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Abstract 

This paper is a summary of the organometallic chemistry 
research that has been accomplished after a year's work with Dr. 
Morris' research group. A description of the long term goals of 
this research and of my particular contribution to this research 
follows. It is my intent to describe this chemistry initially in 
a general, understandable manner and then to follow with a more 
rigorous description of the chemical procedures. It should also 
be noted that a presentation of roughly the same material was 
given at the Indiana Academy of Science during the Fall of 1995 
and is considered a significant factor in this thesis although it 
will only be discussed briefly. 
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I. Introduction: 

The production of Group 4 indenyl complexes of Ti, Hf, and Zr 

is an important consideration for chemists because of the proposed 

polymerization activity of these complexes. 1 - 3 It has been known 

for quite some time that analogous cyclopentadienyl (Cp) complexes 

and l,2,3,4,5-pentamethylcyclopentadienyl (Cp*) complexes are 

active catalysts for polymerization. 4 Because industries are 

looking for inexpensive, effective ways to make plastics and other 

polymers, it seems reasonable for chemists (specifically inorganic 

chemists) to lead in the search for novel catalysts with increased 

activity or with more selective activity. The similarities among 

the Cp, Cp*, and indenyl (Ind) complexes can be seen in the ~5 

-
binding of these complexes. (When five carbons are bound to the 

metal center of a complex, the binding is called ~5.) 

Cp Cp* Indene 

~ ~ ~ I I - I --
MX3 MX3 MX3 

Figure 1 

It is this ~5 chemistry that allows polymerization of olefins to 

occur more readily by an initial slippage of the indenyl ligand 

from ~5 to ~3. This slippage mechanism for the indenyl ligand is a 

special case. When an indenyl ligand proceeds to an ~3 state, the -
non-binding segment of the ligand re-aromatizes to form a benzene 
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component which is known to be stable. 5 

Figure 2 

Because this ~3 intermediate has added stability due to the 

benzene's aromaticity, it would be reasonable to assume that Group 

4 indenyl complexes could more easily accomplish the intermediate 

necessary for polymerization to begin and propagate. Basically, 

these proposed indenyl catalysts should produce plastics and other 

useful products of polymerization more rapidly than the currently 

used Cp and Cp* analogs. 

Another important aspect of this chemistry is the known fact 

that the Group 4 Cp and Cp* complexes exhibit increased activity 

when a methyl group (-CH3) is substituted for a halide (Cl, Br, or 

I) .6-9 

Figure 3 

The goal was then to take the previously prepared Group 4 indenyl 

complexes and to methylate them so as to achieve an improved 



catalyst. The alkylating reagents of choice include 

trimethylaluminum (Al(CH3)3), methyllithium (CH3Li), and methyl 

Grignard (CH3MgBr) Several of these reagents as well as a 

majority of the products are extremely air- and water-sensitive. 

Because of the nature of inorganic chemistry in general, it 

is necessary to learn to work with Schlenk lines in order to 

accomplish air-sensitive chemistry. Schlenk lines are glass 

assemblies that allow one to connect a reaction flask to either a 

vacuum pump or an argon tank. The preparation of a reaction, the 
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transfer of reagents, and the recrystallization of products can be 

accomplished without exposure to air or water by careful technique 

on a Schlenk line with appropriate Schlenk-adapted flasks. Also, 

characterization with NMR requires special Schlenk line techniques 

in order to prepare a sample without any air or water in the 

sample tube. 

Another method for dealing with the air- and water-sensitive 

compounds of inorganic chemistry is to utilize a dry box. A dry 

box is a large metal box that is filled with argon and can be 

entered through a vacuum port. Two rubber gloves that are part of 

the transparent glass front are used to work with the chemicals 

inside. Often, reactions are performed inside a dry box instead of 

using Schlenk line methodsj however, Ball State's dry box is only 

for storing starting materials and weighing products in an inert 

atmosphere. 

Before beginning the methylation experiments, appropriate 
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starting material had to be synthesized. The procedure determined 

previously by the Morris group was utilized to prepare 1-

(trimethylsilyl)indene and l-(tributylstannyl)indene. 

TMS-indene TBT-indene 

Figure 4 

These compounds react well with the Group 4 tetrachloride and 

tetrabromide metal complexes to create Group 4 indenyl trihalide 

complexes by the substitution of indene for a halide. The exact 

Oy 
H3C-Si-CH3 

I 
CH3 

~ I + 
MX3 

Figure 5 

f 
H3C-Si-CH3 

I 
CH3 

synthesis of these indenyl trihalide complexes will be explained 
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In the following sections in greater detail. As for the synthesis 

of TMS-indene and TBT-indene, the procedure was straightforward 

but was by no means trivial. 

A brief discussion of lH NMR is also necessary in this 

introduction. This instrumental technique was invaluable in 

determining the structure of the compounds that were made. 

Basically, this instrument allows the protons of a complex to be 

observed. In the complexes that are discussed in this paper, the 
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proton peaks that are of concern are peaks that designate the 

seven protons of the indenyl region and the three protons of a 

methyl group. The indenyl peak pattern consists of two 

multiplets, a triplet, and a doublet around 6.5 to 7.5 ppm for the 

Group 4 indenyl complexes of interest. As for the methyl protons, 

a large peak is often observed at approximately 1.5 ppm. Other 

peaks can be attributed to any residual solvents, grease (0.05 

ppm), and a reference peak of TMS at zero. 
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II. (~5-Indenyl)trichlorozirconium(IV) 

+ 
- CISnBu3 .. 

Production of (~5-indenyl)trichlorozirconium(IV) (1) was 

accomplished by reaction of TBT-indene and zirconium tetrachloride 

according to the preparation procedure given in Shaw's M.S. 

thesis. Yellow powder was the product in 82% yield. The IH NMR 

spectrum of this complex [see Fig. 6] is in agreement with the 

expected spectrum from Scott Shaw's M.S. thesis. 

Direct methylation attempts on 1 have previously been 

- unsuccessful. This is likely due to a proposed polymer structure 

for this complex which involves Cl bridges between the metal 

Ind CI CI Ind 
\ I \ I 

I.··· Zr~., CI CII' Zr~., CI , 
~ ~ , , ., ~ , ... ' 

CI":Zr'~ CI CI..:Zr·;"'-

1\ 1\ 
CI Ind CI Ind x 

Figure 7 

centers. Support for this hypothesis is found in the lack of 

solubility of 1 and in the known polymer structure for the Cp 

analog. Because of this polymer structure, the experimental 

strategy for methylation of 1 was modified. It became apparent 

that the polymer had to be broken apart into separate monomers 

that would then be more susceptible to methylation. Fortunately, 

- two monomers had been found for zirconium by earlier 
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experimentation using two different chelating ligands. The two 

chelating ligands 

H3~ ~ / CH3 
.0. .0. and . . . . 

DME DMPE 

Figure 8 

(with two metal binding sites) were bis (dimethylphosphino) ethane 

(DMPE) and dimethoxyethane (DME). 

DME 

Formation of indenyl (DME) trichlorozirconium(IV) (2) was 

accomplished by reaction of 1 with excess DME in toluene. The 

yellow crystalline product was recrystallized from toluene with a 

yield of 81%. The IH NMR spectrum [see Fig. 9] showed the indenyl 

peak pattern and the DME peak pattern at 3.6 to 3.9 ppm. 

Experiments to methylate 2 with Al(CH3)3, CH3Li, and CH3MgBr 

were attempted. A number of experiments with varying amounts of 

reagent, different solvents, and altered reaction temperatures 

were run. Many of the reactions proceeded as expected due to the 

more reactive monomer form of 2: color changes and formation of 

precipitate were observed. However, upon recrystallization, the 

products of these reactions showed mUltiple indenyl patterns when 

analyzed with NMR. A mixture of indenyl products was occurring 

without an expedient method for separation. Part of the reason .-
for this formation of mixed products was due to the nature of the 
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DME ligand in solution. DME--a labile, chelating ligand--was able 

to allow rapid fluctuation of the two bonds between the metal and 

either of the oxygen atoms on DME. This uncertain configuration 

at the time of methylation allowed for numerous indenyl products 

to be formed. 

+ DMPE 

~ CI/~ •. I ."CI--"' 
Z( CH DME ~ CI ...... I 'p.:"" 3 + 

-p '\ CH3 
H3C 1-.../ 

CH 3 

Methylation attempts were then focused on the DMPE adduct of 

1, (~5-indenyl) (DMPE)trichlorozirconium(IV) (3). Formation of 3 

was accomplished by reacting 2 with DMPE In toluene, effectively 

replacing the labile DME ligand with the more donating DMPE -
ligand. Clean yellow crystals were obtained upon 

recrystallization with 75% yield. The lH NMR of 3 showed the 

indenyl pattern near 7 ppm and the expected DMPE pattern at 1.3 to 

2.0 ppm [see Fig. 10]. 

The methylating reagents previously discussed were used to 

react with 3. Again, various temperatures and amounts of reagent 

were used--this time with no observed reaction at all. It is very 

likely that the DMPE ligand has significant steric and electronic 

effects on the complex which render it unresponsive to the 

methylating attempts. 

Apparently, the polymer nature of 1 will not allow 

methylation into a monomer. No further avenues with zirconium 

-~ were explored. 
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III. (~5-Indenyl)trichlorotitanium(IV) : 

+ cv - CI SiMe3 .. 
H SiMe3 

Experimentation based on titanium was pursued after the 

zirconium attempts. The synthesis of the new starting material 

(~5-indenyl)trichlorotitanium(IV) (4) from TMS-indene and titanium 

tetrachloride was done via the preparation found in Shaw's thesis. 

The dark purple crystals which were isolated (with a 66% yield) 

were analyzed with IH NMR showing appropriate peaks [see Fig. 11]. 

~ ,-
/Ti~ICI 

H3C CI 

The next step was to alkylate 4 via Al(CH3 )3 according to the 

method by Shaw. This method gave clear red crystals of 

(~5-indenyl)dichloromethyltitanium(IV) (5) in 74% yield, but the 

NMR spectrum showed signs of mixed products. The probable cause 

for the two indenyl patterns was the presence of two products--a 

dimethyl product and the expected product 5. Because of this 

mixture, a good elemental analysis has not yet been obtained. 

In an effort to obtain pure 5, two equivalents of Al(CH3 )3 was 

added slowly by a dropping funnel to the stirring 4 in toluene. 

This procedure yielded crystals in 7% yield which were pure 

- according to the IH NMR spectrum [see Fig. 12]. A sample for 
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elemental analysis was sent to the University of Illinois with 

some disheartening results: the sample had less carbon and 

hydrogen than was calculated. The apparent discrepancy is assumed 

to be due to decomposition of the product by losing methane gas. 

In fact, the pure 5 was analyzed by NMR again after three weeks in 

the dry box, revealing a decomposition peak at about 1.05 ppm 

(methane) referenced against TMS [see Fig. 13]. It is apparent 

that 5 does not have a long shelf life even under an inert 

atmosphere of argon. 

Two short lived projects were attempted with the slightly 

impure 5: a reaction with water to form a hypothetical bridging 

hydroxy compound and an attempt to make pure (~5-indenyl)chloro-

-
dimethyl titanium (IV) (6). Figure 14 

Because the water reaction was unsuccessful upon direct 

addition of water, a reaction with "wet" CDCL3 in an NMR tube was 

tried. The results did not show a progression of the kind that 

was anticipated unless the reaction happened immediately. Further 

study is to be done. 

As for 6, a mixture of 5 in toluene was reacted with CH3Li. 

By using pentane to recrystallize the product, a waxy substance 

was deposited inside the Schlenk tube. The lH NMR spectrum, -. however, showed a mixture of products which was not useful. 
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IV. (~5-Indenyl)tribromotitanium(IV): 

+ 
- BrSnBu3 

• 

Recently, work has been done to prepare the analogous indenyl 

bromide complexes. Scott Cullison has prepared (~5-indenyl)-

tribromotitanium(IV) (7) from TBT-indene and titanium tetrabromide 

salt. (~5-Indenyl)dibromomethyltitanium(IV) (8) has been produced 

by reaction of 7 with a methylating reagent. 

~ 
/Ti~'Br 

H3C Br -
The reaction proceeds by adding AI(CH3)3 to a suspenSlon of 7 in 

toluene. After the reaction has stirred for two days, a light 

orange-red solution is obtained from which crystals can be 

harvested by recrystallization from diethyl ether. Light red 

crystals of 8 were obtained in 56.6% yield, and the IH NMR spectrum 

shows the expected indenyl region peaks and methyl peak [see Fig. 

15]. Elemental analysis and crystal structures are pending. 

The formation of Group 4 indenyl complexes and Group 4 

indenylmethyl complexes is being actively pursued with relative 

success. These compounds, upon discovery, will no doubt present 

rich catalysts for the production of numerous polymers. 

-
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Appendix: 

Presentation at the Indiana Academy 

A formal presentation of the work to date on Group 4 indenyl 

complexes was given during the Fall of 1995. The presentation was 

given with overhead slides and covered only a portion of what was 

discussed in this thesis. The talk reviewed the methylation of 

the Ti and Hf indenyl complexes with a full description of the lH 

NMR spectra and x-ray crystal structures then available. Because 

a full account of this presentation would be redundant at best, it 

is deemed futile to reproduce it within the body of this thesis; 

however, the value of the experience in delivering a body of 

research to other scientists was an integral part of this thesis. 
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