2 (5.18) 

or [ZrCpCLkCH (5.25). In addition, several cationic derivatives o f zirconium 

phosphinimide complexes have been isolated and characterized by microanalysis and 

multinuclear NM R spectroscopy. The isolation o f such compounds proved more 

challenging than their corresponding zirconocene derivatives due to the presence o f the 

phosphinimide bond, and in several cases, precluded successful isolation o f clean 

products.

Subsequent polymerization testing using Zr(NPlBu3)2X 2 and ZrCp(NPtBu3)X 2 as 

catalyst precursors, upon activation w ith M AO, resulted only in  moderate activities. 

However, the use o f ZrCp'(NPtBu3)R2 (Cp' = Cp, R = Me, Bn; Cp' = Cp*, R = Me) as 

catalyst precursors produced highly active polymerization catalysts upon activation w ith 

B(C6F5)3 or [Ph3C ][B(C 6F5)4] in  the presence o f low  concentrations o f T 'B A l as a solvent 

scrubber. This indicates that zirconium phosphinimide derivatives have potential to be
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good ethylene polymerization catalysts i f  the appropriate polymerization conditions are 

developed.
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6 Summary

Optimized synthetic strategies to an array o f Group IV  complexes that possess 

phosphinimide ligands have been detailed, and when applicable, their efficacy as 

catalysts for hydroamination or olefin insertion polymerization has been evaluated. 

Throughout the search fo r potential applications, modifications to the catalyst testing 

protocol were performed when required to increase the efficiency o f the systems 

examined.

In itia lly , Group IV  im ide complexes that include a phosphinimide ancillary ligand 

were targeted for the purposes o f performing organic transformations or inducing atypical 

reactivity. A  Group IV  phosphinimide imide complex was not isolated, however, a series 

o f inorganic and organometallic Group IV  complexes that possess amide and 

phosphinimide ligands was prepared by both traditional and unanticipated routes. 

Attempts to coerce reactivity as hydroamination catalysts were ineffective, but treatment 

o f the half-sandwich precursor TiCp(NPtBu3)(NH(2,6-‘Pr2)C6H3)Cl w ith  TM A afforded 

methyl-for-amide exchange to cleanly provide TiCp(NPtBu3)MeCl, proffering evidence 

that the amide ligand is more labile than the phosphinimide ligand under the conditions 

employed.

O f consequence was the preparation o f two magnesium phosphinimide complexes 

that were isolated in an attempt to synthesize a “ softer”  phosphinimide transfer reagent. 

Characterization o f the molecular species in  solution and in  the solid state indicate that 

the structure changes from  dimeric to trim eric upon reduction o f the steric bulk o f the 

ligands from  /-butyl to /'-propyl. Interestingly, the dimer Mg2(p-NPtBu3)2(NPtBu3)2 

served as an in itia tor for the polymerization o f methyl methacrylate at ambient 

temperature while the trim er Mg3(p-NP‘Pr3)4(NP'Pr3)2 did not. Examination o f the 

polymer suggested that its formation occurred by a radical process. Thus, the exploratory 

nature o f this portion o f the research resulted in  a new application o f phosphinimide 

complexes.

Next, reliable syntheses o f titanium and zirconium complexes that incorporate 

chelating ^/^(phosphinimide) ligands were detailed. Reactivity studies w ith 

^(phosphin im ide) complexes o f titanium, including testing as olefin polymerization
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catalysts, were performed w ith  lim ited success (see also Appendix B). In general, the 

efforts expended to obtain desirable reactivity from Ms'(phosphinimide) complexes o f 

titanium were not in  vain. Taken as a whole, the results simply im ply that the analogous 

half-sandwich phosphinimide complexes are more practical catalytic precursors for the 

processes that were investigated.

The synthesis o f a series o f bimetallic titanium  complexes o f general formula p- 

(CH2PR2NTiCp’X 2)2C6H4 (Cp' = Cp, Cp*; R = lBu, Cy; X  = C l, Me), and their 

monometallic analogues, has been developed. Polymerization testing o f these precursors 

proved insightful, since the polymerization activities increased in a predictable manner as 

the steric bulk o f the ancillary ligands increased. Another important development was 

that the polymerization activities o f the methyl precatalysts increased dramatically when 

the activation strategy was modified from using M AO to using [Ph3C][B(CeF5)4]. O f 

commercial significance was the discovery that the polymers produced from several o f 

the monometallic or bim etallic catalysts activated by M AO possessed broad molecular 

weight distributions. Interestingly, the same bim etallic precatalysts produced polymer 

products that were relatively monodisperse (PDI < 3) upon activation w ith 

[Ph3C][B(C6F5)4]. These findings indicate that judicious choice o f the alkyl group on the 

phosphinimide ligand, in  combination w ith the proper catalyst activation strategy, can 

influence the type o f polymer product that is prepared in a predictable fashion.

Finally, a synthetic route to zirconium half-sandwich phosphinimide complexes 

has been developed. Assessment o f the ab ility o f the zirconium analogues to function as 

olefin polymerization catalysts revealed that the activity depended largely on the mode o f 

activation. However, under specific conditions, the polymerization activities rivalled that 

o f the industrial standard ZrCp2Me2. A  subsequent investigation o f the reactivity o f the 

metal precursors w ith  stoichiometric amounts o f strong Lewis acids such as TM A or 

B(C6Fs)3 identified possible decomposition pathways. This is o f importance, since the 

information can be used to rationalize the activities observed using the different 

activators, and assist in  the design o f improved catalysts.

To summarize, new synthetic approaches have provided routes to a variety o f 

Group IV  phosphinimide complexes. In many cases, these new compounds demonstrated 

u tility  as precursors for o lefin polymerization catalysis, and in some cases, they served to
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generate commercially relevant polymers w ith very high activities fo llow ing optimization 

o f the experimental protocol. Exploration o f the reactivity o f Group IV  phosphinimide 

complexes has also provided rationalization for the catalytic behaviour observed. In 

short, this thesis has identified key features that are beneficial for the design o f successful 

titanium and zirconium phosphinimide polymerization catalyst precursors.
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Appendices

Appendix A -  Supplementary Data for Chapter 2

Method for Obtaining Thermodynamic Datax

A  line shape analysis was performed on 

the NM R peaks that originated from the two i- 

propyl methine protons. The 'H  NM R data was 

acquired on a 500 M Hz NM R spectrometer in 

toluene-^/# (degassed and dried w ith  Na/K) over a 

temperature range o f 193 K  -  353 K. A  

coalescence temperature o f 308 K  was 

determined. Gaussian fits  were performed on the peaks using XW IN-N M R  2.5. The raw 

data is summarized in  Table A. 1.

\  >nC1

Table A . l : Raw data obtained from the VT NM R experiment.

T (K) +0.5K he (Hz) k 1/T (K '1) ln(k) ln(k/T)

308 n/a 1070.31 0.003247 6.9757 1.2546

313 201.285(635) 2068.15 0.003195 7.6344 1.8882

323 101.570(520) 4760.39 0.003096 8.4681 2.6904

333 60.245(348) 10337.24 0.003003 9.2435 3.4354

343 40.253(270) 23859.58 0.002915 10.0799 4.2422

353 30.779(165) 62772.60 0.002833 11.0473 5.1808

xvu Sandstrom, J. Dynamic NMR Spectroscopy, Academic Press: London, 1982.

194

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In(k/T) vs. 1/T
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Coalescence temperature 

Rapid exchange

k = Av0 * [ti / 2m ]

k = Vi * % * Av02 * (he -  ho)'1

From the graph o f ln(k/T) vs. (1/T), the entropy (AS1) and enthalpy (AH1) may be

calculated using values obtained from the linear regression.

ln(k/T) = -  AHVR * (1/T) + {ln(K * kB/h) + AS*/R} AG* = AH1 -  TAS*

-A H */R  = - 9131.9 .-. AH* = 75.9 kJ mol"1 ±  0.3

ln(K * kB/h) + AS*/R = 30.949 .\ AS1 = 59.8 J m ol'1 ±  0.2 or 14.3 cal m ol'1

A t 298 K, AG* = 58.1 kJ m o l'1 ±  0.5 

Errors calculated using R from  linear regression

From the graph o f ln(k) vs. (1/T), the Ea may be calculated using values obtained from 

the linear regression. 

ln(k) = (-Ea/R )(l/T ) + ln(A )

-Ea/R = -9460.9 .-. Ea = 78.7 kJ m o l'1

k  = transmission coefficient (normally assumed to be one)

k = rotational rate constant

Av0 = peak separation for spectra w ithout exchange (Hz)

he = fu ll w idth at half-height for peaks widened by exchange (Hz)

h0 = fu ll w idth at half-height for peaks showing no exchange (Hz)

kB = 1.380622 x 10'23 J K '1 (Boltzmann's constant)xvm

h = 6.626193 x 10'34 J s (Planck's constant)xvul

R = 8.31434 J K '1 m o l'1 (Gas constant)™11

T = temperature (K ) Ea = activation energy

AG* = free energy o f activation A  = pre-exponential factor

AH1 = enthalpy o f activation

AS* = entropy o f activation

xvm Taylor, B. N.; Parker, W. H.; Langenberg, D. N. Handbook o f Chemistry and Physics', 54th Ed.; Weast, 

R. C., Ed.; CRC Press: Cleveland, 1974, p F214-215.
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Appendix B -  Supplementary Data for Chapter 3

Aluminum jhTfPhosphinimidel Complex

In an effort to extend the application o f the ^A(phosphinimine) ligand m- 

(CH2PlBu2N H)2C6H4 (3.6) to other metals, a prelim inary reaction w ith  TM A was 

performed. NM R  spectroscopy indicated the formation o f a single product, even upon 

use o f excess aluminum precursor. The ratio o f /-butyl to methyl groups in  the 'H  NM R 

spectrum was 2:1, which led to the formulation o f the product as A l[m - 

(CH2PtBu2N)(CH2PtBu2NH)C6H4]M e2 (3.21) (Figure B .l). In  the absence o f X-ray 

crystallographic or other evidence, it  is not possible to differentiate between a monomer, 

dimer or oligomer where the phosphinimide ligand links the aluminum centres. It is 

noteworthy, however, that the m ajority o f isolated aluminum compounds containing 

chelating ligands are monomeric only upon trapping w ith a Lewis base such as 

tetrahydrofuran or diethylether.xix

X1X a) Beachley, O. T., Jr.; Racette, K. C. Inorg. Chem. 1975,14,2534-2537. b) Beachley, O. T., Jr.; 

Racette, K. C. Inorg. Chem. 1976,15, 2110-2115. c) Lewinski, J.; Zachara, J.; Justyniak, I. 

Organometallics 1997,16,4597-4605. d) Lewinski, J.; Zachara, J.; Starowieyski, K. B. J. Chem. Soc. 

Dalton Trans. 1997,4217-4222. e) Lewinski, J.; Justyniak, I.; Ochal, Z.; Zachara, J. J. Chem. Soc.

Dalton Trans. 1999, 2909-2911. f) Ko, B.-T.; Wu, C.-C.; Lin, C.-C. Organometallics 2000,19, 1864- 

1869. g) Ko, B.-T.; Chao, Y.-C.; Lin, C.-C. Inorg. Chem. 2000, 39, 1463-1469. g) Robson, D. A.;

Bylikin, S. Y.; Cantuel, M.; Male, N. A. H.; Rees, L. h.; Mountford, P.; Schroder, M. J. Chem. Soc. Dalton 

Trans. 2001, 157-169. h) Huang, Y.-L.; Huang, B.-H.; Do, B.-T.; Lin, C.-C. J. Chem. Soc. Dalton Trans. 

2001, 1359-1365. i) Hsueh, M.-L.; Huang, B.-H.; Lin, C.-C. Macromolecules 2002, 35, 5763-5768. j) 

Huang, B.-H.; Yu, T.-L.; Huang, Y.-L.; Ko, B.-T.; Lin, C.-C. Inorg. Chem. 2002, 4 1 ,2987-2994. k) Liao, 

T.-C.; Huang, Y.-L.; Huang, B.-H.; Lin, C.-C. Macromolecular Chemistry and Physics 2003, 204, 885- 

892.
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Al

H3< /  \ h3

3.21

Figure B .l: Two possible structures o f the product o f the reaction o f m- 

(CH2PtBu2N H )2C6H4 (3.6) w ith  TM A.

Reactivity o f Titanium jfefPhosphinim ide) Complexes

Prior to the reproducible, high-yield synthesis o f Ti[m -(CH 2PtBu2N )2C6H4]B r2 

(3.13), the 6w(phosphinimide) complexes Ti(NPlBu3)2X 2 (X  = C l, Me, Ph, Bn, 

CH2SiMe3) were used as model compounds to explore general reactivity since their 

syntheses are more straightforward.xx The synthesis o f the new alkyl derivative 

Ti(NPlBu3)2(CH2SiMe3)2 (3.18) was readily achieved by treatment o f the dichloride metal 

precursor w ith  the appropriate Grignard reagent. When Ti(NP*Bu3)2X 2 (X  = Me, Bn, 

CH2SiMe3) was heated in  an attempt to produce an alkylidene product,XXI no reaction 

occurred. Upon prolonged thermolysis in  deuterated solvent, the only soluble product 

was identified as HNPlBu3, a sign that extrusion o f the phosphinimine was probably a 

facile process. This outcome was also observed in  the presence o f donors such as 

trimethylphosphine or pyridine.

xx Guerin, F.; Stewart, J. C.; Beddie, C.; Stephan, D. W. Organometallics 2000,19, 2944-3000.

XX1 a) Planalp, R. P.; Andersen, R. A.; Zalkin, A. Organometallics 1983,2, 16-20. b) Fryzuk, M. D.; Mao, 

S. S. H.; Zworotko, M. J.; MacGillivray, L. R. J. Am. Chem. Soc. 1993,115, 5336-5337.
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Metal precursors that possess an alkyl group and a halide ligand are often targeted 

for a variety o f further reactivity studies.xxu Previous efforts in  our research group had 

exhausted the conventional mono-alkylation routes in  an effort to obtain 

Ti(NPlBu3)2MeCl, only to provide intractable mixtures o f products.’™" Recently, Piers 

and co-workers have reported that use o f catalytic (5 mol%) amounts o f B(C6F5)3 in the 

presence o f an equimolar distribution o f dichloride and dimethyl metal precursor at -78°C 

afforded the related ketamide complex TiCp*(NCtBu2)MeCl in  90% isolated yield.xxlv 

This route was not as convenient to provide Ti(NPlBu3)2MeCl, since only ca. 50%
"X1 1

conversion was achieved (by P{ H } NM R spectroscopy), and the product could not be 

adequately separated from  the starting materials due to sim ilarities in  solubility. 

Attempts to scramble ligands via thermolysis o f Ti(NPtBu3)2Me2 w ith Ti(NPlBu3)2Cl2 

were also unsuccessful.

Experiments to combine &A(phosphinimide) titanium precursors w ith hydridic 

reagents such as boranes or silanes provided variable results. For example, 

Ti(NPlBu3)2R2 (R = Me, Bn, Ph) reacted w ith HBPin (Pin = pinacol or 0CMe2CMe20), 

to afford mixtures o f products, and the only identifiable species was tBu3PNBPin.xxv 

When Ti(NPlBu3)2Me2 was treated w ith s ily l reagents such as EtsSiH or PhSiFb, no 

reaction ensued, even upon prolonged thermolysis. However, in  an emulation o f the 

work performed by T illey and co-workers,XXVI addition o f two equivalents o f LiSiPh3 to 

Ti(NPtBu3)2Cl2 provided Ti(NPtBu3)2(SiPh3)2 (3.19) in good isolated yield (71%). The 

product was identified by NM R spectroscopy in spite o f its instability in  solution; 

attempts to grow X-ray quality crystals at room temperature afforded a crop o f colourless 

crystals, which were identified crystallographically to be SiPh4 .

Thermolysis o f Ti(NPlBu3)2Ph2 in  the presence o f 6A(trimethylsilyl)acetylene 

(BTMSA) in  toluene-t/s was performed to trap a benzyne intermediate. Following

xxn a) Cam, D.; Giannini, U. Makromol. Chem. 1992,193, 1049-1055. b) Fernandez, F. J.; Gomez-Sal, P.; 

Manzanero, A.; Royo, P.; Jacobsen, H.; Berke, H. Organometallics 1997,16, 1553-1561. c) Amor, F.; du 

Plooy, K. W.; Spaniol, T. P.; Okuda, J. J. Organomet. Chem. 1998, 558, 139-146. 

xxm F. Guerin, unpublished results. Low temperature monoalkylation attempts were unsuccessful.

XXIV Zhang, S.; Piers, W. E.; Gao, X.; Parvez, M. J. Am. Chem. Soc. 2000,122, 5499-5509.

xxv S. B. Hawkeswood, unpublished results.

xxvi Woo, H.-G.; Freeman, W. P.; Tilley, T. D. Organometallics 1992,11, 2198-2205.
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heating at 90°C for 48 hours, only 50% conversion to the desired insertion product was 

achieved (Figure B.2). In addition to producing the transformed product (3.22), an 

equimolar amount o f benzene was produced (by 'H  NM R spectroscopy), inferring the 

benzyne intermediate was produced via loss o f one o f the phenyl ligands, followed by 

oxidative coupling to BTMSA. The quaternary carbon atoms were evident in  the
1 o  i

C{ H } NM R spectrum, giving rise to resonances located at 192.7, 188.8, 167.9, and 

146.7 ppm. The furthest downfield signal is characteristic o f the constrained ipso carbon 

atom o f the phenyl ring.xxvu This transformation did not occur as readily as when the 

zirconocene diphenyl analogue (ZrCp2Ph2) is employed as precursor.

3.22

Figure B.2: Therm olytically induced loss o f benzene, followed by trapping w ith BTMSA 

to provide an insertion product, 3.22.

xx™ a) Erker, G. J. Organomet. Chem. 1977, 134, 189-202. b) Kropp, K.; Erker, G. Organometallics 1982, 

7, 1246-1247. c) Buchwald, S. L.; Nielsen, R. B. Chem. Rev. 1988, 88, 1047-1058. d) Dupuis, L.; Pirio, 

N.; Meunier, P.; Gautheron, B,; Mahieu, A.; Igau, A.; Majoral, J.-P. Bull. Soc. Chim. France 1996, 133, 

611-615.
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Appendix C -  Supplementary X-ray Data for Chapters 2-5

Appendix D -  Supplementary GPC and Polymer Yield Data for Chapters 3-5

See enclosed CD on back cover.
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