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Abstract 

A series of zirconium complexes supported by the chelating diamido ligand 

(C6F5NHCH2CH20CH2)2 (H2(NOON)) have been prepared. These complexes include 

(NOON)Zr(CH2Ph)2, (NOON)ZrMe2, (NOON)ZrC12, and (NOON)ZrC1[N(SiMe3)2]. 

(NOON)ZrMe2 and (NOON)ZrC1[N(SiMe3)2] were crystallographically characterized 

and for all the complexes, the ligand NMR spectra were consistent with a fluxional 

process occurring in solution. When (NOON)Zr(CH2Ph)2 was exposed to 435 nm light, a 

photochemical reaction occurred which resulted in C-F bond activation and the formation 

of (NOON)ZrF2 and a metallated dimer. When (NOON)ZrC12 was treated with MAO, it 

showed modest activity as an ethylene polymerization catalyst. 

A series of zirconium complexes supported by l,4,8,ll- 

tetraazabicyclo[6.6.2]hexadecane (H2(CBC)) have been prepared and characterized. 

(CBC>Z~(CH~P~)N(BU')C(H)=CHP~, (CBC)Zr(O-2,6-C6H3Me2)2, (cBc)z~(os~(Bu')~H)~, 

(CBC)Zr(CH2SiMe3)2, (CBC)ZrC4Ph4 were crystallographically characterized and 

(cBc)z~(cH~P~)(o-2,6-c~H~Bu'~), (CBC)Z~[K~(C,O)-OC~H~(~-RU')(~-CM~~CH~)], 

(CBC)ZrC12, (CBC)ZrC1[N(SiMe3)2] and (CBC)ZrMe2 were fully characterized. 

Treatment of (CBC)ZrMe2 with MA0 does not result in an active ethylene 

polymerization catalyst. The metallacycle (CBC)ZrC4Ph4 reacts with thionyl chloride and 

dichlorophenylphosphine to yield tetraphenylthiophene oxide and pentaphenylphosphole 

respectively. 

Treatment of Yb[N(SiMe3)2]2(0Et2)2 with H2(CBC) results in the sparingly 

soluble coordination polymer [(CBC)Yb], and two byproducts of this reaction were 

crystallographically characterized. One was the mixed valence salt { [ ( ~ - c B c ) Y ~ ] ~ ( ~ ~ -  

o)) '{Y~[N(s~M~~)~]~}- ,  while the other was { [ ( p - ~ ~ ~ ) ~ b ] 3 ( p 3  -o)}+I-. In both cases the 

cation is a trimer of ytterbium (111) ions bridged by an oxygen and three amido nitrogens 

from the (CBC) ligand. 
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Chapter 1: Introduction. 

1.1 Historical Perspective. 

The discovery of ferrocene in 1951 marked the start of a new era in 

organometallic The use of cyclopentadienyl as a spectator ligand was 

rapidly expanded to other transition elements. The success of this class of ligand has been 

phenomenal. It has been estimated that 80% of the known organometallic species contain 

a cyclopentadienyl ligand, most either C5H5- (Cp) or C5Me5- (Cp*); however, countless 

derivatives have been prepared.3 

The first reported zirconocene, Cp2ZrC12, was reported in 1953 shortly after the 

discovery of ferr~cene.~ In the subsequent 50 years, an enormous number of zirconium 

compounds have been reported from Zr (0) to Zr(1V) and Zr(1V) Zirconium 

compounds with one to four cyclopentadienyl ligands are known, although bent 

metallocenes, Cp2ZrX2 are by far the most common and well studied. 

By contrast, the first well characterized monomeric zirconium arnide, Zr(NMe2)4 

was not reported until 1959.13 The chemistry of zirconium amides was relatively 

unexplored compared to that of the zirconium alkyls for the next 30 years largely due to 

the lower reactivity of the amides. It is this very property that has led to the resurgence in 

zirconium amido chemistry. The past 10 years have seen the widespread use of diamido 

spectator ligands to support the metal center, as an alternative to two cyclopentadienyl 

ligands. 



1.2 Applications of Organozirconium Chemistry. 

1.2.1 Properties and Uses of Zirconium. 

While the lower oxidation states of zirconium (06, 117, and 1118) have been studied, 

the highest oxidation state ( I V ) ~ - ' ~  is the one that predominates in applied organometallic 

chemistry. Since zirconium (IV) is do, Cotton and Wilkinson describe the ion as ". . . 

relatively large, highly charged, and spherical, with no partly filled shell to give it 

stereochemical preferences. Thus it is not surprising that zirconium (IV) compounds 

exhibit high coordination numbers and a great variety of coordination polyhedra."14 The 

relatively large size of zirconium (IV) compared to titanium (IV) (0.72 vs 0.605 A for six 

coordinate compounds)15 accounts for much of the difference in the chemistry between 

these two elements. Likewise, the comparable size of zirconium and hafnium (IV) (0.72 

vs 0.71 A for six coordinate complexes) accounts for the very similar chemistry of these 

two ions. 

As a consequence of the high charge of zirconium (IV) and its large size, the 

metal centre is Lewis acidic. This property not only makes organozirconium complexes 

useful as olefin polymerization catalysts (vide infra) but also as Lewis acid catalysts. For 

example, the Oppenauer oxidation 1 Meenvein-Ponndorf-Verley reduction allows for the 

reduction of aldehydes and ketones under mild conditions, even in the presence of C=C 

bonds conjugated with the C=O moiety.16 



Insertion of unsaturated species such as carbon monoxide, carbon dioxide, 

alkenes, alkynes, isocyanides, nitriles, isocyanates or sulfur dioxide into the 

organozirconium moiety has been observed and shows the range of transformations that 

can occur. [Cp2ZrC1H], (Schwartz' reagent) was one of the first organozirconium species 

to see widespread use in the hydrozirconation of alkenes and alkynes. This furnishes an 

organozirconium species which can be cleaved directly or subjected to further insertions 

before the organic group is cleaved from the metal. l 7  

t ii) 50% HOAc 

Scheme 1. Hydrozirconation. 



Another property that makes organozirconium species so useful is the 

nucleophilicity of the organic group. In addition to the direct reactions of the metal- 

carbon bond illustrated below, the organozirconium reagent is also useful as a transfer 

reagent. The organic group can be transferred stoichiometrically to a main group element 

such as boron, aluminum, tin, mercury or transferred in situ to another transition metal, 

typically copper, nickel or palladium, for catalytic carbon-carbon bond formation." 

cat. NiL, - zrc1C~2 + ArX - R +Ar 
R or PdL, 

Figure 1. Nucleophilic Reactions. 

A third area in which organozirconium chemistry has been exploited is in 

cyclization reactions. The basicity of the carbon-zirconium bond allows for the formation 

of benzynes and other metallacylopropenes. These intermediates react with a variety of 



unsaturated species18 and can be used to cyclize substrates.19 Scheme 2 shows work by 

Buchwald and coworkers, the synthesis of an intermediate in the preparation of several 

tetrahydropyrroloquinoline natural products. This strategy relies on the formation of an 

organometallic species with both an aryl and methyl group bound to zirconium. Loss of 

methane from this intermediate results in a zirconacyclopropane, a "benzyne", 

intermediate which can then undergo further insertion reactions. 

A similar strategy has been popularized by Negishi and coworkers. In this case, 

treatment of Cp2ZrC12 with two equivalents of "BuLi results in the dialkyl species, which 

eliminates butane to afford the metallacyclopropane intermediate. These species can then 

undergo reaction with a number of unsaturated substrates, including organic compounds 

with conjugated multiple bonds (typically an eneyne) to form a cyclized product. This has 

been used in the synthesis of several natural products.20 Moreover, this strategy can also 

be used to cyclize alkynes to produce a zirconacyclopentadiene. As was outlined above, 

organozirconium species are nucleophilic and this has been exploited to transfer the 

metallacycle from zirconium to a wide range of main group elements (Scheme 3).21 The 

metallacyclopentadiene may be isolated, or simply generated in situ for the one-pot 

synthesis of the heterocycle. 



I ii) 2 I, 
+ 'BuBr + CH, 

I \ 
OMe H 

Scheme 2. Synthesis of a Natural Product Intermediate. 



ii) 2 MeCCMe 

E = B, Ga, In, Si, Ge, Sn, 

P, As, Sb, Bi, S, SO, Se 

Scheme 3. Synthesis of Heterocycles. 

1.2.2 Limitations of Organozirconium Chemistry. 

The high Lewis acidity of organozirconium species constrains the solvent choice. 

Lewis basic solvents such as THF and pyridine are notorious for their coordination to the 



metal centre. This can be used to advantage, for example in the solid state zirconium 

tetrachloride exists as a polymer with chloride bridges between metals, while addition of 

THF results in ZrC14(THF)2 which has greater solubility in aromatic solvents than the 

polymer. However, the coordinated solvents usually reduce the activity of the catalyst 

and may be difficult or impossible to remove subsequently, or in the case of pyridine may 

react with organozirconium bonds to produce the ortho metallated species.22 

Along with being nucleophilic, organozirconium species and zirconium amides 

are basic; accordingly, they are moisture sensitive, except for those cases where the metal 

centre is extremely crowded. This is one of the serious limitations of this type of 

chemistry. All solvents to be used must be rigorously dried - typically distilled from 

benzophenone-sodium. Also, solvents must be free from acidic protons; in this context 

that means a pKa greater than about 35. Moreover, these species are oxygen sensitive so 

an inert atmosphere must be used when handling these compounds. 

1.2.3 Olefin Polymerization. 

An important industrial aspect of organozirconium chemistry is the production of 

polyolefins. The scale of world production of polyethylene and polypropylene is 

staggering. The estimated world demand for polyethylene was 55 million metric tons in 

2002 and this is expected to rise to 87 million metric tons by 2010. Likewise, 

polypropylene demand is expected to rise from 35 million metric tons to 60 million . 

metric tons over the same time period.23 Canadian production of polyethylene is 4.7 

million metric tons and 0.9 million metric tons of polypropylene currently.24 



In the early 1950's Karl Ziegler discovered that a heterogeneous mixture of 

aluminum alkyls and group 4 or 5 metal salts would catalyze the polymerization of 

ethylene under milder conditions than the original radical process. While Karl Ziegler 

investigated the polymerization of ethylene, Guilio Natta investigated the polymerization 

of propylene and found that TiC13 and aluminum alkyls catalyzed the production of 

polypropylene.25 This was a breakthrough since a-olefins could not be polymerized by 

the radical polymerization process used for ethylene. Indeed, Ziegler and Natta were 

awarded the 1963 Nobel Prize in Chemistry for this work. 

Perhaps just as important as the fact that this system was highly active for 

propylene polymerization was that the polymer produced was isotactic polypropylene 

(Fig 2). Isotactic polypropylene has a regular ordering of the methyl groups along the 

polymer backbone, which allows for the polymers to crystallize. This imparts high 

strength as well as solvent and chemical resistance. By contrast, atactic polypropylene 

lacks an ordering of the methyl groups, leading to an amorphous structure and 

consequently poorer physical strength. 

- 

- n  
Isotactic Polyproplene 

- 

Atactic Polypropylene 

Figure 2. Two Types of Polypropylene. 



During the late 1970's it was discovered that addition of water to a mixture of 

titanium or zirconium metallocenes and trimethylaluminum resulted in highly active 

homogenous olefin polymerization catalysts.26 This ill-defined aluminum species that 

results from the partial hydrolysis of trimethylaluminum is known as methylaluminoxane 

(MAO: roughly [MeAlO], n = 6 - 2 0 ) ~ ~ ~ '  MA0 does have several advantages: it reacts 

with any water, it can be used with metallocene dichloride species since it both alkylates 

and subsequently abstracts the alkyl group to produce the metallocene alkyl cation 

needed for polymerization. However, it is typically used in 500-10 000 mole equivalents 

of the group 4 metal, which results in the cost of the MA0 being several times that of the 

other metal. Accordingly, several well defined systems based on boron were developed, 

which can be used in stoichiometric quantities: 

Another strategy that avoided the use of MA0 was the use of organolanthanide 

catalysts. Since Cp*2LnR is isoelectric with C ~ ~ Z ~ R ' ,  the organolanthanides do not need 



to be activated with an aluminum or borane cocatalyst. Some of these systems have 

shown incredibly high initial activity for polyethylene production in very short 

polymerization runs (ca 5 seconds), but most show modest activity during longer 

29,30 runs. 

This discovery of homogenous olefin polymerization catalysts led to an intense 

research effort to develop new catalysts. Ultimately, the rigid and chiral ansa 

metallocenes (Fig 3 )  were found to be more than an order of magnitude more active than 

the best of the heterogeneous catalysts for the production of isotactic polypropylene with 

group 4 metals." The homogeneity of the active site, relative to the heterogeneous 

systems, was thought to account for the lower polydispersity of the resulting polymer. 

Figure 3. An Ansa-Metallocene Catalyst. 

The rigid chiral ansa metallocenes do have enormous potential, but they have 

some drawbacks - namely they have limited temperature stability and tend to produce 

lower molecular weight material under industrial  condition^.^^ The solution to this 

problem has been to replace one of the cyclopentadienyl units in the ansa metallocenes 

with amido donor to give the constrained geometry catalysts (Fig 4), which have been 

developed by Dow and ~ x x o n . ~ ~  



Figure 4. A Constrained Geometry Catalyst. 

Not only do these catalysts show better thermal stability than the metallocene 

systems, but they also produce higher molecular weight material. In ethylene 

copolymerization, these systems have shown increased incorporation of higher a-olefins 

into the polymer. In propylene polymerization, the constrained geometry catalysts 

generally produce the less desirable atactic polypropylene, albeit as very high molecular 

weight polymer.26 This remains an area for improvement in these systems. 

There have been many major breakthroughs in the development of olefin 

polymerization systems over the past 50 years. If one traces the progression of the 

homogeneous catalyst systems (Fig 5), the trend has been from the metallocenes to linked 

(ansa) metallocenes to linked cyclopentadienyl-amido (constrained geometry catalysts). 

Many different research groups have concluded that the next logical step in this 

progression may be linked amido-amido ligands (diamides) and numerous new ligands 

have been developed. 



Metallocene 

Me 

Me 

Constrained Geometry 

Ansa Metallocene 

R 

Diamido 

Figure 5. Evolution of Polymerization Catalysts. 

1.3 Zirconium Diamido Complexes. 

Diamido ligands span a range of sizes and number of additional donors. The 

smallest are the simple diamides such as B U ~ N S ~ M ~ ~ N B U ~  and in this area research has 

focused almost exclusively on new olefin polymerization catalysts. The next class have 

diamides with one additional neutral donor, typically an ether, amine or pyridine although 

some have phosphines or sulfides. Again in this area the focus has been on developing 

polymerization catalysts. Finally, the systems that have diamides with two donors or two 

delocalized anions (porphyrin and tetraazaannulene macrocycles) have been studied. The 



focus in this area is more on the stoichiometric reactions: insertions of CO, isocyanides or 

reduction of dinitrogen although polymerization activity is occasionally reported. The 

following sections present a selective summary of the nitrogen based ligands that have 

been successfully used to support zirconium complexes. 

1.3.1 Diamides Without Additional Donors. 

1.3.1.1 Four-Membered Chelate Rings. 

The diamido ligands that form four-membered chelate rings are shown in Fig 6. 

Burger and coworkers were the first to investigate the diamide ligands in the late 1970's 

and early 1980's. The focus was on making homoleptic spiro compounds (DA2M) of 

group 4 and 14 elements (Fig 7). One consequence of joining two amides together is a 

reduction in steric shielding of the metal. For example, despite forcing conditions 

ZrC1m(SiMe3)2]3 does not react with N a N ( s i ~ e 3 ) ~ ; ~ ~  however, z~(L")z forms readily.33 

In fact, this has often been a problem with many of the diamido (DA) ligands (of all 

chelate sizes) - the spiro compound is formed when zirconium tetrachloride and the 

lithium salts are mixed, regardless of stoichiometry (Eq 5). These compounds do 

polymerize ethylene under high pressure, but lack sufficient steric protection of the metal 

centre. For example, Horton and coworkers studied several cationic complexes with L". 

These complexes all suffered from low reactivity and did not catalyse polymerization 

when followed by NMR. The sterically open cations all had Lewis bases that coordinated 

more strongly than ethylene - be it coordination of an aryl ring from the benzyl group, 

coordination of the anion or coordination of N M ~ z P ~ . ~ ~  

(5) Li2(DA) + ZrC14 (excess) -+ 0.5 (DA)2Zr + 2 LiCl 



Figure 6. Four-Membered Chelate Rings: I I ? ~ ~ ~ ~  111:~ 

Figure 7. A Spirocyclic Zirconium Complex, (L1')2zr. 

1.3.1.2 Five-Membered Chelate Rings. 

As outlined in Eq 5, formation of spiro compounds is often a problem with these 

types of diarnido ligands and this was found to be the case with ligands L", LV"' and L" 

(Fig 8). In the case of (LIX)2zr it was never tested as an ethylene polymerization 

catalyst;"7 however, the other two compounds ( ~ ' " ) 2 ~ r  and (L~"')ZZ~ were tested.38739 



Somewhat surprisingly, when these compounds were treated with excess MAO, ethylene 

polymerization took place. Presumably, ligand transfer fiom zirconium to MA0 occurred 

to produce an active [DAZ~M~]'  species. While the loss of one of the ligands from the 

spiro compound is a necessary prerequisite for olefin polymerization, it does raise the 

concern that the second ligand could be transferred, thereby resulting in an unstable or 

inactive catalyst. This has been modeled with trimethylaluminum and ( L ~ " ' ~ ) z ~ c ~ ~ ,  

which react to yield (~~"'~)(AlMe2)2 (Fig 9).40 

(LV1)Zr~z2 and ( ~ ~ " ~ ) z r c 1 2  are both active ethylene polymerization catalysts. 

However, they are far fiom ideal. In the case of the former, the copolymerization with 

1-octene yielded high molecular weight material, but the polydispersity was extremely 

large (38.9). With the latter, the polymer was not studied and the reaction with propylene 

yielded an oil. 

1.3.1.3 Six-Membered Chelate Rings. 

One of the early successes of the diamido systems was (LXIa)~iMe2 which was a 

highly active catalyst for the living polymerization of 1-hexene at room temperature (Fig 

9).41 When the polymerization was carried out in dichloromethane, the resulting atactic 

polyhexene had a high molecular weight and narrow polydispersity (M, > 120 000 

gmol-', MJM, 1.07).~' Treatment of (L"")T~M~~ with B(C6F5)3 initially results in 

abstraction of a methyl group; this species evolves methane and results in transfer of a 

C6F5 ring to titanium.42 This is a possible deactivation pathway, since the resulting 

species is inactive as a catalyst and may account for the instability of the active species in 

the absence of excess monomer. 
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XIa R = 2 , 6 - ~ , ~ , ' ~ r ,  

XIb R = 2,6-C6H3Me2 

XIc R = C,F, 

XId R = SiMe, 

XIe R = siipr3 

XIIIa R = SiMe, 

XIIIb R = siipr3 

XIV XVa R = SiMe, 

XVb R = CH2Ph 

XVc R = Ph 

Figure 9. Six-membered Chelate Rings:  XI,""'^'" ~ 1 1 : ~  ~ 1 1 1 : ~ ' ~ ~  XIV:~ XV. 57-59 



In contrast, the zirconium analogue, (LXIa)zr~e2 is completely inactive as a 

catalyst when activated with B(C6F5)3. When MA0 is used, the resulting polymer is 

bimodal with both high polymer and oligomers present. This suggests that at least two 

active species are present in solution. It has also been suggested that in the ( L " ~ ) Z ~ M ~ ~  

/B(C6F5)3 system the anion is strongly bound to the metal centre. This is consistent with 

larger size of zirconium and is consistent with Schrock's work on zirconium diamido 

systems bearing additional donors that function as efficient catalysts for 1-hexene 

polymerization (Section 1.3.2). 

1.3.1.4 Larger Chelate Rings. 

As one might expect, moving to a larger ligand generally improves the 

polymerization behaviour of the zirconium catalyst (Fig 10). When the four-membered 

chelating ligand (L" ' )z~(NM~~)~(NHM~~)  and the analogous seven-membered chelating 

ligand (~~" ' )Zr (N~e2)2  (Fig 10) were tested under the same conditions, the latter proved 

to be an active ethylene polymerization catalyst while the former was rapidly deactivated. 

The difference is a consequence of the smaller bite angle in L'", the amido nitrogens are 

part of a four-membered ring; accordingly, the aryl substituents are directed away from 

the metal. In contrast, the seven membered ring in LXV' results in the aryl groups being 

directed towards the metal centre and providing steric protection to the 

XVIII 
(L )ZrX2 (X = C1, Me) is the only example of a diamido system without 

additional donors that polymerizes a-olefins in a living manner. For a full discussion of 

the criteria for living polymerization see Coates recent re vie^.^^,^^ Some of the key 

features of living polymerization are a linear increase in number average molecular 



weight with increased conversion, narrow polydispersity (MJM, = I), complete 

conversion of all monomer and further chain growth with further monomer addition (if a 

different monomer is added a block copolymer results). This system has shown activity 

comparable to that of the Cp2ZrC12/MA0 system and the ability to polymerize a range of 

olefins: ethylene, propylene, 1 -hexene, 1 -octene and block copolymers of 1 -hexene and 

1-octene with high activities and relatively narrow polydispersities (1.23-2.35 at 0 and 

22•‹C). Once again, the solid state structure sheds some light on the success of this 

system; the two aryl groups of the backbone are oriented above and below the ZrN2 plane 

and the bulky Si1Pr3 groups also provide steric protection of the metal centre. 

1.3.2 Zirconium Diamido-Donor Complexes. 

Like the organozirconium chemistry of the simple diamido ligands, the diamido 

donor chemistry focuses on olefin polymerization; Schrock and coworkers have 

published extensively in this area and have reported three different systems for the living 

polymerization of 1-hexene. These ligands have also been used as supporting systems for 

interesting organotitanium species such as metallacycles,61 i m i d e ~ ~ ~  and alkylidenes;63 

however, as might be anticipated from the size difference between these metals, the 

titanium systems are typically less active than the corresponding zirconium systems for 

polymerization. 



XVI Ar = 2,6-C6H,Me, XVIIa Ar = 4-C6HiBu 

XVIIb Ar = 4-C,H,Ph 

XVIII R = siipr3 

Figure 10. Larger Chelate Rings: X V I ~  XVII:' XVIIIP~ 

Almost all the ligand systems in this class are symmetrical, with the neutral donor 

located between the amido donors. In L'" this is not the case (Fig 1 I), and one of the 

byproducts isolated in the synthesis of ( L " ~ ) Z ~ ( C H ~ C H M ~ ~ ) ~  contained an "ate" 

complex in which the pendant amino donor was coordinated to magnesium, resulting in 

[ ( L ' " ) z ~ ( c H ~ c H M ~ ~ ) ~ M ~ c ~ ~ ] ~ .  Thus, the pendant donor may not be innocent and may 

account for the lack of polymerization activity of this system.66 



Both of the complexes are somewhat unusual in that they both contain alkyls that 

bear P-hydrogens. However, the Schrock group has repeatedly isolated complexes 

containing alkyl groups bearing P-hydrogens and this stability of zirconium diamido 

complexes to p-elimination is more the rule than the exception in this field.(j3@j 

- 

XIX 

Figure 11. A Diamido Ligand With a Pendant Donor: X I X . ~ ~  

1.3.2.1 Mixed Diamido-Donor Ligands with Unsaturated Backbones. 

The first successful system that Schrock and coworkers reported was 

(LXXa)zMe2/ [ H N M ~ ~ P ~ ] + [ B ( c ~ F ~ ) J  (Fig 12). This system was highly active for the 

polymerization of ethylene and 1-hexene. The resulting atactic polyhexene had an 

extremely narrow polydispersity (1.02-1.14) and the linear increase of the polymer M, 

with increased equivalents of monomer were evidence that the catalyst was living at 

All subsequent modifications of this system (ie LXXb- XXIa LXXh; activity of L , 

L X X I ~  not reported), were inferior as olefin polymerization catalysts. The explanation for 

this is primarily steric in origin. The bulky t ~ u  groups result in a fac coordination mode, 

while the smaller groups result in mer geometry (Fig 13). The cations that result from the 

mer geometry are less crowded and consequently more prone to 2,l insertion of 1- 

hexene. This places the bulk of the alkyl group near the metal, making it more prone to P- 

elimination. 



XXa E=O,R= 'BU XXIa R = 'BU, R, = R, = Me 

XXb E = o , R = ' P ~  XXIb R = 'BU, R, = Et, R, = H 

XXc E = O , R = C y  

XXd E = 0 ,  R = SiMe, 

XXe E = 0 ,  R =  0.5 
Me2SiCH2CH,SiMe, 
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XXIIIa R = R, = Me 

XXIIIb R = R, = Et 

XXIIIc R = R, = 'Pr 

XXIIId R = H, R, = Ph 

XXIIIe R = H, R, = 'Pr 

XXIIIf R = H, R, = 'Bu 
N N - - 

XXIIIg R = Me, R, = 'Pr 

XXII XXIIIh Ar = C,F, 

Figure 12. Mixed Diamido-Donor Ligands with Unsaturated Backbones: XX, 63,67-73 

X X I , ~ ~  XXII:~ 



Mer Geometry Fac Geometry 

Figure 13. Coordination Geometries. 

1.3.2.2 Mixed Diamido-Donor Ligands with Saturated Backbones. 

Schrock and coworkers found that polymerization using zirconium complexes 

XXIVb LXXIVC LXXIVe - LXXIVj based on ligands L , , (Fig 14) all suffered from a termination 

step that did not result in an olefinic end group. Investigation of ( L ~ ~ ' ~ ~ ) Z ~ M ~ +  led to the 

discovery of ortho C-H bond activation in the ligand and this likely accounts for this 

termination step (Eq 6).78 Substitution of the troublesome methyl group with the 

sterically similar chloro substituent allows ( ~ ~ ~ ' ~ ~ ) ~ r ~ e 2 /  HNMe2PhB(C6F5)4 to 

function as a living catalyst for the polymerization of 1-hexene. Previously, a similar 

problem was observed with the closely related trimethylsilyl substituted system 

( L ~ ~ ' " ~ ) Z ~ B Z ~ /  B(C6F5)3 - the putative cationic complex decomposed via CH bond 

XXXIIa activation (Eq 7)79 (as did the tetradentate analogue L , Fig 17).~' 



Mes 
Mes ' Me 

Me 

In the previous section much of the reactivity of the complexes could be 

accounted for by the steric bulk of the substituents on the amido nitrogen. The bulky 'BU 

groups in LXXa provided supported living polymerization while any smaller substituent 

was ineffective. The exception to this was the SiMe3 substituent; while the 'BU analogue 

was very successful, the %Me3 analogue LXXd was not. In light of these other 

observations, it seems likely that C-H bond activation may play a role in the instability of 

the alkyl cation ( L ~ ~ ~ ) Z ~ M ~ + .  Given the widespread use of SiMe3 and siipr3 groups, this 

problem may be quite widespread and the use of these groups in polymerization catalysts 

should either be avoided or at least approached with a critical eye. 
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XXIVb E = NMe, R = Mes 
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XXIVd E = NSiMe,, R = SiMe, 
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Figure 14. Mixed Diamido-Donor Ligands with Saturated Backbones: 

mv,78,79,81-87 XXV?~ X X V I , ~ ~  X X V I I . ~ ~  

1.3.2.3 Mixed Tripodal Diamido-Donor Ligands. 

The third system studied by Schrock and coworkers involves a tripodal geometry, 

rather than a linear arrangement of donors (Fig 15). An unusual feature of this system 

involves the difference in polymerization activity found when the same ligand is used, 



but different alkyl groups are bound to the metal. When (L XXVIIIa )ZrMe2 is activated with 

Ph3CB(C6F5)4, the system is not a well behaved 1-hexene polymerization catalyst. On the 

other hand, when ( L " ~ ~ " ' ~ ) Z ~ ' B U ~  is activated with Ph3CB(C6F5)4 the system acts as a 

well behaved and living polymerization ~ a t a l ~ s t . ~ ' ' ~ ~  In the former case a dimeric methyl 

bridged cationic species forms, which does not readily dissociate to yield a catalytically 

active species (Fig 16). Even addition of excess of THF or DME did not result in 

cleavage of the dimer, while in the latter the larger isobutyl group prevents this 

dimerization and allows for a well behaved polymerization of 1-hexene with extremely 

XXIV narrow polydispersity (1.03 at O•‹C). Unlike the case with the ligand system L , 

placing chloro substituents on the aniline ring did not improve the activity of this catalyst 

system, possibly due to interaction of the halide with the metal centre?' 

XXVIIIa Ar = Mes 

XXVIIIb Ar = 2,4,6-c6%'pr3 

XXVIIIc Ar = 2,6-C6H3Cl, 

XXVIIId Ar = 2,6-C6H3F, 

XXIX 

Figure 15. Mixed Tripodal Diamido-Donor Ligands: X X V I I I , ~ ~ ' ~ ~ - ~ ~  X X I X . ~ ~  
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Figure 16. Cationic Dimer. 

1.3.3 Zirconium Complexes With Diamido Ligands that Bear Two or More 

Additional Donors. 

With the increased number of donors, the focus in this area is more on the 

stoichiometric reactions of these complexes (Fig 17). Fryzuk and coworkers have been 

investigating the reactions of coordinated dinitrogen, which has implications for the 

production of ammonia. One notable accomplishment involved the use of the "P2N2" 

macrocycle. They have shown that reaction of ( L ~ " ~ ) Z ~ C I ~  with KC8 in the presence of 

dinitrogen yields the side-on bound p-N2 dimer (Eq 8). The dinitrogen is effectively 

reduced to N;~, but perhaps more importantly, addition of hydrogen did not displace the 

dinitrogen, but rather reacted with it. This is without precedent and holds promise for 

hrther investigation. 
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Figure 17. Diamido Ligands with Two Or More Donors: 



1.3.4 Unsaturated Macrocyclic Diamido Ligands 

The size of zirconium precludes it from sitting in the plane of the four nitrogens in 

any of the ligands L ~ ~ ~ ~ ~ - L ~ ~ ,  unlike smaller metals (Fig 18). This has the advantage of 

forcing the metal out of the pocket resulting in the substituents being cis to one another. 

This geometry has the potential to allow for olefin polymerization; however, while 

several alkyl cations have been studied, 100,101 only one, supported by L XXXVIIIb , was 

reported to catalyze ethylene polymerization, albeit with low activity.lo2 

As in the previous section, the focus of research in this area has been more on 

studying the stoichiometric reactions of the zirconium alkyls with unsaturated substrates 

as a comparison to the zirconium metallocenes. There is one problem that has plagued 

this area of research. The unsaturated imino functionality is extremely prone to alkyl 

migration from zirconium to the a-carbon to yield an arnido group. This has been 

observed with ligands L XXXVII 103 LXXXVIIIa 104 LXXXVIIIb 102 and LXXXIX 105 
9 , 3 and a 

representative example is shown in Eq 9. 



XXXVIa Ar = H, R = Et 

XXXVIb Ar = Ph, R = H 

XXXVIc Ar = 4-C,H,Me, 
R = H  

XXXVIIIa R = H 

XXXVIIIb R = Me 

XXXIX 

XLa n =  1 

XLb n =3 

Figure 18. Dianionic N4 Macrocycles: XXXVI, 106-110 X X X V I I , ~ ~ ~  

XXXvIII,100,102,104,11 1-114 xx=x, 100,105,115 XL,101,116,117 
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Despite this serious limitation, a number of unusual compounds and reactions 

have been observed with this class of ligands. In addition to a number of imides 

supported by the macrocyclic ligands, 110,111 the bis-alkyl compounds undergo reactions 

with unsaturated species that are different from the metallocene counterparts (Eq 10-1 3). 

The metallocenes react with one equivalent of carbon monoxide or one equivalent of an 

isocyanide to form the q2-acyl or q2-iminoacyl complex respectively.118 In contrast, 

reaction of a macrocyclic (DA)ZrR2 complex with carbon monoxide can result in 

migration of both alkyl groups to the carbon to yield the metallaoxirane. lo4,1 l9 Reaction 

with isocyanides again involves migration of both alkyl groups, but in this case it is to 

two different isocyanides, which can result in the bis-q2-iminoacyl complex104 or 

subsequent coupling of the q2-iminoacyl moieties yields a rnetal la~~cle .~ l 6  
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1.4 Scope of This Work 

The origin of this work can be traced back to the early 1990's. At that time very 

little had been reported on the use diamido ligands as ancillary ligands for the early 

transition metals and lanthanides (the vast majority of ligands L" through L~~ have been 

applied to organozirconium chemistry post 1996, although some of the macrocyclic 

systems were reported earlier). At that time it was unclear what steric and electronic 

properties of pentamethylcyclopentadienyl made it such a successful ligand for 

organolanthanide chemistry. Thus began our research program to develop alternative 

ligand systems for organolanthanide and early transition metal chemistry. The conceptual 

process involved in developing new ligands is shown in Fig 19. 

What steric and 
electronic properties 

Make complexs: (DA)LnCl, 
(DA)LnR, (DA)LnH, 

of the ligand need to (DA)ZrC12, (DA)Zr%, 
be modified? 

I 
(DA)ZrH2. 

How do these complexes 

1 
Study solid state structures 

react with: CO, RNC, H2, and behavior in solution. 

alkynes, ethylene? / 

Figure 19. Ligand Development Cycle 



The first foray into alternative ligand systems exploited the macrocycle 4,13- 

diaza-18-crown-6 (DAC). This system was used to support not only organolanthanide 

chemistry, but also organozirconium chemistry. In the latter case, bis-alkyl complexes 

were formed, but the cis and trans forms (Scheme 4) were in equilibrium; moreover, 

these complexes proved unreactive with carbon monoxide and other unsaturated 

species.120 This was taken as evidence "that the coordination environment around the 

metal is extremely congested and reactivity can only be obtained by reducing the steric 

Bz. Bz 
CO, RCCR, RCN 

Scheme 4. Reactivity of Cis and Trans DAC Complexes 

This led to the development of (C6F5NHCH2CH20CH2)2, (NOON) as a 

supporting ligand. In Chapter 2, the synthesis of zirconium complexes supported by 

NOON will be described. As outlined in Fig 19, the solid state structures and solution 

behaviour will be described, followed by the reactivity of these complexes with small 

molecules. One intent of preparing this ligand was to apply it to organolanthanide 



chemistry and compare it with the corresponding DAC complexes; however, this proved 

not to be feasible and no lanthanide complexes were prepared with this ligand. This will 

be discussed further in Chapter 4. 

F 

Figure 20. Diamido Ligands 

The results of the NOON investigation led to the use of l,4,8,ll- 

tetraazabicyclo[6.6.2]hexadecane (cross-bridged cyclam, H2(CBC)) as a supporting 

ligand. Again the synthesis, solid and solution state behaviour, and reactivity of 

zirconium complexes with CBC will be reported in Chapter 3. The initial investigations 

of group 3 and lanthanide chemistry supported by CBC will be reported in Chapter 4. 

Finally, Chapter 5 provides the experimental details for all the work presented here. 



Chapter 2. Organozirconium Complexes Supported by 

a Fluorinated Diamido Ligand 

2.1 Introduction 

The DAC system was sterically crowded due to the sheer number of ether donors; 

consequently, removing two of the ether donors from one side of the DAC system gives 

an acyclic analogue (C6F5NHCH2CH20CH2)2, (H2NOON), which should decrease the 

steric crowding at the metal centre. The addition of the perfluorophenyl groups to the 

amido nitrogens should lower the pKa of the amido groups, which should result in less 

electron density at zirconium and perhaps increased reactivity. 

$(DAC) 

Figure 21. Ligand Evolution. 



2.2 Synthesis of Complexes 

The H2(NOON) ligand ((C6F5NHCH2CH20CH2)2, I), can be readily synthesized 

from 1,2-bis(2-iodoethoxy)ethane and commercially available pentafluoroaniline in 60% 

yield (Scheme 3.'" Excess aniline is required to obtain an acceptable yield, but the 

excess aniline can be recovered after hydrolysis via vacuum sublimation. The resulting 

black tar can be recrystallized from hexanes to yield a pale yellow powder in multigram 

quantities. 

AAA NaI (excess) 
C1 0 0 C1 + 

acetone I 0 0 I 
nnn 

3 + 3 nBuLi + 
/ I 

nnn 
0 0 I 

F F @ F I 

Scheme 5. Synthesis of H2(NOON), (1) 



In our hands, the most reliable and efficient entry into organozirconium chemistry 

is the direct acid-base reaction of readily prepared homoleptic zirconium compounds with 

the protio-ligand, H2(NOON). This method is limited to the homoleptic compounds 

which are stable at room temperature; in practice this limits this route to Zr(CH2Ph)4 and 

Zr(CH2SiMe3)4. Other compounds such as Zr(allyl)4 are not stable at room temperature,5 

thereby limiting this approach for practical reasons. 

The reaction of tetrabenzylzirconium with H2(NOON) results in 

(NOON)Zr(CH2Ph)2 (2) in excellent yield (Eq 14). This compound is a bright yellow 

powder which is soluble in aromatic solvents and sparingly soluble in aliphatic ones. It is 

thermally robust, it can be stored at low temperature in the solid state (-30•‹C) for months 

without appreciable degradation. In perdeutero-toluene solution, the half-life of 2 is 25 

hours at 105OC and this process resulted in the evolution of toluene and the disappearance 

of the ligand resonances into the baseline. 

A more general route to produce organozirconium species involves the metathesis 

reaction of a zirconium chloride species with alkyl lithium or Gringnard reagents. Thus, 

the species (NOON)ZrC12 (3) is a desirable starting material. A straightforward route to 



producing this material would be the reaction of Li2(NOON) with zirconium 

tetrachloride; however, we were concerned that the isolation of Li2(NOON) might be 

hazardous. The potential exists for both intramolecular and intermolecular nucleophilic 

aromatic substitution reactions to occur between the amido anion and the 

pentafluorophenyl ring. Since this reaction would produce lithium fluoride as a 

byproduct, it would likely be exothermic; accordingly, no attempt was made to isolate 

this compound. Attempts to produce (NOON)ZrC12 from Li2(NOON) or K2(NOON) 

generated in situ and zirconium tetrachloride were unsuccessful. This may be due in part 

to the nucleophilic aromatic substitution side reaction, as well as the possibility of 

forming insoluble "ate" complexes - lithium chloride being retained in the metal's 

coordination sphere. However, the key problem with this approach is the extremely low 

solubility of (NOON)ZrC12 in aromatic solvents (vide infra). This would make the 

separation of the desired zirconium complex from the salt byproduct tedious or 

impossible. 

Since the acid-base reaction chemistry was successful with tetrabenzylzirconium 

and H2(NOON), we returned to this strategy to produce (NOON)ZrC12. While many 

groups have successfully used a strategy of reacting a ligand with Zr(NMe2)4 followed by 

Me3SiC1 to produce a dichlorozirconium species, our own preference is to use 

Zrm(SiMe3)2]2C12 and the protio ligand 1 to obtain (NOON)ZrC12 directly (Eq 1 9 . l ~ ~  

This reaction requires rugged conditions (1 10•‹C toluene, 2 days), but the product is very 

sparingly soluble in aromatic solvents, so it precipitates as a pale yellow powder from the 

reaction mixture and does not require further purification. While this low solubility could 

be a result of a dimeric or polymeric structure, this seems unlikely given that the 



molecular ion is observed in the mass spectrum and the closely related [(3,5- 

C6H3(CF3)2)NCH2CH20CH2]2ZrC12 is a monomer in the solid state.12' 

One drawback of this approach is that the Zr[N(SiMe3)2]2C12 is not commercially 

available. When it is prepared from NaN(SiMe3)2 and zirconium tetrachloride, there is 

often contamination with Zr[N(SiMe3)2]3C1. This led to the fortuitous discovery of 

(NOON)ZrC1N(SiMe3)2 (4) (Eq 16). In contrast to the dichloro analogue 3 ,4  is soluble in 

aromatic solvents allowing it to be recrystallized from hot toluene to yield 4 as clear, 

colourless crystals suitable for X-ray crystallography (Section 2.3). To further confirm 

the identity of 4, it was prepared fiom Zr[N(SiMe3)2]3C1 and H2(NOON) as well as by 

metathesis reaction of 3 and NaN(SiMe3)2 (Eq 17). 



/ C6F5 

+ NaCl 
(NOON)ZrCl, 

(17) 
+ NaN(SiMe,), 0 

SiMe3 

The purpose of preparing (NOON)ZrC12 was to derivatize it with suitable 

alkylating agents. Indeed, reaction of 3 with MeLi affords (NOON)ZrMe2 (5) in modest 

yield (Eq 18). Recrystallizing this compound from toluene affords clear colourless 

crystals which are soluble in aromatic solvents and sparingly soluble in aliphatic ones. 

These crystals were analysed by X-ray crystallography (Section 2.3). The dimethyl 

species 5 is not as thermally robust as the dibenzyl compound 2, showing 50% 

decomposition after heating overnight at 80•‹C, compared to 25h at 105OC for the latter. 

This is consistent with the smaller size of a methyl group and the stabilizing effect of the 

phenyl substituent. Other attempts at metathesis reactions will be discussed further in 

Section 2.5. 



(1 8) (NOON)ZrCl, + 2 MeLi - + 2LiCl 

2.2.1 Photochemistry 

When a solution of the yellow dibenzyl compound 2 was left to recrystallize 

under ambient conditions red crystals were discovered on the wall of the flask after 

several weeks. These crystals were of sufficient quality for an X-ray crystallographic 

analysis to be performed (Section 2.3). The product proved to be the metallated complex 

[(C6F4NCH2CH20CH2CH2OCH2CH2NC6F5)ZrCH2Ph]2(C7H8), 6 (Fig 22). Initially, it 

was not evident if this was a result of a thermal or photochemical process; however, a 

solution of 2 that was protected from light remained unchanged after several months at 

room temperature. In contrast, a solution of 2 exposed to ambient light did react; 

moreover, the reaction showed a strong wavelength dependence. When a solution of 2 

was irradiated with a 150 W incandescent bulb masked with a 435 nm filter, the reaction 

was complete after 14 h. In contrast, when a shorter wavelength filter (375 nm) was used, 

a complex mixture of products resulted and a longer wavelength filter (550 nm) resulted 

in no reaction, even after several days of irradiation. 



Figure 22. One Photoproduct. 

When this reaction was followed by NMR spectroscopy (Fig 23), the metallated 

product 6 was insoluble in aromatic solvents and precipitated. However, bibenzyl was 

identified by its characteristic methylene 'H (2.7 ppm) and 13c re~0nances.l~~ A second 

organometallic species was identified in the supernate. 



Figure 23. Photolysis of (NOON)ZI-(CH~P~)~ at 435nm (300 MHz 'H NMR, C6D6 

295 K). 



The formation of bibenzyl accounts for the benzyl group that is lost in the 

formation of the metallated product 6. The only other species that has not been accounted 

for in the formation of dimeric 6, is two fluorine atoms. The NMR of the reaction 

mixture indicates that the other species in solution is [(NOON)ZrF2],, 7. The ' 9 ~  NMR 

spectrum contains not only the usual three Ar-F resonances (-150.1 to -166.6 ppm) of the 

C6F5 groups, but also two signals well outside this region. The downfield resonance at 

+109.2 ppm is consistent with a terminal Zr-F (terminal Zr-F groups range +20 to +I10 

ppm for cyclopentadienyl zirconium complexes), 124-130 while the signal at -51.4 is 

consistent with a bridging Zr-F-Zr (bridging Zr-F-Zr groups range from -19 to -1 12 ppm 

for cyclopentadienyl zirconium complexes). 126-129,131 Moreover, Fig 23 shows that 7 has 

six resonances for the ligand backbone. This is in contrast to the other complexes with the 

same substituents, including the dichloride 3, which show three resonances for the ligand. 

This anomaly is a result of a bridging fluoride interaction between the zirconium centres. 

Based on this information, the structure could be dimeric or polymeric as shown in the 

equation below. Unfortunately, the low solubility of this species in aromatic solvents 

prevented characterization of this compound by 13c NMR. 



Toluene + 

The discovery of the metallated dimer 6 was made during an attempt to 

recrystallize the dibenzyl compound; this was simply scaled up to furnish bulk amounts 

of 6. The first two crops of 6 were pure; unfortunately, subsequent crops were 



increasingly contaminated with the difluoride. To prepare 7 independently, the dibenzyl 

compound 2 was stirred overnight in toluene with two equivalents of solid Bu3SnF. The 

characteristic 'H and ' 9 ~  resonances due to the difluoride species were observed in the 

supernate in addition to Bu3SnCH2Ph - the major soluble product. The low solubility 'of 

both Bu3SnF and (NOON)ZrF2 prevented the isolation of pure 7 by this method. 

/ C6F5 

(20) 

Go 
7 

Thus far the mechanism of this photochemical reaction has not been discussed. 

Gambarotta and coworkers have shown that photolysis of (C5H4Me)2Zr(i-Bu)I (Eq 21) 

results in the formation of isobutane and i~0butene . l~~  The organometallic product of this 

reaction is a zirconium (111) dimer, which was characterized in solid state. The other 

products from the reaction, isobutane and isobutene, are consistent with zirconium- 

carbon bond homolysis. When the corresponding chloride zirconium (111) dimer, 

[(C51&Me)2ZrC1]2, was prepared, it showed a greater tendency to disproportionate into 

zirconium (11) and (IV) species. 



(C jH4Me)2Zr 
/l\ 

\ /  Z r ( C 5 H 4 W 2  
hu I 

(2 1) 2 (C ,H,Me),Zr(i-Bu)I - 
+ isobutene + isobutane 

These observations suggest a possible mechanism for the photochemistry of 

(NOON)Zr(CH2Ph)2. The likely first step is homolytic bond cleavage, as observed in the 

system studied by Gambarotta. This is also consistent with the wavelength dependence of 

the reaction. The reaction of 2 proceeds cleanly when a 435 nm filter is used; this 

corresponds to an energy of 276 kJ mol-', which is comparable to the Zr-C bond strength 

in tetrabenzyl zirconium (263 kJ m ~ l - ' ) . ' ~ ~  Also, the observation of a broad EPR signal (g 

= 2.001) during the photolysis is consistent with the formation of a zirconium (111) 

species. Given the long photolysis time to complete the reaction, the steady state 

concentration of benzyl radicals is likely to be quite low, making observation of this 

species difficult. 

If this zirconium intermediate undergoes disproportionation to zirconium (11) and 

(IV) species, the low valent species can then undergo oxidative addition of the aryl C-F 

bond (Scheme 6). This oxidative addition of an aryl C-F bond to a zirconium has been 

proposed previously,134 and there are many examples of this with late, electron rich, 



transition metals.135 This species would have the metallated ligand, but with a fluoride as 

the other ligand, rather than the observed benzyl group. Accordingly, ligand 

redistribution must occur in order to obtain the metallated producted 6 and the difluoride 

7. 

Another possible mechanism that would account for the observed products again 

involves two zirconium (111) species, but rather than disproportionation to yield 

zirconium (11) and (IV) directly, intermolecular electron transfer fi-om one metal to the 

electron deficient C6Fs ring of another Zr(II1) complex could occur (Scheme 7). This 

would result in the formation of the zirconium carbon bond and elimination of fluoride to 

the cationic zirconium complex. Ligand redistribution would again lead to the observed 

products. This type of reaction pathway has been proposed in divalent lanthanide 

chemistry. 135,136 

Since the first mechanism involves a zirconium (11) intermediate, the reaction was 

carried out in the presence of alkynes and phosphines in attempt to trap these 

intermediates. The added reagents did not affect the outcome of the reaction. Likewise, 

the addition of perfluorobenzene to the reaction mixture did not result in any evidence of 

intermolecular C-F bond activation. Photolysis of (NOON)Zr(CH2Ph)2 in ds-THF did not 

result in the formation of the metallated product 6, but rather a complex mixture of 

products. Since both mechanistic pathways could be affected by the presence of Lewis 

bases, this does not rule out either mechanism. It could indicate that dimerization of some 

of the intermediates may be important, since the THF would likely occupy any vacant 

coordination sites and might resist displacement by a second complex. 



Scheme 6. Disproportionation and Redistribution Proposal. 



Scheme 7. Electron Transfer Proposal. 

2.3 Solid State Structures 

Several zirconium compounds bearing the (NOON) ligand (NOON)ZrMe2 (5), 

(NooN)z~(c~)cH~P~, '~ '  (NOON)ZrCl[N(SiMe3)2] (4) and the closely related 

[(c~H~(cF~)~)NcH~cH~~cH~]~z~c~~~~~ have been crystallographically characterized 

(Tables 1-4). The dimethyl species 5 (Fig 24) is typical of all the compounds but 4, which 

has the sterically demanding N(SiMe3)2 amido group (Table 2). 

(NOON)ZrMe2 has a geometry that can best be described as distorted octahedral, 

with cis amido nitrogens, cis ether oxygens and cis methyl groups; one methyl group has 



a mer relationship with the amido groups and the other has a fac relationship. Because 

each of the heteroatoms in the ligand is separated by two carbons, the ligand forms three 

five-membered chelate rings with the metal. The chelate rings also constrain the 

heteroatom-zirconium-heteroatom angle significantly, to an average of 69.9" for the rings 

with an arnido nitrogen and an ether oxygen and to 68.88(10)" for the ring with both ether 

oxygens. Two of these rings lie in one plane and the third one lies roughly perpendicular 

to the first two. Thus, one oxygen atom forms a bridgehead between two rings that lie in 

a plane, and has a shorter Zr-0 bond length (2.296(2)81) than the oxygen that forms a 

bridgehead between the two chelate rings which are approximately perpendicular 

(2.4 1 1 @)A). These bond lengths are shorter and longer than the normal range (2.302(2)- 

2.387(5)81) found for zirconium-THF interactions in six-coordinate complexes and this is 

likely imposed by the geometry of the ligand. 112,137-142 

The zirconium-amido bond lengths (2.133(3), 2.1 O3(3)81) fall well within the 

normal range (2.063-2.19281) 91,94,99,143,144 for polydentate ligands in a six coordinate 

environment. And, as is typical for amido ligands, the sum of the angles around the 

amido nitrogen is, on average, 357" indicating planarity. Perhaps due to the constraints 

of the ligand geometry, the amide-zirconium-amide angle is larger than might be 

expected - 116.66(10)"; however, the carbon-zirconium-carbon angle is closer to the 

ideal octahedral angle of 90" (91.03(13)") and the zirconium-carbon bond lengths are 

well within the normal range. 112,139-141,145 



Figure 24.ORTEP3 drawing (thermal ellipsoids at 30% probability) of 5. 

In contrast to the series (NOON)ZrMe2, [(C6H3(CF3)2)NCH2CH20CH2]2ZrC12 and 

(NOON)Zr(C1)CH2Ph, the steric influence of the N(SiMe3)2 group in 4 (Fig 25) causes 

further distortions to the geometry of the complex. The N(SiMe3)2 group occupies a site 

coplanar with the other amido groups and the chloride is located trans to an ether oxygen. 

Accordingly, the amido-zirconium-amido angle of the ligand is compressed to 104.8(2)" 

compared to 1 16.66(10) in 5. The other significant difference between the two structures 

is the further compression of the angle between the trans arnido nitrogen and the oxygen; 

in the dimethyl species 5, this angle is 139.54(10) and in 4 it is 133.6(2). Obviously both 

these angles are significantly different than the ideal 180" and it could be argued that this 



geometry could be described as a mono-capped trigonal bipyramid, but for convenience 

the complexes will be described as octahedral. 

The ligand bond lengths in 4 are comparable to the rest of the compounds in the 

series (Table 2). The zirconium-chloride bond (2.43 l(3)A) is comparable to those found 

in other six coordinate complexes (2.420-2.503A). 94,105,108,137,138,140-142,146 The zirconium- 

amido bond (2.100(5)A) of the bis(trimethylsily1)amide is longer than all but one of the 

reported bond lengths for this group, (2.070-2.142A) 147-150 reflecting the crowded six 

coordinate environment - it is usually found in complexes with lower coordination 

numbers. 

Figure 25.ORTEP3 drawing (thermal ellipsoid 30% probability ) of 4. The 

of solvation is omitted for clarity. 

toluene 



Table 1. Selected Bond Distances (A) and Angles (deg) for 4 and 5.a 

4 5 

Bond Distances 

Zr(1 )-N( 1 ) 

Zr(1)-N(2) 

Zr(1)-O(1) 

Zr(1)-O(2) 

Zr(1)-C(l) 

Zr( 1 )-C(2) 

Bond Angles 

N( 1 )-Zr( 1 )-N(2) 

N(1)-Zr(1)-O(1) 

N( 1 )-Zr( 1 )-0(2) 

N(1)-Zr(1)-C(1) 

N(1)-Zr(1)-C(2) 

N(2)-Zr(1)-O(1) 

N(2)-Zr(1 )-O(2) 

N(2)-Zr( l )-C( l ) 

N(2)-Zr(1)-C(2) 

O(1)-Zr(1)-0(2) 

O(1)-Zr(1)-C(1) 

O(1 )-Zr(1)-C(2) 

O(2)-Zr(1)-C(1) 

O(2)-Zr(1 )-C(2) 

C(1)-Zr(1)-C(2) 

a Estimated standard deviations in parentheses. 



Figure 26. Key for Table 2. 

Table 2. Comparison of Ligand Ge~metries.~ 

5 [(C6H3(CF3)2)NCH2 (NO0N)ZrCl 4 

C H ~ O C H ~ ] ~ Z ~ C ~ ~ ' ~ ~  ( c H ~ P ~ ) ' ~ ~  

Bond Distances (A) 
Zr-N, 2.103(3) 2.101(5) 2.076(10) 2.1 02(5) 

Zr-Nb 2.133(3) 2.120(5) 2.076(9) 2.131(5) 

Zr-0, 2.296(2) 2.263(4) 2.276(7) 2.296(4) 

Zr-Ob 2.4 1 l(2) 2.294(4) 2.347(8) 2.372(5) 

Bond Angles (") 

N,-Zr-Nb 1 16.66(10) 1 10.2(2) 121.7(4) 1 04.8(2) 

N,-Zr-0, 70.82(10) 71.8(2) 71.9(3) 70.4(2) 

Nb-Zr-Ob 69.05(9) 72.4(2) 68.9(3) 69.1(2) 

0,-Zr-Ob 68.88(10) 67.0(2) 68.6(3) 65.9(2) 

a Estimated standard deviations in parentheses. 

Compound 6 is one of the photochemical decomposition products of 2, having 

lost a benzyl group as well as a fluoride from one of the aromatic rings, resulting in an 



ortho metallation of the aryl ring (Fig 27, Tables 3 and 4). The structure is dimeric in the 

solid state with one of the amido nitrogens fiom each of the ligands bridging between the 

zirconium centres, forming a four membered Zr2N2 ring. The geometry can be best 

described as a pentagonal bipyramid; the sum of the angles about the zirconium in the 

plane is 363.6" with all the ligand amido nitrogens, ether oxygens and the carbon of the 

metallated aryl ring lying approximately in a plane (maximum deviations N(l) i-0.35 A, 

O(1) -0.26A). Accordingly, the benzyl group occupies one of the apical positions, while 

the amido group from the other unit in the dimer occupies the other. As with the dimethyl 

analogue 5, the heteroatom-zirconium-heteroatom angles are constrained to 

approximately 70" due to the five membered chelate rings. Likewise, the N(1)-Zr(1)-C(1) 

angle of the metallated aryl ring is constrained to 6 1.5 l(8)"; all of this allows these five 

atoms to lie in a plane around the zirconium. 

Because the metallation of the aryl ring results in it being almost coplanar with 

the pentagonal plane (dihedral angle 24"), the amido nitrogen can then bridge between 

the zirconium centres. In contrast, the C6F5 ring is nearly perpendicular to the pentagonal 

plane (dihedral angle 98") which orients a fluoride towards the other unit in the dimer. 

The amido nitrogen that does not bridge show the typical trigonal planar geometry (sum 

of angles 360") and an elongated bond length (Zr(1)-N(2) 2.163(2)A) compared to other 

complexes in this class (average for the other three complexes with ligand 1: 2.10A). The 

bridging amido nitrogen shows distorted tetrahedral geometry and longer bond lengths 

(angles ranging fiom 90.8(2) to 116.3(2) and bond lengths Zr(1)-N(l) 2.308(2), Zr(1)- 

~ ( 1 ) '  2.40 i (214. 



The zirconium-oxygen bond lengths in 6 (Zr(1)-O(1) 2.286(2), Zr(1)-O(2) 

2.285(2)) are comparable to those in the other structures where the oxygen is between 

two chelate rings that are coplanar (the average for the other three complexes with ligand 

1 is 2.29 A). Likewise, the bond between the benzylic carbon in 6 and the zirconium 

(2.314(3) A) is comparable to that found in (NOON)Zr(Cl)CHzPh (2.292(11) A) as well 

as those reported for similar systems. 94,105,116,144,151 Furthermore, the bond angle 

(1 l8.52(18)") between the Zr-C(19)-C(20) indicates that the benzyl group is bonded q ' to 

the metal. 

The bond distance to the metallated aryl ring (2.326(3) A) is comparable to the 

range found for zirconium-phenyl bonds; 116~152 however, it is longer than that found in the 

only other crystallographically characterized ZrNC2 ring (2.260(2) A)'53 and this is likely 

due to the constraints of the pentagonal bipyramidal geometry. 



Figure 27.ORTEP3 drawing (thermal ellipsoids at 30% probability) of 6. The 

toluene of solvation is omitted for clarity. 



Table 3. Selected Bond Distances (A) and Angles (deg) for 6.a 

Bond Lengths 

2.308(2) Zr(1)-N(2) 

2.401 (2) Zr(1)-O(1) 

2.285(2) Zr(1)-C(1) 

2.3 l4(3) 

Bond Angles 

" Estimated standard deviations in parentheses. 



Table 4. Summary of Crystallographic Data for Compounds 4 ,5  and 6. 

811.40 

ambient 

1.542 

monoclinic 

P21/n (No. 14) 

12.815(1) 

18.883(2) 

14.915(2) 

90 

1 O3.226(9) 

90 

3513.3(6) 

4 

1.54 

4.769 

1648 

120 

5574 

535 1 

Semi-empirical 

0.048 

0.039 

599.58 

ambient 

0.7107 

triclinic 

P-1 (No. 2) 

8.8830(18) 

10.415(2) 

13.156(3) 

83.147(4) 

74.269(4) 

82.043(4) 

1 156.0(4) 

2 

1.72 

0.58 

5 96 

5 0 

6268 

4065 

Semi-empirical 

1467.55 

ambient 

0.7 107 

triclinic 

P-1 (No. 2) 

8.9913(11) 

11.0332(14) 

l5.2867(19) 

82.974(2) 

79.912(2) 

87.465(2) 

148 1.4(3) 

1 

1.64 

0.46 

596 

5 0 

6268 

4065 

Semi-empirical 

0.037 

0.072 



2.4 Behaviour of Complexes in Solution 

The solid state structure of the dimethyl compound 5 has no internal symmetry 

elements; therefore, one would expect two methyl resonances and multiple resonances for 

the ligand. In solution, only one methyl resonance is observed and three signals for the 

ligand (Fig 29). This could be a result of a fluxional process occurring on the NMR 

timescale. The simplest explanation for this observation is something akin to a Berry 

pseudorotation. If one imagines N(1) in Fig 24 moving forward to a position trans to 

O(2) with a simultaneous movement of C(2) back between the arnido nitrogens the result 

is a structure with the ligand in one plane and the methyl groups trans to one another. 

Since all the donors of the ligand can lie in one plane as observed in dimeric species 6, it 

is reasonable that this geometry could arise for 5 as well. This species would have C2" 

symmetry and this would account for the observed NMR spectrum. A static high 

symmetry structure different from the X-ray structure cannot be ruled out, but it seems 

more likely that a fluxional process is occurring in which the geometry changes from the 

low symmetry structure found in the solid state through a C2, intermediate and back 

again. Schrock and coworkers have observed a similar phenomena with complexes of 

L'~", which typically has a fac geometry in the solid state, but which shows higher 

symmetry in solution, consistent with a mer intermediate (Fig 1 3 ) . ~ ~  Alternatively, a 

fluxional process involving dissociation of one of the ethers in 5 results in a five 

coordinate complex that undergoes rapid Berry pseudorotation is also a possibility. As 

shown in Table 2, one Zr-0 bond distance is much longer than the other, which may 



suggest that the ether is weakly bound, lending credibility to a process involving oxygen 

dissociation. 

Figure 28. Fluxional Process. 

Figure 29.360 MHz 'H NMR of (NOON)ZrMez, C6D6, 295 K. 



All complexes where zirconium bears two identical substituents show only three 

resonances for the ligand backbone, suggesting that fluxional processes are operative here 

as well. In compound 2, the benzylic protons appear as a singlet and the compound does 

not display the features commonly associated with q2-benzyl coordination: typically, the 

ortho protons are upfield of 6.7 ppm (6.92 ppm in 2) and the benzylic l ~ C H  coupling 

constant is greater than 130Hz (124 Hz) in q2-bound species. 79,154-157 

As in compound 5, the observed symmetry in solution for 

(NOON)ZrC1[N(SiMe3)2], 4, is higher than in the crystal structure. The observation of 

six 'H resonances for the ligand in 4 is entirely consistent with the fluxional process 

proposed for 4. In the highest symmetry intermediate, the chloride and N(SiMe3)2 groups 

would be trans to one another with the ligand occupying a plane giving effective C, 

symmetry and thereby rendering all the methylene protons of the ligand diastereotopic. 

Furthermore, this is also consistent with the 13c spectrum, since only three resonances are 

observed for the ligand backbone. 

Consistent with the steric crowding in the solid state structure of 4, the ' 9 ~  

spectrum shows evidence of restricted rotation of the perfluorophenyl rings.121 At room 

temperature, the ortho fluorine resonance is broad; lowering the temperature results in the 

signal decoalescing into two signals. The meta fluorine signal shows similar behavior. 

The para signal is a triplet over the entire temperature range studied. From the 

coalescence temperature shown in Fig 30, the activation energy for this process is 

calculated to be 49 +_ 3 kJ/mol using the equal population two-site exchange equation.12' 

The free energy of activation was calculated from the coalescence temperature (T, in K) 

and the equation AG+ = (1.912 x 104)(~,)[9.972 + log(T JGu)] in kJ mol-' where 6u is the 



+ separation of the resonances in HZ.'~' The error in AG was estimated assuming an error 

of 3 K in the estimate of T,. Since the other complexes in this series do not show this 

hindered rotation, it is likely a result of the N(SiMe3)2 group and as outlined previously, 

this steric crowding is also reflected in the crystal structure of 4. Schrock and coworkers 

have observed similar restricted rotation of the 2,6-c6~,'pr2 rings in complexes with 

L ~ ~ ~ ~ ~ ~ ,  which has one less ether donor than the (NOON) ligand.85'86 

Figure 30. VT 339MHz 1 9 ~  NMR of (N00N)ZrCI[N(SiMe3)2], (4), C6&. 

While complex 6 is not soluble in aromatic solvents, it is suffiently soluble in 

deuterated THF to obtain NMR spectra. As expected, the 'H NMR spectrum shows 12 

overlapping signals for the ligand and the benzylic protons are diastereotopic and appear 



as doublets consistent with a low symmetry environment. Likewise, the 13c NMR 

spectrum shows six resonances for the ligand backbone. The ' 9 ~  NMR spectrum shows 

seven signals for the two aryl rings. Six of these signals are between -147 and - 170 ppm, 

typical for these complexes, while one appears at -1 15 ppm, outside the usual range for 

these complexes. This resonance has been assigned to the fluorine ortho to the metallated 

position. In the crystal structure, this fluorine is located over the face of the other aryl 

ring of the same ligand (F(1)-C(ary1) distances from 2.819(4) to 3.782(4)A). The unusual 

chemical shift may suggest that the same relative positions are maintained in solution. 

This could also indicate that the dimeric structure is maintained in solution, but the 

possibility that the geometry of a monomer is such that the relative positions remain the 

same, for example, with THF occupying an apical position rather than the bridging amido 

group, cannot be discounted. 

2.5 Reactivity 

2.5.1 Polymerization 

As outlined in the introduction, one potential application of diarnido zirconium 

complexes is as catalysts for olefin polymerization. Accordingly, the dichloride 3 was 

tested with 500 equivalents of MA0 at 50•‹C in toluene and it showed modest activity for 

the polymerization of ethylene (3.2 kg mofl Zr hW1 atm"). 

Treatment of the dibenzyl compound 2 with one equivalent of B(C6F5)3 in 

dichloromethane resulted in an orange solution which showed no activity for ethylene or 

I-hexene polymerization. The NMR data strongly support the formation of 

[(C~F~NCH~CH~OCH~)~Z~CH~P~]+[P~CH~B(C~F~)~]-, 8, which decomposes over a 



period of 24 hours in solution. The 'H NMR spectrum of the starting material shows three 

resonances for the ligand and one for the benzylic protons in dichloromethane. Addition 

of B(C6F5)3 results in six resonances for the ligand and two resonances for the benzylic 

protons. The 1 9 ~  resonances of the ligand are largely unchanged after abstraction of the 

benzyl group, the ortho fluorines in particular (-150.8 in 2, -150.4 ppm in 8), making it 

unlikely that there is an interaction between the fluorinated rings of the ligand and the 

metal. The ' J C ~  coupling constant for the benzyl methylene group increases from 124 Hz 

in 2 to 138 Hz in 8, consistent with q2-benzyl coordination; however, none of the aryl 

protons are as far upfield as one might expect. 79,154-1 57 Addition of ds-THF does cause 

considerable changes to the spectrum, the 'JCH constant decreases from 138 Hz to 126 Hz 

and the 'H resonance for the Zr-CH2 shifts from 2.81 to 2.41 ppm. We take this as further 

evidence of r12-benzyl coordination in the cation prior to the addition of a Lewis base. 

The other factor to be considered in 8 is the role of the anion; the observation of 

the large upfield shift of the "B resonance on addition of B(C6F5)3 is evidence of anion 

formation. It has been suggested that a value greater than 3.0 ppm in the borate 

anion is evidence of strong anion binding to the Thus the A 6 , p  value of 3.0 ppm 

in 8 is somewhat ambiguous. However, addition of ds-THF has very little impact on the 

NMR spectra of the [PhCH2B(C6F5)3]- unit. This suggests that the anion is only weakly 

coordinated to the cation in noncoordinating solvents. 



Scheme 8. Cation Formation. 

This r12-benzyl coordination in 8 likely accounts for the lack of ethylene or 1- 

hexene polymerization activity. Accordingly, the dimethyl complex 5 was treated with 

B(CbF5)3 in attempt to generate a catalytically active species. Unfortunately, this species 

was not stable in solution and decomposed before it could be characterized by 'H NMR 

spectroscopy. Thus, it appears that the r12-benzyl coordination in 8 is essential to stabilize 

the cationic centre. This may also play a part in the relatively low activity when the 

dichloride 3 is treated with MAO. The resulting alkyl cation is likely decomposing over 

the course of the one hour polymerization run. 

It is also worth noting that Schrock and coworkers have developed several 

diamido ligands with ether and pyridine donors that are effective ethylene and 1-hexene 

polymerization catalysts. They have shown repeatedly that addition of diethyl ether to a 



70 

cationic zirconium catalyst prevents polymerization. 60,69,82,83,85 In the case of the (NOON) 

system, the extra ether is essentially built into the ligand system. Thus, this ligand system 

is not likely to be effective in olefin polymerization chemistry. 

2.5.2 Hydrides and Alkyls 

As outlined in the conceptual cycle in the introduction, there are several classes of 

compounds that would be desirable in order to compare their reactivity with the 

metallocene and other diamido ligands. One class of compound is the hydrides, especially 

since Schwartz's reagent, [Cp2ZrHC1],, has seen such widespread use. In practice there 

are two routes to make zirconium hydrides: the first is to treat (NOON)ZrC12 with a 

hydride source such as NaH, LiBH4 or LiAlH4; the second is to treat (NOON)Zr(CH2Ph)2 

or (NOON)ZrMe2 with hydrogen. Both routes were attempted without success. The 

reaction resulted in a complex mixture of products when hydride sources were employed 

and the starting material was recovered when hydrogen was used. This is disappointing, 

but not surprising in light of work with zirconocene hydrides; these compounds have 

been shown to be efficient at C-F bond a~t ivat i0n. l~~ 

THF 6 Cp2Zr(C6F5)F + 13 H, 
(23) 3.5 [Cp2ZrH2], + C6F6 (excess) - 

r.t. + 2 C6F5H + Cp2ZrF2 

Subsequent to our own work on the (NOON) system, Tilley and Turculet were 

successful in isolating such a product from the C-F bond activation of a triamido 

ligand.139 Not only was C-F bond activation found with the perfluorophenyl ring, but also 

with 3,5-c6H3(CF3)2 aryl groups on the amido nitrogens, suggesting that intermolecular 



processes might be involved. Thus, it seems likely that the failure to isolate a 

(NOON)ZrH2 species can likely be attributed to the formation of a multitude of products 

due to the C-F bond activation of the ligand. 

1 atm 

C F H  
./ 6 4 

Another class of zirconium compounds of interest is zirconacyclopropanes and 

zirconacyclopentadienes (Section 1.2.1). Schrock and coworkers were able to isolate the 

trimethylphosphine adducts of several zirconacyclopropanes supported by (RNC6H4)20 

ligands (LXXa and LXxb in Fig 12).63369 It was hoped the extra ether donor in the (NOON) 

ligand might allow for the preparation of these compounds without the need for 

phosphines, however, repeated attempts prepare similar compounds proved to be 

unsuccessfid (Scheme 9). 

In hindsight, this again may be due to the C6F5 rings in the ligand. In the same 

report as the zirconium hydrides are reported to react with perfluorobenzene (Eq 23), the 

authors report testing the zirconacyclopropanes with perfluorobenzene and obtaining a 

mixture of products rather than the formation of C ~ ~ Z ~ ( C ~ F ~ ) F . ' ~ ~  This is consistent with 

our experimental observations; for example, the crude NMR of the reaction with EtMgBr 

was consistent with the formation of (NOON)ZrEt2. All attempts to purifj this compound 



resulted in further decomposition, presumable due to transient formation of the 

zirconacyclopropane and subsequent decomposition by C-F bond activation. It is not 

obvious if the zirconacyclopropanes, which are often treated as zirconium (11) synthons, 

are in fact undergoing loss of alkene and oxidative addition, or rather acting as 

nucleophiles. Subsequent work from Schrock's group has shown that nucleophilic attack 

is possible with hafnium arnides (Eq 25).90 

+ 2 EtLi - 

+ 2 EtMgBr + PMe, (excess) 
- 

+ Mg + 2 EtCCEt 

C6F5 

+ Na/Hg + 2 EtCCEt N' R 

0 
+ 2 nBuLi + 2.2 PhCCPh 

+ 2 EtMgBr + EtCCEt (excess) - 

Scheme 9. Unsuccessful Attempts to Generate Zirconacycles. 



There is another general decomposition route that must be considered for alkyl 

complexes. As outlined in the introduction, Buchwald and coworkers have shown that 

complexes of the type Cp2ZrMeAr react to lose methane and produce a benzyne complex 

(Scheme 2). They have extended this chemistry to amides (Scheme While this has 

proved to be a useful route to a number of substituted pyrroles, it must also be considered 

as a decomposition pathway for amido ligands with P-hydrogens. 

In the NOON system, the ligand is flexible and there is a fluxional process 

occurring in solution, this likely means that some of the P-hydrogens are sterically 

accessible for reaction with an alkyl group. When the decomposition of 

(NOON)Zr(CH2Ph)2 is followed by NMR at 105"C, toluene is observed as a product in 

addition to multiple resonances in the region of the ligand backbone. This suggests that 

decomposition of this compound involves hydrogen abstraction from the ligand. 



R = H, Ph, nC,H, , , firan, thiophene 

R, = H, Ph, Me, nC,H,, 

R, = H, Ph, nC,H,, SiMe,, (CHJ,CN 

Scheme 10. Generation of Azazirconacyclopropanes. 

This type of decomposition pathway may account for the lack of success in 

isolating other dialkyl complexes. In addition to the attempts to isolate the dialkyl 

precursors to zirconacyclopropanes outlined already, all attempts to make allyl, 

methylallyl, zirconacyclobutanes and zirconacyclopentanes complexes from 

(NOON)ZrC12 and suitable Gringard, lithium and potassium reagents were unsuccessful. 

These reactions typically resulted in numerous products and attempts to selectively 

crystallize any reaction products were unsuccessful. These compounds may simply be 

more prone to decomposition either by reaction with the C6F5 ring or the ligand 



backbone. There is a third possibility, namely that "ate" complexes are formed under the 

reaction conditions and rather than the lithium or magnesium halide being eliminated 

fiom the coordination sphere of the metal, it is retained. This has been observed by 

Schrock and coworkers using L'", which has a pendant amino donor. Since the (NOON) 

ligand is flexible, it is possible that it could adopt a conformation in which the ethers or 

arnides bind to the lithium or magnesium cations. Typically these complexes have lower 

solubility in aromatic solvents than the neutral complexes, so they would likely be 

discarded along with any salts produced during the reaction. 

2.5.3 Insertion Chemistry 

The final area of interest was the reaction of unsaturated species with the dialkyl 

compounds. As outlined in Chapter 1, bent metallocene dialkyls typically react reversibly 

with one equivalent carbon monoxide to produce an r12-acyl complex. Contrasting this 

behaviour, treatment of a toluene solution of dibenzyl compound 2 with carbon monoxide 

resulted in complex mixture of products. It is not clear at this point if this due to the 

formation of multiple products (insertion of two equivalents of CO, migration of the 

second alkyl to the acyl, rearrangements of the initial insertion product) or decomposition 

of the insertion products via the routes already outlined. Unfortunately, a similar problem 

occurred when the dialkyl complexes were treated with alkynes (terminal, internal and 

1,7-octadiyne). Typically, no reaction occurred at room temperature and the starting 

material was recovered, while heating again resulted in a complex mixture of products. 



2.6 Summary 

The ligand development cycle in Fig 19 outlines the five steps in ligand 

development that are typical of this research program. The (NOON) ligand system has 

been studied in this context. Several complexes have been prepared and fully 

characterized, including the dialkyl complexes. These compounds are thermally robust in 

solution in the absence of ambient light. The solid state structures show distorted 

octahedral geometry and increasing the steric bulk of the substituents causes further 

distortions to the geometry, indicating that the ligand can adopt different conformations. 

The observed symmetry in solution suggests a fluxional process is occurring. This also is 

consistent with a decomposition pathway in which the flexibility of the ligand backbone 

allows for the metallation of the ligand and loss of toluene in the decomposition of 

(NOON)ZrBz2. The alkyl complexes do react with unsaturated substrates and hydrogen, 

but the result is multiple uncharacterizable products. This is in contrast to the macrocyclic 

DAC zirconium dialkyl complexes, which were too crowded to react with unsaturated 

 substrate^.'^^ 



Chapter 3. Organozirconium Complexes Supported by Cross- 

Bridged Cyclam 

3.1 Introduction 

The start of this research effort into diamido supporting ligands began with the 

macrocyclic DAC system, diaza-18-crown-6. This led to the use of the linear H2(NOON), 

which supported a number of zirconium complexes. However, it did suffer from both 

photochemical and thermal decomposition pathways. In hindsight, the drawbacks of 

adding perfluorophenyl rings far outweigh the benefits of incorporating them into the 

ligand since they are potentially reactive not only under reducing conditions, but also 

with nucleophiles. One possible step in the evolution of this ligand system would be to 

retain the two central ethers and simply use other amido substituents; however, this does 

not address the second decomposition pathway that the (NOON) system was prone to - 

metallation of the ligand backbone. This process requires that the Zr-C and C-H units 

form a four membered transition state and the flexibility of the (NOON) ligand 

accommodated this geometry. Thus, the desired next generation of ligand should be rigid, 

thereby precluding, or at least reducing this decomposition pathway. While other 

macrocyclic ligands used to support group 4 chemistry thus far are certainly rigid, they 

are unsaturated and prone to alkyl migration from the metal to the macrocycle framework 

(Eq 9, Section 1.3.4). 102-105 

Cross-bridged cyclam, (CBC), is a 14-membered macrocycle with two amido 

donors and two amino donors. As the name indicates, the amido groups are located trans 



to one another with an ethylene cross-bridge between the amino groups. This bridge 

should effectively restrict the geometry of the ligand, so that the metallation of the ligand 

is reduced. 

Figure 31. Continued Ligand Evolution 

3.2 Synthesis of Complexes 

The synthesis of cross-bridged cyclam has been reported,160 as has the chemistry 

of either protio160 or N-alkylated 161-163 coordination compounds with lithium,160 

162 copper, '60,163 manganese, iron,162 gallium'64 and indium.'64 However, to the best of our 

knowledge, neither its use as a diamido ligand nor its use with early transition metals has 

been reported previously. 

The synthesis of H2(CBC) is considerably longer than that of H2(NOON), but it is 

routinely carried out on large scale to produce 10-15 g in 7% overall yield (Scheme 11). 

The ligand must be dried by sublimation from potassium hydroxide prior to storage in a 

toluene solution over activated 4A molecular sieves. 



BrCH2C%Br + A 
%N(CH2)3N5 - 
(excess) 

i) NiC12.6H,0 iii) NaBH, 

ii) glyoxal 1 iv) NaCN 

1 + PhCqBr 
(excess) 

+ glyoxal 
P 

+ NaBH, 

Scheme 11. Synthesis of H2(CBC) 



An efficient route into organozirconium chemistry is the acid-base 

reaction chemistry with homoleptic alkyl complexes (Eq 26). The reaction of 

tetrabenzylzirconium with H2(CBC) yields 10 in excellent yield. This yellow compound 

is soluble in aromatic solvents and only sparingly soluble in aliphatic ones. Compound 10 

is thermally robust in solution: heating at 105OC for 26 hours causes 50% decomposition 

(compared to an internal standard by 'H NMR); the process does not follow first order 

kinetics and ultimately results in disappearance of ligand resonances into the baseline. 

Given the previous observations of photolytic benzyl-Zr bond cleavage in 

(NOON)Zr(CH2Ph)2 due to ambient light, we were concerned that this might again be a 

possibility. Irradiation of 2 for 14h at 435nm led to complete transformation of the 

compound; in contrast, 10 showed minor degradation when irradiated at 375nm for 24h 

and bibenzyl was not produced. This suggests that 10 is not significantly degraded by 

ambient light. 



To hrther understand the reactivity of 10, it was treated with t-butyl-isonitrile. 

This resulted not in the expected q2-iminoacyl (Eq lo), but rather the formation of a 

vinylamide complex, 11 (Eq 27); The vinyl amido group in 11 has 'H resonances at 8.40 

and 6.15 ppm with a coupling constant of 3~~~ = 14.0 HZ. This is consistent with the 

trans configuration of the double bond observed in the solid state (Section 3.3) and is 

similar to other vinyl amide complexes.'65 Prolonged heating of 11 (90h, 80•‹C) results in 

the formation of multiple products when followed by 'H NMR and no attempt was made 

to isolate these products. 

The formation of vinylamide complexes by this route is rare, but not without 

precedent. '20,'65 Similar transformations have been observed by Rothwell and coworkers 

(Scheme 12); deuterium labelling experiments confirmed that both vinyl protons come 

from the benzylic methylene group. As shown in Scheme 12, the bis(alky1) complex 

reacts with two equivalents of the isonitrile to yield the bis(viny1amide) complex. In 

contrast, treating 10 with two equivalents of t-BuNC only produces 11; the steric bulk of 

the t-butyl group on the amine of 11 likely prevents a second insertion. 



Scheme 12. Isonitrile Insertion. 

We initially encountered difficulties preparing (CBC)ZrC12 as a general precursor 

(vide infra), so as an alternative, we explored protonolysis of 10 with phenols, since the 

resulting phenoxides can be used in metathesis reactions as an alternative to halides with 

group 3 rnetals.lM Reaction of 10 with two equivalents of 2,6-di-t-butylphenol produces 

the monosubstituted product ( c B c ) z ~ ( c H ~ P ~ ) ( o - ~ , ~ - c ~ H ~ B ~ )  12 as a pale yellow 



powder (Eq 28). When the reaction of 10 with two equivalents of 2,6-di-t-butylphenol is 

followed by NMR, there is no evidence for either reaction of the benzyl group or the 

amido groups of the ligand with the second equivalent of phenol. Given the acidity of the 

phenol, it is surprising that the amido groups do not react, but this may be attributable to 

the strong chelate effect of the macrocycle and the steric congestion at the metal centre. 

The NMR spectra of 12 are hrther discussed in Section 3.4. 

Prolonged heating of 12 in aromatic solvents leads to loss of toluene and the 

formation of a six-membered metallacycle 13 (cBc)z~[K~(c,o)-OC~H~(~-BU')(~- 

CMe2CH2)] (Eq 29). The formation of 13 is clearly indicated by the loss of a t-butyl 

group and the formation of two CH3 groups and a CH2 group that has a 13c chemical shift 

of 75.4, typical of alkyl groups bound to zirconium. This type of elimination has been 

observed previously with a related aniline species.'47 Presumably the methyl group of the 

phenoxide can more readily adopt the correct orientation for the metallation to occur than 

any of the methylene groups of the cross-bridged cyclam ligand. 



We wondered if other zirconacycles could be generated in a similar manner to 13 

by reacting (CBC)Zr(CH2Ph)2 with one equivalent of an alcohol, followed by elimination 

of toluene. An interesting possibility was to use a silanol with a P-hydrogen. If this 

hydrogen were to be eliminated, a novel zirconacycle would be generated (Scheme 13). 

However, when 10 was treated with one equivalent of HOS~(BU~)~H the mixed alkyl- 

siloxide compound was not recovered, instead the bis(si1oxide) 14 was isolated (Eq 30). 

This compound has been crystallographically characterized (Section 3.3) and the NMR 

spectra lack any benzylic or aromatic resonances. This is in contrast to the reaction with 

2,6-di-t-butylphenol, where only one equivalent reacts, even under forcing conditions. 

This difference likely results from the different orientations of the t-butyl groups. In the 

phenoxide, the t-butyl groups are oriented towards the metal centre providing more steric 

protection of the metal centre than the t-butyl groups of the silanol, which are oriented 

away from the metal centre (vide infra). 



Scheme 13. A Potential Route to an Oxasilazirconacyclopropane. 

Since steric effects likely prevent the reaction of the second equivalent of 2,6-di-t- 

butylphenol with (CBC)Zr(CH2Ph)2 we turned to the less hindered 2,6-dimethylphenol. 

The reaction of (CBC)Zr(CH2Ph)2 with two equivalents of 2,6-dimethylphenol produces 

diphenoxide 15 in good yield (Eq 31), and this compound has been crystallographically 

characterized (Section 3.3) and its 'H NMR spectrum is discussed in Section 3.4. 



15 

Attempts to carry out metathesis reactions with MeLi or LiCH2SiMe3 and 15 were 

unsuccessfid; as a result, we turned our attention back to the synthesis of (CBC)ZrC12 16, 

as a potential precursor to a range of organometallic compounds. Unfortunately, to date, 

the clean isolation of the Li, Na, or K salts of cross-bridged cyclam itself has not been 

accomplished. These salts would be desirable for metathesis reactions with zirconium 

tetrachloride. Likewise, we initially experienced low yields in the direct protonolysis of 

ZrC12[N(SiMe3)2]2 with H2(CBC). Given the previous problems with the H2(NOON) 

reaction resulting from contamination of the ZrCI2[N(SiMe3)2l2 with ZrC1[N(SiMe3)2]3, 

we suspected that this problem was occurring here. Fortunately, (CBC)ZrC12, 16 

precipitates directly from the reaction mixture as a yellow powder. Investigation of the 

supernate also led to the isolation of the mixed amide-chloride (CBC)Zr(Cl)[N(SiMe3)2] 

17 as a second product (Eq 32-33). The identity of 17 was confirmed by the synthesis of 

17 from 16 and NaN(SiMe3)2 (Eq 34) and its NMR features are discussed in Section 3.4. 

The preparation of ZrC12[N(SiMe3)2]2 from NaN(SiMe3)2 and zirconium tetrachloride 

results in contamination with z ~ c ~ [ N ( s ~ M ~ ~ ) ~ I ~ . ' ~ ~  If LiN(SiMe3)2 is used, 

ZrC1[N(SiMe3)2]3 can be avoided and the subsequent yield of 16 is 90%. 



The dimethyl compound 18 was prepared by reaction of dichloride 16 with 2 

equivalents of MeLi in poor yield (24%) (Eq 35). The methyl resonance in the 'H NMR 

of 18 integrates for 6 protons, ruling out a mixed chloro-alkyl species and the downfield 



13C chemical shift of the methyl groups in 18 (39.3 ppm) are consistent with zirconium 

bound alkyl groups. Attempts to use MeMgBr in the production of 18 resulted in even 

lower yields and contamination with the starting dichloride. 

(CBC)ZrCl, + 2 MeLi + 2 LiCl 

As outlined in the introduction, zirconacycles are a class of compounds of general 

interest, especially those with two carbons attached to zirconium. One possible route to 

these compounds is the hydrocarbon elimination, as had been observed for the mixed 

benzyl phenoxide 12 (Eq 29). To test the generality of this route, (CBC)Zr(CH2SiMe3)2, 

19, was prepared via metathesis of the dichloride 16 and LiCH2SiMe3 (Scheme 14). 

Compound 14 was crystallographically characterized (Section 3.3) and the key features 

of its NMR spectra are discussed in Section 3.4. Unfortunately, thermolysis of 19 did not 

lead to the formation of a zirconacycle nor to the isolation of any organometallic 

products. 



Scheme 14. Production of (CBC)Zr(CH2SiMe3)2 and its Thermal Decomposition. 

Negishi developed a general route to zirconacycles that involves treating 

Cp2ZrC12 with two equivalents of n-BuLi in the presence of an alkyne (Scheme 3).l" In 

the present case, treatment of a dichloro complex 16 with two equivalents of n-BuLi and 

two equivalents of diphenylacetylene generates metallacyclopentadiene 20 in modest 

yield. This compound has poor solubility in aromatic solvents, and is a yellow powder. 

Despite obtaining a crystal structure of 20 (Section 3.3), the 'H NMR of 20 in d6-benzene 

was ambiguous as several resonances were obscured by the solvent. Thus, we were 

concerned that the bulk of the sample might have been a zirconacyclopropene, rather than 



the zirconacyclopentadiene. However, when the NMR spectra were obtained in ds-THF 

all of the expected aromatic resonances for 20 were observed. 

2 LiCl + butane + butene + 

(36) (CBC)ZrCl, + 2 nBuLi + 

2 PhCCPh 

Ph 

3.3 Solid State Structures 

Several of the compounds presented in the previous section have been structurally 

characterized: the bis(phenoxide) 15, the bis(si1oxide) 14, the bis(alky1) 19 and the 

zirconacyclopentadiene 20 and the mixed benzyl-vinyl amide 11. 

The solid state structure of the bis(phenoxide) (CBC)Zr(O-2,6-C6H3Me2)2 was 

determined by X-ray crystallography (Tables 5 and 6). The structure is depicted in Fig 32 

and important bond distances and angles are given in Table 6. The zirconium centre is 

six-coordinate and best described as distorted octahedral. The ligand can be thought of as 

saddle shaped, with the amido nitrogens trans to one another and the amino nitrogens 

adopting a cis geometry, constrained by the cross-bridge to the points where the saddle is 

at its narrowest. The oxygen atoms are trans to the amino nitrogens and cis to one 



another. This is in contrast to the saddle shape of the tetraaza[l4]annulenes (Fig 18) 

where the four nitrogens are equivalent and coplanar. 

The largest distortion from octahedral is the average amide-Zr-amide angle of 

145.2" (the asymmetric unit contains two half molecules). Zirconium (IV) is typically too 

large to fit in the pocket of 14-membered tetraazaannulene rings, so this is consistent with 

previous reports. This may also account for the lack of planarity at the amido nitrogens: 

the sum of the angles about the amido nitrogens is on average 353.0". Also, the average 

mine-Zr-amine angle is constrained by the ethyl cross-bridge to 76.5"; accordingly, the 

0-Zr-0 angle expands to an average 99.5". 

The amido-Zr bond lengths (2.094(4), 2.125(4)1$) in 15 are within the normal 

range (2.063-2.192A) 91,94,99,121,143,144 for polydentate ligands with amido donors in a six 

coordinate environment. On the other hand, the amino-Zr bonds (2.377(4), 2.394(4)A) 

are short compared to the normal range (2 .414-2 .604A)~~,~~"~~ for polydentate ligands 

with mixed amino and amido donors in a six coordinate environment - this appears to be 

a peculiarity of 15, as the rest of the compounds have longer bond distances (Tables 6 

and 8) The oxygen bond lengths (1.997(3), 1.994(4)A) and Zr-0-C angles (163.8(3) and 

164.2(3)") are consistent with the range found for 2,6-dimethylphenoxide in other 

systems containing tris(pyrazolylborate), Cp, Cp* and PNP supporting ligands (1.948- 

The Zr-0-C angles in these systems span a very large range from 145.8- 

176.8" which has been attributed to steric factors so this angle is not a good indication of 

the extent of M-0 n:  interaction^.'^^ 



Figure 32.ORTEP3 drawing (thermal ellipsoids at 30% probablity) of 15. Only one 

molecule is shown, and hydrogen atoms have been removed for clarity. 

Compound 14 has been crystallographically characterized (Table 5, Fig 33) and 

significant bond distances and angles are given in Table 6. The ligand geometry is very 

similar to that of 15, but it shows greater distortion from the ideal octahedral geometry. 

The amide-zirconium amide angle (142.42(10)") is compressed compared to the ideal of 

180" and smaller than that of 15 (avg. 145.2"). Likewise, the oxygen-zirconium-oxygen 

angle in 14 (106.27(8)") is greater than in 15 (avg. 99.5"). This is likely due to the 

orientation of the substituents on the different alkoxides: in 14 the t-butyl groups point 

away from the metal, in 15 the methyl groups are directed towards the metal. Thus, the 

steric bulk of the siloxide ligands in 14 is further from the metal, allowing for the slightly 

larger angle between the oxygen atoms and zirconium. The zirconium-oxygen bond 

length in 14 is longer than other reported zirconium-siloxide interactions in a six 



coordinate environment ( 1 . 9 2 ~ A ) ' ~ ~  but it is comparable to the zirconium-oxygen bonds 

found in 15. The long distance between the hydrogen on silicon in 14 and the zirconium 

centre (4.108 A) indicates that an agostic interaction is not present, since the distance for 

an agostic interaction is typically much shorter (2.16-2.28 A)'73 than that seen in 14. 

Figure 33.ORTEP3 drawing (thermal ellipsoids at 30% probablity) of 14. 

Hydrogen atoms have been removed for clarity. 



Table 5. Summary of Crystallographic Data for Compounds 14 and 15. 

fw 

T (K) 

wavelength (A) 

cryst syst 

space group 

a (A) 

b ( 4  

c (A) 

P (deg) 

v (A3) 

z 
density (cald) ( ~ ~ / m ~ )  

absorption coefficient (mm-') 

F(000) 

0 range for data collection 

no. obsd reflns 

no. of unique reflns 

completeness to theta 

absorption correction 

final R indices [Psigma (I)] 

R indices (all data) 

557.88 

83(2) 

0.71073 

orthorhombic 

Pcc2 

1 l.9203(lO) 

11.9130(10) 

l9.4240(16) 

90 

2758.3(4) 

4 

1.343 

0.429 

1176 

1 .O5 to 28.33 

32772 

6859 

[R(int)=0.0424] 

28.33", 99.7% 

Semi-empirical 

R1=0.0329, 

wR2=0.0720 

R1=0.0402, 

wR2=0.0757 

634.22 

85(2) 

0.71073 

monoclinic 

C2/c 

13.759(3) 

18.667(4) 

13.335(3) 

99.40(3) 

3379.0(13) 

4 

1.247 

0.425 

1368 

1.85 to 27.50 

24228 

3873 

[R(int)=O. 04021 

27.50•‹, 99.8% 

Semi-empirical 

R1=0.0359 

wR2=0.0783 

R1=0.0434 

wR2=0.0783 

" Refinement method was full-matrix least-squares on F' for all compounds. 



Table 6. Selected Bond Distances (A) and Angles (deg) for Complexes 15 and 14. 

15" 14 

Bond Distances 

amide- Zr-amide 

amine- Zr-amine 

sum of angles 

at amido N 

2.125(4) (Zrl-N2) 2.1 108(18) (Zrl-N2) 

2.094(4) (Zr2-N4) 

2.377(4) (Zrl-N1) 2.41 13(17) (Zrl-N6) 

2.394(4) (Zr2-N3) 

1.997(3) (Zrl - 0  1) 2.0039(14) (Zrl-01) 

1.994(4) (Zr2- 02)  

Bond Angles 

l45.1(3) (N2-Zrl-N2) 142.42(10) (N2-Zrl -N2) 

145.3(3) (N4-Zr2-N4) 

76.6(2) (Nl-Zrl-N1) 76.33(8) (N6-Zrl -N6) 

76.4(2) (N3-Zr-N3) 

98.4(2) (01-Zrl-01) 106.27(8) (01-Zrl-01) 

1 OO.6(2) (02-Zr2-02) 

352.8 (N2) 354.7 (N2) 

353.3 (N4) 

" The asymmetric unit contains two half molecules 

Compound 19 has also been characterized by X-ray crystallography (Table 7) and 

the structure is depicted in Fig 34. The significant bond lengths and angles are given in 

Table 8. The gross features of the ligand are comparable to 15 with the exception that the 

Zr-amine distance in 19 (2.452(2)A) is longer and more typical of the usual range. The 

Zr-C bond length and C-Zr-C angle are within the typical range for the CH2SiMe3 

moeity. 106,174-179 The Zr-C bond length (2.290(2)A), Zr-C-Si bond angle (120.69(12)") 



and the Zr-H9a and Zr-H9b bond distance (both 2.750& some reported agostic 

interactions range from 2.16-2.28 A)173 do not suggest that an agostic interaction is 

present. 175 

Figure 34.ORTEP3 drawing (thermal ellipsoid 30% probability) of complex 19. 

The hydrogen atoms have been omitted for clarity. 

Of the over 30 zirconacyclopentadiene structures in the Cambridge 

Crystallographic Database, all contain at least one cyclopentadienyl ligand, albeit one is a 

phosphacyclopentadienyl ligandlS0 (a metallacycle supported by benzamidinate ligands 

has been reported, but its solid state structure has not been determined).lS1 Thus, 

compound 20 is the first zirconacyclopentadiene without a cyclopentadienyl ligand 

characterized by X-ray crystallography (Table 7) and it is depicted in Fig 35 with relevant 

bond lengths and angles found in Table 8. The Zr-C bond lengths typically range from 

2.172-2.324A for zirconacyclopentadienes; thus, at 2.313(2)A 20 falls at the long end of 



this range. 182-186 Accordingly, the C-Zr-C angle is reduced to 77.19(1 I)', falling at the 

short end of the range 76.4 to 98.5". The geometry of the cross-bridged cyclam moiety in 

20 is remarkably similar to that of the bis(alky1) 19, especially given the large difference 

in the C-Zr-C angles - 99.61(12)" in 19 and 77.19(11)' in 20. This suggests that the 

geometry of the ligand about the metal is constrained by the cross-bridge and largely 

invariant, regardless of the other substituents on the metal center. 

Figure 35.ORTEP3 drawing (thermal ellipsoid 30% probability) of complex 20. 

The hydrogen atoms and toluene of solvation have been omitted for clarity. 

Compound 11 has been crystallographically characterized (Table 7, Fig 36) and 

significant bond distances and angles are given in Table 8. The ligand features are typical 

of this class of compounds. The zirconium-vinyl amide distance is comparable to those 

found in other zirconium and hafnium vinyl amides 165,187 and other zirconium-amide 

bonds in six coordinate complexes.91~94~99~121J43~144 Likewise, the N24-C29A 

(1.3977(14)A) and C29A-C30A (1.329(4)A) bonds of the vinyl amides are comparable to 



the other reported group 4 vinyl amide bond lengths. 165y187 The Zrl-C17-C18 angle is 

133.86", which indicates that the benzyl group is bound to the metal. Given the very 

different steric and electronic properties of the benzyl and vinyl m i d e  groups, it is 

surprising that the zirconium-mine bond distances are so similar (2.419(2) and 

2.426(2)W) given the range for these compounds (2.377(4) to 2.452(2)W). We take this as 

further support for the proposition that the substituents on the metal centre have only a 

small influence on the geometry of the ligand. 

Figure 36.ORTEP3 drawing (thermal ellipsoid 30% probability) of complex 11. 

The hydrogen atoms and toluene of solvation have been omitted for clarity. 



Table 7. Summary of Crystallographic Data for Compounds 11,19 and 20. 

formula 

fw 

T (K) 

wavelength (A) 

cryst syst 

space group 

a (A) 

b ( 4  

c ( 4  

P (deg) 

v (A3) 

z 
density (cald) ( ~ g / m ~ )  

absorption coefficient (mm-') 

F(000) 

0 range for data collection 

no. obsd reflns 

no. of unique reflns 

completeness to theta 

absorption correction 

final R indices [Psigma (I)] 

R indices (all data) 

490.0 1 

83(2) 

0.7 1073 

monoclinic 

c2/c 

14.891(3) 

18.461(4) 

9.4278(19) 

10 1.26(3) 

2541.8(9) 

4 

1.280 

0.539 

1048 

1.78 to 27.49 

31721 

29 16 

[R(int)=0.0628] 

27.49", 99.5% 

None 

R1=0.0386, 

wR2=0.0773 

Rl=O.O43 1, 

wR2=0.0785 

764.15 

83 (2) 

0.7 1073 

monoclinic 

C2/c 

16.770(3) 

12.417(3) 

18.247(4) 

9 1.34(3) 

3798.6(14) 

4 

1.336 

0.329 

1608 

2.04 to 27.50 

2463 1 

4368 

[R(int)=0.0477] 

27.5", 99.8% 

Semi-empirical 

R1=0.0395, 

wR2=0.0884 

R1=0.0534, 

wR2=0.0949 

627.02 

84(2) 

0.7 1073 

monoclinic 

P2(l)/n 

13.039(3) 

l7.875(4) 

14.140(3) 

1 O3.79(3) 

3200.7(13) 

4 

1.301 

0.375 

1332 

1.87 to 27.50 

41217 

7337 

[R(int)=0.0674] 

27.50•‹, 99.9% 

Semi-empirical 

R1=0.0444 

wR2=0.0914 

R1=0.0681 

wR2=0.1000 

" Refinement method was hll-matrix least-squares on F~ for all compounds. 
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Table 8. Selected Bond Distances (A) and Angles (deg) for Complexes 19,20 and 11. 

19 20 11 

Bond Distances 

Zr-amide 2.103(2) (N3) 2.0820(19) (N3) 2.105(2) (Nl) 

2.092(2) (N8) 

Zr-amine 2.452(2) (N6) 2.4269(19) (N6) 2.419(2) (N5) 

2.426(2) (N12) 

Zr-X 2.290(2) (C9) 2.3 13(2) (C9) 2.349(3) (C17) 

2.193(2) (N24) 

Bond Angles 

amide- Zr-amide 142.29(11) (N3) 142.43(10) (N3) 142.35(9) (Nl-Zrl-N8) 

amine- Zr-amine 74.78(10) (N6) 76.81(9) (N6) 75.66(8) (N5-Zrl -N12) 

X-Zr-X 99.61 (12) (C9) 77.19(11) (C9) 87.66(9) (C17-Zr-N24) 

sum of angles 353.8 (N3) 354.4 (N3) 353.9 (Nl) 

at amido N 354.7 (N8) 

359.1 (N24) 

Overall, the similarities between the solid state structures of (CBC)ZrX2 and 

cp2zrx2 
169,174,183 are striking as illustrated in Table 9. The CBC system shows slightly 

longer bond lengths on average (0.02A). The average difference in bond angle between 

the substituents in the two systems is slightly more than lo,  remarkable given that, for 

example, the C-Zr-C angle for the L ~ Z T ( C H ~ S ~ ( C H ~ ) ~ ) ~  compounds varies by 25". This 

leads us to postulate that CBC and two Cp groups are sterically very similar. 



Table 9. Comparison of (CBC)ZrX2 and Cp2ZrX2. 

X CBC c PZ 

0-2,6-C6H3Me2 Zr-0 (A) 1.994(4) 1 .996(5)16' 

1.997(3) 1.997(5) 

0-Zr-0 (O) 98.4(2) 98.6(2) 

1 OO.6(2) 

CH2SiMe3 Zr-C (A) 2.290(2) 2.278(4)174 

2.28 l(4) 

C-Zr-C (O) 99.61(12) 97.8(1) 

PhCCPh Zr-C (A) 2.3 13(2) 2.250(5)la3 

2.265(6) 

C-Zr-C (O) 77.19(11) 77.5(2) 

3.4 Behavior of Complexes in Solution 

Consistent with the solid state structures, the 'H and I3c NMR of the cross- 

bridged cyclarn ligand in complexes which have two identical substituents (10, 14, 15, 

16, 18, 19, 20) show effective C2 symmetry. Accordingly, these complexes have a 

complicated pattern of twelve diastereotopic protons and six carbon resonances and Fig 

37 has a representative example. In contrast, the C2 axis is lost in complexes in which the 

substituents are different (11, 12, 13, 17) resulting in twenty-four proton resonances and 

twelve carbon resonances. 

The benzylic protons in 10 appear as AB doublets, due to the Cz symmetry of the 

complex. Compound 10 displays features typically associated with rll benzyl 

coordination: the ortho protons are downfield of 6.7 ppm (7.14 ppm in 10) and the l ~ C H  



coupling constant for the benzylic groups are less than 130 Hz (1 13 Hz in 10). 154-157 

Likewise, the geminal coupling constant of the CH2SiMe3 group in 19 (12Hz) is slightly 

larger than in similar species and does not indicate any agostic interactions. 176 177 

Figure 37.500 MHz 'H NMR of (CBC)Zr(O-2,6-C6H3Me2)2, C6D6, 295 K. 



As shown in Fig 37, the methyl groups of (CBC)Zr(O-2,6-C6H3Me2)2 only have 

one resonance. This is consistent with rapid rotation about the 0-C linkage. In contrast, 

for ( c B c ) z ~ ( c H ~ P ~ ) ( o - ~ , ~ - c ~ H ~ B ~ ~ )  two resonances are observed for the t ~ u  groups 

and meta protons at room temperature. This suggests that the steric bulk of the 'BU groups 

hinder rotation about the 0-C linkage. Increasing the temperature of 12 results in 

coalescence of both the 'BU groups and and the meta protons (Fig 38). From the 

coalescence temperature of the 'BU groups, the activation energy for this process was 

calculated to be 69 f 1 kJ/mol using the equal population two-site exchange equation. 

The free energy of activation was calculated from the coalescence temperature (T, in K) 

and the equation AG+ = (1.912 x 10")(~~)[9.972 + log(Tc/6u)] in kJ mol-' where 6u is the 

+- separation of the resonances in H Z . ' ~ ~  The error in AG was estimated assuming an error 

of 3 K in the estimate of Tc. 

Figure 38. Variable temperature 360 MHz 'H NMR of the meta protons in 



A similar phenomenon was observed in (CBC)ZrC1N(SiMe3)2; two resonances 

are observed for the %Me3 groups at room temperature. Since N(SiMe3)2 groups are 

usually trigonal planar,'47~149~150 this is consistent with hindered rotation about the Zr-N 

bond. Heating a sample in ds-toluene did result in significant broadening of these signals, 

but the coalescence temperature was greater than the boiling point of the solvent. From 

this information, the free energy of activation must be greater than 77 kJ Since 

the SiMe3 groups are likely to be closer to the metal centre than the t ~ u  groups in 12, this 

too is consistent with steric crowding causing the hindered rotation. 

3.5 Reactivity 

3.5.1 Hydrides 

We were interested in the possible insertion chemistry of zirconium hydrides with 

unsaturated species. However, attempts to prepare hydrides by metathesis reactions of the 

pale yellow (CBC)ZrC12 with potassium hydride, lithium aluminium hydride, or Red-A1 

(sodium bis-(2-methoxyethoxy)-aluminum hydride) resulted in colourless, intractable 

materials. This likely indicates the formation of insoluble "ate" complexes or 

coordination polymers. 

When (CBC)Zr(CH2Ph)2 was treated with either hydrogen or phenylsilane, no 

reaction was observed by NMR at room temperature. Increasing the temperature resulted 

in decomposition of the organometallic species. This lack of reactivity is similar to that of 

the zirconium DAC alkyl complexes.120 Indeed, the reactivity of organozirconium 

complexes supported by diamido ligands with hydrogen has only rarely been reported. 

One exception is the porphyrin complex which is an active hydrogenation 



catalyst when treated with both hydrogen and ethylene or propylene; however, treatment 

with hydrogen alone results in a deep green paramagnetic complex that has not been 

characterized. '06  

3.5.2 Reduction Chemistry 

Zirconocene (11) species are well known and have a variety of interesting 

chemistry associated with them including the formation of complexes with CO, N2 and 

unsaturated hydrocarbons.7 Thus, we attempted to make zirconium (11) complexes 

supported by cross-bridged cyclam. Treatment of the pale yellow THF solutions of 

(CBC)ZrC12 with either magnesium or sodium amalgam and carbon monoxide did result 

in the formation of coloured products, consistent with zirconium (11) or (111), but the 

coloured species were insoluble (Eq 37). Likewise, reduction of dichloride 16 with 

sodium amalgam in the prescence of N2 resulted in insoluble materials. Even treatment of 

16 with sodium amalgam in prescence of diphenylacetylene did not result in the 

formation of known compound 20 (Eq 38). 

(CBC)ZrC12 + N&g qph 
(38) (CBC)Zr 

+ 2 PhCCPh 

20 Ph 



3.5.3 Insertion Chemistry 

(CBC)ZrC12 was tested for ethylene polymerization activity under our standard 

conditions (toluene, 50•‹C, 500 equivalents MAO, 1 atm ethylene); however, it proved to 

be too insoluble to act as a catalyst. Accordingly, the dimethyl analogue 18 was prepared 

and tested under the same conditions. There was no evidence for production of 

polyethylene. 

As previously discussed in Sections 2.5.1 and 1.3.2, Schrock and coworkers have 

done extensive research on olefin polymerization with diamido-donor ligands. They have 

noted that coordination of an additional Lewis base inhibits or quenches the catalytic 

activity of these complexes. For example, the cation shown in Fig 39 is an active 1- 

hexene polymerization catalyst; however, addition of stoichiometric amounts of diethyl 

ether or THF completely quenches the polymerization.60 Thus, the lack of activity in the 

CBC system fits with these observations, since it has two neutral donors incorporated into 

the ligand. 

Mes 
\ 

Figure 39. Cationic Olefin Polymerization catalyst. 



(CBC)Zr(CH2Ph)2 was also tested with stoichiometric quantities of unsaturated 

species to understand the insertion chemistry of this complex. Compound 10 did not react 

with 2-butyne, even at elevated temperatures. As outlined in Section 3.2, 10 does react 

with a single equivalent of t-butyl isonitrile to produce the vinyl amide 11. As one would 

expect, 10 also reacts with CO. In this case the reaction is not clean and all attempts to 

purify the product were unsuccessful. 

3.5.4 Metallacycle Chemistry 

Heating a yellow solution of 20 at 50•‹C for 7 days resulted in a deep red solution. 

Attempts to grow a crystal suitable for X-ray diffraction have been unsuccessful, but a 

deep red powder (21) has been isolated that gives clean NMR spectra. One notable 

feature of this compound is that there is a ligand 13c resonance at 77.9 pprn which 

correlates with a proton resonance at 1.36 ppm. In the DEPT experiment this 13c signal is 

antiphase to the others, indicating that it is a methine unit rather than a methylene one. 

Table 10 compares the 'H and 13c chemical shifts of (CBC)ZI- (CH~S~M~~)~ and 

(CBC)Zr(CH2Ph)z and contrasts them with the chemical shift of tetramethylsilane and 

toluene respectively. The trend is clear; replacing the C-H bond with a C-Zr bond has 

very little effect on the a protons, but causes a 50 pprn downfield shift in the 13c 

resonances. Accordingly, the methine unit is consistent with ligand metallation since 

subtracting 50 pprn from the 13c chemical shift of 77.9 pprn results in a chemical shift of 

ca 28 pprn prior to metallation. This is more consistent with the chemical shift of the 

CH2CH2CH2 in the starting material (22.4 ppm) rather than any of the NCH2 units (61.9- 



50.6 pprn). Moreover, hydrolysis (D20) of 21 results in a decrease in intensity of one of 

the CH2CH2CH2 resonances in the resulting free ligand. 

Table 10. Effect of Replacing a C-H Bond with a Zr-C bond on 'H and 13c Spectra. 

19 si(cH3)4 10 C ~ H ~ C H ~  123 

' H 0.03,0.42 ppm 0 2.47,2.56 ppm 2.32 

13c 53.1 ppm 0 70.3 ppm 21.8 

The other notable feature of the 21 is a singlet at 5.67 pprn which is tentatively 

assigned as an alkene proton. This could be the result of one of the carbons of the 

metallacycle deprotonating the ligand to yield a butadieneyl fragment as shown in Eq 39. 

However, this proton signal correlates with a carbon signal at 67.7 pprn - far upfield of 

where one would expect an alkene 13c resonance, even if coordinated to zirconium. 

Unfortunately, the hydrolysis of 21 with D20 was complicated by the formation of 

insoluble materials and the amount of the hydrocarbon material obtained was not 

sufficient for NMR analysis. The mass spectrum showed a molecular ion with an isotope 

pattern that suggested both C4Ph4HD and C4Ph4H2 were present. This seems inconsistent 

with either coupling of two metallacycles to form a dimer, or coupling of the butadienyl 

fi-agment with the ligand. However, we cannot rule out the possibility that the 

hydrocarbon portion of 21 is an isomer of that shown in Eq 39. 



Attempts to isolate the tetramethyl analogue of 20 by reaction of (CBC)ZrC12 with 

2-butyne have been unsuccessful thus far. Since the tetraphenyl zirconacyclopentadiene 

decomposes under relatively mild conditions, and it seems likely that both steric and 

electronic factors in the tetramethyl analogue would make it more prone to 

decomposition; it is unsurprising that this compound has not been isolated. 

The insertion chemistry of 20 with t-butyl-isonitrile and carbon monoxide was 

examined. In both cases reaction occurred; however, the reactions were not clean and 

recrystallization did not afford identifiable organometallic species. 

One of the uses of zirconacycles is to transfer the ring to a main group element in 

a metallacycle transfer reaction (Scheme 3). We wondered if this type of reaction would 

be possible with 20. Jordan and coworkers have reported secondary amides acting as 

nucleophiles,102 (Eq 40) as have Schrock and coworkers - even in the presence of 

zirconium alkyls (Eq 41).82 Therefore, it was not obvious if the metallacycle transfer 

reaction would be possible, or if the amides of the cross-bridged cyclam would also react. 



i) MeLi - \ /,,iCH, 

ii) Me1 Me-N-Zrh~~3  1 \ v1 Mes 

+ CH, + LiI 

Three different substrates were chosen to try the metallacycle transfer reaction: 

thionyl chloride, dichlorophenylborane and dichlorophenylphosphine. These were 

selected not only because the resulting heterocycles were known compounds, but also 

because they were on hand. The reaction with thionyl chloride was successful and 

resulted in the production of the bright yellow tetraphenylthiopheneoxide (22) in a 49 % 

yield (Eq 42), slightly less than that reported when Cp2ZrC4Ph4 was used (59 %).Ia8 This 

clearly demonstrates that the metallacycle transfer is possible despite the presence of the 

cross-bridged cyclam. 

In contrast, the reaction with dichlorophenylborane was not successful (Eq 43). 

During the course of the reaction, the yellow colow of (CBC)ZrC4Ph4 gradually 



deepened to an orange colour. Since the base free pentaphenylborole is reported to be a 

blue, it seems likely that this species was not formed.lS9 The pentaphenylborole is 

reported to form stable yellow complexes with diethyl ether and even benzonitrile. With 

this in mind, it was possible that pentaphenylborole had indeed formed, but was 

coordinated to the nitrogens of the cross-bridged cyclam. Thus, we attempted to extract 

the borole with ethereal solvents, but this proved unsuccessfbl. Given the Lewis acidity 

of dichlorophenylborane, it is also possible that it coordinated to the amido nitrogens of 

(CBC)ZrC4Ph4 prior to reaction with amido groups and that pentaphenylborole was not 

formed. 

The third attempt at the metallacycle transfer reaction transferred the metallacycle 

to phosphorus, albeit in a modest 34 % yield (Eq 44). Pentaphenylphosphole fluoresces 

blue when irradiated with short wave ultraviolet light, which aids in its purification. 190,191 

While the metallacycle transfer reactions are limited to Lewis bases, we consider this a 

proof of concept - metallacycle transfer reactions can occur despite the presence of 

amido ligands. 



3.6 Summary 

The ligand development cycle outlined in the introduction outlines the studies that 

have been undertaken with cross-bridged cyclam. Several organozirconium compounds 

have been prepared and their solid and solution state behaviour examined. The solid state 

structures suggest that this ligand has fixed coordination geometry, regardless of the other 

substituents on the zirconium centre and the NMR spectra support this. The reactivity 

studies indicate that the ligand can tolerate reactions with relatively acidic substrates such 

as phenols and silanols without being displaced. Furthermore, the organometallic 

complexes do react with polar small molecules, although only the reaction with t-butyl 

isonitrile resulted in identifiable products. Also, we have shown that it is possible to carry 

out metallacycle transfer reactions supported by a diamido ligand. 



Chapter 4. Organolanthanide Complexes supported by 

Cross-Bridged Cyclam 

4.1 Introduction 

The use of diamido ligands in organolanthanide chemistry has received much less 

attention than the corresponding organozirconium chemistry and this work has been 

recently reviewed. 192-194 As briefly outlined in the introduction, the genesis of the current 

effort to develop new ligands for organolanthanide chemistry (in this context lanthanides 

are considered to include Y, La-Lu) began with the use of diaza-18-crown-6 (DAC). 

Several complexes were prepared of the type (DAC)LnN(SiMe3)2 (Ln = Y, Ce, ~ r n ) ' ~ ~  as 

well as ( D A C ) Y C H ~ S ~ M ~ ~ ' ~ ~  and divalent ytterbium dimers and t r i m e r ~ . ' ~ ~  

Unfortunately, the organoyttrium species proved to be unreactive with CO, H2 and 

ethylene,l2' but it did react with phenylacetylene to produce an equilibrium mixture of the 

alkynide-bridged dimer and a coupled butatrienediyl complex with bridging ligands (Eq 

45).197 

The next development in lanthanide chemistry was the use of the mono aza-18- 

crown-6 (MAC) .  Since this ligand is monoanionic, it could support the potentially more 

interesting dialkyl complexes. However, the geometry of this ligand proved to be one 

with the alkyl ligands trans to one another and the MAC ligand in a belt around the 

yttrium. A notable feature of the solid state structure was that two of the ethers were only 

weakly coordinated to the metal (Y-0 = 3.033(3) A). Furthermore, (MAC)Y(CH2SiMe3)2 

proved to be reactive with carbon monoxide, unlike the DAC complex (Eq 46). However, 



the MAC complex still proved to be unreactive with hydrogen and ethylene. Accordingly, 

a logical development in ligand design seemed to be to simple remove two of the ether 

donors, since they were not coordinating to the metal, at least in the solid state. Thus the 

(NOON) system, (CaF5NHCH2CH20CH2)2, was developed; the reduced number of 

donors opens the coordination sphere of the metal, hopefully resulting in more reactive 

metal complexes. 



All attempts to make (NOON)LnN(SiMe3)2 and ( N O O N ) L ~ ( O - ~ , ~ - C ~ H ~ B U ~ ~ )  

complexes by acid-base reactions with Ln[N(SiMe3)2]3 or by salt metathesis with Ln(0- 

I , ~ - C ~ H ~ B U ~ ~ ) ~  resulted in multiple or insoluble products. There are several possible 

reasons for this result: 1) C-F bond activation, 2) metallation of the ligand backbone or 3) 

formation of coordination polymers. C-F bond activation seems unlikely with trivalent 

lanthanides and lanthanide complexes with HNC6F5 and Me3SiNC6F5 have been prepared 

using S ~ P ( S ~ M ~ ~ ) ~ ] ~ ( T H F ) ~ . ~ ~ ~  Also, metallation of the ligand was found to be a 

problem with the DAC and MAC systems, but only with much more reactive alkyl 

substituents - not amido or phenoxide ligands. Thus, it seems most likely that the 

formation of coordination polymers is the problem. 

In the DAC system, bridging was often observed in di- and trimetallic systems but 

the complexes generally remained soluble (Fig 40). Our attempts to use the (NOON) 

ligand system in lanthanide chemistry resulted in insoluble products most likely because 



the acyclic (NOON) can adopt an even broader range of bridging modes than the cyclic 

DAC and MAC systems. The rigidity of the (CBC) ligand should limit its ability to 

bridge between lanthanide centres and hopefully provide soluble products. In addition, 

the rigidity of the ligand should make it difficult for ligand backbone metallation to 

occur, avoiding the major limitation encountered with the DAC and MAC lanthanide 

alkyls. 

Figure 40. Bridging DAC structures. 

4.2 Divalent Chemistry 

An initial NMR scale reaction between orange Yb[N(SiMe3)2]2THF2 and 

colourless H2(CBC) resulted in a small number of dark green crystals precipitating in the 

NMR tube. Subsequent X-ray analysis of these crystals revealed them to be ([(y- 



CBC)Y~]~(~~-O)}'(Y~[N(S~M~~)~]~}~ (Tables 11 and 13, Fig 42). The cation is a cyclic 

trimer with three ytterbium (111) centres, three (CBC) ligands in which one of the amido 

nitrogens bridged between metals and an oxygen atom bridging between the three metal 

centres (Figs 4 1). The counterion in 24 is the tris(bis(trimethylsilyl)amido) ytterbium (11) 

anion. 

Figure 41. ([(p-~~~)~b]3(~~-0)}+(~b[~(~i~e3)2]3}~ (24). 

Since the reaction was carried out in a glovebox, the oxygen present in 24 is likely 

a result of water or oxygen being introduced either during the synthesis of Yb12 from 

ytterbium metal, or in the subsequent preparation of Yb[N(SiMe3)2]2THF2. Since ligand 

redistribution chemistry is quite common in lanthanide chemistry, it is not clear if the 

anion is also a contaminant in the starting material, or if it formed during the course of 

the reaction. Scaling up the reaction using the same batch of Yb[N(SiMe3)2]2THF2 

resulted in the formation of 24; however, when a freshly prepared batch was used, 24 was 



not produced (vide infia) lending weight to the argument that the oxygen was present in 

the starting material. 

When a green ds-THF solution of 24 was allowed to stand, yellow crystals 

precipitated from solution. These yellow crystals of 25 were also analysed by X-ray 

crystallography (Tables 12 and 13, Fig 43) and proved to be closely related to 24. The 

same { [ ( C L - ~ ~ ~ ) ~ b ] 3 ( p . 3 - ~ )  tf cation was present, but the anion in 25 is iodide rather than 

{Yb[N(SiMe3)2]3)-. Since the Yb[N(SiMe3)2]THF2 was prepared from Yb12, 

contamination with iodide is quite possible. 

The oxygen in 24 sits above the plane of the ytterbium centres, while the bridging 

amido groups sit on the opposite side of this plane. The Yb30 unit has been reported 

previously, and the bond lengths in 24 and 25 fall within the reported range, although the 

Yb-0-Yb angles in 24 and 25 are more acute (average 100.2") than the other reported 

structures (104.7 tol20"). '~~"~'  The other structures have bridging chloride or bromide 

groups, which have longer bond distances to the metals than the amido bridges in 24 and 

25, which results in the more obtuse angle in these structures. 

The geometries about the three metal centres are very similar, so Yb(3) in 24 will 

be explicitly discussed as a representative example of 24 and 25. The geometry at Yb(3) 

is distorted octahedral, with the largest distortion being the amide-ytterbium-amide angle 

(142.80(1 I)"), far from the ideal (180"). Likewise, the amine-ytterbium-amine angle is 

constrained to 76.53(11)" by the cross-bridge and the oxygen-ytterbium-bridging arnide 

angle is 82.83(10)", presumably due to the constraints of forming the trimer. 



The terminal amide has roughly a trigonal planar geometry (sum of angles about 

N(11) = 355.6") and the Yb(3)-N(11) bond distance (2.181(3)A) is within the normal 

range for six coordinate ytterbium (111) complexes. 199,201 In contrast, the bridging amide is 

roughly tetrahedral (angles ranging from 92.33(l O), Yb(3)-N(9)-Yb(2) to 1 18.9(2), 

C(25)-N(9)-Yb(2)) The distance from Yb(3) to N(9) (2.376(3)A) is much longer than the 

terminal amide and similar to that of the N(9)-Yb(2) distance (2.421(3)A). A sirnil& 

pattern is observed in [(C5H4CH3)2YbNH2]2 where the Yb-N-Yb angle is 99.9(4)" and the 

bond distances are only slightly different (Yb-N 2.29(1), Yb-N' 2.32(1) A).202 

The only significant difference between the geometries around Yb(1) and Yb(2) 

with that of Yb(3) is disorder in one of the propyl bridges in the ligand. In Yb(1) and 

Yb(2) the propyl bridge from the terminal amide to an amine has two configurations: one 

with the centre methylene oriented towards the metal in a pseudo-boat configuration and 

one with the centre methylene oriented towards the rest of the ligand in a pseudo-chair 

configuration. For the (CBC) ligand attached to Yb(3), only the pseudo-boat 

configuration is observed. 



Figure 42. ORTEP3 drawing (thermal ellipsoid 30% probability) of complex 24. 

The hydrogen atoms have been omitted for clarity. 



Figure 43. ORTEP3 drawing (thermal ellipsoid 30% probability) of complex 25. 

The hydrogen atoms and THF of solvation have been omitted for clarity. 



Table 11. Selected Bond Distances (A) and Angles (deg) for 24.a 

Yb( 1 ) Yb(2) YW3) 

Yb-mine 

Yb-mine 

Yb- terminal amide 

Yb-bridging amide 

Yb-bridging amide 

Yb-oxygen 

Bond Distances 

2.442(3) N(2) 2.443(3) N(6) 

2.473(3) N(4) 2.457(3) N(8) 

2.18 l(3) N(3) 2.1 94(3) N(7) 

2.367(3) N(l) 2.367(3) N(5) 

2.439(3) N(5) 2.42 l(3) N(9) 

2.255(3) O(1) 2.266(3) O(1) 

Bond Angles 

a Estimated standard deviations in parentheses. 



Table 12. Selected Bond Distances (A) and Angles (deg) for 25.a 

Yb(l) Yb(2) Yb(3) 

Yb-amine 

Yb-amine 

Yb- terminal amide 

Yb-bridging amide 

Yb-bridging amide 

Yb-oxygen 

Bond Distances 

2.453(5) N(1) 2.460(6) N(5) 

2.46 l(5) N(3) 2.459(6) N(7) 

2.186(6) N(2) 2.1 94(6) N(6) 

2.349(5) N(4) 2.382(5) N(8) 

2.435(5) N(8) 2.400(5) N(12) 

2.255(5) O(1) 2.257(5) 0(1) 

Bond Angles 

74.24(18) 74.3 (2) 

N(1)-Yb-N(3) N(5)-Yb-N(7) 

145 .4(2) 144.1(2) 

N(2)-Yb-N(4) N(6)-Yb-N(8) 

82.59(18) 83.27(18) 

O(1)-Yb-(N8) O(1)-Yb-N(12) 

92.46(19) 93.20(18) 

Yb(1)-N(8)-Yb(2) Yb(2)-N(12)-Yb(3) 

1 00.9(2) 100.0(2) 

Yb(1)-O(1)-Yb(2) Yb(2)-O(1)-Yb(3) 

" Estimated standard deviations in parentheses. 



Table 13. Summary of Crystallographic Data for Compounds 24 and 25. 

formula 

fiv 

T (K) 

wavelength (A) 

cryst syst 

space group 

a (4 
b (4 
c (4 
P (deg) 

v (A3) 

z 
density (cald) ( ~ ~ / m ~ )  

absorption coefficient (mm-') 

F(000) 

0 range for data collection 

no. obsd reflns 

no. of unique reflns 

completeness to theta 

absorption correction 

final R indices [Psigma (I)] 

R indices (all data) 

1862.40 

83(2) 

0.7 1073 

monoclinic 

P2 (1 ,h  

17.625(4) 

19.305(4) 

23.440(5) 

109.93(3) 

7498(3) 

4 

1.650 

5.083 

3708 

1.40 to 30.07 

98901 

21461 [R(int)=0.0516] 

30.07", 97.4% 

semi-empirical 

R1=0.0327, wR2=0.0710 

R1=0.0458, wR2=0.0755 

1479.28 

83 (2) 

0.71073 

monoclinic 

P2 (l)/c 

11.879(2) 

13.385(3) 

3 1.948(6) 

92.97(3) 

5O73.1(18) 

4 

1.937 

6.144 

2892 

1.65 to 27.50 

6 1429 

11637 [R(int)=0.0691] 

27.50•‹, 99.8% 

Semi-empirical 

R1 =O.O444, wR2=0.0779 

R1=0.0606, wR2=0.0822 

a Refinement method was full-matrix least-squares on F~ for all compounds. 
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When freshly prepared Ybp(SiMe3)2]2(0Et2)2 was allowed to react with one 

equivalent of H2(CBC) the result was a deep purple product 26 (Eq 47). This product 

proved to be insoluble in aromatic and aliphatic solvents. Even if the reaction was carried 

out in THF, 26 still precipitated as a purple powder. This result is consistent with the 

formation of an insoluble coordination polymer, [(CBC)Yb],, in which one or both of the 

arnido groups is bridging between metal centres. Since ytterbium (11) centre in 26 is 

larger than the ytterbium (111) centres in 24 and 25, it seems likely that additional 

bridging interactions would be required to satisfy this larger metal centre. Attempts to 

oxidize 26 with 0.5 equivalents of p-tolyl disulfide did result in a noticeable colour 

change, but the product of this reaction remained sparingly soluble and could not be 

isolated in pure form. 



4.3 Trivalent chemistry 

Thus far, attempts to isolate Li2(CBC) or similar species for use in metathesis 

reactions have been unsuccessfbl. Accordingly, several attempts were made to generate 

lanthanide complexes with cross-bridged cyclam by way of an in situ metathesis 

reactions. It was hoped that by allowing the ligand to coordinate to the lanthanide 

trichloride species prior to addition of a base, complexes might be generated (Eq 48). 

However, these reactions proved unsuccessfbl, possibly due to formation of insoluble 

Li(CBC)LnC12 "ate" complexes. 

LnC1,THF n + H,(CBC) +2 nBuLi 

(48) (Ln=Y,n=3.5 ,  

Ln = La, Ce, Er, Nd, n = 0 )  

Since mine  and hydrocarbon elimination reactions were successful in zirconium 

chemistry, we again turned to this route in an attempt to produce lanthanide complexes 

with cross-bridged cyclam. When the reaction of H2(CBC) with the various yttrium 

compounds was followed by NMR, there was evidence of reaction. However, the new 

ligand signals were often broad indicating a multitude of products (Eq 49-51). In all 

cases, attempts to scale up the reactions and isolate lanthanide complexes were 

unsuccessfbl. The reaction of H2(CBC) with La[N(SiMe3)2]3THF2 was investigated and 

resulted in different products depending on the specific batch of La@(SiMe3)2]3THF2 

that was used (Eq 52). In some cases the N(SiMe3h group had two resonances in the 'H 

NMR, suggesting a dimeric structure and in other cases the integration of the N(SiMe3)2 

resonances integrated to ca 3 equivalents per (CBC) ligand - not consistent with the 



formation of a mononuclear lanthanide species. The variability in the reactions between 

La[N(SiMe3)2]3THF2 and H2(CBC) prevented the isolation of these species. Finally, the 

reaction of CeC1[N(SiMe3)2]2THF2 with H2(CBC) resulted in over 50 paramagnetic 

ligand resonances, indicating that a number of species were present in solution and all 

attempts to isolate a single species were unsuccessful (Eq 53). 

(49) Y ~(SiMe,),],THF, + H2(CBC) 

(50) Y[N(S~e,),I ,THF, + H2(CBC) 

(5 1) Y(C&SiMe,),(OEt,), + H,(CBC) 

(52) Ln~(SiMe,),],THF, + %(CBC) 

(Ln = La, Ce) 

(53) LnCl[N(SiMe,),], + %(CBC) 

(Ln = Ce, Nd) 

4.4 Summary and Future Directions 

It was hoped that by moving from the relatively flexible DAC, MAC and 

(NOON) systems to cross-bridged cyclam we could avoid or reduce both bridging amido 

interactions and ligand metallation reactions. Clearly, the isolation of 24 and 25 show that 

there is enough flexibility in the cross-bridged cyclam to adopt a geometry with bridging 

amido groups. Also, an unappreciated consequence of moving from the ethyl bridges of 



DAC and MAC to the propyl bridges in the macrocycle framework of cyclam is the 

ability to form pseudo-boat conformations, which brings a hydrogen towards the metal 

and miy promote metallation of this position. 

Attempts to isolate monomeric complexes of the type (CBC)LnX (X is a 

monoanion) have been unsuccessful thus far. This is not unexpected since the metal 

would only be five coordinate and not sterically saturated. Thus, there are several issues 

that could result in multiple products in solution: formation of dimers or oligomers, 

monomers or oligomers with a variable number of THF, ligands that have been 

metallated in different positions or fluxional processes interconverting some of the 

aforementioned species. 

One way to solve some of these problems would be to convert H2(CBC) into a 

monoanion. Not only would this reduce the number of amido groups in the ligand, but it 

would also result in six coordinate complexes and the steric protection afforded by the 

other two anions should help to prevent bridging interactions between metal centres. One 

way to derivatize H2(CBC) is to use a palladium catalyzed C-N bond forming reaction to 

introduce an aryl group onto the ligand.203 The latter is particularly appealing since a 

range of groups could potentially be introduced. 

palladium 
* 

catalysis 



If these types of ligands were successful, then a longer term goal would be to link 

two cross-bridged cyclam units together. This might allow for the formation of dinuclear 

lanthanide complexes, especially desirable for ytterbium and samarium (11), since 

dinuclear species would be two electron reducing agents and the potential exists for novel 

chemistry. 

2 %(CBC) + 

Aryl Dihalide 

palladium 
_L 

catalysis 

Scheme 15. Proposed Divalent Lanthanide Chemistry 



Chapter 5. Experimental Details 

General Procedures. 

All manipulations were carried out under a nitrogen or argon atmosphere, with the rigorous 

exclusion of oxygen and water, using standard glovebox (Braun MBISO-GII) or Schlenk 

techniques. Tetrahydrofuran (THF), diethyl ether, hexane and toluene were dried by 

distillation from sodium benzophenone ketyl under argon immediately prior to use. 1,2- 

~is(2-iodoethox~)ethane,2~~ tetrabenzyl~irconium~~~ Zrm(SiMe3)2]3C1 and 

~ r m ( ~ i ~ e 3 ) & ~ 1 2 ~ ~ ~  were prepared according to literature procedures. Tributyltin fluoride, 

n-butyllithiwn and MA0 were obtained commercially (Aldrich) and were used as received. 

B(C6F5)3 was a generous gift from Boulder Scientific and was purified by stirring with 

Me2SiC12 followed by vacuum sublimation. 

NMR spectra were recorded using a Bruker AMX-360 MHz spectrometer: 'H (360 

MHz), "B (115.54 MHz), (90.55 MHz), 1 9 ~  (338.86 MHz), 2 9 ~ i  (71.54 MHz), 3 1 ~  

(90.57 MHz) or a Bruker AV-500 MHz spectrometer: 'H (500.13 MHz), 13c (125.77 MHz). 

All deuterated solvents were dried over activated 4A molecular sieves except for 

tetrahydrofuran (THF), which was dried by distillation from sodium benzophenone ketyl 

under argon and stored over activated 4A molecular sieves. Spectra were recorded using 5 

mm tubes fitted with a teflon valve (Brunfeldt) at room temperature unless otherwise 

specified. 'H and NMR spectra were referenced to residual solvent resonances. "B 

NMR spectra were referenced to external BF30Et2 (0.1 M in CDCI,), 1 9 ~  NMR spectra were 

referenced to external CC13F, 2 9 ~ i  NMR spectra were referenced to external TMS, and 3 ' ~  

NMR spectra were referenced to external H3P04 (aqueous 85%). Melting points were 



recorded using a Buchi melting point apparatus in sealed capillary tubes and are not 

corrected. Elemental analyses were performed by Canadian Microanalytical, Delta, BC. 

Despite the use of co-oxidants such as V2O5 and Pb02, the analytical data for most 

complexes were consistently 2 to 4 % low in carbon, likely due to metal carbide formation. 

Despite repeated attempts satisfactory elemental anayses of 2, 4, 6,  7, 10, 12, 13, 14, 19, 20 

and 21 were not obtained. This may be a result of decomposition of the compounds during 

shipping and handling of the samples or metal carbide formation. Mass spectra were 

recorded on a Kratos Concept H spectrometer using electron impact ionization (70 eV). 

mmol) was weighed into a large Schlenk flask and dissolved with stirring in 100 mL dry 

THF under argon. The solution was cooled to -78 "C with an acetone-dry ice bath and 20 

mL of 1.6 M n-BuLi (32 mmol) was added via syringe. The dark red solution was stirred 

for 10 minutes and bis(2-iodoethoxy)ethane (2.96 g, 8.00 mmol) was added by dropping 

funnel over a 30 minute period. The solution was allowed to warm to room temperature 

over a 1 h period and was refluxed overnight. The THF solvent was removed under 

reduced pressure and the residue was redissolved in diethyl ether. Water was carefully 

added and the dark red organic phase was separated and dried over anhydrous MgS04. 

After filtration, the ether solution was reduced in volume to ca. 2 mL and transferred to a 

short-path distillation apparatus. The remaining ether was removed and the residue was 

heated at 120 OC (10-I mm Hg) to distill off all remaining pentafluoroaniline. The black 

tarry residue was extracted with diethyl ether and taken to dryness. Repeated 
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recrystallization from hot hexane yielded very pale yellow crystals. Yield: 2.428, 63 %. 

Mp. 62-4 "C. NMR (ds-benzene): 'H 8 3.81 (br s, 2H, NH), 3.13 (m, 4H, CH20), 3.08 

(m, 4H, CHzN), 3.07 (m, 4H, CH2O); 1 3 c ( ' ~ )  (ds-benzene) 6 138.4 (d, m-arylC, 'JCF = 

249 Hz), 133.7 (d, p-arylC, 'JCF = 244 Hz), 127.3 (qwt-arylC), 125.8 (d, o-arylC, lJCF = 

255 HZ), 70.3 (NCH2CH20), 69.7 (OCH~CHIO), 45.8 (OCH2CH2N); "F{'H) (d- 

chloroform) 6 -160.3 (dd, o-arylF, 3 ~ ~ p  = 22.5 Hz, 4 ~ F F  = 7.5 Hz), -166.0 (br t, m-arylF, 

3~~~ = 22.5 Hz), -175.2 (tt, p-arylF, 3~~~ = 22.5 Hz, 'JFF = 7.5 Hz). High Res. MS (EI) 

Found (Calcd): M' 480.0883 (480.0896). 

(C6F5NCH2CH20CH2)2Zr(CH2Ph)2, (2) 

A solution of 1 (2.00 g, 4.17 mmol) in 30 mL toluene was 

added to a solution of Zr(CH2Ph)4 (1 A98 g, 4.128 mmol) in 

12 mL toluene and the reaction mixture was stirred at room 

temperature for 30 minutes and cooled to -30 OC. Complex 

2 precipitated (two crops) on cooling and was obtained as a yellow powder after drying 

under vacuum. Yield: 2.66g 85 %. Mp. 167-9 "C. NMR (ds-bromobenzene): 'H 6 7.14 

(t, 4H, m-arylH, 3~~~ = 7.7 HZ), 6.92 (d, 4H, o-aryltl, 3 ~ H H  = 8.1 HZ), 6.80 (t, 2H, p- 

arylH, 3~~~ = 7.0 HZ), 3.56 (m, 4H, NCH2CH20), 3.53 (m, 4H, NCH2CH20), 2.82 (s, 4H, 

13 0CH2CH20), 2.18 (s, 4H, CH2Ph); c{'H) 6 147.6 (pat-arylC), 142.3 (d, arylCF, 'JCF 

= 246 Hz), 138.0 (d, arylCF, 'JCF = 251 Hz), 135.5 (d, arylCF, 'JCP = 280 HZ), 128.2 

(quat-arylC), 127.6 (0- or m-benzylC), 127.0 (0- or m-benzylC), 120.6 (p-benzylC), 72.7 

(CH2Ph, t (gated "c), 'JCH = 124 Hz), 72.0 (NCH2CH20), 68.7 (OCH2CH10), 52.0 
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(NCH2CH20). Assignments confirmed by 'H-'~c COSY. 1 9 ~  (d6-benzene): 6 -150.8 (d, 

o-ZylF, 3~~~ = 21.2 HZ), -1 64.9 (m-mylF, 3 ~ F ~  = 2 1.0 HZ), -1 66.6 (br t, p-arylfl. 'H (d6- 

benzene): 6 7.16 (t, 4H, m-arylH, 3 ~ H  = 7.7 Hz), 7.00 (d, 4H, o-arylH, 3 ~ H H  = 8.1 HZ), 

6.83 (t, 2H, p-arylH, 3~~~ = 7.0 HZ), 3.26 (m, 4H, NCH2CH20), 3.18 (m, 4H, 

NCH2CH20), 2.28 (s, 4H, OCH2CH20), 2.22 (s, 4H, CH2Ph). UV (CH2C12): A,, 259 nm 

(E 70 700 M - ~  cm") Anal. Calcd for C32H26N202F10Zr: C, 51.13; H, 3.49; N, 3.72 %. 

Found: C, 47.89; H, 3.40; N, 3.69 %. 

110 "C for 2 days. Complex 3 precipitated directly from the I b" 

(CsF5NCH2CH20CH2)2ZrC12, (3) 

reaction mixture on cooling and was obtained as an analytically pure powder after 

washing with hexane and drying under vacuum. Yield: 0.12g, 90 %. Mp. 23 1-2 "C. NMR 

(ds-bromobenzene): 'H 6 4.04 (br s, 4H, NCH2CH20), 3.84 (s, 4H, 0CH2CH20), 3.80 

(br s, 4H, NCH2CH20); 13~{ 'H) 6 71.5 (NCH2CH20), 69.9 (OCH2CH20), 53.2 

(NCH2CH2O); 1 9 ~ { ' ~ )  8 -148.4 (d, o-arylF, = 22.4 Hz), -164.1 (t, p-arylF , 3 ~ F F  = 

22.4 HZ), -170.2 (br s, rn-arylF,). 'H NMR (d6-benzene): 6 3.58 (br s, 4H, NCH2CH20), 

A solution of 1 (0.100 g, 0.208 mmol) in 4 mL toluene was 

added to a suspension of Zr[N(SiMe3)2]2C12 (0.100 g, 0.208 

mmol) in 16 mL toluene and the reaction mixture was heated at 

3.48 (br s, 4H, NCH2CH20), 3.07 (s, 4H, 0CH2CH20). Anal. Calcd for 

C18H12N202F10C12Zr: C, 33.76; H, 1.89; N, 4.37 %. Found: C, 33.86; H, 1.96; N, 4.14 %. 

High Res. MS (EI) Found (Calcd): M' 637.9185 (637.9159). The quaternary aryl 13c 

F5C6 

I 'c1 
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resonances were not located due to the extremely low solubility of this compound and the 

presence of solvent aryl resonances. 

(C~FSNCH~CH~OCH~)~Z~C~[N(S~M~~)~I (G&)O.S, (4) 

Method 1: A solution of 1 (0.100 g, 0.208 mmol) and 
- 

/ C6F5 

Zr[N(SiMe3)2I3C1 (0.126 g, 0.208 mmol) in toluene 

(20 mL) was placed in a Schlenk flask sealed with a 

0 
Kontes valve. The mixture was heated at 110 OC for 

3 days with stirring. After cooling, the solvent was 

removed under vacuum leaving 4 as a powder. Recrystallization from hot toluene gave 

white crystals. Yield: 0.10g, 61 %. Method 2: A toluene solution of NaN(SiMe3)2 (0.028 g, 

0.156 mmol) was added to a suspension of 3 (0.100 g, 0.156 mmol) in toluene with stirring. 

The cloudy reaction mixture was stirred overnight and filtered through Celite on a sintered 

glass f i t .  The filtrate was concentrated and cooled to yield 4 as a white crystalline solid. 

Yield: 0.1 lg, 90%. Mp. 230-2 "C. NMR (d6-benzene): 'H 6 3.74 (m, 2H, CH2), 3.57 (m, 

2H, CH2), 3.23 (m, 2H, CH2), 3.09 (m, 2H, CH2), 2.72 (m, 4H, CH2), 0.32 (s, 18H, 

SiMe3); 1 3 c { ' ~ )  6 143.8 (d, arylCF, l JCp  = 237 Hz), 137.9 (d, arylCF, 'JCF = 244 HZ), 

134.5 (d, arylCF, 'JCF = 272 Hz), 128.9 (pat-arylC), 72.5 (NCH2C'H20), 68.1 

(OCH2CH20), 54.0 (OCH2CH2N)), 4.2 (%Me3). 1 9 ~ { ' ~ )  6 -146.0 (br s, o-arylf?, -164.4 

(t,p-arylF, 3 ~ p F  = 22.2 Hz), -166.6 (br t, rn-arylF, 3 ~ ~ p  = 22.2 Hz). 2 9 ~ i { ' ~ )  (dstoluene): 

6 -4.21 ppm. Anal. Calcd for the hemi-toluene solvate C2~.sH34N302FloC1Si2Zr: C, 40.71; 

H,4.22;N,5.18%. Found:C,38.55;H,4.13;N,5.15%. 



75 minutes. The Schlenk flask was transferred to an ice bath and the solvent removed 

under vacuum. Toluene (2 x 10 mL) was added to the residue and the resulting 

suspension was filtered through Celite. The filtrate was concentrated to ca. 4 mL and 

cooled at -30•‹C to afford 5 as colorless crystals. Repeated recrystallization fiom toluene 

afforded crystals suitable for X-ray diffraction. Yield: 0.219g, (48 %). Mp. 153 "C dec. 

NMR (dcbenzene): 'H 8 3.33 (t, 4H, NCH2 or 0CH2CH2N, 'JHH = 5.5Hz), 3.11 (t, 4H, 

NCH2 or 0CH2CH2N, 3~~~ = 5.5Hz), 2.73 (s, 4H, 0CH2CH20), 0.47 (s, 6H, CH3); 13c 8 

143.1 (d, o- or m-aryl CF, 'JCF = 234 Hz), 138.5 (d, o- or m-aryl CF, ' J ~ F  = 250 Hz), 

133.3 (d, p-aryl CF, 'JcF = 271 Hz), 73.5 (t, 0CH2CH2N, 'JCH = 143 HZ), 68.9 (t, 

0CH2CH20, 'JCH = 148 HZ), 52.5 (t, NCH2, 'JCH = 136 Hz), 45.2 (9, CH3, lJCH = 114 

Hz); 1 9 ~ ( ' ~ )  6 -152.0 (d, o-arylF, = 22 HZ), -165.5 (t, m-arylF, 'J~F = 22 Hz), -167.3 

(t, p-arylF, ?IFF = 22 Hz). UV (CH2C12): h, = 277 nm (8 = 10,000 M - ~  cm-I). Anal. 

Calcd for C20H18N202F10Zr: C, 40.06; H, 3.03; N, 4.67 %. Found: C, 39.71; H, 3.04; N, 

4.59 %. 

(C6F5NCH2CH20CH2)2ZrMe2, (5) 

A stirred suspension of Zr[CH20CH2CH2N(C6F5)I2C12 

(0.485 g 0.76 mmol) in dry diethyl ether (60 mL) was cooled 

in a dry ice-acetone bath. MeLi (1.4 M, 1.1 mL, 1.5 mmol) 

was added via syringe and the mixture was allowed to stir for 

/ C6F5 
F5C6 



(C6F5NCH2CH20CH2)2Zr(CH2Ph)2 (1 .OO g, 

1.33 rnmol) was weighed into an Erlenmyer 

flask in the glovebox and dissolved in 120 mL 

of toluene. The solution was allowed to stand 

exposed to ambient light for 11 days during 

which time red crystals of 6 deposited from 

solution. The supernate was decanted off and 

allowed to stand for a further 7 days 

producing a second crop of 6. The crystals 

were washed with toluene and dried under 

reduced pressure. Total yield: 0.098g, (17 %). 

Further crops of 6 can be obtained but these 

are invariably contaminated with increasing 

amounts of 7. Mp. 193 "C (dec). NMR (d8- 

THF): 'H 6 6.91 (t, 2H, rn-arylH, 'JHH = 7.7 

Hz), 6.53 (t, 1 H, p-arylH, 3~~~ = 7.3 Hz), 6.43 (d, 2H, o-arylH, 'JHH = 8.2 Hz), 4.38 (m, 

lH), 4.31 (m, 2H), 4.24 (m, lH), 4.12 (m, 2H), 4.05 (m, lH), 4.00 (m, 2H), 3.77 (m, 2H), 

3.1 1 (m, lH), 1.85 (d, lH, CH,Ph, 2~~~ = 10.4 HZ), 1.72 (d, lH, CHbPh, 2 ~ H H  = 10.4 HZ); 

13 c('H) and DEPT 6 151.2 (quat-arylC), 146.2 (arylCF, 'JCp = 228), 145.0 (arylCF, 'JCF 

= 238), 139.4 (arylCF, 'JCP = 256), 136.6 (arylCF, 'JCF = 233), 134.2 (arylCF, 'JCp = 

252), 130.0 (quat-arylC), 129.3 (arylCF, 'JCF = 228), 129.2 (quat-arylC), 128.1 (m- 

arylC), 126.3 (0-arylC), 120.3 (p-arylC), 77.4 (NCH2CH20), 76.9 (NCH2CH20), 73.1 



(OCH2CH20), 71.6 (OCH2CH20), 68.0 (CH2Ph), 56.4 (NCH2CH20), 50.2 (NCH2CH20); 

19 F{~H)  6 -1 14. 9 (dd, Zr-CCF), -147.1 (d, o-arylF, 3 ~ ~ F  = 21 HZ), -156.2 (t, NCCF), - 

163.8 (t, m-uylCF, 3~~~ = 21 HZ), -165.7 (dd, NCCCF), -167.0 (t, p-aryV' , 3 ~ F F  = 22 HZ), 

-170.1 (m, ZrCCCF). Anal. Calcd for C57&6N404F18Zr2 (one molecule of toluene per 

dimer, prolonged exposure of this compound to vacuum results in the loss of one toluene of 

solvation as shown by 'H NMR and elemental analysis): C, 49.77; H, 3.37; N, 4.07 %. 

Found: C, 48.50; H, 3.36; N, 4.09 %. 

[ ( C ~ F S N C H ~ C H ~ O C H ~ ) ~ Z ~ F ~ ] ~ ,  (7) 

Method 1: (in situ generation during photolysis) 

A sample of Zr(C6F5NCH2CH20CH2)2(CH2Ph)2 

(0.010 g, 13 pmol) dissolved in d6-benzene was 

placed in a sealable NMR tube under argon. The 

NMR tube was placed in glass cooling jacket and 
I 

irradiated with filtered light (435 nm cutofi) fiom a 150 W incandescent light bulb for 14 h. 

At the end of this period no trace of starting material was detectable by 'H NMR 

spectroscopy and red crystals of 6 were seen coating the wall of the tube. Compound 7 was 

characterized in situ by NMR spectroscopy. Larger scale photolysis resulted in precipitation 

of 7 as a white solid that was very difficult to redissolve. Method 2: (using n-Bu3SnF) Solid 

n-Bu3SnF (2 equiv) was added to a vigorously stirred solution of 

Zr(C6F5NCH2CH20CH2)2(CH2Ph)2 in toluene. After 24 h, solid 7 was filtered away from 

the toluene supernate containing n-Bu3Sn(CH2Ph). The NMR spectrum of 7 generated in 

this manner was identical to that observed by Method 1. Unfortunately, 7 produced by this 



method was contaminated with unreacted n-BwSnF. NMR (d6-benzene): 'H 6 3.90 (m, 

2H), 3.80 (m, 2H), 3.60 (m, 2H), 3.18 (m, 2H), 2.94 (m, 2H), 2.65 (m, 2H); 1 9 ~ ( ' ~ )  6 

+109.2 (s, Zr-Fk,), -51.4 (s, Zr-p-F-Zr), -150.1 (br s, o-arylq, -165.8 (t, p-arylCF, 3 ~ F F  

= 20 Hz), -166.6 (t, rn-arylF, 3 ~ F F  = 21 HZ). Anal. Calcd for C36H24N404F2&-2: C, 35.59; 

H, 1.99; N, 4.61 %. Found: C, 35.05; H, 1.74; N, 4.55 %. 

Photolysis experiments. 

Toluene or d6-benzene solutions of the samples were irradiated with a 150 W incandescent 

light bulb. Samples were cooled during irradiation by means of a water jacket. The light was 

filtered through coloured filters with low wavelength cutoffs of 375,435 and 550 nm. Initial 

experiments showed that only the 435 nm filter afforded clean photoproducts with 

(C6F5NCH2CH20CH2)2Zr(CH2Ph)2. Irradiation using the 375 nm filter resulted in very 

complex 'H NMR spectra consistent with formation of several products. Irradiation at 550 

nm did not result in any significant reaction over a period of 28 hours. As a control 

experiment, a solution of (C6F5NCH2CH20CH2)2Zr(CH2Ph)2 in toluene was wrapped in foil 

and kept at room temperature for several months; no detectable formation of 6 or 7 was 

observed and the starting zirconium complex was recovered unchanged. Irradiation of 

(C6F5NCH2CH20CH2)2Zr(CH2Ph)2 in ds-THF at 435 nm resulted in the formation of 

bibenzyl and a complex mixture of products that did not contain 6. 



A solution of B(C6F5)3 (0.011 g, 0.020 rnrnol) in 0.1 

mL CD2C12 was added to a pre-cooled (-30 "C) solution 

of 2 (0.015 g, 0.021 mmol) in 0.4 mL CD2C12 in the 

glovebox. The deep orange solution was thoroughly 

mixed and allowed to stand at room temperature for 1 

h. The product was characterized in situ by NMR 

spectroscopy; slow degradation of the sample was 

observed over 24 h. 'H NMR: 6 7.52 (t, 2H, m-arylH), 7.32 (t, lH,p-arylH), 6.98 (d, 2H, 

o-arylH), 6.87 (t, 2H, m-arylH), 6.79 (t, 1 H, p-arylH), 6.73 (d, 2H, o-arylH), 4.54 (dt, 2H, 

CH2, J =  9.5, 4.8 Hz), 4.27 (dt, 2H, CH2, J =  9.5, 5.0 Hz), 4.17 (m, 2H, CH2), 4.04 (br t, 

4H, CH2, J = 5.OHz), 3.90 (m, 2H, CH2), 2.81 (s, 2H, ZrCH2), 2.77 (br s, 2H, BCH2). 

1 3 c { ' ~ )  NMR: 132.7, 130.0, 129.0, 128.7, 127.3, 122.9 (arylCH), 79.3 (NCH2CH20), 

75.2 (ZrCH2Ph, t (gated 13c), 'JCH = 138 Hz), 73.2 (OCH2CH20), 60.8 (BCH2Ph), 52.9 

(NCH2CH20). The quaternary aryl carbon resonances were not observable. 1 9 ~ { ' ~ )  

NMR: 6-132.0 (d, 6F, borate o-arylF, 3~~~ = 23.4 Hz), -150.4 (d, 4F, ligand o-arylF, 3 ~ F F  = 

23.2 Hz), -162.4 (dt, 4F, ligand m-arylF, JFF = 22.5, 3.5 Hz), -165.0 (t, 3F, boratep-arylF, 

3~~~ = 20.4 Hz), -165.4 (t, 2F, ligand p-arylF, 3~~~ = 21.6 Hz), -168.1 (t, 6F, borate m- 

arylF, 3~~~ = 19.6 HZ). "B{'H) NMR: 5-10.9 (s). 



Olefin polymerization tests. 

A solution of 3 (0.040 g, 0.062 mmol) in toluene (30 mL) was placed in a Schlenk flask 

equipped with a Kontes valve and degassed by three freeze-pump-thaw cycles. The 

solution was placed under 1 atm of ethylene, MA0 (20 mL of a 10% by wt. solution in 

toluene, ca. 500 equiv) was added and the sealed flask was immersed in a 50 "C oil bath 

for 1 h with rapid stirring. At the end of this period, methanol (12 mL) was added to the 

flask and the precipitated solids were collected by filtration. The solids were stirred in 

aqueous HCl (20%) overnight, collected by filtration and washed with water, methanol 

and hexanes. The remaining solid was dried under vacuum to yield polyethylene (0.199 

g; rate = 3.2 kg mol-' Zr h-'). A blank experiment run with only MA0 produced no 

polyethylene under these conditions. 

H2(CBC), (9) 

Cyclam was prepared 

which does not require 

via a nickel templated reaction, 

the use of perchlorate salts.207 The 

free base was obtained without isolating the nickel cyclam u 
complex.208 The synthesis of cross-bridged cyclam has been described previously;160 

however, we found it necessary to sublime the oil obtained after benzene extraction from 

KOH and to store a toluene solution of the title compound over freshly activated 

molecular sieves for several days to thoroughly dry the product. 



(CBC)Zr(CH2Ph)2, (10) 

H2(CBC) (OSOOg, 2.21mmol) was added to a solution of 

tetrabenzylzirconium (1.00g, 2.19 mmol) in 20 mL 

toluene. The solution was protected from light and stirred 

at room temperature overnight. Cooling to -30•‹C 

afforded a yellow powder after decanting the mother 

liquor and drying under vacuum. Yield: 0.9358, 85 %. 

1 Mp. 171•‹C (dec) NMR (d6-benzene): H 6 7.20 (m, 4H, m-arylH), 7.14 (m, 4H, o- 

arylH), 6.84 (tt, 2H, p-arylH), 4.30 (m, 2H), 3.1 1 (dd, 2H), 2.90-2.84 (m, 4H), 2.78 (td, 

2H), 2.56(d, 2H, CHHPh, 2~~~ = 10.2 HZ), 2.51 (td, 2H), 2.47 (d, 2H, CHHPh, 2 ~ H H  = 

10.2 Hz), 2.41-2.36 (m, 2H), 1.80 (m, 2H), 1.64-1.54 (dd and m, 4H), 1.37 (m, 2H), 

0.72 (m, 2H); 1 3 ~ { 1 ~ }  6 151.9 (pat-arylC), 128.7 (m-arylC), 126.3 (0-arylC), 120.3 (p- 

arylC), 70.3 (CH2Ph, t in the gated 13c, lJcH = 113 HZ), 60.4, 58.60, 54.2, 54.0, 50.8 

(NCH2), 22.2 (CH2CH2CH2); Anal. Calcd for C26H38N&: C, 62.73; H, 7.69; N, 11.25 %. 

Found: C, 57.97; H, 7.19; N, 11.45 %. 

A solution of t ~ u ~ ~  in toluene (0.136 M, 5.9 

mL, 0.80 mmol) was added to a solution of 

(CBC)Zr(CH2Ph)2 (0.2g, 0.40 mmol) in 20 

mL toluene. This was allowed to stir at room 

temperature for 3 days. The solvent was 



removed under reduced pressure and the product obtained by recrystallizing the bright 

yellow powder from hot toluene. Yield: 0.72 g (3 crops), 29 %. Mp. 158•‹C (dec) NMR 

(d6-benzene): 'H 6 8.40 (d, 1 H, PhC=Cf?, 3~~~ = 14.0 HZ), 7.5 1 (d, 2H, o-arylH), 7.30 

(m, 6H, arylH), 7.02 (m, lH, p -~yl -H) ,  6.89 (t, lH, p-arylH), 6.15 (d, lH, C=Cmh, 3 ~ H H  

= 14.0 Hz), 4.27 (t, lH, NCH), 4.02 (t, lH, NCH), 3.25 (m, lH), 3.1 1 (m, 3H), 2.91 (m, 

3H), 2.70 (m, 4H), 2.55 (br s, 2H), 2.44 (t, lH), 1.93 (br d, 2H), 1.71 (m, 3H), 1.57 (s, 

9H, CH3), 1.5 1-1.22 (m, 3H), 0.85 (d, lH), 0.54 (d, 1H); 1 3 c ( ' ~ )  6 153.3 (benzyl quat- 

C), 142.4 (phenyl quat-C), 136.9 (C=CPh), 129.7 (arylCH), 126.8 (arylCH), 126.0 

(arylCH), 124.5 (arylCH), 123.6 (arylCH), 120.3 (arylCH), 106.0 (C=CPh), 62.5, 61.3, 

60.5, 60.0, 58.7 (4 NCl& and ZrCH2), 56.8 (NC(CH3)3) 55.1, 54.7, 54.4, 52.6, 52.4, 49.5 

(NCH2), 31.6 (CH3), 22.0, 21.8 (CH2CH2CH2). Anal. Calcd for the hemi-toluene solvate 

C34.5H51N5Zr: C, 66.08; H, 8.20; N, 11.17 %. Found: C, 61.15; H, 7.99; N 12.05 %.Calcd 

for C31H47N5Zr: C, 64.09; H, 8.15; N, 12.05 %. 

( c B c ) z ~ ( c H ~ P ~ ) ( o - ~ , ~ - c ~ H ~ B ~ ~ ) ,  (12) 

Toluene (5 mL), was added to an intimate mixture 

of (CBC)Zr(CH2Ph)2 (0.050g, 0.10 mmol) and 

2,6-di-t-butylphenol (0.02 1 g, 0.10 mrnol). The 

mixture was stirred at room temperature overnight 

and the solvent removed under reduced pressure. 

The powder was recrystallized by cooling a hot 

toluene solution to -30•‹C to produce pale yellow microcrystals. Yield: 0.026g, 43 %. Mp. 

1 220-4•‹C. NMR (d6-benzene): H 6 7.50 (dd, lH, m-phenoxidew, 7.42 (dd, lH, m- 



144 

phenoxideH), 7.12 (1H obscured by d6-benzene, p-benzyl or p-phenoxide) 6.97 (t, lH, p- 

benzyl or p-phenoxideH) 6.88-6.82 (m, 4H, o- and m-benzylH), 4.64 (m, 1 H), 4.03 (m, 

lH), 3.13-2.96 (m, lOH), 2.79-2.71 (m, 2H), 2.61-2.54 (m, 3H), 2.54 (d, lH, CHHPh, 

2~~~ = 10.7 HZ), 2.34 (d, IH, CHHPh, 2~~~ = 10.7 HZ), 2.00 (111, 2H), 1.88-1.67 (m, lH), 

1.85 (s, 9H, 'BU), 1.78 (s, 9H, 'BU), 1.38-1.22 (m, 2H), 0.88 (m, 2H); 1 3 c { l ~ }  8 164.5 

(OC), 153.0 (quat-benzylC), 140.5 (CC(CH3)3), 139.4 (CC(CH3)3), 128.7 (o- or m-aryl 

obscured by d6-benzene), 126.6 (o- or m-arylC), 126.4 (o- or m-arylC), 125.8 (o- or m- 

arylC), 120.2@-arylC), 118:9(p-arylC)64.8(CH2Ph),61.6,60.7,59.4,58.l,55.2,54.7, 

54.6, 52.5, 51.7, 49.7 (Na), 36.7, 36.4 (C(CH3)3), 32.9, 32.1 (CH3), 21.9, 

2 1 .5(CH2CH2CH2); Anal. Calcd for C33H52N40Zr: C, 64.76; H, 8.56; N, 9.15 %. Found: 

A solution of (CBC)Zr(CH2Ph)(O-2,6- 

C ~ H ~ B U ' ~ ) ]  (0.140g, 0.229 rnmol) in 30 mL 

toluene was sealed in a Kontes bomb and 

heated at 100•‹C for 7 days. The solvent was 

removed and the product was recrystallized 

from a minimum volume of hot toluene. 

Cooling to -30•‹C yielded the product as a pure colourless powder. Yield: 0.054g, 39 %. 

Mp. 224-229•‹C (dec) NMR (d6-benzene): 'H 6 7.65 (dd, 1 H, m-arylH), 7.39 (dd, 1 H, m- 

arylH), 7.05 (t, lH, p-arylH), 4.25 (m lH), 3.98 (m, IH), 3.32 (m, lH), 3.11-2.97 (rn, 

7H), 2.92-2.73 (m, 4H), 2.17 (m, 1 H), 2.00- 1.96 (m, 2H), 1.93 (m, 1 H), 1.90-1.68 (m, 
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2H), 1.88 (s, 3H, CH3), 1.81 (s, 3H, CH3), 1.73 (s, 9H, C(CH3)3), 1.40 (dd, IH), 1.29 (dd, 

1H), 1.16 (d, lH, ZrCHH, 2~~~ = 13.3 Hz), 0.87 (d, lH, ZrCHH, 2 ~ H H  = 13.3 Hz), 0.85 

(m, IH), 0.70 (m, 1H); 1 3 c ( ' ~ )  and DEPT 6 162.1 (OC), 143.7 (o-arylC), 136.4 (o- 

arylC), 125.8 (m-arylC), 124.5 (m-arylC), 118.8 (p-arylC), 75.4 (ZrCH2) 62.3,62.0, 58.8, 

58.3, 54.4, 53.2, 53.0, 51.4, 51.2, 51.2 (NCH2), 42.9 (quat-C), 39.8 (quat-C), 35.8 (CH3), 

33.4 (CH3), 3 1.3 (C(CH3)3), 22.0 (overlapping CH2CH2CH2); Anal. Calcd for the toluene 

solvate C33H52N40Zr: C, 64.76; H, 8.56; N, 9.15 %. Found: C, 63.80; H, 8.25; N, 9.03 %. 

(cBc)z~(os~(Bu~)~H)~, (14) 

A yellow solution of (CBC)Zr(CH2Ph)2 (0.093g 0.19 

mrnol) in toluene (6 mL) was slowly added to solid 

HOS~(BU~)~H (0.030g 0.19 rnrnol). After 

approximately half the volume of the yellow solution 

was added, the reaction mixture was colourless. The 

remainder of the (CBC)Zr(CH2Ph)2 was added and the solution was allowed to stir at room 

temperature for 2.5 hours and cooled to -30•‹C. The yellow precipitate was 

(CBC)Zr(CH2Ph)2. Removal of the solvent from the supernate and recrystallization from 

hexanes afforded (CBC)Z~(OS~(BU~)~H)~ as colourless crystals. Yield: 0.2 1 g, 35 % (based 

on HOS~(BU~)~H ). Mp. 196-8•‹C. NMR (d6-benzene): 'H 6 4.67 (s, 2H, SiH, l ~ H S i  = 186 

Hz), 4.32 (td, 2H), 3.34 (td, 2H), 3.26 (td, 2H), 3.08 (m, 2H), 2.97 (m, 4H), 2.74 (m, 2H), 

2.19 (m, 2H), 1.95 (dd, 2H), 1.85 (m, 2H), 1.54(m, 2H), 1.34 (s, 18 H, CH3), 1.32 (s, 18 

H, CH3), 0.94 (m, 2H); 13c {'H) 6 62.1, 60.0, 52.9, 52.8, 52.7 (NCH2), 28.9, 28.7 ( a 3 ) ,  
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22.2 (CH2CH2CH2), 21.1, 21.0 (C(CH3)3); 2 9 ~ i  (DEPT) 2.9. Anal. Calcd for 

C28H62N402Si2Zr: C, 53.87; H, 9.85; N, 8.84 %. Found: C, 53.26; H, 9.5 1; N, 8.80. 

(CBC)Zr(O-2,6-C6H3Me2)2, (15) 

Figure 45. Numbering scheme for NMR assignments of 15. Each carbon bears 

hydrogens of the same number. For the ligand, H,'s have coupling constants 

consistent with pseudoaxial sites and Hbls with pseudoequatorial sites. 

(CBC)Zr(CH2Ph)2 (0.930g, 1.87 mmol) was dissolved in 50 mL of warm toluene and 

2,6-dimethylphenol (0.456g, 3.73 rnmol) was added. The solution was stirred at room 

temperature for 2h and stored at -30•‹C resulting in clear colourless crystals of 5 (two 

crops). Yield: 0.89g, 85 %. Mp. 270•‹C (dec) NMR (d6-benzene): 'H 6 7.04 (d, 4H, H9), 

6.77 (t, 2H, Hjo), 4.01 (m, 2H, Hja), 3.65 (m, 2H, H2a), 3.15 (m, 2H, Hjb), 3.10-3.02(m, 

4H, Hj,, and H3,), 2.99 (m, 2H, H6b), 2.93(m, 2H, H5b), 2.50 (s, 12H, HI]), 2.06 (m, 2H, 

H3b), 1.98 (m, 2H, HJ~) ,  1.79 (m, 2H, H4a), 1.38 (m, 2H, &), 0.62 (m, 2H, H4b); 



1 3 c ( ' ~ )  6 161.0 (C7), 129.2 (Cs), 127.3 (Ca), 119.3 (Clo), 62.7 (Cz), 59.7 (C3), 53.3 (Cl), 

52.9 (Cs), 52.3 (C6), 21.7 (C4), 18.6 (Cll). Assignments are based on 'H-'H and 'H-'~c 

COSY. Anal. Calcd for C28&2N402zr: C, 60.28; H, 7.59; N, 10.04 %. Found: C, 60.24; H, 

7.45; N, 10.05 %. MS (EI) M+ 556. 

(CBC)ZrC12, (16) 

H2(CBC) (1.50g, 6.63 rnmol) and ZrC12m(Si(CH3)3)2]2 

(3.30g, 6.62 mmol) were sealed in a Kontes bomb with 20 

mL toluene and heated at 100•‹C for 2 days. The product 

precipitated from solution as a yellow powder and was 

washed twice with 5mL of hexanes and dried at reduced 

1 pressure. Yield: 2.648, 90 %. Mp. 271-5•‹C (dec) NMR (d6-benzene): H 6 4.73 (m, 2H), 

3.30 (m, 4H), 2.95 (m, 2H), 2.87 (m, 2H), 2.76 (dd 2H), 2.64 (m 2H), 1.91 (dd 2H), 1.71 

13 (dd 2H), 1.56 (m 2H), 1.34 (m, 2H), 0.80 (m, 2H); c('H) 6 61.8, 60.3, 54.0, 53.3, 

52.8, 30.6 (CH2N), 21.7 (CH2CH2CH2); Anal. Calcd for C12H24N4C12Zr: C, 37.29; H, 6.26; 

N, 14.50 %. Found: C, 37.33; H, 6.54; N, 13.78 %. 

(CBC)Zr(Cl) [N(Si(CH3)3)21, (1 7) 

Method A: Complex 17 was isolated as a 

byproduct in the synthesis of (CBC)ZrC12 from 

ZrC12[N(Si(CH3)3)2]2, possibly due to the 

presence of ZrCl[N(Si(CH3)3)2]3 as a contaminant 



in the bis(trimethy1silylamide) complex. Method B: THF (1 5 mL) was added to a mixture 

of (CBC)ZrC12 (0.200g, 0.518 mmol) and NaN(Si(CH3)3)2 (0.095g, 0.518 mmol) and the 

resulting solution was stirred at room temperature overnight. The solvent was removed 

under reduced pressure and the solid residue was extracted with toluene (15 mL) then 

filtered through Celite to afford a clear solution. The product was isolated as clear colourless 

crystals by layering a saturated toluene solution with hexamethyldisiloxane and storing at - 

30•‹C. The crystals become opaque when removed from the solvent. Yield: 0.037g, 14 %. 

1 Mp. 173-6•‹C (dec) NMR (d6-benzene): H 6 4.89 (m, lH), 4.09 (m, lH), 3.75 (m, lH), 

3.50 (m, lH), 3.25-2.70 (m, lOH), 1.98 (m, lH), 1.88 (m, 1H), 1.80-1.55 (m, 4H), 1.30 

(m, lH), 1.16 (m, lH), 0.99 (m, lH), 0.88 (m, lH), 0.79 (s, 9H, CH3), 0.54 (s, 9H, CH3); 

1 3 c { ' ~ }  6 61.9, 61.0, 60.0, 58.5, 54.8, 54.6, 54.5, 53.3, 53.0, 52.7 (CH2N), 22.3, 21.5 

(CH2CH2CH2), 7.4 (CH3), 7.2 ( a 3 ) ;  Anal. Calcd for C18&2N5C1Si2Zr: C, 42.27; H, 8.28; 

N, 13.69 %. Found: C, 41.88; H, 7.87; N, 13.69 %. 

(CBC)Zr(CH3)2, (18) 

MeLi (1.4M, 1.85 mL, 2.6 mmol) was added to a 

suspension of (CBC)ZrC12 (0.500g, 1.29 mmol) in 20 mL 

THF and stirred at room temperature overnight. The 

solvent was removed under reduced pressure and the solids 

extracted twice with 50 mL toluene. The extract was filtered (Celite), and the solvent 

removed under reduced pressure. The product was repeatedly recrystalized from warm 

toluene to yield colourless or pale yellow microcrystals. Yield: 0.107g, 24 %. Mp. 175•‹C 

1 (dec) NMR (d6-benzene): H 6 4.50 (m, 2H), 3.25 (dd, 2H), 3.13-2.96 (m, 6H), 2.80 (m, 



2H), 2.47 (m, 2H), 1.99 (m, 2H) 1.83 (dd, 2H), 1.8 1 (m, 2H), 1.75 (m, 2H), 0.80 (m 2H), 

0.60 (s, 6H); 1 3 c { ' ~ )  and DEPT 6 60.9, 59.8, 53.9, 53.8, 51.6 (CH2N), 39.3 (CH3, t in 

the gated 13c, ' J ~ H  = 109 HZ), 22.1 (CH2CH2CH2); Anal. Calcd for C14H30N4Zr: C, 48.65; 

H, 8.75; N, 16.21 %. Found: C, 48.38; H, 8.54; N, 16.13%. 

(CBC)zr[CH2si(CH3)3]2, (19) 

(CBC)ZrC12 (OSOOg, 1.29 rnmol) was 

suspended in 50 mL toluene and LiCH2Si(CH3)3 

(0.2448, 2.59 mmol) was added; the mixture 

was stirred at room temperature overnight. 

Filtration (Celite) of the reaction mixture and removal of the solvent at reduced pressure 

afforded a white powder. The product was dissolved in 14 mL of 5:2 toluene: hexanes 

and cooled to -30•‹C to yield clear, colourless, rod-shaped crystals. Yield: 0.399g, 63 %. 

1 Mp. 127-8•‹C. NMR (d6-benzene): H 6 4.30 (m, 2H), 3.22 (m, 2H), 3.02 (m, 4H), 2.95 

(m, 2H), 2.75 (m, 2H), 2.50 (m, 2H) 1.97 (m, 2H), 1.81 (m, 2H), 1.78-1.67 (m, 2H), 1.51 

(m, 2H), 0.76 (m, 2H) 0.47 (s, IXH, Si(CH3)3), 0.42 (d, 2H, ZrCHH, 2 ~ H H  = 12.1 HZ), 

0.03 (d, 2H, ZrCHH, 2~~~ = 12.1 HZ); 1 3 c { l ~ )  6 60.7, 60.2, 54.0, 54.0 (CH2N), 53.1 

(CHzSi, t in the gated 13c, ' J ~ H  = 102 HZ), 51.4 (CH2N), 22.1 (CH2CH2CH2), 4.3 

(Si(CH3)3); Anal. Calcd for C20H46N4Si2Zr: C, 49.02; H, 9.46; N, 11.43 %. Found: C, 

48.08; H, 8.75; N, 1 1.67%. 



(CBC)Zr(C4Ph4), (20) 

Diphenylacetylene (0.507 g, 2.84 mmol), 

(CBC)ZrC12 (OSOOg, 1.29 mmol) and 50 

mL of THF were cooled in a dry ice - 

acetone (-78•‹C) bath prior to the addition of 

n-BuLi (1.6M, 1.62 mL, 2.6 mmol). The mixture was stirred at low temperature for 20 

minutes and transferred to an ice bath for 2 h. The solvent was removed under reduced 

pressure to yield a brown oil. Toluene (40 mL) was added and the suspension was filtered 

through Celite. The volume of the filtrate was reduced to 10 mL and the solution cooled 

to -30•‹C. The resulting yellow powder was washed twice with 4 mL hexanes and dried 

under reduced pressure. Yield: 0.307g, 33 %. Mp. turns red at 135-40•‹C, melts 169-73•‹C 

1 (dec) NMR (d6-benzene): H 6 7.22 (d, 4H, o-arylH, 3 ~ H H  = 6.9 Hz), 7.15 (XH, aryl, 

obscured by solvent) 6.83 (m, 6H, o- and/or m-arylH), 6.62 (t, 2H, p-arylH, 3 ~ H H  = 7.4 

Hz), 4.94 (m, 2H), 3.23-3.09 (m, 8H) 2.73 (m, 2H), 2.23 (m, 2H), 1.76-1.62 (m, 6H), 1.1 1 

13 
(m, 2H), 0.7 (m, 2H); c{'H) 6 203.1 (ZrC), 151.2 (quat-C), 150.0 (quat-C), 143.8 

(quat-C), 128.4 (signals obscured by solvent), 127.1 (0- or m-arylC), 126.7 (0- or m- 

arylC), 124.9 (p-arylC), 122.4 (p-arylC), 61.3, 57.2, 53.9, 52.9, 50.3 (CH2N), 21.8 

1 (CH2CH2CH2). NMR (ds-THF): H 6 6.96 (t, 4H, o- or m-arylH, 3 ~ H H  = 7.7 Hz), 6.74 

(m, 8H, o- and/or m-arylH), 6.63 (m, 6H, o- and/or m-arylH andp-arylH), 6.53 (t, 2H, p- 

arylH, 3~~~ = 7.3 Hz), 4.80 (m, 2H), 3.62 (m, 2H) 3.52 (m, 2H), 3.24 (dd, 2H), 3.15 (m, 

2H), 3.04 (m, 2H), 2.27-2.17 (m, 8H), 2.09 (m, 2H), 0.95 (m, 2H); 13c{'H) 6 203.5 

(ZrC), 152.1 (quat-C), 149.5 (quat-C), 144.1 (quat-C), 13 1.0 (0- or m-arylC), 128.0 (0- or 
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m-arylC), 126.8 (0- or m-arylC), 126.7 (0- or m-arylC), 124.4 (p-arylC), 122.1 (p- 

arylC),61.9, 57.7, 54.3, 53.7, 50.6 (%N), 22.4 (CH2CH2CH2); Anal. Calcd for the 

toluene solvate C47H52N4Zr: C, 73.87; H, 6.86; N, 7.33 %. Found: C, 71.09; H, 6.82; N, 

7.33%. The yield improves slightly if the reaction is carried out in toluene (41%). 

(CBC')Zr(C4Ph4H), (21) 

(CBC)Zr(CdPh4) (0.250 g, 0.372 mmol) and 20 mL 

of toluene were sealed in a bomb. The solution was 

stirred at 50•‹C for 7 days and the solvent was 

removed under reduced pressure to yield a brown 

oil. This was dissolved in 3 mL toluene and layered with 1 mL hexanes and stored at low 

temperature. The first crop of tan solids was discarded and the solvent removed to yield a 

deep red material which was recrystalized from 1 : 1 toluene/hexanes to afford a dark red 

solid that displayed a clean NMR spectrum (two crops). Yield: 0.103 g, 41.0 %. Mp. 224- 

1 229•‹C (dec) NMR (d6-benzene): H 6 7.46 (br s, 1H, arylH), 7.26 (br s, 5H, arylH), 7.14 

(br s, 2H, arylH), 7.10-6.98 (m, 7H, arylH), 6.78 (m, 3H, arylH), 6.46 (br s, lH, arylH), 

6.26 (t, 1 H, p-arylH, 3~~~ = 7.2 Hz), 5.67 (s, 1 H, C=CHPh), 3.72 (dt, lH), 3.46 (dd, 1 H), 

3.14 (td, lH), 3.02-2.95 (m, 2H), 2.59 (td, lH), 2.47 (td, lH), 2.27 (td, lH), 2.23-2.09 (m, 

7H), 1.87 (dd, lH), 1.75 (m, 2H), 1.65 (m, lH), 1.4-1.3 (m, 4H); 1 3 c { ' ~ f  6 155.2, 145.1, 

144.5, 144.4, 142.1, 138.6 (quat-C), 130.7, 128.6, 128.4, 128.2, 127.7, 127.1, 126.4, 

125.6, 124.5 (arylCH), 115.4 (p-arylC), 77.9 (ZrCH, correlates with a 'H resonance at 

1.4-1.3 ppm)), 75.0 (quat-C), 69.4 67.7 (C=CHPh, correlates with a 'H resonance at 5.67 

ppm), 60.7, 60.4. 60.4, 59.5, 55.8, 51.5, 51.4, 51.2, 31.9, 30.7. Assignments are based on 
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DEPT, 'H-'H and 'H-I3c COSY. Anal. Calcd for C40&N4Zr: C, 71.48; H, 6.60; N, 8.34 

%. Found: C, 66.76; H, 6.65; N, 6.61%. A small sample of 21 in d6-benzene was 

hydrolyzed with D20 and the organic and aqueous phases separated. The 'H NMR of the 

aqueous phase showed pure (CBC) ligand, but the integration of one resonance due to the 

central CH2 of the 3-carbon bridge (0.80 ppm) was decreased substantially. The organic 

phase contained C4Ph4H2 and C4Ph4HD by mass spectroscopy (M' = 358 and 359 arnu, 

respectively). 

Tetraphenylthiophene oxide, (22) 

Thionyl chloride was freshly distilled from 

triphenylphosphite under argon and a 0.125 

M solution in toluene was prepared. The 

solution of thionyl chloride (2.4 mL, 0.30 

mmol) was added to a solution of 

(CBC)ZrC4Ph4 (0.200g, 0.298 rnmol) in 

toluene (40 mL) which had been cooled to O•‹C. The solution was stirred at low 

temperature for 1 hour and then at room temperature overnight. The precipitate was 

removed via filtration (Celite) and the solvent removed at reduced pressure to afford the 

crude product as a bright yellow hygroscopic oil. This was purified via column 

chromatography (silica gel, 1 : 10 THF: toluene eluant). Some fractions required further 

purification via preprative TLC (silica gel, 1 : 1 0 THF: toluene eluant). Yield: 0.059g, 49 

%. The identity of the product was confirmed by NMR~" (CDC13): 'H 6 7.36 (m, 4H), 

7.25 (m, 6H), 7.21-7.08 (m, 6H), 6.92 (m, 4H); 1 3 ~ { ' ~ )  6 146.2, 141.2, 133.4, 130.7, 
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129.9, 129.9, 128.8, 128.7, 128.4, 128.3; and high resolution MS Calcd for C28H200S: 

404.1235. Found 404.1231. 

Pentaphenylphosphole, (23) 

Dichlorophenylphosphine was freshly 

distilled under argon and a 0.125 M 

solution prepared in toluene. The 

solution of dichlorophenylphosphine 

(2.4 mL, 0.30 rnmol) was added to a 

solution of (CBC)ZrC4Ph4 (0.200g, 

0.298 -01) in toluene (30 mL) at room 

temperature and an orange colour developed immediately. The solution was allowed to 

stir at room temperature overnight and the solvent was removed under reduced pressure. 

The product was extracted with toluene (60 mL), filtered (Celite) and the solvent 

removed from the filtrate to yield the crude product as a yellow powder. This was 

purified via column chromatography (neutral alumina, 1 :3 benzene: hexanes eluant); the 

compound fluoresces when irradiated with short wave UV light. Yield 0.051g 34%. Mp. 

238-242•‹C NMR (CDC13): 'H 8 7.3 1 (m, lH), 7.1 1 (m, 4H), 6.97-6.90 (m, 15H), 6.85 (m, 

5H); 1 3 c { ' ~ )  8 148.4 (d, JCp = llHz), 136.9 (d, JCp = 17 HZ), 134.3, 134.0, 130.6 (d, JCp 

= 3 Hz), 129.8, 129.7, 129.6, 128.9 (d, JCp = 8Hz), 128.6, 128.1, 127.8, 126.8, 126.6; 

3 1 ~ ( ' ~ )  8 16.5. High resolution MS Calcd for C34H25P: 464.1694. Found 464.1694. 



A solution of Ybp(SiMe3)2]2THF2 (0.172 mmol) in toluene (2.5 mL) was added to 

H2(CBC) (0.050g, 0.221 mmol). After two days at room temperature a dark green 

crystals and a dark red powder had precipitated. The solvent was decanted and the solids 

washed with toluene (6mL) and hexanes (2mL). THF (3mL) was added and the resulting 

green solution was decanted from the red powder. The solvent was removed under 

reduced pressure to afford the product as a green powder. Yield 0.01 5 g, 4.7 % NMR (ds- 

THF): (not all resonances were located, widths at half height are given) 'H 6 98 (3H, 202 

Hz), 67 (3H, 450 Hz), 65 (3H, 371 Hz), 57 (3H, 666 Hz) 13 (3H, 176 Hz), 1 (56H, 

Si(CH3)3, 12 HZ) -8 (3H, 205 Hz), -31 (3H, 360 Hz), -45 (3H, 166 Hz), -85 (3H, 281 

HZ), -91 (3H, 133 HZ), -96 (3H, 274 HZ), -99 (3H, 220 HZ), -131 (6H, 500 HZ), -143 (3H, 

137 Hz), -168 (3H, 871 Hz). Anal. Calcd for C54H126N150Si6Yb4: C, 34.79; H, 6.92; N, 

11.27 %. Found: C, 32.81; H, 6.45; N, 11.12. 



c [ (P-cBc)Y~I~P~-~JCI ,  (25) 

A green d8-THF solution of [(p- 

CBC)Y~]~O]' m(~i~e3)2]3-  was stored 

in a sealed J. Young NMR tube, the 

colour gradually changed to yellow 

and crystals of 25 suitable for X-ray 

diffraction precipitated on the wall of 

the NMR tube. 

H2CBC (0.100g, 0.442 mmol) in 2.5 mL toluene was added I 
to a solution of freshly prepared Yb[N(SiMe3)2]20Et2 

(0.286 g, 0.435 mmol) in 2.5 mL toluene. Immediate 

precipitation of a purple powder occurred. The solvent was 

reduced pressure. Yield 0.074 g, 43%. Mp > 275•‹C. Anal. Calcd for C12H24N4Yb: C, 

36.27; H, 6.09; N, 14.10 %. Found: C, 30.64; H, 6.10; N, 8.36%. 
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The crystal structures presented in this thesis were solved by Dr. David Berg (4) 

Dr.Tosha Barclay (5,6) and Dr. Bendan Twamley (11, 14,15,19,20,24,25). 

Crystals of 4 were loaded into glass capillaries in the glovebox and transferred to 

a Nonius CAD4F diffractometer equipped with Cu K a  radiation. The unit cell was 

refined using 25 reflections int the 28 range 59-64". Experimental densities were not 

determined. The standard reflections for 4 decayed to 59.9% of their original intensity so 

a decay correction was applied. Intensity measurements were collected for one-fourth of 

the sphere. Following data reduction (NRCVAX), the structures were solved using the 

Patterson or direct methods (SIR97) options in teXsan98. The toluene of solvation in 4 

lies on a special position, so that the methyl group is disordered about the 21 screw axis. 

The methyl group was successfully modeled with half occupancy over both sites. 

Crystals of 5 and 6 were placed under mineral oil and sealed in a glass capillary 

under argon. Data was collected on a Siemens Smart 1000 CCD diffractometer equipped 

with graphite-monochromated Mo K a  radiation (h = 0.71073 A) at 293 K. Structure 

solutions were carried out using SHELXS-97, and refinement was done on F ~ .  An 

absorption correction was applied in both cases (abs range: 5 0.74-1.00; 6 0.72-1.00). The 

final Fourier difference maps showed maximum and minimum peaks of -0.50/+0.29 (5) 

and -0.33/+0.33 (6) e A-3. Thermal ellipsoid plots were drawn with ORTEP3. 

For compounds 11,14,15,19,20,24 and 25 the crystals were removed from the 

flask and covered with a layer of hydrocarbon oil. A suitable crystal was selected, 

attached to a glass fiber and placed in a low-temperature nitrogen stream. Data was 

collected using a BrukerISiemens SMART APEX instrument (Mo Ka radiation, h = 

0.71073 A) equipped with a Cryocool NeverIce low temperature device. Data were 



measured using omega scans of 0.3" per frame for 30 seconds, and a full sphere of data 

was collected. A total of 2132 frames were collected with a final resolution of 0.75 8+ for 

13, 0.77 8+ for 11, 14, 19, 20,25 and 0.71 A for 24. The first 50 frames were recollected 

at the end of data collection to monitor for decay. Cell parameters were retrieved using 

SMART software and refined using SAINTPlus on all observed reflections. Data 

reduction and correction for Lp and decay were performed using the SAINTPlus 

software. Absorption corrections were applied using SADABS. The structures were 

solved by direct methods and refined by the least squares method on F~ using the 

SHELXTL program package. 

For compound 11, the structure was solved solved in the space group P2(1)ln 

(#14) by analysis of systematic absences. All atoms were refined anisotropically. The 

toluene of solvation was refined as a rigid group at half occupancy using coordinates 

abtained from the Cambridge Database. The (CH3)&NC(H)C(H)Ph group was 

disordered and modeled with occupancies of 76 and 24% for the major and minor 

component. The thermal parameters were held equal for each individual moiety and bond 

lengths were loosely restrained. The (CH3)3C group also displayed disorder in one of the 

methyl positions and this was modeled at half occupancy and the thermal parameters 

loosely constrained to be approximately equal and isotropic. No decomposition was 

observed during data collection. 

For compound 14, the structure The structure was solved in the space group C2/c 

(# 15) by analysis of systematic absences. All atoms were refined anisotropically. 

Hydrogen atom bonded to Sil and Si2 were located on the difference map and freely 

refined. No decomposition was observed during data collection. 



For compound 15, the structure was solved in the space group Pcc2 (# 116) by 

analysis of systematic absences. The compound was refined as a pseudo-merohedral twin 

using the twin law 0 1 0 1 0 0 0 0 -1. Although the absences suggest a higher symmetry, 

i.e. the tetragonal space group P-4c2, refinement using this solution clearly leads to a 

twinned structure with a higher R value. All atoms were refined anisotropically. No 

decomposition was observed during data collection. 

For compound 19, the structure was solved in the space group C2/c (#15) by 

analysis of systematic absences. All atoms were refined anisotropically. No 

decomposition was observed during data collection. 

For compound 20, the structure was solved in the space group C2/c (# 15) by 

analysis of systematic absences. There is a half occupied toluene molecule in the 

asymmetric unit that is disordered over the inversion center. All atoms were refined 

anisotropically. No decomposition was observed during data collection. 

For compound 24, the structure was solved in the space group P2(l)/n (# 14) by 

analysis of systematic absences. There is disorder in two of the cyclam rings at C7 and 

C19. C18 was also disordered. The counter ion also shows disorder in one SiMe3 group 

(Si2 C40-C42) as well as the central Yb position. The occupancies of all these disordered 

sites were refined and then set at 50%. There are large residuals of ca. 3 e/A3 near 

Yb41Yb4'. All atoms were refined anisotropically. No decomposition was observed 

during data collection. 

For compound 25, The structure was solved in the space group P2(l)/c (# 14) by 

analysis of systematic absences. There is disorder present in two of the cyclam rings 

around the central Yb trimer. The occupancy of the disordered atoms in these rings was 



refined as 60% for the major fraction. One of the THF molecules is also completely 

disordered. This was modeled with occupancies of 60%, also for the major fraction. 

Disordered atoms were held isotropic and all other atoms were refined anisotropically. 

The thermal parameters of each disordered moiety were constrained to be approximately 

equal. Large residuals of ca. 2.2 e .~ i -~a re  located ca. 1 A from the Yb centers. These are 

due to absorption effects and could not be modeled or eliminated. No decomposition was 

observed during data collection. All structural plots were drawn with ORTEP3. 



Figure I. ORTEP3 Drawing of 4. 



Table I. Atomic Coordinates and Biso/Beq for 4. 

atom x Y z Beq occ 
0.03877(2) 3.489(7) 





Table 11. Non-Hydrogen Bond Lengths (A) for 4. 

atom atom distance atom atom distance 
ZR1 CL1 2.461 (2) ZR1 0 1  



Table 111. Bond Angles (deg) for the Non-Hydrogen Atoms of 4. 

atom atom atom angle atom atom atom angle 
CL1 ZR1 155.34(12) CL1 ZR1 0 2  138.67(12) 
CL1 ZRl 
CLl ZR1 
0 1  ZR1 
0 1  ZR1 
0 2  ZR1 
N1 ZR1 
N2 ZRl 
N3 SI1 
C19 SIl 
C20 SI1 
N3 S12 
C22 S12 
C23 S12 
ZR1 0 1  
ZR1 0 2  
C4 0 2  
ZR1 N1 
ZR1 N2 
C6 N2 
ZR1 N3 
N1 C1 
0 1  C3 
0 2  C5 
N1 C7 
C8 C7 
F1 C8 
F2 C9 
C8 C9 
F3 C10 
F4 C11 
C10 C11 
F5 C12 
N2 C13 
C14 C13 
F6 C14 
F7 C15 
C14 C15 
F8 C16 
F9 C17 

CLl ZR1 
0 1  ZR1 
0 1  ZR1 
0 2  ZR1 
0 2  ZR1 
N1 ZR1 
N3 SI1 
N3 SI1 
C19 SI1 
N3 S12 
N3 S12 
C22 S12 
ZR1 0 1  
C2 0 1  
ZR1 0 2  
ZR1 N1 
C1 N1 
ZR1 N2 
ZR1 N3 
SI1 N3 
0 1  C2 
0 2  C4 
N2 C6 
N1 C7 
F1 C8 
C7 C8 
F2 C9 
F3 C10 
C9 C10 
F4 C11 
F5 C12 
C7 C12 
N2 C13 
F6 C14 
C13 C14 
F7 C15 
F8 C16 
C15 C16 
F9 C17 
F10 C18 



Table IV. Anisotropic Displacement Parameters (A2 x lo3) for 4. 



C(28) 0.45(4) 0.070(5) 0.13(2) -0.05(2) 0.1 O(3) -O.OlO(S) 
The general temperature factor expression: e ~ ~ ( - 2 ? c ~ ( a * ~ ~ ~  lh2 + b*2~22k2 + c*2~3312 



Figure 11. ORTEP3 Drawing of 5. 



Table V. Atomic Coordinates (x lo4) and Equivalent Isotropic Displacement 

Parameters (A2 x lo3) for 5. 

c(20) 4076(4) 571 5(4) 8273(3) 
U,, is defined as one third of the trace of the orthogonalized Uij tensor. 



Table VI. Bond Lengths (A) and Angles (deg) for 5. 

Bond Lengths 



Bond Angles 

Table VII. Anisotropic Displacement Parameters (A2 x lo3) for 5. 



The anisotropic displacement factor exponent takes the form: 

-2x2[h2 a*2 UI1 + . . . + 2 h k a* Un] 

Table VIII. Hydrogen Coordinates (x lo4) and Isotropic Displacement Parameters 

(A2 x lo3) for 5. 



Figure III.ORTEP3 Drawing of 6. 



Table IX. Atomic Coordinates (x lo4) and Equivalent Isotropic Displacement 

Parameters (A x lo3) for 6. 



U,, is defined as one third of the trace of the orthogonalized Uij tensor. 

Table X. Bond Distances (hi) and Angles (deg) for 6. 

Bond Lengths 

Bond Angles 





Symmetry Code: 1 = -x + 1, -y + 2, -z + 2 

Table XI. Anisotropic Displacement Parameters (A2 x lo3) for 6. 

U11 U22 U33 U23 U13 U12 



The anisotropic displacement factor exponent takes the form: 

-27c2[h2 a*2 ~ 1 1 +  . . . + 2 h k a* U12] 



Table XII. Hydrogen Coordinates (x lo4) and Isotropic Displacement Parameters 

(A2 x lo3) for 6. 

H(7A) 
H(7B) 
H W )  
H(8B) 
H(9A) 
H(9B) 
H(l OA) 
H(l OB) 
H(11A) 
H(11 B) 
H(12A) 
H(12B) 
H(19A) 
H(19B) 
H(2 1 A) 
H(22A) 
H(23A) 
H(24A) 
H(2 5A) 
H(26A) 
H(26B) 
H(26C) 
H(28A) 
H(29A) 
H(3 OA) 
H(3 1 A) 
H(3 2A) 



Figure IV. ORTEP3 Drawings of 11. 



Table XIII. Atomic Coordinates (x lo4) and Equivalent Isotropic Displacement 

Parameters (A2 x lo3) for 11. 



- - - - - - - 

U(eq) is defined as one third of the trace of the orthogonalized ~ i j  tensor. 

Table XIV. Bond Lengths (hi) and Angles (deg) for 11. 

Bond Lengths 



Bond Angles 



C(4)-C(3)-C(2) 
C(4)-C(3)-H(3A) 
C(2)-C(3)-H(3A) 
C(4)-C(3)-H(3B) 
C(2)-C(3)-H(3B) 
H(3A)-C(3)-H(3B) 
N(5)-C(4)-C(3) 
N(5)-C(4)-H(4A) 
C(3)-C(4)-H(4A) 
N(5)-C(4)-H(4B) 
C(3)-C(4)-H(4B) 
H(4A)-C(4)-H(4B) 
N(5)-C(6)-C(7) 
N(5)-C(6)-H(6A) 
C(7)-C(6)-H(6A) 
N(5)-C(6)-H(6B) 
C(7)-C(6)-H(6B) 
H(6A)-C(6)-H(6B) 
N(8)-C(7)-C(6) 
N(8)-C(7)-H(7A) 
C(6)-C(7)-H(7A) 
N(8)-C(7)-H(7B) 
C(6)-C(7)-H(7B) 
H(7A)-C(7)-H(7B) 
N(8)-C(9)-C(10) 
N(8)-C(9)-H(9A) 
C(10)-C(9)-H(9A) 
N(8)-C(9)-H(9B) 
C(10)-C(9)-H(9B) 
H(9A)-C(9)-H(9B) 
C(1 1)-C(l0)-C(9) 
C(11)-C(10)-H(l OA) 
C(9)-C(10)-H(l OA) 
C(1 1)-C(10)-H(l OB) 
C(9)-C(l0)-H(l OB) 
H(l OA)-C(10)-H(10B) 
N(l2)-C(l l)-C(lO) 
N(l2)-C(l l)-H(l l A) 
C(l0)-C(l l)-H(l lA) 
N(l2)-C(l l)-H(l I B) 
C(l0)-C(l l)-H(l l B) 
H(l1 A)-C(1 1)-H(1 1B) 
N(12)-C(13)-C(14) 
N(12)-C(13)-H(13A) 
C(14)-C(13)-H(13A) 





Table XV. Anisotropic Displacement Parameters (A2 x lo3) for 11. 

ul 1 u22 u33 u23 u13 u12 



The anisotropic displacement factor exponent takes the form: 

-27c2[ h2 a * 2 ~ 1 1  + ,.. + 2 h k a* b* ~ 1 2  ] 



Table XVI. Hydrogen Coordinates (x lo4) and Isotropic Displacement Parameters 

(hi2 x lo3) for 11. 

H(2A) 
H(2B) 
H(3A) 
H(3B) 
H(4A) 
W4B) 
H(6A) 
H(6B) 
W7A) 
H(7B) 
H(9A) 
H(9B) 
H(l OA) 
H(l OB) 
H(11A) 
H(ll  B) 
H(13A) 
H(13B) 
H(14A) 
H(14B) 
H(15A) 
H(15B) 
H(16A) 
H(16B) 
H(17A) 
H(17B) 
H(19A) 
H(20A) 
H(2 1 A) 
H(22A) 
H(23A) 
H(26A) 
H(26B) 
H(26C) 
H(27A) 
H(27B) 
H(27C) 
H(28A) 
H(28B) 



H(28C) 
H(28D) 
H(28E) 
H(28F) 
H(29A) 
H(3 OA) 
H(32A) 
H(3 3A) 
H(34A) 
H(3 5A) 
H(3 6A) 
H(29B) 
H(30B) 
H(32B) 
H(3 3B) 
H(34B) 
H(3 5B) 
H(3 6B) 
H(3 7A) 
H(3 7B) 
H(37C) 
H(3 9A) 
H(40A) 
H(4 1 A) 
H(42A) 
H(43A) 



Figure V. ORTEP3 Drawing of 14. 



Table XVII. Atomic Coordinates (x lo4) and Equivalent Isotropic Displacement 

Parameters (A2 x lo3) for 14. 

U(eq) is defined as one third of the trace of the orthogonalized ~ i j  tensor. 

Table XVIII. Bond Lengths (A) and Angles (deg) for 14. 

Bond Lengths 



C(8)-H(8A) 
C(8)-H(8B) 
C(9)-C(l1) 
C(9)-C(12) 
C(9)-C(10) 
C(9)-Si(1) 
C(10)-H(10A) 
C(l0)-H(1 OB) 
C(10)-H(l OC) 
C(11)-H(11A) 
C(11)-H(11B) 
C(1 1)-H(11 C) 
C(12)-H(12A) 
C(12)-H(12B) 
C(12)-H(12C) 
C(13)-C(14) 
C(13)-C(15) 
C(13)-C(16) 
C(13)-Si(1) 
C(14)-H(14A) 
C(14)-H(14B) 
C(14)-H(14C) 
C(l5)-H(l5A) 
C(15)-H(15B) 
C(15)-H(15C) 
C(16)-H(16A) 
C(16)-H(16B) 
C(16)-H(16C) 
N(2)-Zr(1) 
N(6)-Zr(1) 
O(1)-Si(1) 
O(1)-Zr(1) 
Si(1)-H(l) 
Zr(1)-O(l)# 1 
Zr(1)-N(2)# 1 
Zr(1)-N(6)# 1 

Bond Angles 

N(2)-C(3)-C(4) 
N(2)-C(3)-H(3A) 
C(4)-C(3)-H(3A) 
N(2)-C(3)-H(3B) 
C(4)-C(3)-H(3B) 
H(3A)-C(3)-H(3B) 
C(3)-C(4)-C(5) 
C(3)-C(4)-H(4A) 
C(5)-C(4)-H(4A) 
C(3)-C(4)-H(4B) 
C(5)-C(4)-H(4B) 
H(4A)-C(4)-H(4B) 
N(6)-C(5)-C(4) 
N(6)-C(5)-H(5A) 
C(4)-C(5)-H(5A) 
N(6)-C(5)-H(5B) 
C(4)-C(5)-H(5B) 
H(5A)-C(5)-H(5B) 
N(6)-C(7)-C(1)#1 
N(6)-C(7)-H(7A) 
C(l)# 1 -C(7)-H(7A) 
N(6)-C(7)-H(7B) 
C(1)#1 -C(7)-H(7B) 
H(7A)-C(7)-H(7B) 
N(6)-C(8)-C(8)#1 
N(6)-C(8)-H(8A) 
C(8)#1 -C(8)-H(8A) 
N(6)-C(8)-H(8B) 
C(8)# 1 -C(8)-H(8B) 
H(8A)-C(8)-H(8B) 
C(l1)-C(9)-C(l2) 
C(l1)-C(9)-C(l0) 
C(12)-C(9)-C(10) 
C(l1)-C(9)-Si(1) 
C(l2)-C(9)-Si(1) 
C(l0)-C(9)-Si(1) 
C(9)-C(1O)-H(l OA) 
C(9)-C(10)-H(l OB) 
H(1 0A)-C(1O)-H(l OB) 
C(9)-C(10)-H(10C) 
H(l 0A)-C(1 0)-H(l OC) 
H(1 0B)-C(1 0)-H(l OC) 
C(9)-C(l l)-H(l lA) 
C(9)-C(l l)-H(l lB) 



Symmetry transformations used to generate equivalent atoms: #1 -x,y,-z+l/2 



Table XIX. Anisotropic Displacement Parameters (A2 x lo3) for 14. 

The anisotropic displacement factor exponent takes the form: 



Table XX. Hydrogen Coordinates (x lo4) and Isotropic Displacement parameters(A2 

x lo3) for 14. 

H ( W  
H ( W  
H ( 3 4  
H(3B) 
H(4A) 
H(4B) 
W5A) 
H(5B) 
W7A) 
H(7B) 
H(8A) 
H(8B) 
H(l OA) 
H(1 OB) 
H(l OC) 
H(11A) 
H(11B) 
H(l l  C) 
H(12A) 
H(12B) 
H(12C) 
H(14A) 
H(14B) 
H(14C) 
H(15A) 
H(15B) 
H(15C) 
H(16A) 
H(16B) 
H(16C) 
H(1) 



Figure VI. ORTEP3 Drawing of 15. 



Table XXI. Atomic Coordinates (x 103 and Equivalent Isotropic Displacement 

Parameters (A2 x lo3) for 15. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 



Table XXII. Bond Lengths (A) and Angles (deg) for 15. 

Bond Lengths 



Bond Angles 





Symmetry transformations used to generate equivalent atoms: 

# 1 -x+2, -y, z #2 -x+ 1, -y+ 1, z 

Table XXIII. Anisotropic Displacement Parameters (A2 x lo3) for 15. 



The anisotropic displacement factor exponent takes the form: 

-2n2[ h2 a*2~11+ ... + 2 h k a* b* U12 ] 

Table XXIV. Hydrogen coordinates (x lo4) and Isotropic Displacement Parameters 

(A2 x103) for 15. 





Figure VII. ORTEP3 Drawing of 19. 



Table XXV. Atomic Coordinates (x lo4) and Equivalent Isotropic Displacement 

Parameters (A2 x lo3) for 19. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

Table XXVI. Bond Lengths (A) and Angles (deg) for 19. 

Bond Lengths C(5)-H(5B) 
C(7)-N(6) 
C(7)-C(l)# 1 
C(7)-H(7A) 
C(7)-H(7B) 
C(8)-N(6) 
C(8)-C(S)#l 
C(8)-H(8A) 
C(8)-H(8B) 
C(9)-Si(1) 
C(9)-Zr(1) 
C(9)-H(9A) 
C(9)-H(9B) 
C(l0)-Si(1) 
C(10)-H(1 OA) 



C(10)-H(l OB) 
C(10)-H(10C) 
C(1 1)-Si(1) 
C(11)-H(11A) 
C(1 1)-H(1 1 B) 
C(11)-H(ll C) 
C(12)-Si(1) 
C(12)-H(12A) 
C(12)-H(12B) 
C(12)-H(12C) 
N(3)-Zr(1) 
N(6)-Zr( 1 ) 
Zr(1)-N(3)# 1 
Zr(1)-C(9)#l 
Zr(1)-N(6)# 1 

Bond Angles 

N(6)-C(7)-H(7B) 
C(l)#l -C(7)-H(7B) 
H(7A)-C(7)-H(7B) 
N(6)-C(8)-C(8)#1 
N(6)-C(8)-H(8A) 
C(8)# 1 -C(8)-H(8A) 
N(6)-C(8)-H(8B) 
C(8)# 1 -C(8)-H(8B) 
H(8A)-C(8)-H(8B) 
Si(1)-C(9)-Zr(1) 
Si(1)-C(9)-H(9A) 
Zr(1)-C(9)-H(9A) 
Si(1)-C(9)-H(9B) 
Zr(1)-C(9)-H(9B) 
H(9A)-C(9)-H(9B) 
Si(1)-C(l 0)-H(l OA) 
Si(1)-C(l0)-H(1 OB) 
H(l OA)-C(10)-H(10B) 
Si(1)-C(10)-H(10C) 
H(1 0A)-C(1 0)-H(l OC) 
H(l 0B)-C(1 0)-H(l OC) 
Si(1)-C(1 1)-H(1 1 A) 
Si(1)-C(1 1)-H(1 1 B) 
H(1 1A)-C(1 1)-H(1 1B) 
Si(1)-C(1 1)-H(1 1 C) 
H(l1 A)-C(1 1)-H(1 1 C) 
H(1 1B)-C(1 1)-H(1 1 C) 
Si(1)-C(12)-H(12A) 
Si(1)-C(12)-H(12B) 
H(12A)-C(12)-H(12B) 
Si(1 )-C(12)-H(12C) 



Symmetry transformations used to generate equivalent atoms: #1 -x+2, y, -z+3/2 

Table XXVII. Anisotropic Displacement Parameters (A2 x lo3) for 19. 

The anisotropic displacement factor exponent takes the form: 



Table XXVIII. Hydrogen Coordinates (x lo4) and Isotropic Displacement 

Parameters (A2 x lo3) for 19. 



Figure VIII. ORTEP3 Drawing of 20. 



Table XXIX. Atomic Coordinates ( x lo4) and Equivalent Isotropic Displacement 

Parameters (A2 x lo3) for 20. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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Symmetry transformations used to generate equivalent atoms: #1 -x, y, -z+1/2 



Table XXXI. Anisotropic Displacement Parameters (A2 x lo3) for 20. 

The anisotropic displacement factor exponent takes the form: 

-2n2[ h2 + ... + 2 h k a* b* U12 ] 



Table XXXII. Hydrogen Coordinates (x 10') and Isotropic Displacement 

Parameters (A2 x lo3) for 20. 



Figure IX. ORTEP3 Drawing of 24. 



Table XXXIII. Atomic Coordinates (x lo4) and Equivalent Isotropic Displacement 

Parameters (A2 x lo3) for 24. 





U(eq) is defined as one third of the trace of the orthogonalized ~ i j  tensor. 

Table XXXIV. Bond Lengths (A) and Angles (deg) for 24. 

Bond Lengths C(l8)-H(18A) 
C(18)-H(18B) 
C(19)-C(20) 
C(19)-H(19A) 
C(19)-H(l9B) 
C(7')-C(8) 
C(7')-H(7'A) 
C(7')-H(7'B) 
C(18')-N(7) 
C(18')-C(19') 
C(18')-Yb(2) 
C(18')-H(18C) 
C(18')-H(18D) 
C(19')-C(20) 
C(19')-H(19C) 
C(19')-H(l9D) 
C(8)-N(4) 
C(8)-H(8A) 
C(8)-H(8B) 
C(8)-H(8C) 
C(8)-H(8D) 
C(9)-N4) 
C(9)-C(10) 
C(9)-H(9A) 
C(9)-H(9B) 
C(10)-N(1) 
C(10)-H(1 OA) 
C(l0)-H(l OB) 
C(l1)-N(4) 
C(l1)-C(12) 
C(l1)-H(l IA) 



C(26)-H(26A) 
C(26)-H(26B) 
C(27)-N(10) 
C(27)-H(27A) 
C(27)-H(27B) 
C(28)-N(10) 
C(28)-C(29) 
C(28)-H(28A) 
C(28)-H(28B) 
C(29)-N(l1) 
C(29)-H(29A) 
C(29)-H(29B) 
C(30)-N(l1) 
C(30)-C(3 1) 
C(3 0)-H(3 OA) 
C(30)-H(3OB) 
C(3 1)-C(32) 
C(3 1)-H(3 1A) 
C(3 1)-H(3 1B) 
C(32)-N(12) 
C(32)-H(32A) 
C(32)-H(32B) 
C(33)-N(12) 
C(33)-C(34) 
C(33)-H(33A) 
C(33)-H(33B) 
C(34)-N(9) 
C(34)-H(34A) 
C(34)-H(34B) 
C(35)-N(12) 
C(35)-C(36) 
C(35)-H(35A) 
C(35)-H(35B) 
C(3 6)-N(10) 
C(36)-H(36A) 
C(3 6)-H(3 6B) 
N(1)-Yb(1) 
N(1)-Yb(3) 
N(2)-Yb(1) 
N(3)-Yb(1) 
N(4)-YW) 
N(5)-Yb(2) 
N(5)-Yb(1) 
N(6)-W2) 
N(7)-Yb(2) 





Bond Angles 



C(7)-C(8)-H(8A) 
N(4)-C(8)-H(8B) 
C(7')-C(8)-H(8B) 
C(7)-C(8)-H(8B) 
H(8A)-C(8)-H(8B) 
N(4)-C(8)-H(8C) 
C(7')-C(8)-H(8C) 
C(7)-C(8)-H(8C) 
H(8B)-C(8)-H(8C) 
N(4)-C(8)-H(8D) 
C(7')-C(8)-H(8D) 
C(7)-C(8)-H(8D) 
H(8A)-C(8)-H(8D) 
H(8C)-C(8)-H(8D) 
N(4)-C(9)-C(10) 
N(4)-C(9)-H(9A) 
C(10)-C(9)-H(9A) 
N(4)-C(9)-H(9B) 
C(10)-C(9)-H(9B) 
H(9A)-C(9)-H(9B) 
N(1)-C(10)-C(9) 
N(1)-C(1 0)-H(1 OA) 
C(9)-C(10)-H(10A) 
N(1)-C(10)-H(10B) 
C(9)-C(l O)-H(l OB) 
H(l 0A)-C(1 0)-H(l OB) 
N(4)-C(l1)-C(l2) 
N(4)-C(l l)-H(l l A) 
C(l2)-C(l l)-H(l l A) 
N(4)-C(l1 )-H(1 1 B) 
C(l2)-C(l l)-H(l lB) 
H(1 1A)-C(1 1)-H(1 1B) 
N(2)-C(l2)-C(l1) 
N(2)-C(12)-H(12A) 
C(l 1)-C(12)-H(12A) 
N(2)-C(12)-H(12B) 
C(l 1)-C(12)-H(12B) 
H(12A)-C(12)-H(12B) 
N(5)-C(13)-C(14) 
N(5)-C(l3)-H(l3A) 
C(l4)-C(l3)-H(l3A) 
N(5)-C(13)-H(13B) 
C(l4)-C(l3)-H(l3B) 
H(l3A)-C(l3)-H(l3B) 
C(l5)-C(l4)-C(l3) 
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Table XXXV. Anisotropic Displacement Parameters (A2 x lo3) for 24. 





The anisotropic displacement factor exponent takes the form: 

-2$[ h2 a * 2 ~ 1 1 +  ... + 2  h k a* b* ~ 1 2  ] 

Table XXXVI. Hydrogen Coordinates (x lo4) and Isotropic Displacement 

Parameters (A2 x lo3) for 24. 



W3A) 
H(3B) 
H ( 4 4  
H(4B) 
H(5A) 
H(5B) 
H(6A) 
H(6B) 
H(8N 
H(8B) 
H(20A) 
H(20B) 
H(7N 
W7B) 
H(18A) 
H(18B) 
H(19A) 
H(19B) 
H(6C) 
H(6D) 
H(8C) 
H(8D) 
H(20C) 
H(20D) 
H(7'A) 
H(7'B) 
H(18C) 
H(18D) 
H(19C) 
H(19D) 
H(9A) 
H(9B) 
H(l OA) 
H(l OB) 
H(l1A) 
H(11B) 
H(12A) 
H(12B) 
H(13A) 
H(13B) 
H(14A) 
H(14B) 
H(15A) 
H(15B) 
H(16A) 



H(16B) 
H(17A) 
H(17B) 
H(2 1 A) 
H(2 1 B) 
H(22A) 
H(22B) 
H(23 A) 
H(23B) 
H(24A) 
H(24B) 
H(25A) 
H(2 5B) 
H(26A) 
H(26B) 
H(27A) 
H(27B) 
H(28A) 
H(28B) 
H(29A) 
H(29B) 
H(3 OA) 
H(3 OB) 
H(3 1 A) 
H(3 1 B) 
H(32A) 
H(32B) 
H(3 3A) 
H(3 3B) 
H(34A) 
H(34B) 
H(3 5A) 
H(35B) 
H(3 6A) 
H(3 6B) 
H(3 7A) 
H(37B) 
H(37C) 
H(3 8A) 
H(3 8B) 
H(3 8C) 
H(3 9A) 
H(3 9B) 
H(39C) 
H(40A) 







Figure X. ORTEP3 Drawing of the Cation of 25. 



Table XXXVII. Atomic Coordinates (x lo4) and Equivalent Isotropic Displacement 

Parameters (A2 x lo3) for 25. 



U(eq) is defined as one third of the trace of the orthogonalized ~ i j  tensor. 



Table XXXVIII. Bond Lengths and Angles for 25. 

Bond Lengths 



C(8)-H(8A) 
C(8)-H(8B) 
C(9)-N4) 
C(9)-C(10) 
C(9)-Yb(3) 
C(9)-H(9A) 
C(9)-H(9B) 
C(1 0)-N(1) 
C(10)-Yb(1) 
C(10)-H(l OA) 
C(10)-H(10B) 
C(11)-N(l) 
C(l1)-C(12) 
C(1 1)-H(11A) 
C(l1)-H(11 B) 
C(12)-N(3) 
C(12)-H(12A) 
C(12)-H(12B) 
C(13)-N(5) 
C(13)-H(13A) 
C(13)-H(13B) 
C(13)-H(13C) 
C(13)-H(13D) 
C(16)-N(6) 
C(16)-C(17) 
C(16)-Yb(2) 
C(16)-H(16A) 
C(16)-H(16B) 
C(17)-N(7) 
C(17)-Yb(2) 
C(17)-H(17A) 
C(17)-H(17B) 
C(l8)-N(7) 
C(18)-C(19) 
C(18)-H(18A) 
C(18)-H(18B) 
C(19)-C(20) 
C(19)-H(19A) 
C(19)-H(19B) 
C(20)-N(8) 
C(20)-H(20A) 
C(20)-H(20B) 
C(2 1)-N(8) 
C(21)-C(22) 
C(2 1)-Yb(1) 



Bond Angles 





N(1)-C(1O)-C(9) 
C(9)-C(l O)-Yb(l) 
N(1)-C(1O)-H(l OA) 
C(9)-C(10)-H(l OA) 
Yb(1)-C(10)-H(10A) 
N(1)-C(1O)-H(l OB) 
C(9)-C(10)-H(l OB) 
Yb(1)-C(l0)-H(l OB) 
H(10A)-C(10)-H(10B) 
N(1)-C(l1)-C(l2) 
N(1)-C(1 1)-H(1 1 A) 
C(l2)-C(l l)-H(l lA) 
N(1)-C(1 1)-H(1 1 B) 
C(l2)-C(l l)-H(l lB) 
H(1 1A)-C(1 1)-H(1 1B) 
N(3)-C(l2)-C(l1) 
N(3)-C(12)-H(12A) 
C(l1)-C(12)-H(12A) 
N(3)-C(l2)-H(l2B) 
C(l1)-C(12)-H(12B) 
H(12A)-C(12)-H(12B) 
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Table XXXTX. Anisotropic Displacement Parameters (A2 do3) for 25. 

ul 1 $2 u33 u23 u13 u12 



The anisotropic displacement factor exponent takes the form: 

- 2 ~ 2 1  h2 1  + ... + 2 h k a* b* ~ 1 2  1 

Table XL. Hydrogen Coordinates and Isotropic Displacement Parameters (A2 x lo3) 

for 25. 



H(40B) 
H(2'1) 
H(2'2) 
H(3'1) 
H(3 '2) 
H(14C) 
H(14D) 
H(15C) 
H(15D) 
H ( W  
WID) 
H(13C) 
H(13D) 
H(3 7C) 
H(37D) 
H(3 8C) 
H(3 8D) 
H(3 9C) 
H(39D) 
H(40C) 
H(40D) 
H(4A) 
H(4B) 
H(5A) 
H(5B) 
H(6A) 
H(6B) 
H(7A) 
H(7B) 
H(8A) 
H(8B) 
H(9A) 
W9B) 
H(l OA) 
H(l OB) 
H(11A) 
H(11B) 
H(12A) 
H(12B) 
H(16A) 
H(16B) 
H(17A) 
H(17B) 
H(18A) 
H(18B) 



H(19A) 
H(19B) 
H(20A) 
H(20B) 
H(2 1 A) 
H(2 1 B) 
H(22A) 
H(22B) 
H(23A) 
H(23B) 
H(24A) 
H(24B) 
H(2 5A) 
H(25B) 
H(26A) 
H(26B) 
H(27A) 
H(27B) 
H(28A) 
H(28B) 
H(29A) 
H(29B) 
H(3 OA) 
H(3OB) 
H(3 1 A) 
H(3 1 B) 
H(32A) 
H(32B) 
H(3 3A) 
H(33B) 
H(34A) 
H(34B) 
H(3 5A) 
H(3 5B) 
H(3 6A) 
H(36B) 
H(4 1 A) 
H(4 1 B) 
H(42A) 
H(42B) 
H(43A) 
H(43B) 
H(44A) 
H(44B) 


