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Calixarenes are a class of macrocyclic compounds that have garnered interest in 

large part because of their ability to form host-guest complexes with various types of 

molecules. For all of the studies of complex formation by calixarenes, most of the work to 

date has concentrated upon the smaller calixarenes, and little is understood about the 

relationship between the complexes formed when in solution and that observed in the solid 

state. The first part of the study, presented in Chapter 3, is of the solid-state properties of 

two of the larger calixarenes, and in comparison to other reported structures reveals 

patterns to the observed conformations both in the solid state and in solution. 

The formation of metal complexes has also been investigated and has focused 

extensively upon the metals as guests. Thus, the ability of the calixarenes to act as ligands 

in inorganic complexes has been virtually untapped, despite the polyoxo binding site they 

can easily provide, and very few metallocalixarenes have been reported. The second part 

of this study goes beyond the simple solid-state properties of such compounds, and 

involves the synthesis of several metallocalixarenes as part of a project directed at the 

functionalization of calixarenes with the components of a class of catalysts known to 

polymerize various olefins. These catalysts, commonly referred to as Ziegler-Natta 

catalysts, are introduced in Chapter 4. The new compounds presented here - three new 



aluminocalixarenes in Chapter 5 and a new titanocalixarene in Chapter 6 - were 

synthesized so as to contain some of the same components observed in several of the other 

catalysts. These new compounds have been characterized crystallographically as well as 

through proton and multinuclear NMR, and observed conformational patterns are 

discussed. 
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CHAPTER 1 

INTRODUCTION TO CALIXARENES 

1.1 History of the Calixarenes 

The pursuit of suitable macrocyclic compounds for use as biomimics brought 

compounds such as crown ethers1 and cyclodextrins2 into mainstream chemistry (Figure 

1-1). It was such an application that enticed Gutsche and co-workers to re-examine an 

old class of macrocycles, made up of phenol-based units linked by methylene bridges, 

now commonly known as calixarenes (Figure 1-2).3 

para-f-butylcalix[n]arene (1) calix[n]arene (2) 

Figure 1-2: Generic representations of the calixarenes. 

The development of the field of calixarene chemistry, summarized in Figure 1-3, 

spans several decades and involves an array of research groups whose findings have only 

recently become clearly defined as to their place in calixarene family history. In 1872, 



Figure 1-1: Examples of a crown ether and a cyclodextrin. 
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Figure 1-3: The Calixarene Timeline (Expanded) 
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1872 Baeyer begins investigation of phenol-formaldehyde chemistry4 

1894 Lederer-Manasse reaction uses a base catalyst and mild conditions 

Mohlau and Koch react resorcinols with formaldehyde in Baeyer-type syntheses' 

1904 Liebermann and Lindenbaum also report syntheses with resorcinols6b 

1907 Baekeland files first patent for Bakelite process for synthesis of hard plastics 

1933 Koebner proposes linear tetramer structure for product synthesized with p-cresol! 

1943 Niederl and McCoy propose cyclic structure for Koebner's product10 

1944 Zinke reports product from p-^butylphenol/formaldehyde as cyclic tetramer11 

1950 Finn and Lewis show Koebner's linear structure to be correct, cause confusion12 

1952 Zinke reports synthesis of various p-substituted products; still says "cyclic"13 

1955 Cornforth devises theory of conformational isomers in product mixtures14 

1958 Hayes and Hunter publish multistep synthesis of the p-methyl cyclic tetramer15 

1961 Foster and Hein also show Koebner's linear structure to be correct17 

1972 Kammerer shows flexibility in Zinke's oligomers via VT-NMR18 

1976 Petrolite process of synthesis of the cyclic oligomers is submitted for patent 

1977 Munch publishes VT-NMR data also supporting flexibility in the oligomers 

1978 Gutsche publishes "revised" Petrolite procedure, names the calixarenes 

1979 Parma group publishes first X-ray structure of para-/-butylcalix[4]arene 

1985 Gutsche reports first X-ray structure of para-/-butylcalix[8]arene25 

1987 Parma group reports first X-ray structure of para-/-butylcalix[6]arene26 

U9 

„20 

„21 

„24 



Baeyer4 briefly investigated the reaction between phenols and formaldehyde, noting that 

under harsh reaction conditions using an acid catalyst yielded what he referred to as "tars" 

or "resins." The study of these reactions resumed after twenty years, when reports of 

syntheses using bases as catalysts5 and resorcinols6 as reaction components revealed 

products similar to those reported by Baeyer. However, it was not until Baekeland7 filed 

the first patent for his Bakelite process in 1907 that the mysterious resins actually found a 

practical use. 

Zinke8 and co-workers revived interest in the compounds, and in 1944 proposed 

that the structure of the product formed via base-induced condensation of formaldehyde 

and para-/-butylphenol was a cyclic tetrameric oligomer,11 as opposed to a linear one. 

They went on to publish the syntheses of various other para-substituted compounds,13 and 

also claimed them to be cyclic tetramers. In 1955, Cornforth's group14 repeated the Zinke 

reactions, and were surprised to find that each product was actually a mixture of two 

products with different melting points. Taking into consideration the cyclic structure 

proposed by Zinke, and the belief that the phenolic units could not rotate around the 

methylene bridges,16 Cornforth concluded that the different products must simply be 

conformational isomers of one another. This theory was brought under suspicion in the 

1970's, however, when Kammerer18 as well as Munch20 from the Petrolite group published 

variable temperature NMR results showing that the oligomers could actually undergo 

conformational changes easily at room temperature. 

The Petrolite group submitted their synthetic procedures of the cyclic oligomers 

for patents in 1976-7.19 Gutsche published his "revised" version of the reactions and 
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coined the name "calixarenes" soon after.21 Subsequent reports of an alternative method 

of synthesis22 caused the Gutsche group to delve deeper into the procedure and what was 

actually occurring during these reactions, leading to an understanding of the process as it 

is accepted today.23 Final confirmations of the identity of the products came in the form of 

X-ray crystal structures when para-/-butylcalix[4] arene (1, n = 4),24 para-t-

butylcalix[6]arene (1, n = 6),26 and para-7-butylcalix[8]arene (1, n = 8)25 were 

characterized crystallographically. 

1.2 Physical Properties of Calixarenes 

The calixarenes are readily synthesized via based-induced condensation of para-

substituted phenols and formaldehyde, forming crystallline to amorphous white products;33 

the para-fert-butyl derivatives are the most widely reported parent compounds. Melting 

points of the compounds run high and are often good indications of purity, with 

temperatures such as 342-344° C for para-/-butylcalix[4]arene, 380-381 °C for para-t-

butylcalix[6]arene and411-412° forpara-/-butylcalix[8]arene.3a 

The solubilities of the compounds are somewhat limited, and tend to decrease with 

increase in size.3a The para-/-butyl calixes are soluble in non-polar solvents such as 

chloroform, pyridine, toluene and carbon disulfide; they are insoluble in alcohols, acetone 

and water, so much so that these solvents are used to precipitate the calixes during their 

synthesis. Changing the para substituent, however, can affect the solubility, and 

derivatives have been made that are soluble in water.27 

Rotational mobility around the methylene bridges allows the calixes to adopt 



various conformations, and this flexibility increases with the number of phenolic residues 

in the compound.33 The conformations are defined by the orientation of the rings relative 

to one another, either by a name coined for the most commonly observed arrangements, or 

by some kind of coding such as "up-down" or "+ The most widely recognized 

arrangement, generally referred to as the "cone" conformation, is formed when all of the 

rings are pointed in the same direction, and is a low energy conformation because of 

hydrogen bonding that occurs at the phenolic residues (Fig. l-4).3a 

1.3 Functionalization of Calixarenes 

The appeal of the calixarenes for use in applications such as extraction and enzyme 

mimicry stems not only from the cavity space they can provide, but also from their 

potential to be functionalized with substituents that will bestow them with the desired 

electronic properties. Synthesis of these calixarenes can be carried out at the phenolic 

end, or "lower rim," and at the para position, known as the "upper rim." 

Syntheses at the lower rim are relatively facile, exploiting the familiar chemistry of 

phenols. The most common fiinctionalizations follow organic pathways yielding various 

calix ethers29 and esters,23 some of which were designed to limit the rotational mobility of 

the rings. Upper rim syntheses, however, are more complex and first require the removal 

of the para substituent.30 Additional functionalization then often requires multiple steps 

and the use of dangerous reagents, such as in the chloromethylation31 reaction or in the 

Claissen synthesis of p-allyl calixarenes.30a,b And, as with most multi-step synthetic 

routes, the upper rim processes inherently result in poor yields or 



Figure 1-4: Cone conformations of selected r-butylcalixarenes. 
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inseparable mixtures. 

1.4 Host-Guest Complexes with Calixarenes 

Complexes between calixarenes and various guest molecules in the solution state 

are well documented.3 However, the lack of a fixed cavity in the underivatized calixes 

makes them poor candidates for selective recognition of potential guests. In order to 

improve their ability to capture target ions and molecules, specially designed calixes have 

been employed. 

One area that has been explored concerns the formation of complexes with metal 

cations as guests. In non-aqueous solvents, it is the calix ethers and carboalkoxymethyl 

ethers that have demonstrated the greatest ability to extract Group I and II metal cations 

and their picrate salts, with varying degrees of success depending upon the size of the calix 

and the respective ion.32"34 Yet it is the calixcrown derivatives that show the highest 

selectivities, as the binding sites are located deep within the calix cavities and only 1:1 

complexes with the ions are formed.35, 36 The study of binding abilities of calixes in 

aqueous systems has been limited to the /?-sulfonato derivatives. Their versatility exceeds 

that of the aforementioned calixes, however, with complexation extending to transition 

and actinide metal ions.37'38 

A second family of guests under exploration have been neutral molecules. Again, 

the underivatized calixes showed only limited ability to form complexes. In non-aqueous 

solvents, simple calix complexes with toluene and chloroform were observed.39 However, 

the calix[4] complexes with these two solvents were strong enough to prevent the capture 



of other guests such as anisole and nitrobenzene. The most successful hosts in such 

solvents have been the resorcinol-derived calixes, although these were only limited 

successes. Cram's40 silyl-bridged compound formed complexes with both chloroform and 

propyne, but were unable to form complexes with other solvents such as acetone and 

methylene chloride when in CDC13. Interestingly, Aoyama's dodecanol-derived 

resorcinarene41 proved quite useful at complexing water-soluble molecules like vitamin B12 

and riboflavin when transporting them into benzene or CC14 solutions of the parent 

compound. 

In aqueous solvents the p-sulfonato calix ethers were studied by Shinkai,42 and he 

demonstrated complex formation with small molecules like the organic dye Orange OT. 

Gutsche43 used p-carboxyethyl and p-diallylaminoethyl calixes to complex a series of 

aromatic hydrocarbons, and unexpectedly the results indicated that in these complexes the 

guest resided closer to the lower rim than to the para substituents which made the calix 

water-soluble in the first place. 

1.5 Concluding Remarks 

For all of the studies of complex formation by calixarenes, most of the work to 

date with the underivatized calixes has concentrated upon the smaller calix[4]arenes, and 

little is understood about the relationship between the complexes formed when in solution 

and that observed in the solid state. In addition, formation of metal complexes has 

focused extensively upon the metals as guests, and the ability of the calixes to act as 

ligands in inorganic complexes has been virtually untapped. 
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The study presented herein is twofold, and investigates these two areas of calix 

complex formation. The first part is from a project concerning the solid state properties of 

larger calixarenes, and is addressed in Chapter 3. The second part involves the synthesis 

and characterization of metallocalixarenes in an attempt to build a supported olefin 

catalyst, and is addressed in Chapters 5 and 6. 



CHAPTER 2 

GENERAL EXPERIMENTAL INFORMATION 

2.1 General Crystallographic Experimental 

Crystals deemed suitable for x-ray diffraction studies were placed either into 

Lindemann capillary tubes and secured with silicone grease, or onto the end of a glass 

fiber and secured with Paratone-N44 at low temperature. Solvent-dependent crystals in 

capillary tubes often required the presence of mother liquor or vapors so that they would 

remain viable. Air-sensitive crystals were manipulated exclusively in the drybox; their 

tubes were capped off with plasticine so that they could be brought out of the box and 

sealed. Crystals that were extremely air sensitive and/or solvent-dependent were kept 

submereged in the Paratone-N while being manipulated, and were studied using the low 

temperature device operating at approximately -50°C.45 

In a typical experiment, a mounted crystal was placed onto the goniometer of an 

Enraf-Nonius CAD-4 diffractometer employing Mo Ka radiation of wavelength 0.71073 

O 

A. The diffractometer was configured with a crystal-to-detector distance of 173 mm and a 

take-off angle of 2.80°. After the crystal was carefully centered in the x-ray beam, an 

automatic search routine46 was used to locate up to 25 reflections, which were then used 

to calculate a preliminary cell.47 After this primitive cell was calculated, the system was 

checked for higher symmetry and transformed as per convention48 before data collection 

11 
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was begun. 

If the cell obtained was both reasonable and different from known structures, 

collection of reflection data was started using an a scan technique with variable scan 

width. Reflections with I/a(I) < 2 for the prescan were rejected as weak, and those where 

I/O® >10 were accepted after the prescan. During data collection, a set of three 

reflections from the original set of 25 were measured at regular intervals in order to 

monitor crystal decay and check crystal alignment. 

Solution of the structure was initiated using direct methods software. The 

programs MULTAN49 and SIR50 were most commonly used, although the program 

SHELXS-8651 was employed for the more difficult data sets. Refinements by least-

squares methods52 afforded partial structure solution, and the difference Fourier maps53 

that were calculated allowed for the positioning of the remaining non-hydrogen atoms. 

After an absorption correction was applied,54 selected atoms were refined with anisotropic 

thermal parameters, and hydrogen atoms were either located from difference maps or 

positioned in calculated positions. Drawings of the final structures were done by 

ORTEP.55 

2.2 NMR Spectroscopy 

The instrument used for collection of !H (including variable temperature data) and 

13C data was a Varian Gemini 200 MHz NMR spectrometer. The27A1 data was acquired 

using a Varian 300-VXR NMR spectrometer. All aluminum compounds were dissolved in 

C5D6; titanium compounds were dissolved in CDC13 or d-DMSO, as indicated. An 
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external TMS standard is referenced for chemical shifts in the 'H and 13C spectra, and an 

[A1(H20)6]
3+ signal assigned to 0 ppm is the reference for the27A1 shifts. With reference 

to the reported aluminum data, a special note should be made here. Since27A1 gives broad 

signals over wide ranges depending upon the coordination environment of the metal,56 

only general inferences will be made with respect to these spectra, the most important 

being that a reaction to form a metal complex of some kind has occurred. A general 

survey of the chemical shifts is given below.57 

Coordination # of A1 Shift (in ppm) 

6 40 to -46 

4 140 to 40 

3 150 and up 

2.3 Other Experimental Information 

Melting points were taken with a Mel-Temp II melting point apparatus from 

Laboratory Devices, Inc. All samples were prepared in the drybox under inert 

atmosphere. The capillary tubes were stoppered with plasticine until removed from the 

drybox where they were then flame-sealed for the experiment. 
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SOLID-STATE STUDIES OF LARGER CALIXARENES 



CHAPTER 3 

SOLID-STATE STUDIES OF LARGER CALIXARENES 

3.1 Conformations of Calixarenes: An Introduction 3a'b'25b 

Interest in calixarenes has increased over the years because of their potential to 

function as selective ionophores59"61 and their ability to include or recognize neutral 

organic molecules (Chapter 1). Free rotation about the methylene bridges allows the 

aromatic rings to adopt different relative orientations, thus allowing cavities of varying 

shapes and sizes to be formed. 

In all of the underivatized para-/-butylcalixarenes, rotation is observed as passage 

of the oxygen end of the aromatic rings through the annulus. For the smaller para-f-

butylcalix[4]arene, this is the only avaible path of rotation, and substitution at the phenolic 

end by any group larger than ethyl is sufficient to prevent this. However, for the larger 

para-/-butylcalixarenes, like [6] and [8], there is more than enough cavity space to allow 

either end of the ring to pass through, and so complete conformational mobility is 

observed. 

The calix[8]arene rings may orient themselves in sixteen different "up-down" 

conformations, although when considering the possibility that the rings may "flatten" out 

in any position in between "up" and "down," the number of observable conformations 

possible becomes almost endless. Yet, in non-polar solvents, this calix shows remarkably 

15 
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similar NMR spectra to that of the calix[4]arene, and it is predicted that this is due to the 

presence of a strong hydrogen bonding network at the phenolic end of the calix. 

However, the similarities disappear in polar solvents where solvent interactions disrupt the 

hydrogen bonding network, and the conformational flexibility of the larger calix[8] is free 

to exercise its potential. 

Although the calix[6]arene has only eight different "up-down" arrangements 

possible (of course, it too has an almost infinite number of in-between ones), it has been 

shown to be more flexible than both the calix[4]- and the calix[8]-arenes in non-polar 

solvents. This phenomenon is attributed to the lack of a strong hydrogen bonding 

network at the phenolic end of the calix. Increased flexibility is observed in polar solvents, 

however, so that the presence of this network cannot be ruled as unimportant or non-

existent; it is simply not as influential in this calixarene as it is in the other two. 

For all of the information on the behavior of the larger calixarenes in solution, little 

is known as to whether or not they adhere to the established trends in the solid state. 

Thus, an investigation into the solid state properties of these calixarenes was undertaken, 

and two new structures that were obtained are presented here. 

3.2 The Solid State Conformation of Calix[6]arene 

The structure of the benzene complex (3) of calix[6]arene (2, n=6) is shown in 

Figure 3-1. The calixarene adopts the "pinched cone" conformation, in which all of the 

oxygen atoms lie on the same side of the molecule, and the rings are arranged such that 

the oxygens define a boat-shaped array (Figure 3-2). Thus, two opposite aromatic rings 
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Figure 3-1: Structure of 3; hydrogens of carbon atoms have been omitted for clarity. 

C4C 

C4A C4B 
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lie somewhat flatter than the remaining four, so that the methylene bridges bonded to these 

point towards the oxygen atoms, while the two methylene bridges that connect only the 

more "vertical" aromatic rings point towards the center of the calix, and away from the 

oxygens. The potential molecular C2v symmetry is reflected in the solid state, as the 

molecule lies on a two-fold rotation axis that passes through the center of the calix. The 

intra-oxygen distances are normal for a hydrogen-bonded system, being 2.61(1), 2.68(1), 

and 2.63(1) A, for the order Ola-Olb-Olc-Ola' (Table 3-1). The hydrogen atoms were 

located from a difference map, and, as would be expected for a room-temperature 

structure determination of a "cyclic" system,62 each of these lies virtually in between two 

oxygen atoms, with O-H distances of 1.27, 1.35, 1.42, 1.29, 1.37, and 1.28 A for the 

bonding pattern used above (Table 3-2). Two symmetry-related molecules of benzene 

occupy the calixarene cavity, lying virtually perpendicular to the flattened rings (angle of 

98(1)°) as shown in Figure 3-3. The closest interactions are those between the bottom 

two carbons of the benzene ring and the closest "edge" of the calix aromatics in either side 

of the flattened ring. Thus, Cls lies at distances of 3.67(1), 3.67(1) and 3.76(1) A from 

Clb, Cla' and C6a', respectively; while C6s is 3.73(1) A form C2b (Table 3-1). 

0 o O v Q 

o o 

Figure 3-2: The boat-shaped arrangement of the oxygens in 3. 
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o 

Table 3-1: Non-bonding contacts (less than 3.80 A) in 3. 

Oxygen... Oxygen Distance (A) 

OlA OIB 2.61 

OlA OIC' 2.63 

OIB OIC 2.68 

Calix - Solvent Distance (A) 

OIC C4S»" 3.47 

OIC C3S"" 3.55 

C7A C5S 3.64 

C1B CIS 3.67 

CIA CIS' 3.67 

C5A C3S'"" 3.72 

C2B C6S 3.73 

C6A CIS' 3.76 

OIB C6S 3.78 
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Table 3-2: Selected bond distances for complex 3. 

Atoms 
o 

Distance (A) Atoms Distance (A) 

O l a - C l a 1.37(1) O l b - C l b 1.39(1) 

O l c - C l c 1.41(1) Cla - C2a 1.39(1) 

CIa - C6a 1.39(1) Clb - C2b 1.41(1) 

Clb - C6b 1.34(1) Clc-C2c 1.35(1) 

Clc - C6c 1.42(1) C2a - C3a 1.39(1) 

C2a-C7c 1.50(1) C2b - C3b 1.38(1) 

C2b - C7a 1.49(1) C2c-C3c 1.39(1) 

C2c - C7b 1.51(1) C3a - C4a 1.38(1) 

C3b - C4b 1.34(1) C3c - C4c 1.41(1) 

C4a-C5a 1.38(1) C4b - C5b 1.38(1) 

C4c - C5c 1.36(1) C5a - C6a 1.40(1) 

C5b-C6b 1.39(1) C5c-C6c 1.34(1) 

C6a - C7a 1.49(1) C6b - C7b 1.53(1) 

C6c - C7c' 1.49(1) Cls - C2s 1.33(2) 

Cls - C6s 1.30(2) C2s-C3s 1.37(2) 

C3s-C4s 1.25(2) C4s - C5s 1.38(2) 

C5s - C6s 1.37(2) O l a - H l a 1.27 

Olb - Hlc 1.28 O l b - H l a 1.35 

O l b - H l b 1.42 O l c - H l b 1.29 

O l c - H l c ' 1.37 
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Figure 3-3: Side view of 3 with solvent molecules; hydrogens of carbon atoms have been 

omitted for clarity. 
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Although this is one of the first reported Structures of the underivatized 

calix[6]arene,63 this conformation has been observed for a number of simple para-t-

butylcalix[6]arene structures which were crystallized from solvents such as benzene,64 

chloroform,26 and tetrachloroethylene.65 Yet this conformation is very different from that 

of para-/-butylcalix[6]arene crystallized from DMSO, or calix[6]arene crystallized from 

either acetone or dioxane/water,63 all of which were observed to be in what is known as 

the "1,2,3-alternate" conformation. The point to appreciate here is that, in the structures 

obtained in the non-hydrogen bonding solvents, the solvent interactions play virtually no 

role in determining the crystal structures. The two structures crystallized from benzene 

alone are such that two benzene molecules are included in the cavity (Figure 3-3); 

however, the only interactions between the calix and the tetrachloroethylene are exo-

cavity. Thus, intramolecular hydrogen bonding between all six calixarene oxygens in these 

structures would indeed appear to be the primary factor influencing the conformation. 

3.3 The Structure of Para-/-butylcalix[8]arene 

For the larger para-/-butylcalix[8]arene (1, n = 8), the structural literature has been 

dominated by its derivatized brethren, such as />-( 1,1,3,3 )-tetramethylbutylcalix[8 ] arene 

octapodand,66 and O-acetyiated para-/-butylcalix[8]arene.67 Known to form complexes 

with chloroform,23 but never shown crystallographically, the only structures of simple 

para-/-butylcalix[ 8]arene published to date have been two dissimilar structures, both 

obtained from pyridine. 

In the original structure published by Gutsche (4),25 the calix is in what he refers to 
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as a "pleated loop" conformation in which the calix lies with its rings flattened (^-butyls 

out), allowing alternating oxygens to occupy two mutually parallel planes while invoking 

a hydgrogen-bonded network among them (Figure 3-4). This was not what he had 

expected. It had been originally proposed that the structure of para-/-butylcalix[8]arene 

would resemble two para-/-butylcalix[4]arenes in cone conformations "pinched" together, 

because they exhibit remarkably similar temperature-dependent 'H NMR spectra in non-

hydrogen bonding solvents.250 Furthermore, in order to explain the observed differences in 

spectral behavior between the two caiixes in hydrogen bonding solvents, it was suggested 

that this "pinched" conformation of para-/-butylcalix[8] simply changed into an 

"expanded" form. However, the structure here was neither a "pinched" nor an 

"expanded" conformation, and so a new proposal was needed. 

The explanation given is that, despite the fact that the calix was crystallized out of 

pyridine, this new "pleated loop" conformation might well be the preferred conformation 

for para-/-butylcalix[8] arene. Further, it is in solution that the observed intramolecular 

hydrogen bonding at the phenolic residues of the calix competes with intermolecular 

hydrogen bonding with the pyridine nitrogens, thus accounting for the changes in spectral 

behavior.25a"b 

This explanation was indeed plausible, mostly because no solvent molecules were 

reported in the structure. However, considering the nature of the calixarenes in general 

and Gutsche's own comment at the beginning of the paper that the crystals were observed 

to turn to powder quite rapidly in the open air,25a some question should have immediately 
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Figure 3-4: Structure of 4; hydrogens have been omitted for clarity. 
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been raised as to the accuracy of the structure. Not surprisingly, the next structure would 

contradict this new hypothesis that the disruption in the hydrogen bonding was only a 

solution-state phenomenon. 

The second structure, reported by Czugler et al in 1991 (5, Figure 3-5),58 reveals a 

conformation that is neither "pinched", "expanded" nor "pleated". It is generally 

described as a "chair-like" conformation, with the ring orientations being described as "up-

up-up-flat-down-down-down-flat" with respect to one another. The two flattened rings 

are such that their oxygens are pointed toward one another, with the rings parallel to each 

other and at an angle between the two halves of the molecule. What is different from the 

Gutsche structure and most likely the reason for the different conformation is the presence 

of eight solvent molecules. Two pyridine molecules are hydrogen bonded to the oxygens 

of the flattened rings; two more pyridines reside in each half of the molecule near the 

oxygens of the other rings but are not hydrogen bonded; and four pyridines reside 

interstitially in the lattice. Within the molecule, there is a hydrogen bonding network 

between neighboring oxygens. However, this network is disrupted between the two 

halves of the calix by the two hydrogen-bonded pyridines. 

The latest structure presented here also shows the calix in this "chair-like" 

conformation with its two partial-cone cavities (6, Figure 3-6). However, there are only 

four pyridines present. Again, two pyridine molecules are hydrogen-bonded to the 

oxygens of the flattened rings, residing at a distance of 2.75 A, and again this is the 

source of disruption of the hydrogen bonding network within the calix itself (Table 3-3), 

breaking between rings B and C, and B' and C', respectively (Figure 3-7). 



26 

Figure 3-5: Top and side views of 5 with solvent molecules; hydrogens of carbon atoms 

have been omitted for clarity. 
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Figure 3-6: Side view of complex 6 with solvent molecules; hydrogens of carbon atoms 

have been omitted for clarity. 

Q 
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Figure 3-7: Top view of complex 6 showing disrupted hydrogen-bonding network; 

hydrogens of carbon atoms have been omitted for clarity. 
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C10D 

C10C 
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However, the other two molecules of pyridine associated with the calix are not at the 

oxygen ends of each partial cavity, but within the cavities themselves. Additionally, there 

are no molecules of pyridine observed to reside interstitiallly (Figure 3-8). 

Table 3-3: O-H bond distances in 6; the normal length of bond B indicates the point of 

disruption of the hydrogen-bonding network. 

Atoms Distance (A) Atoms Distance (A) 

O l a - H l a 1.20(1) O l b - H l b 0.94(1) 

O l c - H l c 1.24(1) O l d - H i d 1.19(1) 

Despite the somewhat twisted appearance of the molecule, there are no unusual 

distortions in bond angles or bond lengths within the framework (Appendix B). It is 

probably a quite stable conformation, for in each half of the molecule the four methylene 

bridges are coplanar (Table 3-4), and these two planes are parallel to one another, as 

shown in the schematic in Figure 3-9. 
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Figure 3-8: Cell packing for complex 6. 

Figure 3-9: A schematic of the methylene framework in 6. 
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Table 3-4: Crystailographic data for the methylene plane C7A-C7B-C7C-C7D. 

Orthornorma! Equation of Plane 

0.9015 X + 0.3690 Y + -0.2261 Z - -2.9766 = 0 

0.0005 0.0011 0.0017 0.0183 

Crystailographic Equation of Plane 

19.4628 X + 3.6476 Y + -14.6291 Z --2.9766 = 0 

0.0107 0.0110 0.2369 0.0183 

Atom X Y Z Distance Esd 

C7A -1.2702 0.6924 8.8252 0.0914 ± 0.0095 

C7B -1.4384 3.3025 13.1064 -0.0654 ± 0.0098 

C7C' -4.2968 7.7401 8.3805 0.0637 ± 0.0000 

C7D -3.5459 3.6949 5.4524 -0.0897 + 0.0094 
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It appears that the two "chair" structures demonstrate exactly what Gutsche 

predicted was happening in solution: disruption of the hydrogen bonding network within 

the calix in favor of hydrogen bonding to the solvent molecules. 

3.4 Concluding Remarks 

In both structures presented here is solid-state evidence for what has been 

observed for many years in the solution investigations of calixarene conformations: 

calixarenes behave differently when they cannot undergo hydrogen bonding at their 

phenolic residues. However, Gutsche's warning about inferring solution state 

conformation from X-ray crystallographic evidence should be heeded,25 since covert forces 

(such as the presence of impurities) having an influence upon one state may not be present 

in the other. 

3.5 Experimental Data 

Calix[6]arene/benzene complex (3) 

The calix[6]arene was sythesized by established methods300 and used without 

further drying or recrystallization. The benzene solvent had been distilled over sodium 

under a nitrogen atmosphere. Approximately 0.05 g of the calix[6]arene was dissolved in 

2 mLs of benzene in a small test tube. The tube was then covered with Parafilm and a 

small hole poked into the film in order to allow for slow evaporation of the solvent, and 

the tube was placed onto a rack and left undisturbed. After several days, crystals of 

sufficient size for analysis by X-ray diffraction were observed to be growing at the bottom 
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of the tube and were subsequently isolated. Crystal data and experimental details are 

given in Table 3-5. 

Para-t-butylcalix[8]arene/pyridine complex (6) 

The para-/-butylcalix[8]arene was used without further drying or recrystallizaton. 

The pyridine solvent was used without drying. Neat TMA was slowly added to methanol 

in a Wheaton bottle under nitrogen chilled in an ice bath in order to obtain the aluminum 

gel. 

To a 125 mL Erlenmeyer flask was added 0.15 g of calix and 0.15 g of slightly wet 

Al(OMe)3 gel with 40 mLs of pyridine and a magnetic stirring bar. The flask was then 

covered with a watch glass and the mixture was stirred and heated to 90° C in a water bath 

for 2 hours. After being cooled to room temperature, the solution was poured into a glass 

vial and placed in the refrigerator. A fine layer of microcrystalline precipitate appeared 

five days later, and after some time crystals of sufficient size for X-ray diffraction were 

isolated. Crystal data and experimental details are given in Table 3-6. 
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Table 3-5: Crystal data and experimental details for complex 3. 

Crystal Data 

Mol. formula C-54H4g06 

Mol. mass 782.98 

Space group C2/c 

Unit cell: 

a (A) 22.333(3) 

b(A) 10.332(2) 

c(A) 18.922(4) 

a (°) 

P C ) 98.28(2) 

Y(°) 

Vol. (A3) 4321(1) 

Dc (g/cm3) 1.224 

|i (cm"1) 0.73 

F(000) 1680 

Data Collection 

29 range 2 - 4 4 

Index range +h, +k, ±1 

Refl'ns coll'd 2817 

m̂erg 0.027 
Observed refl'ns 1091 

Observed criterion I>3ct(I) 

Structure Solution 

R 0.0712 

K 0.0703 
GOF 1.33 
No. LS parameters 181 
Refl'n:parameter ratio 6.0 
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Table 3-6: Crystal data and experimental details for 6. 

Mol. formula CIO8H132N408 

Mol. mass 1614.28 

Space group P2,/n 

Unit cell: 

a (A) 21.589(2) 

b (A) 9.886(2) 

c (A) 25.080(2) 

a (°) 

P O 114.772(7) 

Y(°) 

Vol. (A3) 4862(1) 

Dc (g/cm3) 1.103 

fi (cm"1) 0.64 

F(000) 1744 

Data Collection 

20 range 2 - 4 0 

Index range +h, +k, +1 

Refl'ns coll'd 4884 

m̂erg 0.018 

Observed refl'ns 2310 

Observed criterion I>3a(I) 

Structure Solution 

R 0.0717 

Rw 0.0759 

GOF 1.20 

No. LS parameters 358 

Refl'n:parameter ratio 6.5 



PART TWO 

SYNTHESIS AND CHARACTERIZATION OF MET ALLOC ALIXARENES 



CHAPTER 4 

ZIEGLER-NATTA CATALYSIS 

4.1 Introduction: The Beginning of Ziegler-Natta Catalysts 

The versatile catalyst for the polymerization of a variety of a-olefins, commonly 

referred to as the Ziegler-Natta catalyst,68, 69 had its beginnings in the early 1950's at the 

Max Planck Institute for Coal Research in Germany. While investigating various lithium 

alkyls for use in the polymerization of ethylene, Karl Ziegler discovered that LiAlH4 

worked rather well.68b Through careful examination, he eventually realized that it was the 

AlEt3 present that was working as the catalytically active species. The reaction, which 

came to be known as the "Aufbau reaction," thus became the primary focus of the Ziegler 

group. A subsequent reaction, involving the use of A1H3 with ethylene, by chance one day 

yielded not the expected polyethylene waxes, but instead l-butene.68b They soon 

discovered that nickel particles left behind from a prior separate reaction had triggered the 

precipitation of the butene, and so they began trying various transition metal salts with 

aluminum alkyls as the polymerization catalysts. What soon followed was the discovery 

that TiCl4 along with AlEt3 behaved as an excellent catalyst for the synthesis of high 

density polyethylene, and what Ziegler named the "Mulheim Atmospheric Polyethylene 

Process" was the birth of the famous Ziegler-Natta catalyst.68b'69 

Before Ziegler submitted his results for publication, he made his discovery known 
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to the Montecatini Company in Italy. As it happened, Giulio Natta was doing some 

consulting work for the company, and he became acquainted with the work of Ziegler. 

With permission from both the company and Ziegler, he began investigating the use of the 

catalysts with higher weight olefins, and found that the catalyst was also highly effective in 

the poymerization of propylene.70 Further investigations by the Natta group revealed the 

effectiveness of TiCl3 in providing highly crystalline products, which they would later 

show to be the isotactic polymers. It was through much in-depth and highly sophisticated 

work that Natta and his group would establish methods of stereoregulation of olefin 

polymerization and bring the knowledge of high molecular weight organic molecules to 

the same level as the long known low molecular weight compounds. 

The fact that the catalysts could function at lower temperatures and pressures than 

the ones used in industry at the time made them very popular. What followed is often 

referred to as the "Golden Age" of polymer science, and with it came the discoveries of 

new polymers, new catalysts and even the rebirth of some older synthetic methods, all too 

numerous to cover. 

4.2 The Catalysts 

There are several theoretical factors governing the effectiveness of these 

catalysts:680 

1. the ionic character of the transition metal active site; 

2. the ability of the the metal-alkyl cocatalyst to form an activated 

complex with the transition metal component; 



39 

3. the oxidation state of the transition metal, the most effective of which 

are d° to d3. 

Although an almost infinite number of catalyst combinations would seem possible (metals 

that have found usefulness in the Ziegler-Natta catalyst family are shown in Table 4-1), the 

ones that actually work can usually be classified in one of, or as derivatives of one of, four 

general classes.68" The first class is often referred to as the Ziegler-type of catalyst and is 

based upon the TiCl4 and A1R3 or A1R2C1 catalyst system. The second class stems from 

Natta's preformed TiCl3 catalyst and uses A1R3 or A1R2C1 and an electron donor as 

cocatalysts. A third group finds use at low temperatures, with vanadium compounds and 

A1R2C1 as the catalyst components. The fourth class of catalyst, based upon Cp2TiCl2 and 

an A1R3, became very appealing when it was discovered that the catalytic ability increased 

substantially upon the addition of water,71 and is the focus of the study presented herein. 

Some examples of catalysts currently used in industry are presented in Table 4-2.68,72 

4.3 The Kaminsky-Type Catalyst for Olefin Polymerization 

In the late 1970's, Walter Kaminsky reported the use of soluble Cp2Zr compounds 

as polymerization catalysts. He reported the synthesis of three new complexes after 

reacting his transition metal components with AlEt3 and ethylene, revealing some 

important structural aspects of the mysterious activated complex that forms during 

catalysis.83 The first structure is rather unusual, and features a five-membered ring formed 

between the Zr, ethylene, A1 and CI. The second structure, made from the same 
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Table 4-2: Examples of industrial Ziegler-Natta catalysts. 
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Olefin Catalyst Ref. 

Ethylene TiCl4 + Et3Al 

ZrCl4 + Et2Zn 

NiCl2.6H20 + NaBH4 + 

Ph2PCH2COOH 

73 

74 

75, 76 

Propylene TiCl4 + Et3Al + RC1 

(7t-C3H5)NiCl + Lewis acid 

Cu + Zr + A1P04 

77 

78 

79 

2-Butene AlEt2Cl + V(acac)3 68a 

1-Decene ZrCl4(HfCl3) + A1C13 

BF3 + n-BuOH 

80 

81 

(COD)2Ni + PR3 82 

Butadiene Ti(0-n-Bu)4 + Et3Al 

VC13 + Et3Al 

Cr(acac)3 + Et3Al 

68a 

68a 

68a 
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compounds, is actually a dimerized form of the first; an ethlyene group bridges two 

Cp2ZrCl fragments that are in turn bridged to pendant AlEt3 groups via their chlorine 

atoms. The third structure (7) is rather unusual, synthesized from Cp3ZrCl with AlEt3 and 

ethylene. The chlorine is lost during the reaction, and a Cp2Zr fragment bonds to the 

ethylene which in turn bonds to two AlEt2 fragments, much like in the first complex. 

However, the third Cp ring, which also became disengaged from the metal during the 

reaction, is retained in the complex as an anion, balancing the positive charge that is 

formed on the metal, and is situated quite symmetrically at the aluminum end of the 

complex (Figure 4-1). 

Figure 4-1: Complex 7. 

After Breslow's71 report of the increased activity of these catalysts in the presence 

of water, Kaminsky turned his investigation to some compounds that had previously 

shown themselves to be inactive as catalysts.84 He found that some systems were in fact 
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quite effective catalytically when using aluminum alkyls pretreated with water, and that 

molecular weights of the products could be controlled simply by adjusting the 

temperature. However, his insight here into the function of the water is simply stated as 

presumed to be involved in the formation of alumoxanes from the aluminum alkyls, and his 

emphasis remains on the transition metal components. 

It is in his mini-review in 198085 that Kaminsky focuses on the revised version of 

the Ziegler-Natta catalyst that would eventually bear his name: a Group 4 metallocene and 

a methylalumoxane. He stresses in this paper the importance of understanding the nature 

of the active center in the transition metal component, and emphasizes the belief that 

alumoxanes are acting as the cocatalysts in the systems where water is added. It is this 

review which rekindled interest in the study of Ziegler-Natta catalysts, and although the 

alumoxane aspect was slower to ignite (Chapter 5), investigations into the transition metal 

component advanced quite rapidly. 

Kaminsky of course continued with his own investigations of the catalysts. He 

revived the idea of "living polymers"86 (a term coined by Bier87 in 1964), and he continued 

to focus on the use of alumoxanes as cocatalysts. In addition, he pursued the use of chiral 

transition metal compounds88"90 as catalysts that could regulate the tacticity of the 

polymers, alternating and functionalizing the ligands instead of changing the catalyst 

components completely (as was the method of the past68b). 

4.4 Modified Kaminsky-Type Catalysts 

The field of modification of the Kaminsky-type olefin catalysts is quite extensive, 
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with modes of modification becoming specialty areas in themselves. The reasons for 

making these alterations vary from designing specialty polymers to understanding 

mechanisms, and span from the quite simple to the very exotic. This next section will 

explore several ways in which the transition metal component of this catalyst has been 

revised. 

The simplest way in which to alter the electronics at the metal center is to change 

the ligands. Since the bis-cyclopentadienyl derivatives have been so successful as 

catalysts, several researchers have focused on ways in which to modify the system while 

retaining the unique steric and electronic characteristics of the metallocene fragment. In 

order to reduce the reactivity of the halogenated version, substitution of these ligands with 

alkyls, like Kaminsky's dimethyl complex,84 have been disclosed. Several good examples 

of this were reported by Lappert91 in a series of bis-Cp complexes synthesized with the 

chelating o-C6H4-(CH2')2 ligand and various mono substituents on the Cp's, an example 

(8) of which is shown in Figure 4-2. 

Figure 4-2: The [Cp2Zr{(CH2)2-C6H4-o}] complex (8). 
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In pursuing the more reactive species of the family, other researchers92"95 have 

attempted to synthesize cationic metallocene fragments resembling the one proposed by 

Eisch96 as the active species present during catalysis, in an effort to observe directly 

complex formation at the metal site. One such example of this, shown in Figure 4-3, is 

also derived from Kaminsky's dimethylzirconocene compound where one of the methyl 

groups has been removed in order to generate the cationic species 9; the X-ray structure 

shows the cation coordinated to a THF molecule.97 

Figure 4-3: The cationic complex 9. 

A new area of modification of this variety of catalysts, and one that is swiftly 

gaining in popularity, involves the synthesis of what are referred to as "Cp-analogues" in 

which one or both of the Cp ligands are replaced by electronic or steric equivalents. 

Examples of complexes in which both Cp's have been replaced utilize such analogues as 

benzene,98 tbmp,99 and trimethylsilylated diamines;100 along the same lines as the benzene 

complex is an example in which one Cp was replaced by an rf-toluene molecule.101 In a 
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recently published series of this type of catalyst are complexes with boratabenzene,102 and 

attempts to "fine tune" the behavior of the catalyst involve varying the substituents on the 

aromatic rings such as the /-butyl and phenyl substituents in 10 (Figure 4-4). 

C 2 4 

C 2 3 C 2 2 

C 3 0 

Figure 4-4: Boratabenzene catalyst complex 10. 

Complexes such as the one shown above resemble members of another family of 

modified Kaminsky catalysts that are used extensively in mechanistic studies. Here, the 

Cp's are not replaced, but their effects on the metal center are altered by substitution or 

bridging, or both. The idea of bridging the hapto ligands in the catalyst was introduced by 

Brintzinger103 as a successful means by which to polymerize selectively propylene, and the 

compounds are now commonly referred to as <ms,a-metallocenes. Early examples, 

synthesized by Ewen104 at Fina Oil and Chemical Co., were methyl-bridged indenyl 

hafnium and zirconium chlorides, the hafnium varieties of which were shown to be highly 

productive in the polymerization of isotactic polypropylene. More recently, Green105 and 
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co-workers have avidly pursued the mechanistic aspects of polymerization through the use 

of these catalysts, synthesizing and characterizing a series of homo- and hetero-binuclear 

compounds such as the isopropyl-bridged hafiiium complex (11) in Figure 4-5, and 

investigating in great detail their catalytic behavior. What they discovered was that, in 

general, there was no advantage to using the binuclear (homo- or hetero-) species for 

ethylene polymerization, and a negative effect when using them for propylene 

polymerization. In the homobinuclear species the metals with the less sterically crowded 

Cp's were favored as the active sites; and, for the binuclear species that could catalyze 

ethylene, the homonuclear system was favored over the heteronuclear system. The study 

of mononuclear araa-metallocenes continues, expanding the investigation of polymer 

isomer selectivity by such methods as using substituted and bridged indenyl ligands as 

cyclopentadienyl analogues.105"108 

Figure 4-5: Mononuclear arasa-metallocene complex 11. 

Another very rich field of investigation of Kaminsky-type derivatives revolves 

around mono-Cp complexes, commonly referred to as "half-sandwich" or "three-legged 
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piano stool" complexes. These derivatives were shown by Ishihara and co-workers to be 

highly active catalyst components in the polymerization of propylene, styrene and higher 

a-olefins,109"110 and have been as actively investigated as their bis-Cp counterparts. 

The complex (12) shown in Figure 4-6 is an unusual version of the mono-Cp 

complexes in that it, and several complexes just like it, proved highly effective in the 

polymerization of ethylene.111 The arrangement of the ligands about the metal is described 

as pseudo-octahedral, with the dmpe ligands pushed away from the Cp ring. Although the 

Cp derivatives were diamagnetic species, the pentamethyl-Cp derivatives were 

paramagnetic, yet they all yielded the same polymer mixtures. 

Me 

Me 

Me Me 

Me 

Me 

Figure 4-6: Pseudo-octahedral mono-Cp complex 12. 

The Rausch group has recently pursued a new line of Cp-analogue ligands that 

promise to be highly successful as catalysts.112'113 They are known as amidinato ligands, 
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and are considered to be both the steric and electronic equivalents of the Cp ligand. After 

carrying out several polymerization attempts using both the mono- and bis-amidinato 

derivatives of titanium and zirconium, the new compounds showed catalytic behavior 

parallel to that of the mono- and bis-Cp derivatives when methylaiumoxane was used as a 

cocatalyst. An example of one of the catalysts (13) is shown in Figure 4-7. 

SiMe^ 

N Me 

/ \ / 
C Ti Me 

^ \ 
Me 

SiMe^ 

Figure 4-7: Complex 13 featuring the amidinato ligand. 

As with their bis-Cp counterparts, the most popular area of mono-Cp research has 

focused on modification of the Cp ligand in order to "tune" the catalyst. The literature 

includes the expected indenyl derivatives,114 as well as various combinations of 

substituents on the Cp stemming from the common pentamethyl version of the ligand (14, 

Figure 4-8).115 However, a new series of substituents demonstrate a unique manner by 

which to alter the electronics of the mono-Cp catalyst, and are referred to as donor side-

chains.116"120 
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iPrO 

Ti 

OiPr 

OiPr 

Figure 4-8: The phosphino-substituted Cp* complex 14. 

The purpose of these side-chains is to act as regulators of the extent of 

coordinative unsaturation at the metal centers which tend to be rather electrophilic and 

thus difficult to control in polymerization. These new Cp ligands can be bidentate or 

tridentate (15, Figure 4-9),116 and varying the donor ability of these ligands varies their 

lability and thus the behavior of the catalyst. 

For all of the combinations of ligands and substituents observed, a common thread 

binds them: customizing the behavior of the catalyst can lead to selectivity in the products 

of polymerization, and in selectivity lies the potential to understand the mechanism by 

which the catalyst operates. 
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SiMe-

/ \ 
Me Me 

Figure 4-9: Mono-Cp titanium complex 15 features a bidentate side-chain. 

4.5 The Mechanism of Ziegler-Natta Catalysis: A Classical Debate 

Insight into the mechanism of catalysis for these compounds has to date remained 

rather elusive, and specialized systems have been designed in order to elucidate polymer 

microstructures in attempts to map or eliminate potential pathways. In a detailed study by 

Ewen,12113C NMR was used to determine products from the polymerizaton of propylene 

synthesized with both chiral and achiral metallocene compounds in conjunction with 

alumoxane cocatalysts. This demonstration of the sensitivity of product distribution to 

components within the catalyst was a key discovery in terms of structure vs. performance 

relationships, and along with Kaminsky's early work88 laid the groundwork for a 

convenient means by which to investigate the mechanism of polymerization. 
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As Green105 has demonstrated, a«sa-metallocene complexes can be very useful in 

studying these mechanisms.122 Recent computational papers using chiral ansa-

metallocenes123 and ama-metallocene cations124 as the model catalysts have indicated an 

influence over the stereochemistry of the growing polymer chain by the sterics imposed 

due to the ligands,125 as opposed to a direct influence over the structure of the transition 

state itself. The transition state centers upon the mode of olefin insertion, and is the focus 

of debate in several proposed mechanisms. (The general mechanism is coordination, then 

insertion.) 

There are four mechanisms describing the possible pathways by which insertion 

into the metal-carbon bond occurs at the transition metal site (Figure 4-10).126 The first 

model, known commonly as the Cossee-Arlman mechanism,127 involves alkyl migration to 

the coordinated olefin.71 The second generates a metal-alkylidene hydride via a 1,2-

hydrogen shift from the a-carbon of the growing polymer chain, and is referred to as the 

Green-Rooney mechanism.128 A third scheme, known as the revised Green-Rooney 

mechanism, combines ideas from the first two mechanisms, and involves an "agostic 

interaction" between a hydrogen of the growing polymer chain and the metal center.129'130 

The fourth mechanism shown is actually a combination of the two most popular 

mechanisms - the Cosse-Arlman and the revised Green-Rooney - and considers an agostic 

interaction as occurring during the C-C bond forming step in the transition state. 

A first step into understanding the mechanism came in 1985 when Eisch96 

published a crystal structure showing the insertion of a highly substituted ethylene 
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molecule into an "activated" catalyst system. Their conclusion from the evidence was that 

the crucial step in the activation of the catalyst is the formation of the cation-anion Ti-Al 

pair with methyl transfer from the A1 to the Ti (Figure 4-11), and is generally accepted as 

the system leading to the transition state for two-component systems; the generation of the 

cation at the transition metal is the most important aspect of this system, and is accepted 

as occurring in one- and two-component systems. 

Figure 4-11: The "activated" catalyst system. 

The question is then whether or not the agositc interaction occurs in the next step, 

and if so, whether it is necessary or influential. In a series of elegant experiments 

involving cyclization reactions, several researchers attempted to probe for this agostic 

interaction by use of the kinetic isotope effect.131 Not surprisingly, two opposing 

observations were made. Grubbs'132 conclusion was that the agostic interaction was not 

influential in his system for either the transition state or the stereochemistry, for the 
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distribution of his products cis:trans was one-to-one. However, both Brintzinger133 and 

Bercaw134 have demonstrated systems in which the product distribution was opposite that 

which would have been expected. Computational methods have also yielded conflicting 

results. Using metallocene models, one group has shown that P- and y-interactions are 

occurring, while following a Cossee-type mechanism and passing through a four-

coordinate intermediate.135 An interesting contrast to this and the previously mentioned 

calculational studies123'124 - not to mention proposed mechanisms - is reported by Meier136 

and co-workers wherein they state that a - and y-agostic interactions can be observed, but 

their influence is questionable since the reaction is so fast that only a quasi-transition state 

is actually occurring. 

More recently, Grubbs126 has re-examined the published experimental evidence 

both for and against the agostic interaction, and has made the following observations: 

1. that agostic isotope effects are only observed if the insertion step is the rate-

limiting step, although the interactions may well be observed during olefin 

coordination; 

2. that the magnitudes of any observed isotope effects are governed by a-C-H 

bond geometry and relative charge buildup at the metal center. 

4.6 Calixarenes as Catalyst Supports 

The goal of this research project was twofold: synthesize various calixarenes with 

appropriate catalyst components and sufficient cavities, and then use them as "molecular 

beakers" in which catalysis may occur. When properly functionalized and in an 



56 

appropriate conformation, the calixarene could serve a dual purpose in this catalytic 

system, acting not only as a support for the individual components, but also by providing a 

cavity in which to direct and perhaps trap the propagating chain. It might then be possible 

to isolate the intermediates or at least slow the reaction sufficiently in order to observe 

firsthand the structure of the activated catalyst system during the insertion step. 

The schematic shown as Figure 4-12 illustrates the pathways available in the 

synthesis of the appropriate metal complexes. The target molecule consists of both 

components of the catalyst each occupying opposite ends of the calixarene. Synthesis at 

the phenolic end, or "lower rim," would be pursued through both the unsubstituted and O-

alkylated forms of the /-butyl and debutylated calixarenes. "Upper rim" syntheses, or 

syntheses at the para position, would require using the O-alkylated derivatives of the 

debutylated calixarenes, followed by a series of reactions in order to establish the desired 

phenoxo or hydroxo reactive sites. (A general review of such procedures may be found in 

Chapter 1.) The first step then was to put either the aluminum or titanium component at 

one end, and synthesis of lower rim metallocalixarene complexes was selected as the initial 

goal; the results for the aluminum work are presented in Chapter 5, and the titanium work 

is discussed in Chapter 6. 
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Figure 4-12: Synthetic pathways to metallocalixarenes. 

A1 complexes Ti complexes 

OH 

MgX 

t 
t 
t 
R 

R = H, R* = Me 

OR' 

R = H R' = Me 

Al, Ti complexes Al, Ti complexes 



CHAPTER 5 

SYNTHESIS AND CHARACTERIZATION OF ALUMINOCALIXARENES 

5.1 An Introduction to Alumoxanes 

The role of alumoxanes in polymerization was of great interest in the 1960's 

following the discoveries like those of Ziegler and Natta. They were found to be useful in 

not only the polymerization of olefins,68 but of aldehydes137 and cyclic ethers138 as well. 

However, the actual structures of the alumoxanes were unknown, and they were defined 

simply as compounds of general formula (RA10)n which contain an Al-O-Al unit.139 

In the 1970's, Pasynkiewicz and co-workers140 began to investigate the effects of 

ortho substituents in phenoxide complexes of aluminum. Through spectroscopic analysis 

of their complexes, they established two basic criteria defining the effects that the 

substituents could impose: 

(1) if the ortho alkyl substituents were effectively the size of methyl groups 

then the resulting complexes formed dimers; however, t-butyl or other 

sufficiently bulky substituents allowed only monomers to form; 

(2) if the ortho substituents were endowed with electron-donating ability, the 

strength of their interactions with the metal were directly related to their 

strengths as donors. 

They also proposed structures for their dimer complexes that were in two-dimensional 

58 
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chain-like arrangements yielding four-coordinate aluminum centers. 

Kaminsky's85 work in the 1980's involved the study of his version of a Ziegler-

Natta type catalyst which consisted of a Group 4 metallocene and methylalumoxane, and 

brought mechanistic and structural questions back into the mainstream. The first 

crystallographic insight into the structure of alumoxanes came in 1983 when Atwood 

reported the structure of the [Al706Me16]" complex (16, Fig. 5-1).141 The complex consists 

of three fused six-membered rings in which all non-bridgehead metals have two methyl 

groups and non-bridgehead oxygens have one methyl group. The central metal atom, 

which interacts with three oxygens, has one methyl group. 

Me Me Me Me 
* r "••• r 

M e - .AL .AL ^ Me 
O O T> 

Me . Me 
. A1 Al .A1 

M e " " O i O N Me 
u Me 
M e ^ A L i l M e 

Me ° Me 

Me 

Figure 5-1: The Atwood anion (16). 

Ittel's142 later investigations into the use of sterically hindered complexes like 

Pasynkiewicz's 2,6-di-/-butylphenolic (referred to as butylated hydroxytoluene, or H-

BHT) aluminum compounds for use in the Kaminsky-type catalyst system resulted in the 
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structural characterizations of two new aluminum aryloxide compounds, AlMe(BHT)2 and 

AlEt2(BHT) Me02CC6H4Me (17 and 18, Fig. 5-2). In the first structure, the presence of a 

second BHT ligand was sufficient to keep the metal electron-deficient, and so provided 

crystallographic evidence in support of Pasynkiewicz's rule. 

Me 

OMe 

O O C 

Figure 5-2: The structures of 17 and 18. 

Shortly after the publication of Ittel's results, Barron143* reported a series of 

complexes also using the sterically hindering BHT ligand (Fig. 5-3). What is interesting 

here is that, unlike in Ittel's structures, Barron demonstrates in two of the compounds (19 

and 20) that under the proper conditions it is possible to form four-coordinate complexes 

even if two of the ligands are BHT. 
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Figure 5-3: Examples of Barron's BHT complexes (19 and 20). 

Although the fog was beginning to lift in the understanding of the effect of 

sterically hindering ligands in the formation of aluminum alkoxide complexes, the 

structures of simple alumoxanes were still unclear. This was evident in a review article in 

1990 by Pasynkiewicz144 in which he discussed complexes with simple non-alkoxy bridges. 

The various structures involved four- and five-coordinate aluminum sites, and some non-

oxygen electron-donating substituents. Based largely upon the Atwood anionic complex, 

Pasynkiewicz proposed a more exotic version of his original chain-like structure for the 

simple alumoxanes. These were described as fused four- and six-membered rings in which 
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the internal metal atoms were four-coordinate, but the peripheral metals remained three 

coordinate. An example of a combination structure is shown in Figure 5-4. 

R 

R 

R 

| . 0 . 

A1 A1 'A1 O 

O - O A1 
-AT ^ A r \ 

R 

R 

Figure 5-4 

In the same edition of Polyhedron was another review article about alumoxanes by 

Oliver.145 This review addressed structures published in which the bridging ligands were of 

the form -OR. Oliver discussed the strength of these ligands as bridges, and pointed out 

that when alkoxide-bridged dimers react with bases, the equilibrium established favors the 

dimer over any new products, unlike their alkyl-bridged counterparts that are quick to 

react in the presence of electron donors. His review shows examples of several new 

compounds that range in coordination number from three to six, and includes bridged 

complexes and thiolate derivatives. He emphasized the various areas of chemistry that 

may be explored with them beyond catalysis, such as materials precursors with the three-

coordinate compounds, stereoselective organic synthesis using five-coordinate 
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compounds, and mimicry of biological systems using six-coordinate complexes. 

An interesting structural phenomenon to note is the presence of the M202 units in 

several structures. One example of this may be seen in an unusual octahedral aluminum 

complex (21) in which a central six-coordinate aluminum is bound to six [SH3C4CH20]-

ligands which bridge via their oxygens to three AlMej fragments, forming three A1202 

rings (Figure 5-5).146 

Although there were still no structural confirmations for the simple alumoxanes, 

Oliver's review had revealed two important components of the complexes. M202 rings 

and multiply bridging alkoxides. 

C17' C17 

C 1 2 ' 

C 1 4 

- C , ° ' 
C 1 1 

C1 2 

Figure 5-5: An unusual tetranuclear complex (21). 
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5.2 The First Structural Characterizations of Alumoxanes 

The first systematic structural insights into the elusive alumoxanes were enabled by 

Barron,147 and are reported herein. Using the knowledge that bulky substituents could 

inhibit aggregrate formation, and his own prior research on how to manipulate bulky 

substituents into desired monomeric, electron-precise compounds, Barron at last hit upon 

the combination of method of synthesis and size of substituent that would allow isolation 

of alumoxanes that were just stable enough to be characterized crystallographically. 

The first compound to be characterized (22) is the major product of the reaction 

between A12(S04)3' 18H20 and (V-BU)3A1 (Figure 5-6). The complex's four aluminum 

atoms are bridged via two fi.3-0 units, and each metal retains two /-butyl groups. The 

result is the formation of a planar A1402 unit consisting of two four-coordinate metal 

centers and two exocyclic three-coordinate metal centers. The Al-0 bond distances 

(Table 5-1) to the outer aluminums [1.751(3) and 1.750(3) A] are shorter than those for 

the ring aluminums [1.860(4)-1.871(4) A], but all of them are longer than the expected 

1.64-1.68 A for three-coordinate143b and 1.83-1.86 A for four-coordinate145 aluminum 

atoms. The torsion angles between the A1C2 planes and the central A1202 plane are less 

than 90°, causing the angles at the tetrahedral metal centers to be distorted (Table 5-2). 

These distortions and the observed bond lengthenings are presumed to be due to steric 

interactions amongst the /-butyl groups. Fortunately, the sterics appear to be of little 

consequence intermolecularly, as demonstrated by the cell packing in Figure 5-7, and the 

compound crystallizes in a highly ordered lattice structure. 

The next structure to be elucidated was the cyclic hexamer, [(/-Bu)Al( n3-0)]6. 
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Figure 5-6: Structure of 22; hydrogen atoms 
have been omitted for clarity. 

C42 

C12 

C17 C24 

C32 T l p 7 / I P / c 3 3 

C37 
C36 

Table 5-1: Selected bond lengths for 22. 

Atoms Distance (A) Atoms Distance (A) 

A l l - 0 1 1.867(3) A l l - 0 2 1.871(4) 

All - Cl l 2.026(6) All - C15 2.019(6) 

A12-01 1.860(4) A12 - 02 1.862(3) 

A12 - C21 2.013(6) A12-C25 2.024(6) 

A13 - 01 1.751(3) A13-C31 1.996(6) 

A13-C35 1.981(7) A14 - 02 1.750(3) 

A14 - C41 1.981(7) A14 - C45 1.987(7) 



Table 5-2: Selected bond angles for 22. 

66 

Atoms Angle (°) Atoms Angle (°) 

01 - All - 02 84.2(1) 01 - All - Cll 129.0(2) 

01 - All - C15 100.0(2) 02 - All - Cl l 101.8(2) 

02 - All - C15 128.0(2) Cl l - All -C15 113.7(2) 

01 - A12 - 02 84.7(1) 01 - A12- C21 101.1(2) 

01 - A12 - C25 128.7(2) 02 - A12 - C21 127.5(2) 

02 - A12 -• C25 100.9(2) C21 - A12 -C25 113.7(2) 

0 k LO
 1 • C31 119.9(2) 01 - A13 -• C35 119.9(2) 

C31 - A13 -C35 120.2(3) 02 - A14 -• C41 120.1(2) 

02 - A14 • - C45 120.0(2) C41 - A14 -C45 119.9(2) 

All - 0 1 • - A12 95.7(1) All - 0 1 • • A13 131.8(2) 

O
 1 

CM 
3 - A13 132.5(2) All - 02 • - A12 95.4(1) 

All - 02 - A14 132.2(2) A12 - 02 -A14 132.3(2) 



67 

Figure 5-7: Cell packing for 22. 
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The shape of the complex (23, Figure 5-8) is a hexagonal prism in which two A1303 rings 

form the top and bottom, and bridges between the two result in six A1202 rings as the 

sides; each metal has one /-butyl group. The bond angles (Table 5-3) are distorted in the 

AI3O3 rings, where they would be expected to be 120° since the rings are virtually planar, 

and are larger at the oxygens (126°) than at the aluminums (113°). Although the Al-0 

bonds are longer within these two rings [1.760(6)-1.796(6) A] than between them 

O 

[1.877(4)-1.905(5) A], the lengths are comparable to those of the (i3-0 units in the 

tetramer (Table 5-4). What is unusual about the compound is that it crystallizes with two 

crystallographically independent molecules in the unit cell, each on a center of symmetry 

As a result, the molecules "flip-flop" with respect to one another as they pack in the 

crystal lattice (Figure 5-9). Since no solvent molecules were found in the unit cell, it is 

possible that this less ordered method of packing contributes to the high level of crystal 

decay reported during the data collection and observed during the handling of the crystals. 

As the Barron group's focus was also on the mechanisms of Kaminsky-type 

catalysts, experiments were carried out in order to deduce the reactivity of these new 

compounds; some rather unexpected results were forthcoming.148 In a reaction between 

the new alumoxanes and Cp2ZrMe2, it was found that the hexamer formed a 1:1 complex 

by breaking an Al-0 bond along the side of the prism. This resulted in the formation of a 

new Zr-0 bond and the transfer of one of the methyl groups to the A1 so that the complex 

would remain electron-precise. However, in light of Oliver's review extolling the strength 

of the Al-0 bond, this was quite a surprise. Even more surprising was the fact that the 

tetramer formed no complex whatsoever, despite the fact that there were two 
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Figure 5-8: Structure of 23; hydrogen atoms have been omitted for clarity. 

7 



Table 5-3: Selected bond angles for 23. 

Molecule 1: 
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Atoms Angle (°) Atoms Angle (°) 

01 - All - 02 86.3(2) 01 - All - 0 3 86.3(2) 

02 - All - 03 112.2(3) 01 - All -CI 119.9(3) 

02 - All - CI 123.1(3) 03 - All -CI 118.6(3) 

01 - A12 - 02 87.2(2) 01 - A12 - 0 3 a 86.3(2) 

02 - A12 - 03 a 112.2(2) 01 - A12 - C2 118.1(3) 

02 - A12 - C2 124.4(3) 03' - A12 - C2 120.3(3) 

01 - A13 - 02a 112.3(2) 01 -A13 - 0 3 87.4(2) 

02a - A13 - 0 3 85.2(2) 01 -A13 - C3 119.0(4) 

02a - A13 - C3 122.2(4) 03 - A13 - C3 120.8(3) 

All - 0 1 - A12 92.4(2) All - 0 1 - A13 92.7(3) 

A12 - 01 - A13 127.7(3) All - 0 2 -A12 93.1(2) 

All - 02 - A13a 127.5(2) A12-02 - A13a 94.1(2) 

All - 03 - A12a 127.13 All - 0 3 - A13 92.6(3) 



Table 5-3: Selected bond angles for 23 (cont.). 

Molecule 2: 
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Atoms Angle (°) Atoms Angle (°) 

04 - A14 - 05a 87.9(2) 04 - A14 - 06 86.6(2) 

05' - A14 - 06 112.2(2) 04 - A14 - C4 120.9(3) 

05' - A14 - C4 119.7(3) 06 - A14 - C4 120.5(3) 

04 - A15 - 05 87.6(2) 04a - A15 - 06 113.2(2) 

05 - A15 - 06 87.6(2) 04a - A15 - C5 119.6(3) 

05 - A15 - C5 121.1(3) 06 - A15 - C5 119.2(3) 

04 - A16 - 05 111.7(3) 04 - A16 - 06 87.3(2) 

04 - A16 - C6 118.5(4) 05 - A16 - 06 88.6(2) 

05 - A16 - C6 120.7(4) 06 - A16 - C6 122.2(3) 

A12a - 03 - A13 94.1(3) A14 - 04 - A15a 92.0(2) 

A14 - 04 - A16 92.7(2) A15a - 04 - A16 127.9(2) 

A14a - 05 - A15 91.4(2) A14a - 05 - A16 128.5(2) 

A15 - 05 - A16 91.2(2) A14 - 06 - A15 126.5(3) 

A14 - 06 - A16 92.5(2) A15 - 06 - A16 91.7(2) 
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Table 5-4: Selected bond distances for 23. 

Molecule 1: 

Atoms Distance (A) Atoms 
o 

Distance (A) 

All - 0 1 1.905(4) All - 0 2 1.795(5) 

All - 0 3 1.782(6) All - CI 1.913(7) 

A12-01 1.791(5) A12-02 1.880(5) 

A12 - 03a 1.778(5) A12-C2 1.92(1) 

A13 - 0 1 1.760(6) A13 - 02a 1.789(6) 

A13 - 0 3 1.889(4) A13 - C3 1.960(9) 

Molecule 2 

Atoms 
o 

Distance (A) Atoms Distance (A) 

A14-04 1.887(4) A14 - 05a 1.802(6) 

A14-06 1.795(6) A14-C4 1.937(9) 

A15 - 04a 1.795(4) A15-05 1.901(4) 

A15-06 1.803(6) A15-C5 1.961(4) 

A16-04 1.781(6) A16-05 1.796(6) 

A16-06 1.877(4) A16-C6 1.95(1) 



Figure 5-9: Cell packing for 23. 
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trivalent metal sites within the complex. And why did the bond in an A1202 ring break 

instead of one in the A1303 rings? 

Barron's answer to the puzzle was this: strain in the cluster induced what may be 

referred to as a "latent Lewis acidty" and so the cluster reacted to reduce this strain by 

forming the new complex. In addition, he added that there is a steric constraint to these 

Lewis acid sites, and demonstrated a means by which to test the steric limitations of these 

sites by reacting the compounds with various amines.149 (Which he mentions may also be 

the reason why the tetramer did not react.) 

At last there was hard evidence as to the structure and source of reactivity in the 

alumoxanes so popular as catalysts, though Barron admits that caution should be 

exercised in implying that these were in fact the structures of alumoxanes with smaller 

alkyl substituents. The results also explained why Atwood's anion - which was made up 

of only six-membered rings - was unreactive under catalytic conditions. The target 

attribute then in the synthesis of new catalytically active alumoxanes was a strained four-

membered Al-0 ring; the secret was to pick the right alkoxide or aryloxide. 

5.3 Calixarenes in Alumoxane Complexes 

With their polyoxo surfaces, steric bulk and flexibility, calixarenes would appear to 

be ideal candidates for synthesis of alumoxanes. However, to be successful as catalysts 

they must possess the proper electronic environment at the metals and be in conformations 

that will not hinder the active sites or the growth of the polymer chain (Section 4.5). 

The first two calix-aluminum compounds were synthesized using the small and 
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fairly rigid para-/-butylcalix[4]arene (1, n=4): a double calix complex (24)150 was 

synthesized using [(H3AlNMe3)]2 as the metallating agent (Figure 5-10), and a 

monocalixarene complex (25)151 was isolated after reaction with trimethylaluminum 

(Figure 5-11). Each complex exhibits are large degree of "clutter" around the metals, and 

possess other characteristics that are undesirable in the target catalyst. In compound 24, 

the aluminum atoms are pentavalent and bound only to calixarene oxygens; there are no 

alkyl residues present to create active sites at the metals, and the metals are oversaturated. 

The alumoxane network of complex 25 occupies the partial cavity formed due to the 

"flattened" 1,2-alternate conformation, and the terminal aluminum atoms each have three 

methyl groups, the combination of which would encourage exo-calix reactivity rather than 

the desired endo-calix reactivity. 

The work presented here focuses on two methods devised to avoid the crowded 

conditions that resulted in these complexes: use of the larger calixarenes, and use of more 

sterically hindered aluminum alkyls as metallating agents. 

5.4 Synthesis of a Penta-Aluminum Calix[6]arene Complex152 

The complex (26) in Figure 5-12 is the result of the reaction between 

trimethylaluminum and para-f-butylcalix[6]arene (1, n = 6) in toluene at room 

temperature. The structure consists of the calixarene bonded via the phenolic oxygens to 

five aluminum atoms - the highest degree of metallation of an underivatized calix ever 

observed. The calixarene framework adopts a conformation in which two opposite 
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Figure 5-10: Structure of 24: hydrogen atoms have been omitted for clarity. 

Figure 5-11: Structure of 25; hydrogen atoms have been omitted for clarity. 
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Figure 5-12: Top view of 26; hydrogen atoms and Me's of f-butyl groups have been 

omitted for clarity. 
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aromatic rings are oriented in a fashion that is virtually perpendicular with respect to the 

plane of the molecule, while the remaining four rings lie slightly inclined from parallel in 

the opposite direction (Figure 5-13). The net result of this alignment is that the six 

oxygens are virtually coplanar (maximum deviation from plane is 0.2 A), an arrangement 

that had been postulated for the binding of U02
+ by calix[6]arene,153 but never 

conclusively demonstrated. The interaction of the aluminum atoms with this hexagonal-

planar "phenoxo surface" is rather symmetrical (see schematic of M-0 binding, Figure 5-

14). The oxygens of the two perpendicular rings (A and D) each interact with two metal 

atoms: a terminal aluminum [A14 to 01 and A15 to 04] which binds to three other 

moieties [A14 is an AlMe2(THF) fragment; A15 is a complete AlMe3 unit], and an AlMe 

fragment that bridges to two other calixarene oxygens [All, which bonds to 01, 02 and 

06; and A13, which bonds to 03, 04 and 05], The alumoxane "thread" is completed by a 

central AlMe2 fragment [A12] that bridges 02 and 03. Charge balance thus dictates that 

the calix acts as a hexaanion. The Al-0 bond lengths lie within a fairly wide range of 

1.66(1) to 1.944(9) A, reflecting the difference between true covalent interactions and 

formal "donor" bonds (Table 5-5).147 The angles at the aluminum are slightly distorted 

from tetrahedral, but average between 109.0 and 109.3° at each metal center (Table 5-6). 

It is interesting to note that, in all cases, the angles associated with the methyl groups are 

larger than those associated with the calixarene oxygens, implying that the calixarene is 

not terribly sterically demanding. 

However, the unique conformation adopted by the calix as a result of "flexing" to 

provide a proper coordination environment is such that there is no remaining "cone-



79 

Figure 5-13: Side view of 26; hydrogen atoms and Me's of f-butyl groups have been 

omitted for clarity. 
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Figure 5-14: The alumoxane network of 26. 
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Table 5-5: Selected bond lengths for 26. 

Atoms Distance (A) Atoms Distance (A) 

All - 0 1 1.862(9) A15-04 1.944(9) 

All - 02 1.826(9) All - C l l 1.93(2) 

All - 0 6 1.67(1) A12 - C21 1.95(1) 

A12-02 1.900(8) A12 - C22 1.89(1) 

A12 - 03 1.882(9) A13-C31 1.93(1) 

A13-03 1.862(9) A14 - C45 1.94(2) 

A13 - 04 1.799(9) A14 - C46 1.91(2) 

A13 - 05 1.66(1) A15-C51 1.89(2) 

A14 - Ol 1.828(9) A15 - C52 1.94(2) 

A14 - 041 1.88(1) A15 - C53 1.99(2) 



Table 5-6: Selected bond angles for 26. 
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Atoms Angle (°) Atoms Angle (°) 

Ol - All - 02 100.1(4) 01 - A14 - 041 100.3(5) 

01 - All - 06 105.6(5) 01 - A14 - C45 111.3(6) 

01- All - Cl l 114.5(5) 01 - A14 - C46 111.1(6) 

02 - All - 06 104.0(4) 041 - A14 - C45 103.7(6) 

0 2 - A l l - Cl l 114.6(6) 041 - A14 - C46 106.0(6) 

0 6 - A l l - Cl l 116.3(6) C45 - A14 - C46 121.7(7) 

02 - A12 - 03 99.8(4) 04-A15-C51 108.4(6) 

02 - A12 - C21 107.0(5) 04 - A15 - C52 102.4(6) 

02 - A12 - C22 109.3(5) 04 - A15 - C53 103.7(6) 

03 - A12 - C22 113.3(5) C51-A15-C52 115.9(7) 

03 - A13 - 04 98.9(4) C51-A15-C53 112.0(8) 

03 - A13 - 05 107.7(5) C52 - A15 - C53 113.1(7) 

03-A13-C31 110.7(5) All - 01 - A14 133.6(5) 

04 - A13 - 05 111.2(5) All - 02 - A12 133.4(5) 

04-A13-C31 110.7(5) A12 - 03 - A13 134.6(5) 

05-A13-C31 116.2(5) A13 - 04 - A15 132.1(5) 
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shaped" cavity, as was the case for the first two aluminocalixes (Section 5.3). What is left 

of the cavity would best be described as a channel, where the perpendicular rings form the 

sides and the "flattened" rings form the bottom. Also, the AlMe2 fragment that bridges 02 

and 03 sits right in the middle of the channel, such that one of its methyl groups [C22] lies 

in between the two perpendicular rings with C22...ring centroid distances of 3.82(1) and 

3.64(1) A, respectively. The effect of this interaction is observed in the 'H NMR 

spectrum, in which one Al-Me resonance is shifted significantly upfield to -2.01 .ppm. 

The high metal saturation and the available channel would appear to make this 

complex a viable component in the target catalyst system. Yet the limited distortion at the 

metals implies a lack of latent Lewis acidity, and the presence of numerous alkyl groups 

sterically hinders the metals. Thus, the second method of synthesis appeared to be the 

most viable means of obtaining the desired complex, and two new aluminum complexes 

were synthesized. 

5.5 Synthesis of a Calixarene/DIBAL Complex 

Reaction of 1.0 M DIBAL-H with a benzene solution of calix[4]arene (2, n = 4) 

yielded the compound (27) shown in Figure 5-15. It is a simple dinuclear monocalixarene 

complex in which each aluminum atom bonds to three of the four calix oxygens and 

retains one isobutyl group (for M-0 bonding scheme, see Figure 5-16). The 

calix adopts a "flattened" 1,2-alternate conformation around a central planar M202 unit, 

and bestows upon the complex a crystallographic center of inversion. Although the Al-0 



Figure 5-15: Structure of 27; hydrogen atoms have been omitted for clarity. 
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i-Bu 

i-Bu 

Figure 5-16: The alumoxane network of 27. 

bond lengths fall into the expected range (Table 5-7), the oxygens at each metal are pulled 

closer together, making their relative angles less than 105° (Table 5-8). As a result, the 

angles associated with the isobutyl groups are larger than might be expected for the 

tetrahedral arrangement, implying that this smaller calix is not as inflexible as its size might 

imply 

The complex has several features which make it viable as a catalyst component. 

The aluminum atoms offer simple uncluttered active sites, each situated rather nicely in 

front of their respective cup-shaped cavities afforded by the conformation. The isobutyl 

groups point away from these cavities, and the complex does not trap solvent. Although 

the cavities appear small, the crowding due to the presence of the /-butyl groups in the 

parent compounds is absent here, and this facilitates accessibility to the metal centers. 

Spectral evidence indicates the formation of a second new calix/DIBAL complex. 

The reaction between para-/-butylcalix[6]arene (1, n = 6) and DIBAL-H yields a white, 

somewhat crystalline compound (28) that forms a colorless solution in benzene. The 'H 



Table 5-7: Selected bond distances for 27. 
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Atoms Distance (A) 

Al-Ola 

A1 - Ola' 

A1 - Olb 

A l - C l l 

O la -C la 

O l b - C l b 

1.825(3) 

1.846(2) 

1.726(2) 

1.922(4) 

1.390(4) 

1.361(4) 

Table 5-8: Selected bond angles for 27. 

Atoms Angle (°) Atoms Angle (°) 

O la -A l -O la ' 

O l a - A l - O l b 

Ola' - Al- Olb 

O l a - A l - C l l 

Ola' - A l - C l l 

78.30(7) 

103.8(1) 

102.79(6) 

127.4(1) 

123.4(1) 

O l b - A l - C l l 

A l -Ola -Al ' 

A l - O l a - C l a 

C l a - O l a - C l b 

A l - O l b - C l b 

114.3(1) 

101.70(9) 

135.4(2) 

122.8(2) 

113.0(2) 
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NMR shown in Figure 5-17 indicates that the product is a monocalix complex with three 

isobutyl units. The unusual splitting pattern in the methylene region indicates that the calix 

is in neither the "cone" nor the "1,2,3-alternate" conformation.3 However, the obvious 

presence of the broad double-doublet at 3.12 and 4.22 ppm reveals that several of the 

methylene hydrogens are in inequivalent environments, residing between rings oriented in 

the same relative direction. Although this calix does not appear to have cavity space like 

that of its smaller counterpart (27), it does appear to have a better conformation than that 

of compound 26 as well as fewer metal alkyl groups (and one would presume then fewer 

metals) and so is a viable candidate for use in the proposed catalyst system. 

5.6 Synthesis of a Calix/Aluminum Ethoxide Complex 

The addition of 1.6 M diethylaluminum ethoxide in toluene to a solution of para-t-

butylcalix[4]arene (1, n = 4) in benzene at room temperature yielded a yellow-colored 

solution from which crystals were obtained. The double calix compound (29) is shown in 

Figure 5-18, and exhibits a somewhat more complicated structure. The complex contains 

a total of four aluminum atoms bound to calixes in the cone conformation. Two aluminum 

atoms form a central M202 unit between the two calixes (schematic, Figure 5-19) which: 

(1) bridge to each other via two ethoxide units; 

(2) bridge to the A1 in their half of the molecule via an ethoxide unit and a 

shared calixarene oxygen; 

(3) are each pentavalent due to bonding to an unshared calix oxygen. 
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Figure 5-19: The alumoxane network of 29. 
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The geometry at these metal centers is distorted trigonal bipyramidal, with an angle 

between the "axiaT'components of 171.6(6)° and angles between the "equatorial" 

components of 141.2(8), 104.1(8) and 114.7(6)° (Table 5-9). In considering the limited 

flexibility of the calix and the presence of a distinctly short bond (Table 5-10), the 

distortion of the geometry is not unexpected. For similar reasons, distorted geometries 

are also observed at the "other" aluminum atoms. These are tetravalent, having bonded to 

three of the four calix oxygens in their half of the molecule as well as retaining their 

ethoxide units. They form M202 units with the pentavalent aluminums, but these are not 

planar. Rather, they are "folded" at the aluminums. The two bridging components are 

the source of the distortion at the metals, for the angle that forms between the two outer 

calix oxygens and the metal is 108.8(9)° while the angle with the bridging units is 

82.1(8)° (Table 5-9). The compound crystallizes with sovent in each of the calix cavities 



Table 5-9: Selected bond angles for 29. 
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Atoms 

O l a - A l l - Old 

O la -Al l - O i l 

O la -Al l - 012 

Ola -Al l - O i l ' 

O l d - A l l - Oi l 

O i l - All - 012 

Angle (°) 

92.9(7) 

141.2(8) 

104.1(8) 

95.3(6) 

95.0(8) 

Old - All - 012 75.6(7) 

O l d - A l l - O i l ' 171.6(6) 

114.7(6) 

Atoms 

Olb - A12 - Olc 

Olb-A12-012 

Olc-A12-01d 

Olc-A12-Oid 

Old-A12-012 

Angle (°) 

O i l - A l l - O i l " 77.7(6) 

108.8(9) 

Olb - A12 - Old 112.7(7) 

112.1(9) 

120.3(9) 

118.7(7) 

82.1(8) 

Table 5-10: Selected bond distances for 29. 

Atoms Distance (A) Atoms Distance (A) 

All - Ola 

All - Old 

All - Oi l 

All - 012 

All - Oi l ' 

A12 - Olb 

1.67(1) 

1.96(2) 

1.83(2) 

1.81(2) 

1.84(2) 

1.66(2) 

A12 - Olc 

A12 - Old 

A12 - 012 

Oi l - C l l 

Oi l - Al' 

012-C21 

1.71(2) 

1.78(2) 

1.74(2) 

1.51(3) 

1.84(2) 

1.44(3) 
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(Figure 5-20), and this accounts for the gradual crystal decay observed after several days 

of data collection. However, the sovent-dependency of the complex is not dramatic, as 

these are the only solvent molecules in the crystal lattice (Figure 5-21). 

The compound has both desirable and undesirable characteristics in considering its 

potential applications as a catalyst. The cone conformations of the calixes provide the 

necessary cavities, and the /-butyl ends point toward opposite ends of the molecule and 

away from the metal centers. Although the most accessible metal centers are pentavalent 

and therefore not useful here, the inner tetravalent aluminum atoms are distorted enough 

to possess a latent Lewis acidity, and the centers are located conveniently at the base of 

the cavity into which the growing polymer chain should be directed. 

The reaction of diethylaluminum ethoxide with para-/-butylcalix[8]arene (1, n = 8) 

yields an intensely yellow crystalline product, and its 'H NMR is shown in Figure 5-22. 

The compound (30) is a monocalix complex, and from the general appearance of the 

spectrum is very symmetrical. The splitting in the methylene region indicates that these 

hydrogens reside in different environments, although half of the broad double-doublet is 

buried beneath the signal for the ethoxy CH2's at 4.00 ppm. The lack of peaks below 0.0 

ppm shows the loss of all of the ethyl groups from the aluminums, not surprising in light of 

the complex just discussed. However, it is calculated that a rather unexpectedly large 

number of ethoxy groups are present (see experimental section). This is not impossible, 

however, since the calix has obtained a rather "open" conformation. As was shown in 

Chapter 3, the conformation of this calix when the NMR displays the double-doublet in 

the methylene region is not a "cone" conformation like that of calix[4]arene, but more of 
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Figure 5-21: Cell packing for 29. 
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a "chair" in which three "up" rings are separated symmetrically from three "down" rings 

by two "flattened" rings. Such a conformation not only affords the necessary 

environments to give the observed methylene signal in the NMR, but orients the rings such 

that the /-butyl groups on the rings are all pointing away from the center of the complex. 

This orientation places the calix's oxygens in unobstructed regions of the complex, and so 

a high metal saturation is not unfeasible, especially since the metals would be inclined to 

lose their ethyl groups rapidly leaving only small aluminum ethoxide units behind. 

Although there is some cavity space, the high metal saturation would most likely prohibit 

endo-calix chain growth, thus decreasing the favorability of the complex as a candidate for 

the catalyst system. 

5.7 Family Traits: Trends in the Formation of Aluminocalixarenes 

While this latest work was being done, Raston and co-workers published several 

new aluminocalix complexes, examples of which are shown in Figures 5-23 (31)154 and 5-

24 (32).155 Some rather interesting trends can be noted when considering all of the 

aluminocalix[4]arene compounds presented thus far: 

(1) only two conformations are observed: the cone and the "flattened" 1,2-

alternate; 

(2) in all of the "flattened" complexes an M202 unit is observed; 

(3) complexes in which the calix is in the cone conformation can be either mono 

or double calix complexes; 

(4) the double calix complexes have an M202 unit; 



Figure 5-23: Structure of 31. 
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(5) the monocalix complexes with cone conformations were formed using the 1,3-

calix diether, and contain pentavalent metals. 

In considering the calixes in general with respect to their usefulness in the synthesis of 

alumoxanes, it can be said that they performed well. They form relatively stable 

complexes, and most of them produced the desired M202 unit that was deemed necessary 

for the target catalyst system. In addition, the calixes were of sufficient bulk to inhibit the 

formation of both M303 rings and extensive aggregrates. 

5.8 Experimental Data 

Para-t-butylcalix[6]arene/TMA complex (26) 

All manipulations were carried out under nitrogen using standard drybox and 

Schlenk techniques. The toluene was distilled over sodium in a nitrogen atmosphere. The 

97% trimethylaluminum reagent from Aldrich was used without any further purification. 

Para-/-butylcalix[6]arene was dried with stirring overnite under vacuum in a Schlenk flask; 

solvent was added and the Schlenk transfered to drybox where the reaction was carried 

out. 

To a stirred solution of 0.49 g of calix in toluene was added 0.20 mL of neat TMA 

dropwise via syringe. As the reaction proceeded, a large amount of hydrogen gas evolved 

very quickly and the temperature of the solution elevated. The stirring was continued until 

the reaction cooled, at which time the Schlenk flask was brought out of the drybox and 

placed on a nitrogen line. Stirring was resumed and continued for one hour to insure that 

the reaction mixture returned to room temperature. The Schlenk flask was then placed in 
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the refrigerator. 

After several weeks the Schlenk flask was moved back into the drybox and some 

of the solvent allowed to evaporate. THF was introduced as a co-crystallizing solvent and 

the solution left to stand. Blocky colorless crystals of sufficient size for X-ray diffraction 

analysis were eventually isolated albeit with much difficulty since the compound proved to 

be solvent-dependent as well as air-sensitive. Crystal data and experimental details are 

given in Table 5-11. 'H NMR is shown in Appendix C. 

*H NMR: 6 -2.01 (s, 3H), -1.25 (s, 3H), -1.20 (s, 3H), -0.94 (s, 3H), -0.58 (s, 

6H), -0.40 (br s, 9H), 1.32-1.49 (m, 54H), 3.22-5.39 (m, 20H), 7.22 (s, 12H); 27A1NMR: 

broad peak at 5 135-150; 0.28 g (42.5%); mp 345 - 346°. 

Calix[4]arene/DIBAL complex (27) 

Debutylated calix[4]arene was recrystallized prior to use.30 Benzene was dried 

over sodium and distilled while under a nitrogen atmosphere. 1M DEBAL-H in toluene 

(Aldrich) was used without further purification. All manipulations were carried out using 

standard Schlenk and drybox techniques. 

A Schlenk flask containing 0.20 g of calix[4]arene and a stir bar was placed onto a 

vacuum line and heated overnight. After 20 mL of benzene was added, the flask was 

placed in the drybox where the reaction could be carried out at room temperature. Then 

1.45 mL of 1M DIBAL-H solution was added dropwise via syringe to the stirring 

calixarene solution, resulting in profuse bubbling due to the evolution of hydrogen gas. 

After the bubbling ceased, it was noted that the mixture was both clear and colorless. 
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Table 5-11: Crystal data and experimental details for 26. 

Crystal Data 

Mol. formula C90.5H133AI5O9 
Mol. mass 1499.97 
Space group P-l 
Unit cell: 

a (A) 15.111(4) 
b(A) 15.378(3) 
c(A) 20.461(4) 
d ( ° ) 84.32(2) 

P ( ° ) 86.57(2) 
Y(°) 88.98(2) 
Vol. (A3) 4722(2) 
Dc (g/cm3) 1.055 

|u (cm"1) 1.04 
F(000) 1626 

Data Collection 

20 range 2 - 4 4 
Index range +h, ±k, ±1 
Refl'ns coll'd 11061 

t̂nerg — 

Observed refl'ns 3159 

Observed criterion I>2.5a(I) 

Structure Solution 

R 0.0730 
Rw 0.0982 
GOF 1.32 
No. LS parameters 497 
Refl'n:parameter ratio 6.4 
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Stirring was continued overnight, at which time the flask was removed from the drybox. 

The solvent was removed in vacuo and the flask returned to the drybox. A small 

sample was removed for NMR analysis (Appendix D), and the remaining solid was 

redissolved in fresh benzene and placed in a Wheaton bottle for crystallization. After 

approximately 3 weeks the solution yielded large colorless crystals sufficient for analysis 

by X-ray diffraction. Crystal data and experimental details are given in Table 5-12. 

*H NMR: 6 -0.88 (d, 4H), 0.49 (d, 12H), 0.92 (t, 2H), 1.43 (hept, 2H), 3.19 and 

4.42 (br pair of d, 8H), 6.43-6.91 (m, 12H);27A1 NMR: broad peak at 5 100-120; 0.21 g 

(75.8%); mp 231 -234°. 

Para-t-butylcalix[6]arene/DIBAL complex (28) 

Following the procedure as outlined above, using 0.10 g of para-t-

butycalix[6]arene and 1.10 mis of 1M DIBAL in a solution of 25 mL of toluene. 

XH NMR: 5 -0.25-1.35 (m, 81H), 1.8 (hept, 3H), 3.12-5.65 (m, 12H), 6.25-6.90 

(m, 12H);27A1 NMR: broad peak at 5 40-60; 0.04 g (32%); mp > 320°. 

Para-t-butylcalix[4]/Al-OEt complex (29) 

Para-/-buty 1 calix[4]arene was used without further recrystallization. The benzene 

solvent was dried by refluxing over sodium and distillation under a nitrogen atmosphere. 

1,6M diethylaluminum ethoxide - toluene solution was used as purchased from Aldrich. 

All manipulations were carried out using standard drybox and Schlenk techniques. 

A Schlenk flask containing 0.20 g of para-/-butylcalix[4]arene and a stir bar were 
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Table 5-12: Crystal data and experimental details for 27. 

Crystal Data 

Mol. formula C36H38O4AI2 
Mol. mass 588.66 

Space group P-l 

Unit cell: 

a (A) 9.2587(9) 

b(A) 9.871(1) 
c(A) 10.1531(6) 

a ( ° ) 114.929(6) 

P C ) 92.104(7) 
Y(°) 111.280(8) 
Vol. (A3) 764.4(1) 
Dc (g/cm3) 1.279 

|n (cm"1) 1.28 
F(000) 312 

Data Collection 

20 range 3 - 5 0 
Index range + h, ±k, ±1 
Refl'ns coll'd 2671 

^metg — 

Observed refl'ns 1829 

Observed criterion I>3a(I) 

Structure Solution 

R 0.047 

K 0.047 
GOF 1.73 
No. LS parameters 190 
Refl'n:parameter ratio 9.6 



102 

placed onto a vacuum line and heated for 3 days. After the addition of 30 mL of benzene, 

the flask was moved into the drybox where the reacton could be carried out at room 

temperature. The 0.30 mL of diethylaluminum ethoxide solution was added dropwise via 

syringe to the stirring calixarene solution. The reaction seemed to proceed very slowly -

the solution did not clear and the characteristic yellow color observed in previous 

reactions was very slow to appear. The solution was left to stir in the drybox for 4 days, 

at which time the flask was removed from the drybox. Despite the extra time allotted, the 

reaction mixture remained cloudy and was only slightly colored. 

The solvent was removed in vacuo and the flask was returned to the drybox. After 

sufficient sample was removed for NMR analysis (Appendix E), the remaining solid was 

redissolved in fresh benzene. A 3 mL sample was filtered into a glass vial and kept in the 

drybox for crystallization. After 2 months the sample yielded crystals large enough for 

analysis by X-ray diffraction. 

*H NMR: 8 0.73-1.18 (m, 72H), 1.02 (t,12H), 3.26 and 4.51 (br pair of d, 16H), 

3.33 (q, 8h), 6.59-7.12 (m, 16H); 0.20 g (41.2%); mp (decomp.) > 230°. 

Para-t-butylcalix[8]arene/Al-OEt complex (30) 

Following the procedure as outlined above, using 0.25 g of para-t-

butylcalix[8]arene and 0.75 mis of diethylaluminum ethoxide in 30 mL of toluene. 

'H NMR.: 8 0.63 (t, 36H), 1.05 (br s, 72 H), 3.00 (q, 24H), 3.00 and 4.00 (br pair 

of d, 16H), 6.68-6.92 (m, 16H);27A1 NMR: broad peak at 8 60-80; 0.26 g (69.7%); mp 

(decomp.) > 330°. 



CHAPTER 6 

SYNTHESIS AND CHARACTERIZATION OF TITANOCALIXARENES 

6.1 Introduction to Transition Metal Complexes of Calixarenes 

As has been mentioned in Chapter 3,59"61 the interest in calixarenes has been due 

mostly to their potential to function as selective ionophores and their ability to include or 

recognize neutral organic molecules.34"36'156 However, the ability of simple calixes to 

function as multidentate ligands in organometallic complexes has hardly been investigated, 

despite the polyoxo binding site they can easily provide. Very few metallocalixarenes have 

been reported, and no well-established methods of synthesis are available. 

The most recent published works involve calix[4]arenes in complexes with later 

transition metals, and has been performed predominantly by two research groups. The 

first is the Floriani group at Lausanne. In investigating the formation of MVI M=0 

complexes, they synthesized and characterized several new and unusual calix compounds. 

The first complex (33)1 5 7 was the product of a reaction between MOOC14 and pa ra - t -

butylcalix[4]arene, and is a double calix complex in which a Mo=0 unit bonds to all four 

oxygens of one calix that forms a cage with another underivatized calix around a trapped 

nitrobenzene molecule (Figure 6-1). Although the structure shows ordinary bond lengths 
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Figure 6-1: Structure of complex 33. 

and bond angles, it does have an unusual aspect to it because it includes a water molecule 

weakly bound to the metal from inside the cavity. Similar complexes were observed as 

the products of the reaction between para-r-butylcalix[4]arene or calix[4]arene with 

WOCl4, although these were monocalixes.158 The metal is bound to all four oxygens as a 

W=0 unit, and a water molecule is bound to the metal from inside the cavity. Another 

method of synthesizing the WO/calix[4]arene complex was also reported, resulting in an 

acetic acid molecule being coordinated to the metal center (34) in the same fashion as the 

water had in the previous structures (Figure 6-2). 
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Figure 6-2: Structure of complex 34. 

In addition to the oxo-containing metal salts, the group has also investigated the 

reactions of various calixarenes with simple transition metal chlorides. One such set of 

reactions involved the reaction of para-/-butylcalix[4]arene with TaCl5 and NbCl5,
159 

yielding calixes in the cone conformation in which the metal is bound to three of the calix 

oxygens while interacting with the fourth calix oxygen that has retained its hydrogen. 

The niobium system was much more sensitive to reaction conditions, however, and a 

second complex was also formed. This was a double calix compound (35) in which both 

calixes exhibit the cone conformation (Figure 6-3). Each of two inner metals binds to 

three of its respective calix's oxygens and the fourth oxygen of the other calix. The inner 

metal in each half is also bound to a pendant Cl2Nb=0 group through one of its calix 

oxygens and two more chlorines. 



Figure 6-3: Structure of double calix complex 35. 
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A second set of reactions involved use of the 1,3-0-dimethylcalix[4]arene 

derivative. The reaction between the /-butyl calix and ZrCl4 yielded a mononuclear 

complex in a cone conformation in which a ZrCl2 fragment is bound to all four of the calix 

oxygens; the two hydrogens were lost, but the two methyl groups were retained.160 The 

reaction between TaCl5 and the debutylated calix also yielded a calix complex in the cone 

conformation with a TaCl2 fragment; however, this calix lost not only its two hydrogens, 

but one of its methyl groups as well.161 Both complexes were examined in a series of 

reactions with various organic compounds in order to observe their behavior. In all cases, 

reactions only occurred at the chlorines, as demonstrated in the methyl-substituted 

zirconium complex (36) shown in Figure 6-4. No methyl groups were lost, and no metal-

oxygen bonds were broken. In addition, all of the complexes displayed the ability to 

undergo CO insertion at the new metal-alkyl bonds (for example, see the tantalum 

complex (37) in Figure 6-5). More importantly, though, these complexes clearly 

demonstrated the ability of calixarenes to function as non-reactive polyoxo supports for 

selected reactive organometallic moieties. 

The second group recently to have focused upon transition metal complexes with 

calixarenes is the Lippard group at MIT. They synthesized the first examples of calixes as 

supports for metal-metal fragments exhibiting quadruple bonds.162 The series of 

compounds consists of dinuclear para-/-butylcalix[4]arene (38, Figure 6-6) and 

calix[4]arene in which the calix is in the cone conformation. Two of the calix oxygens 

bond to each metal; in addition to the direct metal-metal interaction, there are also two 
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Figure 6-4: Structure of zirconium complex 36. 
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Figure 6-5: Structure of insertion product 37. 
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Figure 6-6: Structure of the dinuclear Mo complex 38. 

bridging acetates (which in some of the complexes are fluoroacetates). One of the metals 

also complexes to a THF, and interestingly the calix oxygens attached to this metal 

happen to retain their hydrogens. What should be noted here is that the calixes were 

partially deprotonated prior to the reaction with the molybdenum acetate, and apparently 

undergo no further deprotonation during this reaction. 
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Another series of firsts for the Lippard group is the synthesis of Cp- and Cp*-

metal complexes of calixarenes,163 such as the compounds Cp*-Ta/calix[4]arene and Cp-

Nb//-butylcalix[4] arene. All the reactions were conducted using calix[4]arenes, and 

yielded monocalix complexes where all of the phenolic hydrogens have been removed and 

all calixes are in the cone conformation. An interesting result occurred when two 

separate but very similar Cp*-Ta//-butylcalix[4] arene compounds were synthesized, and 

upon characterization by X-ray diffraction displayed complexation of small guest 

molecules to the metals from inside the cavity like in the Floriani compounds; the guest in 

one complex (39) was water, and in the other (40) was acetonitrile (Figure 6-7). 

Despite this latest flurry of activity, the realm of inorganic complexes of 

calixarenes remains sparsely populated, with even fewer examples of early transition metal 

complexes in existence. The first of these complexes, which includes the first calix-

titanium complex, were published by Power in 1985.164 He and his co-workers synthesized 

three neutral para-/-butylcalix[4]arene complexes: one of Ti(II), one of Co(II) and one of 

Fe(III). The titanium complex (41), shown in Figure 6-8, was synthesized using 

Ti[NMe2]4 and consists of two calixes in the cone conformation bound together by two 

metals. Each metal binds to three of its calix's oxygens and the fourth oxygen of the other 

calix; there are no shared oxygens. Distortion observed at the metal centers is due to the 

positions of the relative calixarene rings, although much of the stress was relieved when 

the metal obtained its fourth oxygen from the second calix, instead of binding to all four 

oxygens of one calix. 



Figure 6-7: The Cp*-Ta complexes 39 and 40. 
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Figure 6-8: The double calix/Ti complex 41. 
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A second calix/titanium complex (42) was synthesized with Ti(OPr)4 and para-f-

butylcalix[6]arene by the Ungaro group in Parma, Italy.26 Shown in Figure 6-9, it is a 

tetranuclear, double calix complex in which the calixes assume the cone conformation. 

The titanium atoms are all penta-coordinated and are linked to each other by Ti-O-Ti 

bridges, although their trigonal bipyramidal geometries are somewhat distorted. 

Figure 6-9: Structure of the double calix/Ti complex 42. 
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The third reported calix complex of titanium was also not with a calix[4]arene but 

with the hexa-O-methylated para-f-butylcalix[6]arene.151-165 The compound (43), 

synthesized using TiCl4, exhibits the calix in what is referred to as the "flattened" 1,2,3-

alternate conformation and has a total of four metals (Figure 6-10). One titanium in each 

half of the molecule binds to three calix oxygens, and to a pendant TiCl3 group via a lone 

oxygen bridge (which they suggest is there as a result of water present in the parent 

compound). An unusual feature to note is the presence of two kinds of metal 

environments in this complex: the inner metals are octahedral, while the pendant metals 

are tetrahedral. Within the pendant groups are rather short Ti-Cl bonds as well, averaging 

about 2.19(2) A. 

Figure 6-10: Structure of the titanium complex 43. 



115 

Finally, a series of dinuclear para-r-butylcalix[8]arene salts have been reported by 

the Pedersen group at Berkeley.166,167 These monocalix complexes were synthesized 

using titanium, zirconium, tin and vanadium compounds featuring a variety of ligands; 

one titanium complex (44) was characterized by X-ray crystallography and is shown in 

Figure 6-11. The conformation of the calix in these complexes is somewhat unusual, and 

is best described as having ring alignments that form four three-sided cavities. 

5=Q«^ 

Figure 6-11: The ptb[8]/Ti complex 44. 



116 

6.2 Synthesis of the Metallocene Component of the Catalyst 

The reaction of para-*-butylcalix[6]arene (1, n = 6) and titanocene dichloride 

(Cp2TiCl2) yields the orange complex (45) shown in Figures 6-12 and 6-13. The calix is in 

what is referred to as the "1,2,3-alternate" conformation and is dimetallic. Each titanium 

bonds to the three oxygens in its respective half of the molecule while retaining only one 

of the Cp groups (bonding scheme, Figure 6-14). 

Ti 

O 

O 

O 

Figure 6-14: The bonding scheme for complex 45. 

The Cp rings are planar (Table 6-1), and their bond lengths (Table 6-2) and bond 

angles (Table 6-3) exhibit relatively slight deviations. The bond lengths within Cp ring 1 

("Cpl") range from 1.36(4) to 1.40(3) A, with bond angles from 104.(3) to 112.(2)°. The 

bond lengths in Cp ring 2 ("Cp2") span a somewhat wider range, from 1.32(4) to 1.45(5) 

A, but the range of angles is comparatively narrower at 106.(3) to 110.(3)°. 
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Figure 6-12: Side view of 45; hydrogens have been omitted for clarity. 
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Figure 6-13: Top view of 45; hydrogen atoms have been omitted for clarity. 
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Table 6-1: Crystallographic data for the plane of Cp 1. 

Orthornormal Equation of Plane 

-0.7779 X + 0.4902 Y + -0.3931 Z - -3.0078 = 0 

0.0101 0.0140 0.0157 0.2354 

Crystallographic Equation of Plane 

-11.7798 X + 12.9291 Y +-6.8576Z --3.0078 = 0 

0.1536 0.6531 0.0157 0.2354 

Atom X Y Z Distance Esd 

Clp -3.9086 -2.1949 12.8007 0.0033 ± 0.0278 

C2p -4.6186 -2.2421 14.0282 -0.0127 ± 0.0286 

C3p -4.2405 -1.0541 14.6656 0.0250 ± 0.0349 

C4p -3.3607 -0.4134 13.8570 -0.0275 ± 0.0299 

C5p -3.2287 -1.0751 12.6534 0.0185 ± 0.0309 

Chi Squared = 1.9 
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Table 6-1 (cont.): Crystallographic data for the plane of Cp2. 

Orthornormal Equation of Plane 

-0.3376 X +-0.2824 Y +-0.8979 Z - -11.9586 = 0 

0.0136 0.0131 0.0062 0.1411 

Crystallographic Equation of Plane 

- 5.1123 X + -2.6937 Y + -11.0010Z --11.9586 = 0 

0.2060 0.7394 1.1032 0.1411 

Atom X Y Z Distance Esd 

C6p 2.3935 -7.1814 14.6852 -0.0076 ± 0.0262 

C7p 1.1989 -6.6100 14.9385 0.0070 ± 0.0269 

C8p 1.2204 -5.3068 14.5320 -0.0033 ± 0.0256 

C9p 2.3960 -5.0136 13.9958 -0.0016 ± 0.0245 

ClOp 3.1889 -6.1542 14.0485 0.0055 ± 0.0266 

Chi Squared = 0.2 
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Table 6-2: Selected bond distances for 45. 

Atoms 
o 

Distance (A) Atoms 
o 

Distance (A) 

Til - Clp 2.33(2) Ti2 - C6p 2.38(3) 

Til - C2p 2.36(3) Ti2 - C7p 2.33(3) 

Til - C3p 2.41(4) Ti2 - C8p 2.35(2) 

Til - C4p 2.35(3) Ti2 - C9p 2.39(2) 

Til - C5p 2.40(3) Ti2 - ClOp 2.38(2) 

Til - Cel 2.08(3) Ti2 - Ce2 2.06(2) 

Til - Ola 1.80(2) Ti2 - Old 1.79(2) 

Til - Olb 1.86(1) Ti2 - Ole 1.88(2) 

Til - 0 1 c 1.82(2) Ti2 - Olf 1.81(2) 

Clp - C2p 1.38(4) C6p - C7p 1.35(5) 

Clp - C5p 1.36(4) C6p - ClOp 1.45(5) 

C2p - C3p 1.40(3) C7p - C8p 1.37(5) 

C3p - C4p 1.36(5) C8p - C9p 1.32(4) 

C4p - C5p 1.38(3) C9p-ClOp 1.39(5) 

C2a - C7f 1.55(2) C2b - C7a 1.50(4) 

C2c - C7b 1.55(3) C2d-C7c 1.46(3) 

C2e - C7d 1.48(4) C2f - C7e 1.51(4) 

C6a-C7a 1.54(3) C6b - C7b 1.47(4) 

C6c - C7c 1.52(3) C6d-C7d 1.48(4) 
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Table 6.2 (cont.) 

Atoms 
o 

Distance (A) Atoms Distance (A) 

C6e - C7e 1.50(3) C6f - C7f 1.51(3) 

Cll - Cls 1.73(3) C14 - C2s 1.75(2) 

C12-C1S 1.75(2) C15 - C2s 1.65(2) 

C13 - Cls 1.79(3) C16 - C2s 1.69(3) 

C17 - C3s 1.73(5) C110 - C4s 1.58(7) 

C18 - C3s 1.62(3) Clll -C4s 1.75(6) 

C19 - C3s 1.80(4) Cll2 - C4s 1.97(8) 

C113 - C4s 1.75(6) C114 - C4s 1.60(7) 
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Table 6.3: Selected bond angles for 45. 

Atoms Angle (°) Atoms Angle (°) 

Cel - Til - Ola 116.0(1) Ce2 - Ti2 - Old 113.0(9) 

Cel - Til - Olb 111.0(8) Ce2 - Ti2 - Ole 118.0(8) 

Cel -•Til - 01c 119.0(9) Ce2 -• Ti2 - Olf 119.0(9) 

Ola--Til - Olb 102.1(6) Old - Ti2 - Ole 99.7(7) 

Ola • -Til - 01c 105.5(8) Old - Ti2 - Olf 104.8(7) 

Olb -Til - 01c 101.9(7) Ole - Ti2 - Olf 99.3(7) 

Til - Ola - Cla 160.(1) Ti2 - Old -Cld 165.(2) 

Til - 01b- Clb 110.(1) Ti2 - Ole-Cle 115.(1) 

Til - 01c- Clc 162.(1) Til - Ol f -Cl f 163.(2) 

C2p -Clp - C5p 112.(2) C7p - C6p - ClOp 106.(3) 

Clp - C2p - C3p 104.(3) C6p - C7p - C8p 110.(3) 

C2p - C3p - C4p 108.(3) C7p - C8p - C9p 110.(3) 

C3p - C4p - C5p 111.(2) C8p - C9p - ClOp 108.(3) 

Clp - C5p - C4p 104.(3) C6p -ClOp- C9p 107.(3) 

C2b - C7a - C6a 113.(2) C2c - C7b - C6b 110.(2) 

C2d - C7c - C6c 112.(2) C2e - C7d - C6d 115.(2) 

C2f • - C7e • - C6e 112.(2) C2a - C7f - C6f 111.(2) 



Table 6-3 (cont.) 
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Atoms Angle (°) Atoms Angle (°) 

Cll - Cls- C12 111.(1) C14 - C2s -C15 110.(2) 

Cll - Cls - C13 109.(2) C14 - C2s - C16 106.(1) 

C12 - Cls - C13 107.(2) C15 - C2s - C16 110.(2) 

C17 - C3s - C18 114.(3) C110 - C4s -Cll l 102.(4) 

C17 - C3s - C19 104.(2) C110 - C4s -C112 123.(4) 

C18 - C3s - C19 109.(3) C110 - C4s -C113 107.(4) 

C110 - C4s -C114 123.(3) Clll -C4s -C114 113.(5) 

C112 - C4s - C113 101.(4) 
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A comparison of the two mono-Cp metal complexes within the compound reveals 

that they are quite similar to one another. In the "first" metal complex (that of Til), the 

o 

metal-to-ring centroid distance is 2.08(3) A, while the metal distances to oxygens Ola, 

Olb, and 01c are 1.80(2), 1.86(1) and 1.82(2) A, respectively (Table 6-2). The centroid-

metal-oxygen angles are 116.0(1)° to Ola, 111.0(8)° to Olb, and 119.0(9)° to Olc, and 

are larger than the angles amongst the oxygens which range from 101.9(7) to 105.5(8)° 

(Table 6-3). 

The "second" metal complex (that of Ti2) has a metal-to-ring centroid distance of 

2.06(2) A, and metal-to-oxygen distances like that of the first, at 1.79(2) A to Old, 

1.88(2) A to 01 e and 1.81 (2) A to 01 f (Table 6-2). The centroid-metal-oxygen angles 

here are 113.0(9)° to Old, 118.0(8)° to Ole, and 119.0(9)° to Olf, and are likewise 

larger than those amongst the oxygens themselves which range from 99.3(7)° to 

104.8(7)° (Table 6-3). 

An inspection of the pertinent bond lengths and angles within the calix itself 

reveals the relative ease with which the structure was achieved. The bond angles (Table 

6-3) at the methylene bridges range from 110.(2) to 115.(2)° and are typical for this 

calixarene (Chapter 3). In order to accomodate the metals, the calix simply adjusted by 

upwardly "tilting" the middle ring of the three in each half of the molecule. This is 

observed in the resulting metal-oxygen-carbon angles at the rings, which are 110.(1)° and 

115.(1)° for thp "upright" rings B and E, but are 160.(2), 162.(1), 165.(2) and 163.(2)° 

for the more "flattened" rings A, C, D and F (Table 6-3). The bend in the molecule occurs 

at the methylene groups that bridge the two halves of the molecule, which are pulled down 
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and in with respect to the positions that they would normally occupy toward the outside of 

the molecule (Figure 6-12). 

The compound crystallizes with four chloroform molecules per calix molecule 

(Figure 6-15), one of which is trapped within the more open calix cavity (Figure 6-16). 

The thermal values for the atoms of each solvent molecule reflect the position that the 

molecule occupies within the lattice, and are higher for those (molecules 2, 3 and 4) that 

reside interstitially (Table 6-4). It also would appear from the list that the fourth solvent 

molecule has two extra chlorine atoms. This is not an error, but an indication that this 

particular molecule undergoes positional disorder within the lattice structure. 

The Cp signal in the NMR shows the expected upfield shift in comparison to that 

of CpTiCl3 which is normally used as the standard for analysis (Table 6-5).174 For the *H 

spectrum (Appendix F), the signal is found at 6.15 ppm as opposed to 7.06 ppm for the 

standard, and for the 13C spectrum (Appendix F) the signal is located at 117 ppm as 

compared to 123.1 ppm. The calixarene 'H signals are as expected as well, with the 

classic doublet-singlet-doublet of the methylene groups between 3.2 and 4.3 ppm 

indicating the "1,2,3-alternate" conformation.175 As a matter of fact, the conformation is 

quite stable, with VT-NMR indicating no change in the methylene signal - and therefore 

no change in the conformation - up to 70°C. 

Spectral evidence indicates the successful synthesis of the cousin to the previous 

complex, the calix[6]arene/Cp-Ti complex 46. The 'H NMR shown in Figure 6-17 

indicates that this too is a dimetallic monocalix complex, where again the titaniums have 

lost both chlorines and one Cp ring each. As can be seen in the comparison of the 



Figure 6-15: Cell packing for 45. 
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Figure 6-16: Structure of 45 showing the trapped chloroform molecule; hydrogen atoms 

have been omitted for clarity. 

& 
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Table 6-4: Thermal values for the solvent molecules in 45; all atoms were refined 

isotropically. 

Atom B(A2) 

Cll 5.3(2) 

C12 6.5(2) 

C13 5.9(2) 

Cls 3.9(7) 

C14 12.4(4) 

C15 16.4(6) 

C16 14.8(5) 

C2s 33(6) 

C17 14.9(5) 

C18 16.5(5) 

C19 15,1(5) 

C3s 11(1) 

C110 22.2(8) 

c m 23.1(8) 

C112 18(1) 

Cll 3 19(1) 

Cll 4 19(1) 

C4s 6(2) 
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Table 6-5: Examples of NMR shifts of the Cp signal in mono-Cp/Ti complexes; all 

shifts are in ppm. 

Compound Solvent XH 131 

CpTiCl3 

CpTi(OEt)Cl2 

CpTi(OEt)2Cl 

CpTi(OEt)3 

CpTi(OPh)3 

(p-Cl-PhO)3TiCp 

(p-Me-PhO)3TiCp 

(2,4-Me2PhO)3TiCp 

CDC13 

CHC13 

CHC13 

CDC13 

THF 

CDC13 

THF 

CDCL 

7.21 

6.79 

6.40 

6.22 

6.54 

6.39 

6.48 

6.36 

123.1 

118.7 

114.7 

112.3 

118.9 

119.4 

117.8 

115.9 
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methylene regions of both complexes in Figure 6-18, this new complex is in the same 

conformation as that observed both crystallographically and in solution for complex 45. 

However, this complex proved to be much more solvent dependent than that of the /-butyl 

compound (not unusual for the debutylated calixes), and the orange crystals that were 

isolated decomposed before X-ray diffraction data could be collected. 

6.3 Discussion of the Calix Complexes 

The conformation of the calix in each compound affords two cavities and the metal 

sites are relatively accessible, so at first glance the complexes appear to meet the criteria 

for use in the proposed catalyst system. However, in complex 45, the "1,2,3-alternate" 

conformation is distorted from the ideal; one of the Cp rings is blocking the neighboring 

cavity, and the /-butyl groups surrounding that cavity could in turn sterically hinder the 

metal site (Figure 6-12). Yet it is this same distortion that has made the other metal site 

even more accessible, and so the complex should, at least at this site, behave as would be 

expected for a mono-Cp complex. This is naturally not the case in complex 46, 

fortunately, and so it should be ideal for use in the catalyst system, providing two easily 

accessible metal sites as well as two unhindered cavities. 

Although mono-Cp complexes such as these are considered to be electronically 

octahedral (see references in Section 4.4), their structural features are traditionally 

discussed in terms of a tetrahedral arrangement of the ligands about the metal center. In 

comparison to other published mono-Cp/titanium complexes,168'176 such as Caulton's 
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Figure 6-18: 'H NMR spectra of the methylene regions of 46 (top) and 45 (bottom) 

demonstrate the retention of the "1,2,3-alternate" conformation by the 

complexes in the solution state; shifts are in ppm. 
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[CpCl2Ti]202C2Me4 compound (47)m (Figure 6-19) or Rausch's substituted Cp complex 

(48)169 (C5Me4CH2CH2Ph)TiCl3 ( Figure 6-20), the structure of 45 is relatively 

unremarkable. Both of the metal-to-ring centroid distances fall into the range (2.01-2.09 

A) observed in such complexes,168"172 and all of the metal-oxygen bond lengths (which 

should lie between 1.70 and 1.90 A) are as expected (Table 6-2).164'170'171,173 The 

centroid-metal-ligand (greater than 109°) and ligand-metal-ligand (less than 109°) bond 

angles also follow the established trend and reflect the steric influence of the Cp ring, 

ranging from 110.0 to 115.0° and 102.0 to 106.0°, respectively (Table 6-3).168'169,171,176 

The result is a slightly distorted but stable tetrahedral geometry at the metal centers. 

This is not unfortunate, for, unlike the alumoxanes, the reactivity of the metal site 

is not dependent upon structural strain induced by the ligands. What is important here is 

that, as was demonstrated by the aluminocalix complexes, the calixarene again behaves as 

a sterically non-demanding ligand, and so this complex should work well in assessing 

reactivity at the metal site based solely upon its electronic virtues. Thus any steric 

constraints that might be imposed, like with other large ligands as were seen in Chapter 4, 

should be upon the growing chain itself, not the activated complex. 

6.4 Concluding Remarks 

The calixarenes in general have demonstrated a definte potential as polyoxo 

supports for the components of a Ziegler-Natta catalyst system. However, in considering 

the calix[6]arenes, there are two factors which must be controlled in order to fashion the 

molecule appropriately - the flexibilty of the calix and the nature of the resulting metal 



Figure 6-19: Structure of 47. 
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Figure 6-20: Structure of 48. 
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complex. For it is the conformation of the calix as well as the stability of its interaction 

with the metals that inevitably determine its usefulness in the proposed system; simply 

being able to form complexes with the proper components is not enough. 

Consider the ionic calixarene complexes (49 and 50) shown in Figures 6-21 and 6-

22.177 The first structure (49) is that of a dimetallic double calix[6]arene complex in which 

the rubidium cations each complex to five of their respective calix's six oxygens while 

complexing to three solvent (methanol) molecules. Additionally, the rubidium in the lower 

calix is also interacting with three carbon atoms of a ring in the upper calix. The second 

structure (50) is a dimetallic mono-calix complex between para-/-butylcalix[6]arene and 

cesium. The dominant interactions within this molecule are not metal-oxygen, but instead 

are metal-7i, although the first cesium cation (Csl) does interact with two of the calix 

oxygens. The metals have each coordinated to one solvent (isopropyl alcohol) molecule, 

and the second cesium cation has also coordinated to a water molecule. 

In both structures the calixes exhibit the "1,2,3-alternate" conformation due to 

disruption of the hydrogen bonding network at the phenolic residues. However, the 

resulting metal complexes are more a consequence of the environments available to the 

metals as a result of this disruption, rather than the target products of a designed reaction. 

In both complexes the metals undergo extensive interactions with the calix as well as with 

the surroundings, and these interactions are limited only by their proximity to the metal 

sites since there are no ligands on the metals to control complexation. In addition, simple 

changes in the solvent environment are enough to decrease the level of metal-calix 
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Figure 6-21: The double calix complex 49; hydrogen atoms have been omitted for 

clarity. 
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Figure 6-22: The structure of 50; hydrogen atoms have been omitted for clarity. 

CSs 
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interaction, to the point that they are non-existent. (The paper describes one compound in 

which the metal interactions with the calix are limited to second sphere coordination via 

solvent molecules.) The formation, then, of such ionic complexes does not meet the 

criteria for a viable supported catalyst in itself, although they might work well as 

intermediates in selective functionalization with the target components. 

However, the use of more strongly coordinating metal compounds that have non-

halide ligands is not necessarily the answer either. The ptb[6]/TMA compound (26) from 

Chapter 5 is a very good example of a complex at the opposite end of the reaction 

spectrum from the ionic complexes just shown. It demonstrates the inherent flexibility of 

the calix as it adopts a distorted conformation in order to accomodate the large number of 

reactive metals it has complexed because the methyl ligands were not large enough to 

control it. Yet even the use of metal compounds having electron-donating substituents 

does not guarantee to limit the extent of the metal's interactions or the number of metal 

groups complexed to the calix. Two such examples of this are the ptb[4]/Al-OEt 

compound (29) from Chapter 5 and the ptb[6]/Ti-OiPr compound (42) shown earlier in 

this chapter, both of which are double calix complexes that undergo ligand bridging 

between the metals that results in the formation of pentavalent metal sites. 

The two new calix/Cp-Ti complexes (45 and 46) are examples of a combination of 

electronic and steric factors that work. The starting compound (Cp2TiCl2) contains both a 

highly reactive metal center and the sterically and electronically influential Cp ligand 

whose variable bonding nature (r)1 to i f ) not only allows for precise compounds to be 

formed, but limits the level of metal saturation that the calix might otherwise achieve. 
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6.5 Experimental Data 

Para-t-butylcalix[6]arene/Cp- Ti Complex 

Para-?-butylcalix[6]arene was used without further recrystallization. The toluene 

(or benzene) solvent was refluxed over sodium and distilled under a nitrogen atmosphere 

prior to use. Ethyl acetate was dried over potassium carbonate, then refluxed with 

phosphorus pentoxide and distilled under a nitrogen atomosphere. The titanocene 

dichloride (Kodak) was used without recrystallization. Sodium hydride (Aldrich) was a 

suspension in oil. All manipulations were carried out using standard Schlenk and drybox 

techniques. 

Two different methods were successfully employed in the synthesis of this 

complex, and verified via 'H NMR. as yielding the same product. All products were 

orange crystalline compounds; crystals of sufficient size for X-ray analysis could be grown 

from chloroform in a short period of time. 

Method 1: a Schlenk flask containing 0.10 g of para-/-butylcalix[6]arene and a stir 

bar were placed on the vacuum line and heated overnight. After the addition of 25 mL of 

toluene, the flask was placed on a nitrogen line where 0.051 g of titanocene dichloride was 

added. The solution was stirrred for 30 minutes and turned bright red. A condenser was 

added to the flask and the solution was refluxed overnight under a slow stream of 

nitrogen. The heat was then removed and the mixture was stirred to room temperature. 

The solvent was removed in vacuo and the Schlenk flask was placed in the drybox. 

After the unreacted titanocene dichloride was extracted with ethyl acetate, fresh toluene 

was added and the solution was placed into a glass vial for crystallization. Excess solution 
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remaining from a deuterated chloroform sample for NMR analysis was also left in the 

drybox for crystallization, and yielded crystals in 24 hours. 

Method 2: a Schlenk flask containing 0.25 g of para-/-butylcalix[6] arene and a stir 

bar were placed on the vacuum line and heated overnight. After addition of 35 mL of 

benzene, the flask was placed into the drybox where the reaction could be carried out at 

room temperature. Following a method published by Lippard,162 0.042 g of NaH was 

added and the solution stirred overnight. The mixture became cloudy and turned a slight 

yellow color. To this was added 0.128 g of titanocene dichloride, and the mixture was 

again stirred overnight. The flask was then brought out of the drybox; the mixture was 

reddish orange with a small amount of yellow precipitate. 

The solvent was removed in vacuo and the flask was returned to the drybox. Ethyl 

acetate was added to extract the unreacted titanocene dichloride, and the solution was 

allowed to stand so that the product could precipitate. After leaving the flask undisturbed 

for several weeks, small orange crystals were observed to be growing in the precipitate. 

The solution was filtered and the solid was redissolved in chloroform; slow evaporation 

yielded crystals. Crystal data and experimental details are given in Table 6-6. NMR 

spectra are shown in Appendix F. 

!H NMR: 5 1.23 (s, 54H), 3.28 and 4.23 (br pair of d, 8H), 3.74 (br s, 4H), 6.07 

(s, 10H), 6.62 and 7.16 (pr of d, 8H), 6.83 (s, 4H); 0.35 g (81.4%); mp > 370°. 
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Table 6-6: Crystal data and experimental details for 45. 

Crystal Data 

Mol. formula ^80^92^12® 6^2 

Mol. mass 1670.86 

Space group P-l 

Unit cell: 

a (A) 15.143(2) 

b(A) 17.830(2) 

c(A) 19.193(3) 

a (°) 108.636(8) 

P C ) 104.477(9) 

Y(°) 108.839(7) 

Vol. (A3) 4228.8(8) 

Dc (g/cm3) 1.312 

[i (cm"1) 6.16 

F(000) 1736 

Data Collection 

20 range 3 - 3 6 

Index range +h, ±k, ±1 

Refl'ns coll'd 5810 

r̂nerg — 

Observed refl'ns 2275 

Observed criterion I>3o(I) 

Structure Solution 

R 0.0927 

Rw 0.1018 

GOF 1.09 

No. LS parameters 436 

Refl'n:parameter ratio 5.2 
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Calix[6]arene/Cp-Ti Complex 

Following the procedure outlined above as Method 1, using 0.10 g of calix[6]arene 

(2, n = 6) and 0.078 g of Cp2TiCl2 in 30 mis of benzene; product is a light orange powder. 

'HNMR: 8 3.70 (br s, 4H), 3.26 and 4.15 (br pr of d, 8H), 6.11 (s, 1 OH), 6.40 -

7.15 (m, 12H); low yield (< 5%). 
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Table of selected bond angles for 3. 

Atoms Angle (°) Atoms Angle (°) 

Ola- Cla- C2a 119.3(8) Ola- Cla - C6a 117.9(7) 

C2a - Cla - C6a 122.8(8) Olb- Clb - C2b 117.1(7) 

01b- Clb - C6b 119.5(7) C2b - Clb - C6b 123.3(8) 

01c- Clc - C2c 118.8(7) Olc- Clc - C6c 117.6(8) 

C2c - Clc - C6c 123.6(8) Cla - C2a - C3a 117.9(8) 

Cla- C2a - C7c 120.5(7) C3a- C2a - C7c 121.6(7) 

Clb - C2b - C3b 115.2(8) Clb - C2b - C7a 123.6(8) 

C3b - C2b - C7a 121.1(8) Clc - C2c - C3c 117.7(8) 

Clc - C2c - C7b 123.8(8) C3c - C2c - C7b 118.4(8) 

C2a - C3a - C4a 120.8(8) C2b - C3b - C4b 122.2(9) 

C2c - C3c - C4c 120.3(9) C3a - C4a - C5a 120.4(9) 

C3b - C4b -• C5b 121(1) C3c - C4c - C5c 118.4(8) 

C4a - C5a - C6a 120.5(9) C4b - C5b - C6b 118.5(9) 

C4c - C5c - C6c 123.8(8) Cla - C6a - C5a 117.6(8) 

Cla - C6a - C7a 122.9(8) C5a - C6a - C7a 119.5(8) 

Clb - C6b -• C5b 119.3(8) Clb - C6b - C7b 122.0(8) 

C5b - C6b -• C7b 118.6(8) Clc - C6c - C5c 116.1(8) 

Clc - C6c - C7c' 122.4(8) C5c - C6c - C7c' 121.6(8) 

C2b - C7a - C6a 118.0(8) C2c - C7b - C6b 114.7(8) 

C2a - C7c - C6c' 115.0(8) C2s - Cls - C6s 118.(1) 

Cls - C2s - C3s 121.(1) C2s - C3s - C4s 120.(1) 

C3s - C4s - C5s 121.(1) C4s - C5s - C6s 116.(1) 

Cls - C6s - C5s 123.(1) 
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Table of selected bond angles for 6. 
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Atoms Angle (°) Atoms Angle (°) 

Ola - Cla- C2a 121.3(7) Ola - Cla - C6a 117.7(7) 

C 2 a - C l a - C6a 121.0(8) O l b - C l b - C2b 122.2(6) 

O l b - C l b - C6b 116.8(8) C2b - Clb - C6b 120.9(8) 

0 1 c - C l c - C2c 122.9(8) O l c - C l c - C6c 114.9(7) 

C2c - Clc - C6c 122.1(8) O l d - C l d -• C2d 121.4(7) 

O l d - C l d -• C6d 116.8(7) C2d - Cld - C6d 121.8(8) 

Cla - C2a- C3a 117.9(7) C la -C2a - C7d 121.9(8) 

C3a - C2a - C7d 120.2(7) Clb - C2b • • C3b 118.5(7) 

Clb - C2b • - C7a 121.8(8) C3b - C2b • - C7a 119.8(8) 

Clc - C2c • • C3c 116.8(8) Clc - C2c -• C7b 123.7(8) 

C3c - C2c • - C7b 119.5(8) Cld - C2d -Clc 122.7(8) 

C3d - C2d - C7c 119.8(8) Cld - C2d - C3d 117.5(8) 

C2a - C3a - C4a 123.4(8) C2b - C3b - C4b 121.6(9) 

C2c - C3c - C4c 123.8(9) C2d - C3d - C4d 123.3(9) 

C3a - C4a - C5a 116.0(9) C3a - C4a - C8a 122.0(8) 

C5a - C4a - C8a 122.1(8) C3b C4b - C5b 118.1(8) 

C3b - C4b - C8b 120.7(8) C5b - C4b - C8b 121.2(7) 

C3c - C4c - C5c 116.8(8) C3c - C4c - C8c 123.0(8) 

C5c - C4c - C8c 120.2(9) C3d - C4d - C5d 117.3(9) 
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Atoms Angle (°) Atoms Angle (°) 

C3d - C4d - C8d 123.0(9) C5d - C4d - C8d 119.6(8) 

C4a - C5a - C6a 123.5(8) C4b - C5b - C6b 122.1(7) 

C4c - C5c - C6c 122.2(9) C4d - C5d - C6d 121.5(8) 

CI a - C6a- C5a 118.0(7) Cla-C6a-C7a 121.3(9) 

C5a - C6a - C7a 120.7(8) Clb - C6b - C5b 118.4(8) 

Clb - C6b - C7b 119.9(7) C5b - C6b - C7b 121.7(6) 

Clc - C6c - C5c 118.3(8) Clc - C6c - C7c 122.5(7) 

C5c - C6c- C7c 119.2(8) Cld - C6d - C5d 118.5(8) 

Cld - C6d - C7d' 121.0(8) C5d - C6d - C7d' 120.4(8) 

C2b - C7a - C6a 115.0(8) C2c - C7b - C6b 113.7(8) 

C2d - C7c - C6c 114.1(6) C2d - C7d - C6d' 112.9(6) 

C8s - N7s - C12s 115.(1) C2s - Nls - C6s 116.9(9) 

C2s - C3s - C4s 120.(1) Nls - C2s - C3s 123(1) 

C4s - C5s - C6s 119.(1) C3s - C4s - C5s 118(1) 

Nls - C6s - C5s 123.(1) N7s - C8s - C9s 128.(1) 

C8s - C9s - ClOs 114.(1) C9s-ClOs-Cl l s 126.(1) 

ClOs - Cl l s -C12s 112.(1) N7s - C12s - Cl ls 125.(1) 



Table of selected bond distances for complex 6. 
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Atoms Distance (A) Atoms Distance (A) 

O l a - C l a 1.40(1) O l b - C l b 1.37(1) 

O l c - C l c 1.39(1) O l d - C l d 1.39(1) 

C l a - C 2 a 1.40(1) Cla - C6a 1.39(1) 

Clb - C2b 1.38(1) Clb - C6b 1.384(9) 

Clc - C2c 1.38(1) C lc -C6c 1.39(1) 

Cld - C2d 1.38(1) C ld-C6d 1.39(1) 

C2a - C3a 1.38(1) C2a - C7d 1.51(1) 

C2b - C3b 1.40(1) C2b - C7a 1.51(1) 

C2c - C3c 1.40(1) C2c - C7b 1.51(1) 

C2d - C3d 1.38(1) C2d-Clc 1.49(1) 

C3a - C4a 1.39(1) C3b - C4b 1.37(1) 

C3c - C4c 1.38(1) C3d - C4d 1.37(1) 

C4a - C5a 1.40(1) C4a - C8a 1.52(2) 

C4b - C5b 1.38(1) C4b - C8b 1.52(1) 

C4c - C5c 1.39(1) C4c - C8c 1.54(1) 

C4d - C5d 1.40(1) C4d - C8d 1.53(1) 

C5a - C6a 1.37(1) C5b - C6b 1.39(1) 

C5c - C6c 1.39(1) C5d - C6d 1.38(1) 

C6a - C7a 1.49(1) C6b - C7b 1.50(1) 

C6c - Clc 1.50(1) C6d - C7d' 1.52(1) 
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Atoms Distance (A) Atoms Distance (A) 

Nls - C6s 1.32(1) Nls - C2s 1.33(1) 

N7s - C12s 1.30(1) N7s - C8s 1.25(1) 

C3s - C4s 1.35(2) C2s-C3s 1.38(1) 

C5s - C6s 1.38(2) C4s - C5s 1.37(2) 

C9s - ClOs 1.28(2) C8s - C9s 1.35(2) 

C l l s - C12s 1.41(2) ClOs-Clls 1.33(2) 



APPENDIX C 

'H NMR SPECTRUM FOR COMPOUND 26 

151 



152 

ve 
fSI 

8 
S" 
u % 
z 
s 



APPENDIX D 

lU NMR SPECTRUM FOR COMPOUND 27 
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APPENDIX E 

'H NMR SPECTRUM FOR COMPOUND 29 
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APPENDIX F 

lH AND 13C NMR SPECTRA FOR COMPOUND 45 
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