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ABSTRACT

Titanocene dichloride, a potent antitum or agent, forms a DNA- 

titanium  adduct w ith Salmon Sperm DNA in 10 mM sodium  perchlorate 

solutions ranging from pH  5 to 8.5. At physiological pH , titanocene 

d ich lo rid e  u n d erg o es  base cata lyzed  h ydro lysis  in  w h ich  the 

cydopentadienyl ligands are susceptible to substitution. In chapter one of 

this dissertation the results of inductively coupled plasma and scintillation 

counting analysis of the DNA-titanium adduct formed by in vitro treatment 

of a DNA solution w ith  tritiated  titanocene dichloride indicate the 

formation of a DNA-Cp2Ti adduct at pH  5.3 and a DNA-CpTi adduct at pH  

7.0.

Titanocenes prepared from bridged cydopentadienyl ligands should 

exhibit greater stability tow ards base catalyzed hydrolysis than the 

cydopentadienyl ligands of titanocene dichloride. Chapter two discusses 

the synthesis and characterization of bridged cydopentadienyl ligands for 

this purpose. Synthesis of these novel bridged cydopentadienyl ligands 

occurs by the D iels-A lder/retro-D iels-A lder reaction of the diyne,

5,6,1 l,12-tetradehydrodibenzo[rt,c]cyclooctene, w ith the respective dienes:

1 ,3 - c y c lo p e n ta d ie n e ,  d im e th y l f  u lv e n e ,  a n d  1 ,2 ,3 ,4 ,5 - 

peritamethylcyclopentadiene.



CHAPTER ONE.
THE pH DEPENDENT BINDING OF THE ANTITUMOR ACTIVE 

TITANOCENE DICHLORIDE TO DNA TO FORM 
DNA-Cp2Ti OR DNA-CpTi ADDUCTS

1.1 Introduction.

The various types of cancer are treated by four approaches used 

individually or in combination: radiation, surgery, im m unotherapy and 

chemotherapy. Some of these approaches destroy both cancer cells and 

normal body cells. Toxicity is a major lim itation of chemotherapy. For 

e x a m p le , c i s -d ia m m in e d ic h lo r id e p la tin u m  (c isp la tin ) , the  

chemotherapeutic compound discovered by Rosenberg and coworkers in 

1969, is used in the treatment of certain testicular and ovarian cancers even 

though it is both nephrotoxic and neurotoxic.1/2 In the continuing search 

for chemotherapeutic compounds with less or no harm ful side effects and 

toxicity, Harm ut Kopf and Petra Kopf-Maier discovered in 1979 that certain 

early transition element metallocene dihalides, such as the dichlorides, 

Figure 1.1, and bis(pseudohalides) exhibit antitum or activity.3"8 These 

m etallocenes were s tud ied  because of structural sim ilarities to the 

antitumor active compound cisplatin.

Cl

Cl

cisplatin M = Mo M olybdocene dichloride
M = Nb N iobocene dichloride
M = Ti Titanocene d ichloride
M = V V anadocene dichloride

Figure 1.1 Antitumor active metal complexes.
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Although the metallocene dichlorides have pseudotetrahedral geometry 

and  cisplatin  has square-p lanar geom etry, these an titum or active 

metallocenes have Cl-M-Cl bond angles and non-bonding Cl--Cl distances 

analogous to cisplatin, Figure 1.2.8

Xa T. T. ^Cl T x a T  Xa T
M o )8 2 ° 3.24 A V. J87° 3.30 A Ft ) 92° 3.35 A Mb J86° 3.36 A Ti )9 4 °  3.47 A< I x  i x  I < I x  I

Cl - L  c i  - 1-  C l C l Cl —■—

Figure 1.2 Bond angles and non-bonding chloride distances of the 
antitumor active metallocene dichlorides and cisplatin.

Even though these metallocenes and cisplatin have com parable 

cytotoxicity, major differences exist in aqueous solution for these antitumor 

agents.9 The chlorides undergo  hydrolysis m ore rap id ly  for the 

m etallocenes than  for cisplatin. U nder base catalyzed hydrolysis 

conditions, the cydopentadienyl ligands of the metallocenes are also 

susceptible to substitution while the ammine ligands of cisplatin are almost 

inert. The hydrolysis differences result from the metallocenes containing 

early metal centers while cisplatin contains the late metal platinum . The 

early m etals, such as titanium , have em pty d^ orbitals m aking them 

oxophilic so they attract hard, rc-donor ligands like oxygen, and the late 

metals are more electronegative so they seek soft, lower oxidation state, 71- 

acceptor ligands.10 Aside from these differences, the antitumor activity for 

the metallocenes may still result from a mode of action similar to that of 

cisplatin in that they inhibit nucleic acid metabolism and mitotic activity 

like cisplatin.11'12

In determ ining the mechanism of the antitum or activity of these 

metallocenes, a specific antitumor active metallocene, titanocene dichloride,
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was mainly studied. One hypothesis for the antitum or activity that has 

been disproved was that of Doppert who believed that the cytotoxicity was 

caused by 1,3-cyclopentadiene resulting from the hydrolysis of titanocene 

dichloride at physiological pH.13 Kopf-Maier and Kopf found that both 1,3- 

cyclopentadiene and the Diels-Alder dim er of 1,3-cyclopentadiene, 

dicyclopentadiene, show less toxicity than titanocene dichloride, have 

unspecific cytotoxicity and are ineffective against the grow th of solid 

tum ors.14

In com paring the binding of the metallocenes and cisplatin to 

dinucleotides, studies show that unlike cisplatin the metallocenes only 

attach to one nucleobase, Figure 1.3, because of the steric hindrance caused 

by the cydopentadienyl ligands.15'20 Pneumatikakis and coworkers found 

that the C p2Ti moiety form ed a complex w ith m ononucleotides in 

methanol; however, under aqueous conditions no evidence was seen for a 

Cp2Ti-nucleotide complex.18 With the more hydrolytically stable

2 Cl'

Figure 1.3 Covalent titanium-nitrogen and molybdenum-nitrogen 
bonding complexes and aqueous vanadocene dichloride 
labile hydrogen-bonding complex.

R
/
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metallocene, m olybdocene, a Cp2M o-nucleotide complex did  form in 

water.20 These results and others point to DNA as the possible intracellular 

target of the antitum or active metallocenes. Kopf-Maier and Krahi used 

electron energy loss spectroscopy (EELS) to show  th a t titan ium  

accumulated in the DNA rich areas of cells which were treated in vivo and 

in vitro w ith titanocene dichloride.21 Through inductively coupled plasma 

(ICP) analysis, our group first reported evidence that a DNA-titanium 

adduct form s w hen a DNA solution was treated  w ith  titanocene 

dichloride.22 The structure of the titanium binding moiety, however, was 

unknown.

Previous studies in determ ining the binding titanium  species, 

focused on the fact that titanocene dichloride hydrolyzes at physiological 

p H  to give a CpTi species. H ydro lysis  of the m etallocene 

cyclopentadienyltitanium  trichloride (CpTiCl3) also produces a CpTi 

species; however, CpTiCl3 exhibits significantly lower antitum or acitivity 

than Cp2TiCl2-23 Thus, the goal of this research was to determ ine the 

structure of the titanium  moiety of the DNA-Ti adduct form ed using 

tritiated Cp2TiCl2- Through the use of ICP and scintillation counting 

analysis, the num ber of cydopentadienyl ligands remaining bound to the 

titanium could be determined.22

1.2 Results and Discussion.

In the complexation of titanocene dichloride with DNA, competition 

could occur between the hydrolysis of the r)5-cyclopentadienyl ligands and 

the binding of the titanium to DNA. ICP analysis of the DNA-Ti adduct 

measures the phosphorus concentration which is proportional to the DNA
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nucleotide concentration and the titanium concentration is proportional to

bound to the titanium; however, no information can be derived from ICP 

analysis about the structure of the titanium binding moiety.

To determ ine the num ber of cyclopentadienyl ligands that remain 

bound to the titanium  in the DNA-Ti adduct, tritium -labeled titanocene 

dichloride was prepared by tritiating one of the cyclopentadienyl ligands as 

shown in Figure 1.4.24 Through scintillation analysis of the adducts formed 

by in vitro complexation of DNA w ith the tritiated titanocene dichloride, 

the average number of r|5-cyclopentadienyl ligands remaining bound to the 

titanium in the DNA-Ti adduct could be determined.

As shown in Figure 1.5, kinetic studies of the com plexation of 

un labeled  titanocene d ich loride w ith  DNA perfo rm ed  in  pH  5 

unbuffered22-25 and in pH  7 buffered 10 mM sodium perchlorate (NaClC>4) 

solutions indicate that DNA-Ti binding is complete w ith 100% of the 

titanium bound within 2880 minutes or 48 hours. Kinetic studies were not 

perform ed with the radioactive material. Instead, the tritiated titanocene 

dichloride was allowed to incubate w ith the DNA solution for 48 hours. 

After 48 hours incubation, the DNA-Ti adduct was precipitated and 

separated as a pellet from the supernatant solution which was retained for

the metallocene concentration if both ri5-cyclopentadienyl ligands remain

2. -78 C, CpTiClg, THF

T.

T

----------------------
2. T20 , H 20 2. -78 C, CpTiClg, THF "'Cl

Figure 1.4 Synthesis of tritiated titanocene dichloride.
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scintillation analysis. The redissolved DNA-Ti adduct pellet was termed 

the digest.

120 

100 
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60

40 -k

20

TS£3O
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A pH  7 buffered

0 + + + •

1000 2000 3000 4000
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Figure 1.5 DNA-Ti binding studies in pH  5 unbuffered and 
pH  7 buffered 10 mM NaC104 solutions.

Table 1.1 shows the scintillation results in counts per minute above 

background for the DNA-tritiated titanocene dichloride complexation in 

pH  5.3 unbuffered 10 mM sodium perchlorate solution.22 ICP analysis of 

the digest indicated that 98 ± 6% of the titanium was bound and that 95 ± 

2% of the DNA was present as compared to the initial DNA concentration.

Table 1.1 Tritium-Labeled Titanocene-DNA Binding at pH 5.3.

counts counts in % 3h
iliquot in digest supernatant in digest

1 3133 241 92.8

2 1789 128 93.3

3 1147 117 90.7

4 1773 113 94.0

5 1648 109 93.8
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Thus, the digest should contain -95% of the tritium counts for the DNA- 

Cp2Ti adduct, -47.5% for the DNA-CpTi adduct, and -0%  for a DNA- 

CpoTi adduct. For the unbuffered pH  5.3 study, the average percentage of 

counts in the digest compared to the total counts of the digest plus the 

counts of the supernatant solution is 92.9 ± 1%. This indicates that the 

structure of 90-100% of the titanium bound at pH  5.3 is of the form Cp2Ti.

Table 1.2 contains the scintillation results in counts per m inute 

above background found for the DNA -tritiated titanocene dichloride 

complexation in pH  7.0 buffered 10 mM sodium  perchlorate solution.22 

ICP analysis of the digest found that 101.9 ± 0.9% of the titanium  was 

bound after 48 hours incubation and that 101 ± 3% of the DNA was present 

as compared to the initial DNA concentration. Therefore, the digest should 

contain -100% of the tritium  counts for the DNA-Cp2Ti adduct, -50% for 

the DNA-CpTi adduct, and -0% for a DNA-CpoTi adduct. For the pH  7.0 

study, the average percentage of counts in the digest compared to the total 

counts is 43.3 ± 5%. These observations are slightly less than 50% possibly 

due to some CpoTi binding; however, the main structure of the titanium 

bound at pH 7.0 exists as the CpTi moiety.

Table 1.2 Tritium-Labeled Titanocene-DNA Bindine at pH  7.0.

counts counts in % 3H
aliquot in digest supernatant in digest

1 133 181 42.4

2 101 121 45.5

3 141 141 50.0

4 85 157 35.1
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1.3 Conclusions.

By using ICP and scintillation counting analysis to study the in vitro 

tritiated titanocene dichloride binding of DNA, a DNA-Cp2Ti adduct 

formed at pH  5.3 and a DNA-CpTi adduct formed at pH  7.0. Clearly, in 

vivo studies are necessary before the Cp2Ti species is completely dismissed 

as a possible structure of the titanium  binding moiety. The Cp2Ti moiety 

could be more resistant in vivo tow ards hydrolysis at physiological pH  

because of stabilization provided by serum components.9

1.4 Experimental.

1.4.1 M aterials and M ethods.

Salmon testes DNA (Sigma, sodium  salt, type III) was purified by 

dissolution in 10 mM sodium perchlorate solution, filtration through a 0.45 

pm pore size Millipore filter and precipitation with a 0.2 M sodium acetate 

solution prepared in 95% ethanol. This purified DNA was recovered by 

centrifugation after cooling to ~ -12 °C for 20 minutes. 1,3-Cyclopentadiene 

was freshly cracked and briefly stored at -78 °C under a dry argon 

atmosphere. The tritiated w ater (NEN) , 0.91 m Ci/10 mL, was used as 

received. The synthesis of the tritiated  titanocene dichloride and 

preparation of samples containing the radioactive material were performed 

in the fume hood. C yclopentadienyltitanium  trichloride was freshly 

synthesized by a literature p rocedure .26 Ethyl ether was dried over 

so d iu m /p o ta s s iu m  alloy u n d er a d ry  argon  a tm o sp h ere  and  

tetrahydrofuran was dried over potassium under a dry argon atmosphere.
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Activated 4-A molecular sieves were prepared by heating the sieves in a 

Schlenk flask under a vacuum  of 0.4 mmHg to 200 °C. Packard Ultima 

Gold liquid scintillation fluid was used in the scintillation analysis. UV 

m easurem ents were made on a Cary 219 U V /vis spectrophotom eter and 

NMR spectra were run on a IBM NR100. ICP measurements were made on 

a Perkin-Elmer ICP-6500 spectrometer. For this ICP, a rf power of 1400 W 

was used; a reflected power of <25 W; gas flow rates of 14 L /m in. plasma,

1.1 L /m in. nebulizer, and 2.0 L /m in. auxiliary. The scintillaltion samples 

were counted on a Packard A300C liquid scintillation counter.

1.4.2 Synthesis of Tritiated Titanocene Dichloride.

The tritium labeled cyclopentadiene was prepared by a modified 

procedure of Streitwieser and co-workers.24 20 mL of dry ethyl ether and 

0.10 mL (1.2 mmol) of dry 1,3-cyclopentadiene were added by argon 

flushed syringes to a 100 mL dry argon filled Schlenk flask containing a 

small stir bar. Stirring was begun and the solution was cooled to 0 °C. 0.49 

mL (1.2 mmol) of 2.5 M rz-butyllithium (»-BuLi) in hexanes was slowly 

added by argon flushed syringe to the cooled solution. After addition of 

the base was complete, the ice bath was removed and formation of a white 

precipitate of the lithiated cyclopentadiene was noted. The solution 

containing this precipitated salt was stirred at room tem perature for 2 

hours. To 0.1 mL of distilled water 10 pL of tritiated water (T2O) were 

added in a small vial. The T2O /IT2O contents of the vial were then added 

by pipet to the lithiated cyclopentadiene, and the reaction mixture was 

allowed to stir for 5 minutes. The vial that contained the T2O / H 2O 

mixture was then rinsed m ultiple times with a total volume of 5 mL of
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distilled water and added each time by pipet to the reaction mixture. 

Stirring was stopped and the ether layer was allowed to separate. The 

ether layer was then rem oved by pipet and dried in a flask containing 

anhydrous m agnesium  sulfate (MgSCTj). The dried ether solution was 

gravity filtered w hile argon flowed into a Schlenk flask containing 

activated 4-A molecular sieves and was allowed to dry for 30 minutes. The 

twice dried ether solution was gravity filtered while argon flowed into a 

100 mL dry argon filled Schlenk flask containing a small stir bar. The ether 

solution was cooled to 0 °C, 0.39 mL (0.97 mmol) of 2.5 M n-BuLi in hexanes 

was added by argon flushed syringe, and the ice bath was removed. This 

solution with the white salt of the lithiated cyclopentadiene was allowed to 

stir at room temperature for 2 hours and was then cooled to -78 °C. 0.212 g 

(0.970 mmol) of cyclopentadienyltitanium  trichloride (CpTiCl3 ) was 

dissolved in -20 mL of dry tetrahydrofuran (THF) under argon. This 

CpTiCl.3 solution was cannulated into the cooled reaction mixture and then 

the dry ice/acetone bath was rem oved from the reaction flask now 

containing a dark red colored solution. Stirring was stopped after 12 hours 

and the dark red solution with a brown solid was cooled to 0 °C. 1 mL of 

12 M hydrochloric acid was added, the ice bath was removed, and once at 

room tem perature, dichlorom ethane (DCM) was added to dissolve the 

brown solid. After drying over calcium chloride (CaCl2), the red solution 

was filtered into a round-bottom flask while argon flowed and solvent was 

rem oved on a dry rotavapor. The resulting reddish-orange solid was 

recrystallized  twice from hydrogen chloride sa tu ra ted  refluxing 

chloroform. The ÎT NMR and the melting point of the red crystals which 

formed were the same as for authentic titanocene dichloride. 0.048 g (20%) 

of tritiated titanocene dichloride was obtained.
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1.4.3 Calculation of the Specific Activity of Tritiated Titanocene 
Dichloride.

0.82 mg of tritiated titanocene dichloride was placed in a 1 mL 

volumetric flask and was dissolved to the mark in dry hydrogen chloride 

saturated chloroform. 10 pL aliquots of this solution were placed in four 

scintillation vials and the chloroform was evaporated using a slow argon 

flow leaving a small red dot of the tritiated material. These samples were 

dissolved in 20 mL of scintillation fluid. Two background vials were 

prepared with 20 mL of scintillation fluid only. The standard was prepared 

by placing 20 mL of scintillation fluid in a vial and 1 pL of T2O. After 

shaking the tightly capped vial thoroughly, a more dilute standard was 

prepared by removing 1 mL of this sample and adding it to a scintillation 

vial containing 19 mL of scintillation fluid. Two dilute standards were 

prepared in this manner. This resulted in a total of 0.050 pL of T2O in the 

standard. Approximately 1 year and 8 1 /2  months had passed since this 

T2 O was assayed as 10 pL = 1 mCi = 2.22 x 10^ dpm. The fraction 

remaining determined from a tritium decay table was 0.908;27 therefore, at 

the time of the experiment for 0.050 pL the corrected disintegratioiis per 

minute (dpm) were calculated as follows:

corrected dpm = 1.11 x 10^ dpm x 0.908 = 1.01 x 10^ dpm  

In order to determine the percent efficiency (% EFF) of the scintillation 

counter, the following equation was used with the average value of counts 

per minute (cpm) obtained for the standards:

cpm 4,035,231 ± 81494 cpm
% EFF = x 100% = x 100%

corrected dpm 1.01 x lO'7 dpm



12

% EFF = 40.0% ± 0.008 = 0.400 ± 0.008 = 0.400 ± 2%

The specific activity in millicuries (mCi) was found by application of 

the following equations:

average cpm for the sample
corrected dpm  of the sample = ----------------------------------------

%EFF

145.58 ± 11.78 %
= ----------------------- = 363.95 ± 13.78 % dpm

0.400 ± 2 %

1 mCi 1
363.95 ± 13.78 % dpm x --------------------- x  = 0.020 ± 13.78 % mCi

2.22 x 109 dpm  8.2 mg g

= 0.020 ± 0.003 m C i/g  = specific activity of the tritiated
titanocene dichloride

1.4.4 Complexation of Tritiated Titanocene Dichloride with DNA.

A 10 mM sodium  perchlorate solution (NaC1 0 4 ) solution was 

prepared using doubly distilled, deionized water. All glassware and stir 

bars used in the complexation of the tritiated titanocene dichloride with 

DNA were rinsed w ith some of the 10 mM NaC104  solution avoiding 

contam ination by finger nucleases. An am ount of the purified salmon 

testes DNA was dissolved respectively for a m inimum of 16 hours with 

gentle stirring in a pFI 5.3 non-buffered 10 mM NaClC>4 solution and in a 

pH  7.0 hydroxydim ethylarsine oxide (cacodylic ac id )/sod ium  salt of 

hydroxydim ethylarsine oxide buffered 10 mM NaClC>4 solution to give
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DNA so lu tions w ith  0.80-1.60 mM nucleotide. The nucleo tide 

concentration (c) of these DNA solutions was determined by applying Beer- 

Lambert Law to the value found for the absorbance (A) m easured by UV 

spectrometry at X -  260 nm as follows:

A absorbance

eb (molar absorptivity for DNA)(path length)

These pH 5.3 and pH  7.0 DNA solutions were mixed respectively 

w ith the tritiated  titanocene dichloride to give approxim ately 10:1 

phosphorus to titanium ratios. The solutions were then sonicated to ensure 

complete dissolution of the tritiated titanocene dichloride. 1 mL aliquots 

were transferred to 5 mL centrifuge tubes. The solutions were then allowed 

to incubate at room tem perature. A few tubes were labeled as the zero 

hour tubes and the remainder were labeled as 48 hour tubes. The contents 

of the zero hour tubes were not precipitated so that the initial concentration 

of phosphorus:titanium could be determined. After 48 hours of incubation, 

the 48 hour tubes were cooled in an ice bath for 30 minutes and precipitated 

at the 48 hour time using 2 mL of 0 °C 0.2 M sodium acetate solution in 95% 

ethanol. The capped tubes were shaken to mix well and placed in the 

freezer (-12 °C) for 20 minutes. The contents of the 48 hour tubes were then 

centrifuged for 5 minutes. The supernatants from the D N A /titanocene 

pellets were placed in labeled tubes. The pellets were rinsed with 1 mL of 

the sodium  acetate solution and the rinses were com bined w ith the 

respective supernatants. This resulted in a total volume of 4 mL for each 

supernatant. The pellet tubes were inverted and the pellets were allowed 

to dry for 4 hours before preparation for analysis.
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1.4.5 Preparation of the Tritiated Titanocene Dichloride Treated 
DNA Scintillation and ICP Samples.

The contents of the zero hour tubes were prepared for ICP analysis 

by adding a 0.50 mL aliquot of concentrated ammonium hydroxide to each 

and heating in a 40 °C water bath for 30 minutes. After standing at room 

tem perature for a few hours, the contents of the zero hour tubes were 

diluted to a total volume of 4.00 mL each by the addition of a 2.50 mL 

aliquot of doubly distilled, deionized water. ICP analyses were performed 

on the zero hour tubes to determ ine the initial concentrations of 

phosphorus and titanium. The DNA/titanocene pellets were prepared for 

ICP and scintillation analysis by first adding a 0.25 mL aliquot of 

concentrated ammonium hydroxide and then allowing the pellet to digest 

for at least 24 hours. The contents of the pellet tubes were diluted to 2.00 

mL by addition of a 1.75 mL aliquot of doubly distilled, deionized water. 

The pellet scintillation samples were made by adding a 0.25 mL aliquot of 

these pellet digest solutions to respectively labeled scintillation vials 

containing 20 mL of scintillation fluid. The vials were tightly capped, the 

contents were thorougly mixed, and these samples were counted. ICP 

analyses were performed on the rem ainder of the pellet digest solutions. 

One milliliter aliquots from each of the supernatant tubes were placed in 

labeled scintillation vials along with 19 mL of scintillation fluid and were 

counted. The rem ainder of the supernatant solutions were analyzed by 

ICP.



CHAPTER TWO.
THE SYNTHESIS AND CHARACTERIZATION OF 

BRIDGED CYCLOPENTADIENES

2.1 Introduction.

At physiological pH, the cyclopentadienyl ligands of titanocene 

dichloride are susceptible to base catalyzed hydrolysis.13 This instability 

presents a problem  in determ ining the actual binding moiety of the 

antitumor active titanocene dichloride under physiological conditions. The 

premise of this research is to synthesize novel bridged cyclopentadienyl 

and bridged substitu ted  cyclopentadienyl ligands to be used in the 

preparation  of m ore hydrolytically stable titanocenes. These target 

titanocenes, shown in Figure 2.1, might demonstrate antitumor activity and 

would be easier to study under physiological conditions than titanocene 

dichloride.

^ c h 3

^ ,,\C1
C H , ✓ Ti

■CH3C1

c h 3

c*,
X' u

Figure 2.1 Structures of the target titanocenes.

Many groups have prepared early metal complexes using chiral 

cyc lopen tad ieny l lig an d s .28'42 These complexes are often used as 

asym m etric catalysts. These are com pounds that control the 

stereochem istry of alkene polym erization to give isotactic polymers,

15
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polym ers having the same stereochem istry at adjacent carbons.43 The 

target titanocenes, in  Figure 2.1, and the analogous zirconocene dichlorides 

prepared from some of these novel bridged cyclopentadienyl ligands could 

prove useful as asymmetric catalysts.

A nother possible application of these ligands w ould  be in the 

preparation of a conducting polymer. As shown in Figure 2.2, a ferrocene 

type polym er could be prepared by bridging  the novel fulvene type 

ligand44 and complexing it w ith iron .45 After doping the polymer by 

oxidation of some of the iron atoms, electron movement could occur which 

would make the polymer conductive.

A

CH. CH.
CH. CH.

1. Mg, CC14, THF 
-----------------------
2. FeCl0 -2THF

Figure 2.2 Ferrocene type polymer prepared from a target 
bridged cyclopentadienyl ligand.

2.2 Retrosynthetic Analysis of the Novel Bridged Cyclopentadienyl 
Ligands.

The technique of retrosynthetic analysis was used to determine the 

sim plest starting  m aterials from w hich the ligands for the target 

metallocenes could be prepared. This technique involves breaking the
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P

P
2.6

Figure 2.3 Retrosynthetic analysis of the general structure of the target 
metallocenes back to diyne 2 .6.

target molecule apart by working backwards stepwise, indicated by the 

—>  arrow , to the sim plest possible starting  m aterials. The best 

retrosynthetic analysis is the one which gives the shortest, cheapest an d /o r 

highest yielding forward synthetic route. As shown in Figure 2.3 for the 

general structure  of one of the target m etallocenes, the proposed 

retrosynthetic  analysis leads back through  a cyclopentadienylated 

compound prepared via Diels-Alder/retro-Diels-Alder reactions beginning 

w ith diyne 2.6, 5 ,6 ,ll,12-tetradehydrodibenzo[fl,c]cyclooctene. The 

pyrolytic method of choice for performing the retro-Diels-Alder reaction on 

the hydrogenated  D iels-Alder d iadduct was that of flash vacuum  

pyrolysis.46 As shown in Figure 2.4, Katz and Rosenberger used a

Figure 2.4 Retro-Diels-Alder reaction of isodicyclopentadiene.
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retro-Diels-Alder reaction to form a cyclopentadiene ring by applying the 

technique of FVP on isodicyclopentadiene to form dihydropentalene .47'48

anthracene

Na
reflu xing 

n-am yl alcohol

+
CU ,ci

,c = c ^
H H

2.13
dibenzobarrelene

sealed tube 
250°C  

24 hours
-►

THF 
hv = 2 537  A------------—g

24 hours 
under

2.4
dibenzop,? Jcyclooctene

Br2 in CCI4, h v K ’ O-tBu, THF 
  — ►

Br Br 
2.5

5,6,1 l,12-tetrtibrom o-5,6,11,12- 
tetrahydrodibenzo[ a,e Jcyclooctene

2.6
5,6,11,12-tetradehydro- 
dibenzop,?  Jcyclooctene

Figure 2.5 Forward synthetic route to 5,6,1 l,12-tetradehydrodibenzo[fl,(?]- 
cyclooctene followed by Wong and Sondheimer.

A synthesis for diyne 2.6 was reported in 1981 by W ong and 

Sondheimer starting from anthracene, Figure 2.5.49 This procedure was not 

practical for formation of diyne 2.6 on a very large scale because of the 

sealed tube reaction in the first step. Retrosynthetic examination of the 

route of Wong and Sondheimer shows that diyne 2.6 leads back through 

tetrabrom o com pound 2.5 to diene 2.4. Thus, retrosynthetic analysis was 

performed on diene 2.4.
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Route A
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CH CH
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CHi CHi
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CH2Br HSCH2
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II
CH
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o-phthalaldehyde

Br' + r r H 3- C H 2

CH B r +rP H 3- C H 2

CH2Br

CH,Br

2.11

Route D

+
O

naphthalene benzvne

Figure 2.6 Four retrosynthetic routes proposed for diene 2.4.
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Four retrosynthetic routes were proposed for diene 2.4 as shown in 

Figure 2.6. In route A, retroanalysis of 2.4 goes through a dibrom o 

com pound 2.3 back to 5,6,1 l,12-tetrahydrodibenzo[rt,c]cyclooctene, 2.1, 

which can be prepared by coupling a,a'-dibrom o-o-xylene. In route B, 

diene 2.4 could be formed by Ramberg-Backlund rearrangem ent of the 

tetrabrom inated bissulfone 2.10. Disconnection of compound 2.10 leads 

back to the bissulfone 2.9 which is formed by the oxidation of dithiecin 2.8. 

C om pound 2.8 can be disconnected back to l,2-bis(m ercaptom ethyl)- 

benzene 2.7 and cx,a'-dibromo-o-xylene. Diene 2.4 was disconnected in 

route C through a Wittig reaction back to o-phthalaldehyde and o- 

xylenebis(triphenylphosphonium  bromide) 2.11 which can be prepared 

from a,a'-dibromo-o-xylene. In the final route D, diene 2.4, as shown in the 

rou te  of W ong and Sondheim er in F ig u re  2.4, leads back to 

dibenzobarrelene 2.13 which can be prepared by an alternative method by 

reacting benzyne with napthalene.50 After diene 2.4 is prepared by the best 

route, diyne 2.6 is synthesized by the method of Wong and Sondheimer as 

shown in Figure 2.5.

2.3 Forward Synthetic Routes in Preparing the Bridged
Cyclopentadienyl Ligands.

In preparing the three novel bridged cyclopentadienyl ligands, the 

forward synthesis begins with the Diels-Alder reaction of the diyne 2.6 with 

various dienes: 1,3-cyclopentadiene, dim ethylfulvene, and 1,2,3,4,5-

pentam ethylcyclopentadiene as show n in Figure 2.7. The Diels-Alder 

diadduct is then hydrogenated by the appropriate method to produce the 

hydrogenated Diels-Alder diadduct. The cyclopentadienylated ligand can


