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Abstract.

This research is focad on the synthesis and characterizations of
polyaromatic ethex using met-, para-, and ortho-dichloro complexes of
cyclopentadienylironFirst of all, polyaromatic ethsrarea class of polymers
that have receiveda considerdle amount of attention due to their high
performance properties. These propertiegolve outstanding thermal and
chemical stability, lading these polymers to bsuitedfor hightemperature
applications. Second, the incorporation of catiori-chloroarene-
cyclopentadienyliron moieties can facilitate nucleophilic aromatibstitution
reactions due tdhe intense electromvithdrawing ability of the monomers.
Finally, the objective of this workvasto investigate the solubility of both
monomers and the effeot the different aliphatic length of diolshenreacted
with theiron complexeslit was concluded thatslength of diols increasgthe
solubility of both monomers and polymers incresaas well It was also found

that these polymers showed good thermalilstyab
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1.Chemistry of Organic Arene Complexes

1.1 Introduction

Over the past few decades, the synthesis of organometadliene
complexes, irparticular thepreparation of newcompounds having transition
metals coordinated to arene moietibasattracted a great deal of attention
The majority of the work in this area has been concentratetthe design of
arens coordinated to GCO), Mo(CO) , Mn(CO) ,CpF€ and Cp*Ru
because of their electron withdrawing ability which facilitates the nucleophilic
aromatic substitution as well as addition reaction on the arene ribtihe
use of cyclopentadienyliron GpF€), chromium tricarbonyl Cr(CO;) and
manganesetricarbonyl Mn(CO)'; and cyclopentadienyl rutheniunfCpRU)
moieties in the activation ahe aromaticcompoundhave been extensively
investigated ***** Mechanistic research concerning the reactivity of some
halobenzene metal complexes towards nucleophilic aromatic substitutions with
methoxide ionhas allowed for acomparison of the electremithdrawing
capability of the metal moieties with respect to ather.Figure 101
represerd the relative electromithdrawing power of some of the metal
moieties indicated abov€ A onedimensional exaination of the different

metalmoieties relies on their capacity tati@ate aromatic compounds towards



nucleophilic reactiog) with Mn(CO) beingthe mostfavorable However,the

use of Mn(COj has been restricted due to its tremendous cost and high degree

s 4, 6-10,14,20,21

of toxicity.

<\_/>7x ®X @X @x

/Cr '|: + é + Mn
ocC |\CO ¢ Y /| \
co @ @ od co ©°
1

numeric estimation :;;smau 1 108

of thereactivity

Figure 1.01: relative electrorwithdrawingability of metallic moieties upoh-
complexation to an aryl halide

Arene iron compleas have been widely investigated becausehegir
intense electron withdrawing abiljtwhich arisesfrom the positive charge on
the iron center and makenucleophilic substitution and addition reactiom o
the arene ring easief>*> This thesis will focus on the use of arene
cyclopentadienyliro complexes in the design of functionalized polyaromatic
ethers and investigate the solubility of both monomers, polymers, and the

effect of the different aliphatic length of diols reacted with the iron complexes



1.2 Synthesis and Reactivy of /P-Arene- JP-cyclopentadienyliron
Complexes

1.2.1Synthesis.

The chemistryof CpFé complexes has been actively tracked over the
last few decads. Applications to organic and polymer synthesis as well as
supramolecularchemistry have been identifiedtigure 102 demonstrates
several chemical reactiommd these moleculescluding nucleophilic addition
and substitubn, oxidation of substituentsedox reactionsand photolytic
cleavage Recent reviews by Astruc have outlined the many functions and
potential applications of these cationic complex®s® The focus of this

present study will be on double nucleophilic aromatic substitution reactions.



Oxidation to acid by KMnO,, 100°C. o
subsequent accessto acyl chloride. nitrles Reduction to primery or secondry alcohol
amides, deportonatation by t-BuOK followed Nucleoprilc attack of carbarion

to give tertiary acohols.
by akylation or functionalization py electrophiles J Y
H,C COR
Exo addition of H"and Nucleophilic displacement by amines, O and S nucleaphiles.
cabonationstoform — 0l <«— Subsequent accessto imine, carbonate, sulfnate
. , Sulfonamide functiosn
cyclohexadienyls

Photocherical d No oxidation for Fe(l11) dication in
ofochemical cleavage > / concentrated H,S0, or NaOH/H,0,

Fe+

Activation towards nucleophilic | \ L€ reductionto F(l) provide steble
attack by withdrawing & density complexes for peralkylated arenes.
from the arene by CpFe”

R\
Similar reaction as reaction on Reaction
Cp ring but less reactive

Figure 1.02: Different kinds of chemistry at the organoircenter



Thereare many procedures thdtave beenmproveduponin order to
synthesze arene cyclopentadienylcomplexesover the last two decades.
Coffield and coworkers published the fistclopentadienyl irorin 19572 In
this method, the reaction of refluxing mesitylene wiftlopentadienyton
dicarbonyl chloride took place in the presence of aluminum chloride. The
desired product wasemoved asiodide salt. Although this method of
preparation of pentamethylcyclopentadienyliron complexes of variable arenes
under the equivalent designated conditioelded the desired prodyatany
difficulties such as low final yieldandformation of ferroceniumation as a

byproductremained"?%#

C,LD B R Al, AICI j
d) @ 130190°C > Fe
~ <

Schemel .01: Thesynthesis off-arene/P-cyclopentadienyliron
complexesvia ligand exchange



Shortly thereafter, Nesemeyanov andcoworkers published two

425 in which arene cyclopentadienyliron complexes were

important articles
synthesized via ligand exchange reaction of ferrocene and arene. The reaction
took place at high temperatur€&0-190C) for 1-16h depending on the arene
usedand dauminum powder was added to the reaction to prevent the oxidation
of ferrocene to the feroenium cation. Because of the higher temperature of
these reacti) arene substrater inert solvents such as decalin, cyclohexane

or methylcyclohexanewere used. This procedure is the most common and

efficient route for synthesizing different cyclopaditenyliron complexes

Aluminum chloride is the most effective Lewis acid used aatalyst to
induce this ligand exchange reaction. The percentaghexdesired compleis
highly affectedby the natwe of areng arenes containing electromlonating
groupscan beobtained in much higher yields and under mild condg#ion
Furthermore, the yields of the reaction were dependent on the relative amount
of aluminum chloride anterrocene As the amounof ferrocenencreass, the
yields of thisreaction decrease significantlin order to yield the greatest
amount of the desired product, a ratiof@frocenéarene/ACIy/Al: 1:1:2:1 .In
addition, it was found that the yield was enhanfredh approximately 40 to
90% by using the addition of small amount etherwater or hydrochloric

acid ?° The mechanism of these ligand exchange reaction betfeemucene



and arenghavebeen a@plored byAst r uc 6 s rada@s Srugospead ah
?" The proposed mechanism has been illustratedSdheme 1.02. The
discovery ofaferrocenemoiety before and after the hydrolysis of the reaction
wasacrucial step for proposing this mechanism.

O

ACH, AChL  n

AlC;

'I:e — II:e

Schemel.02: The proposed mechanism of the ligand exchange reaction

|

Q
O- Q

Rl:CI
R2=H ,Cl

O

As shown in Scheme 02, coordination between Alghnd one of the
ferroceneCp rings resulted inweakeningone of the metaCp bond and
allowed for the cleavage of CpFmoiety that subsequently coordinated to the

arene ring.

In 1993, Dabirmanesh et.aleported ona new improved synthetic
strategy to prepare areneyclopentadienyliron complexes ***° In this
methodology microwave dielectric heating was utilized ¢ausethe ligand
exchange oferrocene The advantages of this method include short reaction

time and higher yields. Furdimae, theseconditiors allowed for the



production of complexes that could not bfrmed utilizing traditional
methods. For instance, the ligand exchange of ferrocene with arene having
bulky alkyl substituent, phenol, benzyl alcohol and benzaldehyale be
achieved by the microwave technigéelimitation of this methodologis the

smaller scale of these reactions.

1.2.2 Nucleophilic Aromatic Substitution Reactions

The activity of arene group towards nucleophilic aromatic substitution
increases due tthe electron withdrawing nature of tlogclopentadienyliron
moiety. In general, an aromatic substitution reaction of chlorobenzene with
phenol needs long reaction time&igh temperature and pressure or harsh
catalyst. On the other hanghenolic groupsn the presence olveak bases
such as KCO; readily substitute JP-chlorosubstituteéirenesf-
cyclopentadienyliron complexest 25C (Figure 1.3).. The wide variety of
chemical reactions thaff-arene /P-cyclopentadienyliron complexes can
undergo, including reactions with either of the complexed rings, their
substituents or the iron itself, thoroughly illustrates their noteworthy reactivity.
% These complexes are susceptible to photolytic cleavage, @xidatid
reduction reactions and nucleophilic addition and substitugactions The

reactivity of these complexes toward nucleophilic aromatic substitution



reactions is the backbone for thesearch and will therefore be the essence of
the following distission

According to traditional organic chemistry, aromatic compounds are
easily susceptible to electrophilic attack and, in the presence of one or more
electron withdrawing substituents, are equally prone to act as electron
acceptors and undergo reactiorthe presence of nucleophile. The ability for
an organometallic species su@s CpFe to work as a strong electron
withdrawing group and activate a complexed arene toward nucleophilic attack
was initially studied and published by Nesmeyanov and his ¢@armom 1967
31 They determined the activation of this metallic moiety to be comparable to
that of two nitro groups. It was also shown tblakoroarenes when complexed
to CpFe” would be able to undergo nucleophilic aromatic substitution in the
presence of a variety of carbon, oxygen, sulfur and nitrogen nucleophiles under
fairly mild reaction conditions.’” Subsequent consideration fft-arere- JP-
cyclopentadienyliron complexes has discovered the nucleophilic substitution
of nitro-substituted arenes in the presence of a nucleophile, a proper base, and
an appropriate reaction solvericheme 1.03epresents a general strategy
outlining the nucleophilic aromatic substitution reaction of nucleophiles with

JP-arene JP-cyclopentadienyliron complexes.



The use of this methodology for the synthesis of important organic
precursors as well as speciegith biological or industrial potential
demonstrates its synthetic utility. Specifically, both moand disubstiited
chlorobenzene @F€ complexes have successfully undergogérSeactions
in the presence of a number of carbanion nucleophiles andaarease viable
route to carbortarbon bond formation>***® (Scheme 1.04 A notable
advantage of this synthetic strategy is the option of preparing either symmetric
or asymmetric derivatives by the successive substitution of dichlorobenzene

complexes with nucleophiles which may be the same or different.

Fe Fe
| I

O O

X=Cl,NO,

Scheme 1.03Nucleophilic substitution of cyclopentadienyliron activated chloreand
nitro -substituted arenes.

10



O O

R= H,CH5,Cl Nu= (CN)CH(SO,Ph)
(CN)CH(CO,EY)
(CN)C(Et)(CO,EY)
MeCH(CO,Et)

Scheme 1.04Reaction of a variety carbanion nucleophiles \kfth
(chloroarene) E*-cyclopentadienyliron complexes.

Helling and Hendrickson, who reported exclusive monosubstitution in
the presence of primary amines, have investigated nucleophilic aromatic
substitution of JP-dichloroarendf-cyclopentadienyliro complexes with
nitrogen nuteophiles in some detaif’*® The rationale suggestefor this
observation was thirmation of azwitterionic cyclopentadienyliron complex
possessing an exocyclic double bond. The productiotihegeelectron rich
complex results from the deprotonation of aXkh group (X = C, N, O, S)

bonded to the complexed aromatic rioha “-complex under basiteaction

11



condtions and renders the complex inactive towddther nucleophilic

substitution Scheme 1.06

Q= QO _ Q-

|;-E- Fe™
Scheme 1.05zwitterion Production.

A similar route cause by the reaction of Jf-dichloroarene®-
cyclopentadienyliron complexes with carbon nucleophiles possessing a
methaneproton. The lack of reactivity of the second chloro substituent on the
complexed arene ring has been overcome in the case of primary amines upon
the addition of an appropriate amount of acetic acid to theioeaS8elective
substitution of dichloro arene complexasay be successfully prepared in the
presence of secondary amine nucleophiles. The nitro group is known to be a
betterleaving group than chlorine and as a result (nitroarene)Qjefvatives

have ber applied for nucleophilic aromatic substitution reactions with amines.
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In addition to the abov#lustrated carbon and nitrogen nucleophiles
which have been shown to undergo substitution withiofoarene) CpFe
complexes, the production of etheric and thioethenc linkages also takes place
in the presence of oxygen and sulfur nucleophiles. The double nucleophilic
substitution reaction of mariety of oxygen, sulfur, anditrogen containing
1,2-dinucleophiles with 1,2-substituted dichloroarenes shows a unique

procedure to heterocyclic systengchieme 1.06

The reaction of (chloroarene)CpFeomplexeswith a variety of
aliphatic andaromatic oxygen dinucleophiles has bepwestigatedwidely

resulting in the syiiesis of mong " - andpolymetallicspecies.

or- 0 — GO
!

@ X=0O,5NH

Schemel.06 Reaction of 1,alinuclophiles with/P-o-dichloroarene-
cyclopentadienyliron complex&s heterocyclic production
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1.2.3 NMR Studies ofP-Arene- JP-cyclopentadienyliron Complexes

The oordination of organoiron moietieso arens provides an
outstanding procedure of analysith *H NMR and**C NMR spectroscopy.
In theH NMR and®*C NMR analysis, the resonance of the somplexed
arene appears a significantly higher chemical shift thahe complexed
arere® For instance, when théH NMR spectrum ofp-dichlorobenzene and
E°-areneE>-cyclopentadienyliron hexafluorophosphate is compared with
dichlorobenzene, the proton resonancassed bydichlorobenzene appeaas
754 ppm whereas the protaesonances in the complexed arendfefirene
JP-cyclopentadienyliron appesat 7.0 ppm. The destabilization of anisotropy
of the arene occurs because of coordination of the system to theemtar,
which gives an upfield shift in the signal of tHéd NMR spectrum due to the
electron withdrawing nature of the cyclopentadienyliron iiese These
particular resonances can be used to determite reaction was successful
due to the variation between the resonances of complexed arene versus

uncomplexedrenes®>*
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(ppm)

Figure1.03: The'H NMR of complex(spectrumil) andl,4 dichlorobenzene
(spectrum 2)

1.24 Photolytic Demetallation of FECp Moiety.

The easeof synthesis of arene cyclopentadienyliron complexestlagid
high reactivity to nucleophilemakes these materials outstandyngseful in
organic synthesis. However, it is very important tbgtlopentadienyliron
complexes are abl® bedecomposed inrder to obtain the desirable arene in
high yield, which makes the metalmediated procedure valuable. The

decomposition of these compleoieties from the areséave been conducted
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using different methodologies in order to isolate their orgaamelogs
Decomplexation investigations of arene complexes baea conducted using
a variousof procedures, the most common being photolysis, pyrolysis, and

electrolysis.

Pyrolysis or thermal decomplexatigiwan be achieved be either heating
the arene complex in high boiling point solvent such as DMSO or by heating
the complex under vacuum. Because of the harsh condition of this procedure,
the liberation of modified arene was highly influenced by their thkerma
stability. Utilizing microwave dielectric heat, Robert and coworkers have also

described thelecomplexation of arene complexes in a microw4av&"™

The second technique is electrolysis of cyclopentadienyliron arene. In
contrast to pyrolysis, the procedure carried out under milder conditions,
resultingin the successful isolation of thermally unstable asehiis reaction
was found to be a result of the electrochemical reduction of cationic’ 18e
complexesto their 19 € analogues, which subsequently undergo coordination
solvent molecules resulting in the isolation of the free easily reduced

compoundscould not be obtained ugjrihe same conditions

16



Nesmeyanov achieved the cleavage of the cyclopentadienyliron moieties
utilizing photolytic technique$® Since then, photolysis has been considered to
be the most commommethod of separatingnodified arenes from their
organoiron complexes. In this technique, photolysis of the metallic compounds
has occurred using sunlight or UV irradiation and resultthe compound
breaking dowrto ferrocene, irorsalt, and free areneuRfication of the arene
from the Dbyproducts was accomplished by using either column
chromatography or extraction. These techniques have the advantage of
liberating temperature and electrochemicaensitive arenes in excellent

46-50

yields

The mechanism of these reactions was obsexwvdxt tcontrolled by two
portions: the applied solvenand the counter ion. Solvents with high
nucleophilicity enhance the rates of the reaction and the yields of the products.
In the absence of coordinating solvents, the presence of counter ion of the
metal complexes led to increasing the quantum yieldsh Bbthese effects
could be connected to the coordination of the solvents ardieter ionto the
metal atom and subsequently forming intermediate complexes. The

contribution of the solvent and the counter ion was discovered to be in the
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following order:H,O @ropylenecarbonatéi CH;OH OCH;CN > CRSO;>

BF;> Br 4CIO, >> PFs> CH,Cl, 8AsF ;& ShF.

In 1989 Schuster's group suggested a mechanism for the photolytic
liberation of arenes from their organoiron complex&hemé.07 and
Scheme 1.08). ® The authors proposed that first irradiation of arene
cyclopentadienyliron complexes resulted in their excitation to tpietstate,
which subsequently ge rise to ring slippage of the arene frafnto /T and
opened a coordination site at the iron at&mher the solvent or the counter
lon forming an intermediate complex, which decomposed to generate

ferrocene and different iron salts, then occupied this coordination site

g ol & [&lo
L 4 - - L . . -

Schemel.07: Theproposednechanism ophotolyticcleavage of the cationic
cycolpentadienyliron moiety. Xs a counter ion such as BF

18



hv
I Fe
= —_— +
¢ CHACN HoeN” | neck,
@ NCCH;
CHSCN

Schemel.08: Intermediate steps in photolytiiecomplexation reaction

1.3. Organometallic Polymers

1.3.1 Introduction

Organometallic polymers have been given much attention due to their

promising catalytic, electrical, magnetic and optical properties. While many
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materials contain metals within their backbone, athecorporatehe metallic
moieties pendent to the macromolecule. In many organometallic polymers, the
moiety is an integral component of their structure, whereas in sitio@tions

some metallic moieties are added to preformed polymers or may be emove
from the poymeric material. Polymers with metatarbon bond in their
backbone contain hetero annuberly metallocenesransition metahcetylides,
andmetal cyclopentadiendsgure 104 provides examples of some of the most

common classes of organometallic polynteérs

” \
H Hy H H \\
c\—c ——N——C——N——(CHy)gNHC
+HN_C ¢ @
C)3Mo——Mo(CO)4

Q9
@/K—H AV g W

n — Fo
Co* @ / AN
T,EP PET,

Figure 1.04: Polymers with skeletal metallic moieties
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There are also many various classesogfjanometallic polymers in
which the metallic moiety is pendent to the polymer backbone. FigQg 1.
provides an exampleof a polyme with pendent cyclopentadienydobalt

moieties and a polymer with a tungsten group in the polymer side chains.

OCyoHos

* S \
@@ +O % (@ Rppe——

o=—cC

V|V

Cco

/CO

Figure 1.05: Polymers withpendenimetallic moieties

1.3.2 Organometallic Polymers with Pendent Metal Moieties.

Polymers in which the metal moieties are incorpead the backbone
of amosty organic polymer chain have a significant effect on the physical and
chemical nature of the resulting materials. A univedssddvantage featui
all polymeric speciesandonethatcontinues to plague polymehemiss alike,

Is the decrease irsolubility with the increase molecular weighiowever it
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has been shown that a little difference in the polymer structure in theoform
side group addition can enhance the solubility of the polymeric materials. A
significant enhancement in polymer dality has been noticed upon
"-complexation of a metal moiety

The most easily applied procedurer fthe preparation of the metal
including polymerswas proposedn the 1968 with the inventionof vinyl
ferrocene and amloer vinyl transition metdlcomplexes undergoing
polymerization under similar conditions as conventional manners to form the
corresponding polymeriamaterias. *® Vinyl-organometallic polymers are
synthesized by the addition of the vinyl units where either X or bothcould

be metalincluding moieties and result in with the preparation of

homopolymers (when X=Y) dretergolymers (when ¥ Y)(SeeFigure 106).
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Figure 1.06: Structures of polymers with pendent metallic moieties from the
addition of vinyl units.
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Figure 106 represents the variation of metals that could be atidéue
backbone of the polymer chain employing just one synthetic approach. It
would be futile then to try a comprehensive study of polymeric materials of
this type in any detail here. Thus, the subsequent investigation will be finite
and contained tthosestudies in which the metallic species is incorpsdab
polymeric chains with etheric and thioetheric linkage. Recently, ruthenium has
demonstrated considerable promise as the metal of choice in the preparation of
polyaromatic ethers and thioethers witle incorporation of metallic moieties.

In 1985, a remarkable communication by Segal showed the applicatiqArf S
reactions in the synthesis of poly (etletherketone) with pendent CpRu
metal moieties via Ipotolytic demetallation or thermal arene regaent
reactionswas a remarkable discovefyr the synthesisof polyethers’Due to
thepresence athe pendat metallic moieties, the solubilityf the complex was
improved inDMSO and acetonitrile relative tthe insoluble nature of the

purely organia@nalogue.
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Schemel.09: The preparation of poly(phenylene sulfide) and poly(phenylene
oxide) with pendent Cp*Ru
The preparation of the (1,4 dichlorobenzene {Bucomplex withthe
variety of aromatic ether and thioethéinucleophilesallowsfor the separation
of the corresponding metallated polymeriaterials’>?Acetonitrile, DMF,
and DMSO salble metallated poly(phenylene Ifsde) and poly(phenylene
oxide) have been synthesized by Dembek and coworkers following the reaction
sequence representedScheme 19.Des pi t e Dembekd6s succe
synthesis of metallated materialserestill needs to be research into separating
the free organic polymers that are hinddoggremature precipitation resulting

in theincomplete elimination of the RGp* moiety.
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Recently, AbeEIl-Aziz and coworkers have illustrated the use of CpFe
adivated chlorines in the stepwise synthesis of oligomer species with etheric
linkages®® The procedurénvolves theconsecutive reaction @f dichloro and
p-dihydroxy-terminated poly (cyclopentadienyliron) cations under very mild
reaction conditions thaallows for the synthesis of metallated oligomeric
species with up to 35 pendent metallic moieties. Moreover, photolytic
demetallation was suaessfully applied for the removal of the modified organic
counterpart inwhich the molecular weight was virtually monodisper3dne
synthetic strategy explained above is depicted in ScHehfieandsummarizes

the contrdled scheme of these oligomeric syste

O & O

O

Fe*

O

Schemel.10: Synthesis of starting materials for the stepwise synthesis of
oligomericpolyethers with pendent CpFmoieties
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1.3.3 Polymers Including Metals in Backbone.

One of the goals of organometallicchemistry is to design stable,
processableand high molecular weight polymers including metals as an
integral part of the polymersAn effort has been madéo enhance the
polymeric properties of purely organic systems by the incorporation of various
metal moieties into the polymstructures®®® Coordination andnetallocene
polymess illustrate two examples of polymers thatorporate transition metal

into the backbone of the polymer chain.

Currently the main ways to synthesimeetallocene including polymers
Is the condensation polymerization technique. The preparation of titanium
including polyester, polythioether and polyamines from the reaction of
dicyclopentadienyl titaniundichloride Cp,TiCl,) with diacid salts, diols,
dithiols, and diamines are examplEsSimilar examplef ferroceneincluding
polymers, as well as Lferrocenylenes, have been synthesized tgiraety of
coupling reactionsHowever these procedures have resulted in the isolation of

low molecular weight polymeric species.

The incorporation of ferrocene into polymeric structures has undergone
resurgencedue to the work of lan Manners and his coworkers whavé

enhanced the use of rhmpening polymerization (ROP) as a new metiod
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the synthesis ofpolymers including leeletal ferrocene units. Ring amag
polymerization happens via chagnowth proces and demonstrates a unique
way to the synthesis of metaicluding polymers. The restrictive
stoichiometric and conversion requirementshich often produce Ilow
molecular weight moieties via condensatitaethnique,do not play a role
here ®® Manners has gained the advantagéefrehanepublishedstudies of

[1] ferrocenophanesvhich demonstrated that these compounds have strained
ring-tilted structures in which the planes of cyclopentadienyl ligandgiléed

with respect to one another asmparedto the parallel cyclopentadienyl
ligands of ferrocené®® Scheme 1L1 represents the thermallpducedring
opening polymerization of both [1] and [2] ferrocenophadeselopedby
Manners for the synthesis of ferrocdaneluding high molecular weight
polymers. More recently, better control over the chain length of the desired
species has been accomplished when [1] and [2] ferrocenophanesxyesed

to ROP in the presence of anionic initiator®®®®
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Scheme 111: Ring-opening Polymerization of [1] and [2] ferrocenophanes

The incorporation of ferrocene into the backbone of the polymer chain
has received much attention of the aerospace industry in studies of polymers
with high thermal stability for utilizationas lubricant and gaskefsr jet
engines, radiation shields and combustion regulators for sstiide rocket
fuel.®*Continued concern in these systemesulted fromtheir intriguing
electrochemicalproperties, whichhave exhibited proof for througbridge

cooperation between the iron cent®r&™
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Incorporation of transition metals intdhe backbone of the polymer
chain is also investigated in the form of coordination polymersaas
consequence of bridging of the metal by organic lig&fdany transitio
metals,includingthe lanthanides and actinides, have been integrated into these
typesof metatincluding polymers. The inclination of some of these materials
to display a high degree of ndinear optical activity or electrical conductivity
has motivated wide synthetic studies. Th®jority of these polymeric
materials are not soluble, and in combination with theseeaf degradation
provide usefor controlled release of drug or growth hormonéigure 107
shows an example of a coordinatipolymer, whichintegrates ruthenium into

the polymer backban’®

H,
C
/ N\

Ph,HP. PHPh,
N
* Ru cC—=C R c—C *
|Ph2HP/ \PHPhZ Jn
\/
H>

Figure 1.07: Ruthenium coordination polymers
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1.4 Polyarylethers

1.4.1 Introduction

Polymerc materials, whichncorporate gyl ether linkages as antegral
component of their molecular structure, hdaedamental characteristissich
as thermal stability, chemical resistance, flame retardancy, high mechanical
strength ancpotential electricaproperties "®*These attributes contribute the
basis forafamilyop ol ymer i ¢ mathkghpat Sokmamwne ag|l
or Aengineering plimapovemend of thesd materals mme r
haveproduced a class of higterformance plastscthat are identifiedy their
superior performance in some desirallpplicatiors. """*®%" Engineering
plastic frequently participates in industrial maskérmerly dominated by
metals and high potential exsstor enhancing the development of these

materials with fairreaching consequence.

The interest in the commerciahprovement of engineering plastic
arises from a balance of their properties as well as their cost effictéridye
advantage of these materials is magnified by the integration of different
chemical functionities into the polymer structure in an attemptpimduce
specific qualities #2%%8°8889 geveral industrialy notable highperformance

engineering thenoplastics are illustrated inigure 1.08 and combine ether,
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thioether, carbonyl, sulfone, and amine linkages within the backbone of the

polymer chains.

A T U QU N
OO0 0~ 07U

UDEL Polysulfone Vitrex Polyethersulfone

1000 +10+0-0-0-

Vitrex Polyethertheketone Radel polyethersulfone

0 0
0
N N+* *+@>S+*
. 0 ;
7/
0 0

Lare-TPI polyimide polyphenylene Sulfide

Figurel1.08: Industrialy important engineeringhermoplastic

Because of structural difference in these matenmeag of the synthetic
approachebtavebeen improved for theynthesiof the above polymerghus,
the synthetic procedure applied for polymer synthesis is selective with respect

to the structural complexities of the material itself and its proppagabse®®*°
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1.4.2 Scholl Reaction

In the lastfew decadesPercec and coworkers have shown the use of the
Scholl reaction in the synthegise different polyethes. Essentially the Scholl
reactioninvolve the elimination of two aryl ether hydrogen atoms forming an
aryl-aryl bond in the presence of Friedadaft catalysts®*®® Extensive study
has demonstratedhat the reaction proceeds most successfully when
dinaphthoxy contain monomers underg@olymerization in the presence of
ferric chlaide as a catalyst. The polymerizatitakesplace innitrobenzene at
room temperatureSchemel.12 illustrates an examplef the Scholl reaction

for the synthesis d polyethersulfone.

FeCl;
PhNO,

Scheme 112: Synthesis of a polyethersulfone via the Scholl reaction
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Thereaction is assumed to take place via a caticadecal mechanism
whereFeCk produces a radicadation at one of the naphthoxy groups because
of the oneelectron oxidation ofthe monomer **%% |t is the ease of
oxidization of the naphoxy groups in this initial step thedusesthese
monomersto easily undergdScholl plymerization. Chain growtltontains
continues due to either electrophilic or radical propagation steps with
terminationeventuallyoccurringdue to the combination of the catiemadical
with a counteranion or with a fragment of it. While several attenfpdse been
made to synthesize some commercial poly aryl ethers by the reaction of
biphenyl terminated monomers as exemplified 8theme 1.3, only low

molecular weight materials weobtained® #°%°

O-—-0~0—0

PhNO,
* o S0, o *
n

Scheme 113: Low molecular weight polyethers with diphenyl terminated
monomers
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1.4.3 Ullman Polymerization

The investigatins of Ullman in the early 1980egarding the synthesis
of diaryl etherexpedited the development of thvell-known nucleophilic and
electrophilicprocess, whichhas beerusedin the commercialpreparation of
many engineering thermoplastics. The Ullmann react® the most useful
methodto prepare polyaromatic etlsgrand consist ofthe reaction of alkali
metal phenoxles with aryl halides wheran electrorwithdrawing group does
not activate the halogen in tledectronwithdrawing group %*° Scheme 14
represents the redon of the sodium salbf bisphenol A with dibromo
monomers under Ullmann reaction conditions. Copper based species such as
copper halides, copper oxides, and metallic copper leen utilized e
catalyss in thereaction*® Frommechanistic investigatioit wasdeduced that
the cuprous ion is the activapecieswhich coordinate withthe " -system of
aromatic halides creating the resulting complédxch is more susceptible to

carbonrhalogen cleavaggchemel . 15). 1%
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Scheme 1.4: Synthesis opoly (1,4-phenylene oxide) using
Uliman reaction conditions

CuBr + KOPh — & CuOPh + KBr
CuOPh KOPh — - K*Cu(OPh)",

B /OPh al
K*Cu (OPh), + PhBr YU~—oph

yaa

— OPh =
(@) C
| Y~—oPh K+
Br
+
CuOPh
+
KBrH

Scheme 1.%: Mechanism of the Ullmann reaction
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Several features of the reaction conditions have been recognized as
playing influential roles in determining the success of this procEss
example, the phenols usually reacted in pihesenceof their corresponding
alkali metals saltdisplayedgreater reactivityvith potassiunperoxideover the
sodium counterpart® An interesting observatioof this reaction ishe easeof
halide replacement with respect to the haloaromatic monadrheractivity of
aryl halideis consideedto be reversof that seen for polyethéormation from
activated halides or in short decrease in the order I>BEEEThe impact
of the aromatic halidas most clearly demonstrated by the significant drop in
yield, from 70% to 10%, experienced in using iodobenzene or chlorobenzene,
respectively, undethe same reaction conditigsnDespite the high vyields of
product separated with the use of iodobenzeaetants, the expense of these
compounds often supports the use of their brominated derivatives with a slight
decrease in yieldn addition to these studies of the haloaromatic reactants, the
activity of the phenolic unit was completely hindered by tles@nce of methyl
group in both ortho positions On the other hand, the presence of one ring
substituent ortho to the hydroxyl group was slebwnto affect the yield of the

reaction significantly:%*
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Another view of the reactiofactors that has been demonstrated to be
influential in the success of product formati@nthe choice of the solvent.
Even though varioussolvents such as DMF, HMPA, DMSO, collidine,
pyridine, and nitrobenzenare potential solvents for the Ullmann reaction,
cuprous chloride in pyridine has beeotedto bethe preferred catalyst/solvent
system'® Schemel.16 represented the reaction of teediumsalt of 1,3
dihydroxybenzene with bromobenzefoeming theseparatiorof two products,
1,3-dihydroxybemzne and 1,3phenoxyphenol Concerning the reported
solvent studies, of particular interest is the significafféct that water and
acidic solvents had on the efficignof the reaction. Even though the above
reaction take place in pyridine resulting in the isolation of 1,3
diphenoxybenzenand 1,3phenylphenol in72%6 and 15%yields, respectively,
the addition amount of water (2%) resulted in a decrease in the yie@¥do
and 4%. Even though the Ullmamther synthesis has been emtasa viable
route to the synthesis of polyethers, its potential for industrial application is
hindered by possibl side reactiasm such asthe Ullmann coupling process
reductive dehalogenam and halogen exchange between the catalyst and aryl

halides.
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Scheme 1.&: two productsforming from theUllman reaction in theresence

of acidicsolvents.

1.4.4 Nickel-Catalyzed Coupling Reaction.

Nickel-catalyzed coupling demonstrateone of the mostuseful
methods to synthesizpolyethers The reaction of dihalide§Scheme 1.7)
takesplace in the presence of zeralent nickel, which helps the formation of
an arytaryl bond by theelimination of two aryl halide¥*'°**°The
polymerization occursnost effectivey under an inert atmosphere in a dry
aprotic solvent in whiclzerovalentnickel is created from threecomponent

mixture of nickel salt, triphenylphosphine and metal such as Mg, Mn.6f Zn

39



(0]
|
S
|

I i

Scheme 1.TI: Nickel catalyzed synthesis of a polyethersulfone
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More specifically, optimal reagent mixtwrare made up of a less than
2% molar ratio of nickel respective tathe amount of aryl dichloride, high
triphenylphosphine/nickel ratios and an excess of zinc, which is subjected to
moderate reaction temperature. Moreover, units must be selected carefully t
ensurethose functional groups present avert toward the zinc/nickel catalyst
system. It has been noticed tle&tctronwithdrawingsubstituents allow for the
isolation of the products in the greatest yield vitie exception of nitro and

aprotic grops, which are not tolerated at.&1°*"’

Schemel.8 describes the suggested mechanism of the naztalyzed
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polymerizationprocesslit is assumed that the first step in the process requires
the formation of the active zero valent complex by réuctionof the nickel
halide nickel(ll) to nickel(l). The following oxidative addition of the aryl
chloride results in the generation of tberrespondinguickel(ll) intermediate
which, following a reduction in the presence ainc, experiences a second
oxidative addition of aryl chloride in the production of a diarykeloccomplex.
Liberation of the daryl product requires an active reductielimination
process yielding aickel(l) complex which is reduced further and mayerdger

the cycle.Meanwhile,a nickel(l) species could react with aryl chloride by
oxidative addition to producan aryl nickel(lll)intermediate, whiclis reduced

to arylnickel and may renter the cycle in this form.
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Ni''Cl, + 3L+

Ni°l; + ZnCl,

Ni%L;  + ArCIH > ArNi''CIL,
ANI'"CIL, 4+ 12zn L _ ALy + 1270l
-L Y
ANi'L; +  ArCl = (AnNiT'CIL,
+L .
(An,Ni''CIL, = AFAT + Ni'ClLg
Ni'CIL 4 1/2Zn > Ni%L; + 1/2ZnCl,
Ni'CLs; +  ArCl 2L - ArNI''ClLL
+2L
ANi"'ClLL 4 zn > ArNi'L —  ZnCl;

Scheme 1.& The nickel catalyzed mechanism

1.4.5Palladium-Catalyzed CrossCoupling of Tin Reagent.

The coupling reaction of bifunctional tin reagents with dihalides in the

presence of a palladium catalyst heeenestablishedas an effective route to

polyether. Scheme1.19 is an example of theolymerization of 4,bis

(tributylstannyl) diphenyl ethewith 4,4-dibromodiphenyl sulfone to vyield

moderately high molecular weight polysulfide.
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(n-Bu)3Sn@O@Sn(n-Bu)g + B c—cC Br
B
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Nn

Scheme 119 Palladium catalyzed polymerization of 4di's ¢ri-n-
butylstannyl) diphenylether with 4,4dibromodiphenyl sulfone.

A 2:1 triphenylphosphinealladum chloride catalyst system in
dimethylacetamide (DMA) al65C has been proven as the perfect condition
for the reactionHowever as is the case with most synthetic technique, there
are both advantages and disadvantage to utilizing this procedure. This
procedure takes advantage of pendent functigraups, whichmay be

contained in the monomers wiitom low reactioryields**%
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1.4.6 Temporary Complexation to Metal Moiety.
The activation of chlorines toward nucleophilic aromatic substitution
reactions upon complexation to a metal moiety has heesstigatedas a

potential alternative ithe preparatin of polyethers and thioethers.

Based on the excellent reactivity of (GRI)N* complexed chloroarenes
toward reactivity with different nucleophiles, it is no wonder that these
complexes have been studied possible rouseto eher preparatios, %2
Scheme 1.2 shows the reaction @f (CO:Mn™ complex with the sodium salt
of phenol in the synthesis tie corresponding diphenyl ether. Pearson utilized
this procedure in the synthesis oWariety of diethyl ether and triargiethers,
andmay be utilized further as a precursor in natural progycthess. Despite
the success experienced in using the complexation of this metallic moiety for
the incorporation of etheric linkages, the inability to prepare 1,2 , 1,3 and 1,4

dichloroarene conipxes restricts further use of this process for this polymer

synthesis*?
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Scheme 120: Complexation of the (C@YIn" in the promotion of chloroarene
towards RAr reactions in the synthesis of ether linkage.

It was stated previously that in comparigonother metal moieties that
have been utilized to activate haloarene towards nucleophilic aromatic
substitution, the Cr(CQ)complexes have been proven have the least
reactivity. The reaction of (1gdchlorobenzengCr(CO): with moncor-
diphenoxide, has ended up in the synthebaryl ethet *****The drawback of
this reaction waghe inability to obtain the desired disubstituted product
without having to isolate it from the mixture of the productd ttauses the

reactionseen inScheme 1.2

45



Cr(CO);

Cr(CO)s Cr(CO)3

Scheme 121: Nucleophilic aromatic substitution dfL,4- dichlorobenzene) Cr
(CO); with thepotassium salt of phenol.

Double nucleophilic substitution @1,4 dichlorobenzeneLr (CO); with
potassium salt of bisphenol A was also successfully accomplished and display
the potential for the creation of high molecular weight species via further
nucleophilic substitution. Theffectivenes®f this reaction in the presence of
18-Crown-6 with a reation time of 2 hours islemonstratetby the isolation of
the desiredproduct in 73% yield(Scheme 1.22. The reduced reactivity of

Cr(C0O;) complexesrequires the useof a polar aprotic solvest high

46



temperaturs, prolonged reactions times, anghase trasfer catalyst such as

18-Crown6.
Me
|
\
Cr(CO);
Y
Me
\
Cr(CO), Cr(CO);

Scheme 122: Double nucleophilic substitution reaction forming from the
synthesis of bimetallic Cr (C@fomplexes.

Recently, ruthenium and irdmased metal moietielsave gained much
attention agpossible routdgo ether and thioether containing compounds. The
limited activation capabilities are compable tothe chromium and manganese
metal moieties in addition to the number of chloroarenes to wihieh can
form complexes The simplicity of liberation of their wdified ligands fronthe
complexesand environmentally safeo-ligands are two of the attractive

qualities of iron and ruthenium complexes. Several studies have duttiee
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utilization of CpRU, Cp*Ru and CpFéchlorine) metal complexes for the
incoporation of aliphatic and/oraromatic ether ah thioether linkages in

variouscompounds.

In particular, two various methods have been studied inghef CpFé
and CpRu complexesanalternativeroute to the synthesis of thermally stable
engineering plastic. The first approach benefits from the ease with which
modified organic ligands may be isolated from their corresponding
organometallic counterparts. This has allowfed the synthesis of unique
organic monomeric units, which avsefulfor polyesterification or the Scholl
procedure in the preparation of polymers. For instance, Pearson and coworkers
have utilized the polyesterification of monomers created utilizihgse

organometallic methods synthesiepoly (ethereste}.*>**’

Segal began the introductory investigation in connection with the
nucleophilic aromatic substitution ability of pendent metallic moieties in the
synthesis of organometallic polymeré. He successfullysynthesized high
molecuar weight poly (etheretherketone) with pendent CpRumoietiesas
seenin Schemel.23."Moreover, Segal was capable of isolating the organic
polymers species easily by photochemical or thermal arene displacement.

Unfortunately, the organometallgoly(phenylene oxide) and pdphenylene

48



sulfide) materials generated by Dembek and coworkers by the reaction of (1,4
dichlorobenzene) Cp*Ruwith different dihydroxy and diethoxgromatic
nucleophiles were not able tme isolatel as their organic counterpartas

shown inschemel .09, 58118119

@)
Ru*Cp
DM SO
1,5h,90 °C
(0]
% |
* 0] (0] C *
n

Schemel.23: The :;/ncti]esis of poly(ethetherketone) with pendent CpRu*
metal moieties.

Until recently, theuseof the ligand exchange reaction opalyaromatic
compound with excess ferrocene was the main approach for producing high
molecular weight speciesith pendent CpFanoieties**?***The nucleophilic
aromatic substitution of a 2:1 molar ratd monoor dichloroarene CpFe

complexeswith aliphatic or aromatic diols has enabled the separation of

various diiron complexe¥°"1***?Extensive study of this technique using
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aromatic diols has determined that employing either a @rneo-stepreaction
strategy provides the chance to prepare symmetric and asymmetric species,
respectively. An expansion of this procedure has beenadtitz synthesize the
oligomeric aromatic ether having up to 8&tionic metals (Cp)F€.**®> The
general routestrategyfor this synthetic approach is based on the structure of
monomers generated from the reaction df4dichlorobenzene) Fep
hexafluorophosphat@and hydroquinone ands schematicallyillustrated in

Schemel.24.

2 Cl@CI+ HOOOH . CIQOOOQ0|
O @
CIOCI + 2HOOOH — HOOOQOOOH
Fe’ +
@ Fe

Scheme 1.2: Synthesis of reactant materials for the stepwise design of
oligomeric polyethers with pendent CpFe moieties.
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Primarily, the chain length of oligomeric species experieaoascrease
via consecutive nucleophilic aromatic substitution reactions of claodo
hydroxy-terminated metallic species. The use of a 2:1 molar ratio of a complex
including two terminal hydroxy substituents with (1,4dichlorobenzenéCpre
allowed for disubstituton of the chlorine substitutions anmdsulted inthe
isolation of high molecular weight species with terminal hydroxyl group.
Alternatively, the reaction of a dichlmterminated oligomeric species with
hydroquinone in a 2:1 ratio resulted in dichkkeomnated complex with the
expectechumber of metallic moieties. The consecutive reaction of the terminal
dihydroxy with dichloro substituents of the resulting oligomer polymetallic
productallows for control overthenature and molecular weight of the remgt
product. This procedutegas beershownto bea uniquestrategy in the synthesis
of polyaromatic ether.

This synthetic scheme illustrates affective alternativeto aromatic
ether synthesis under very mild reaction conditions. Photolytic demetallation of
the organometallic oligomer isolatgéhe pureorganic analoguein excellent
yield.*****1°The disadvatage of this synthetic strategy the numerous
reactionsters, whichhaveto be employed to obtaihigh molecular weight

species. An apparent advantage of this methodology over conventional
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approaches is thability to control the molecular weight of the resulting

species specifically.

1.5 Surfactant Behaviour
1.5.1Introduction
Surfactants are a significant class of chemiealy two moieties that

126129

behave differently uporcontact with a solvent with water usually

consideredasthe solvent of interesthe word amphiphiles comes from Greek

roots'® First, the prefixamphi whi ch expresses doub
fiaroundo. Af ter t hat , the root phil
thydrophilico (compatible with water).

a double affinity One moiety the hydrophilicheadof the surfactant contacts
satisfactorily with the solvent. The other moidtye hydrophobic tajlcontacs
unfavourably with the solvenThe term surfactant is a contraction of the phase
surfaceactive agent. Surfactant molecules present in everydalife playing

an essential relin many fields such as detergerit®d, paint, pharmaceutical
products, cosmetics and industrignd biological processes '*"1#1%

Symbolically, a surfactant moleculean be illustrated as consisting afpolar

head and a mepolar tail as represented imgkre109.
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Figure 1.09: lllustrationof the hydrophilic and hydrophobic portions of an
amphiphilic molecule.

The dual amphiphilic nature of surfactant towards water leads to the
segregation of hydrophobic tails from the water. Furthermore, the exposure of
the hydrophilic heads to water resuh two interesting and useful phenomena
in agueous solution: their gezential adsorption at interfaces (e.gil/water)
and at the surface (e.g. air/watdrey may forma variety of microstructures,

known as micelles, as shown iigre110,12%12712432

The polar (hydrophilic heads) group of therfactantcan be charged or
unchargecandmay contairheteroatoms suchs O, S, P or Npresentasacid,
sulfate, sulfonate, phosphate, amine, amide,Tdte apolargroup is usually a
saturated or partially unsaturatatiphatic chain The hydrophobic group in a

surfactant for in use ian aqueous medium is usually a hydrocarlchain ¢
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CH,-) but could also be fluorocarbon or siloxane,8RO) appreciable chain
length.In addition, aromatic groups, such as benzene rings may be present in
the surfactant tailThe polar portioms also known as thbydrophilic part or
hydrophile. Theapolar part is alled hydrophobicor lipophile, from Greek

roots phobos (fear) and lipos (grease). The unusual properties of aqueous
surfactant solutions can be attributed to the presence of a hydrophilic head
group and hydrophobic tail group in the molecule. The presence of these types
of molecules in agueous solutions hasistense effect on the properties of
interfaces and surfaces. Apart from interfacial effedt®e presence of
surfactant in the agueous phase represents a wide range of phase behavior of
which the formation of micelles or bilayers are well known example.

Since surfactant molecules possess hydrophilic and hydrophobic parts,
the desirabldocationfor them in waterare at the surface where the forces of
both attractionand repision to water can béulfilled. Surfactant molecules
aggregate in water aboeghreshold concentration, creating micelles to reduce
the contacbf the hydrophobic group of the surfactantwith water. Two facts
cause the spontaneous formation of micelles. First of all, the hydrophobic
effect creates the nonpolar portion of the molet¢alde isolatedrbm water
and separated in the interior of the structure. Second, interaction between the

head of the groupetermineshow closely the molecules may be packed. The
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self-assembly of the surfactant molecules in water into spherical micslles i
shown schematically ifigurel.10 A micelle consists of hydrophobic tails
contact with one anotheifhe hydrophilic regions where the heads of the
surfactant molecules contact with water surround these hydrophobic areas
Micelles produce various geometric shapesludingspheres, cylinders, disks,
etc., and always in a manner that mininsiziee contactof the hydrophobic

tails with water while maintaing the desirable contact dfie hydrophilic

heads with water.

Aalr
- ; . :" — . e — . .\“"'“-w.

oo ee 60 & o0

Figure 1.1Q Aggregation and orientation of surfactantsmioimize the
hydrophobic taidwater connection.
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At low concentrations, surfactants form a dilute homogeneous solution
of individual molecules, while at high concentrations, above a threshold
conentration, the amphiphilic molecules sasemble into aggregates or
microstructures identified as micelle$hese micelles coexist with singly
dispersed surfactamholecules knowas free surfactants in the bulk solution.
The surfactant moleculeontaired inthe micelle have their hydrophobic tails
protectedrom water in the aggregate interior, the core of the micelle, and their
hydrophilic heads exposed to water at the aggregate surface, the micelle core
water interface referred #secorona.
1.5.2Type of Surfactants:

Surfactants can be divided according to their physical properties or
functionalities. The following is the mostell known categorizationand it is
depend on the nature of the hydrophilic grodfie?’ 131133
1-Anionic Surfactantsthe hydrophilic group of the surfactant molecule carries
a negative charge, for example, RCO@" (soap or carboxylic acid sa)t

RCsHsSO3 Na") (alkylbenzene sulfona}e

2-Cationic Surfactants have positively charge hydrophilic groups. For instance,
RNH; (salt of long chain amine), RSH;)'Cl" (quaternary ammonium

chloride).
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3- Zwitterionic: both positive and negative chargeuld be displayed in the
hydrophilic groups, for instance, RN, (CH,) COQO, (long-chain amino acid),

sulfone RN+H2 (CH3) CH,CH, SO3

1.5.3Applications of Micelles.

Micelles have many advantages that can be utilized for drug delivery,
detection andmapping of primary cancer and distant metastases, and as a
platform for therapeutic applications. Namely, micelles can: 1) increase the
water solubility of may cancer agents; 2) demonstrai®longed circulation
kinetics; 3) assistin enhancingaccumulatbn of agents (therapeutic or
diagnostic) atumour sites through the enhanced permeability and retention
(EPR) effect; 4) be tailored to a specific size (i.e.100nm) to help enhance
extravasation and penetration famour tissue, as well as localizatiom
specific subcellular compartments (i.eaucleu3; 5) deliver a large
therapeutiaiagnostic load; 6) be changed to target any particular cell type or
intracellular compartment and thus may be helpful for treatment of a wide
number of cancer types, anl be synthesized from entirely biocompatible

and/or biodegradable materials.
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Chapter 2. Reactionof bis (/- isomers-dichlorobenzene JT-
cyclopentadienyliron) with 4,4 Bis (4-hydroxyphenyl) valeric acid
hexafluorophosphate.

2.1 Introduction.

This chapter describes one of the most common routes to the synthesis
of bis (cyclopentadienyliron) arene complexes. However, harsh reaction
conditions, complicated procedures, low vyields and the finite variety of
compounds that can be synthesized by enbkriiqueshow many disadvantages
of these methods. Since the development of the chemistif-afene/f-
cyclopentadinyliron complexesnormous attention hasbeen given to the
reactivity of halogenated arene complexes. In particular, cyclopentadienyliron
activated QAr reactions have been confirmed to be a successful method for the
production of ether linkagaunder mild reaction conditions and in good ygeld
This methodology has beenvestigated forthe synthesis of a variety of
symmetric and asymmetripara, meta, and orthecyclopentadienyliron
complexes. The flexibility of this technique is furthéemonstratedy the
ability to prepare bis (cyclopentadidmon) complexes with 4 Bis(4-
hydroxyphenyl)valeric acid as the desired compleks will be seen from the
subsequent examples, this gengnalcess of synthesallows for the tailored

preparatiorof polyme systems.
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2.2 Result and Discussion.

In the course of investigations involving the preparation bas
(cyclopentadienyiiron) arene complexes with etheric linkages, the synthesis of
bimetallic complexesvere alsoachieved This method has been developed
obtain a good yield. The next example will help to clarify the flexibility and

efficiency of this procedure.

2.2.1 Reaction of bis (P- iIsomersdichlorobenzene
JPcyclopentadienyliron) with 4,4 Bis (4hydroxyphenyl) valeric acid
hexafluorophosphate.

A reactionof thed’- isomers-dichlorobenzene- cyclopentadienyliron
(1) hexafluorophosphate complex with dinucleophileacts as a model to
know if a specificdinucleophilewill be perfect for bimetallic preparation.
Scheme 2.04 represents the capability of the preparation bametallic
complexes. The dichloro complex, 4,4bis(4-hydroxyphenyl) valeric acid

appearsas aromaticarbonpresent as two symmetric signals in the .880

130.53 ppm ranges.
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Fo+ PFo

HO
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00%M/HING

oS e S w)

Fe® PFg Fe* PFg

HO

2.03=ortho
2.04= meta
2.05=para

Scheme D1: Reaction of bis/f- isomersdichlorobenzene
Jfcyclopentadienylironyvith 4,4 Bis (4hydroxyphenyl) valeric acid
hexafluorophosphate.

1,2-bis(/P-dichlordbenzend?-cyclopentadienyliron) 4,4 bis (4-
hydroxyphenyl)valeric acid hexafluorophosphaté.04), is synthesizedising
the sane procedure as previously illustrated. In the general, a 2:1 molar ratio of
complex to nucleophile was utilized to obtain a desired bimetallic. It was

noticed that the yield of this materiahs approximatel95%.

60



It is also found that the compou8d4 and2.05 werepartially soluble in
acetone unlik@.06 . The'H NMR and**C NMR and the analytical data ftie
complex are provided in TabR01 and 202.

The spectra of complex2.04 in comparison with 1,2-bis(/f-
dichlorcbenzengP-cyclopentadienylirordonfirms tha this reaction was
successfulThe Cp ofcomplex2.04 was shifted upfield from 5.40 to 5.22 ppm.
The protons of the complex appear in th@0&.99ppm rang, whereas the
benzeneshows overlappingdoubletat approximately7.70 ppm.

The *°C spectrunis readily analyzed as wellhE aliphaticcarbonof 4-
bis(4-hydroxyphenyl)valeric acidsappear inthe 2700-50.00 ppm range. The
carbon of the Cp resonates at &ppm, and the complexed aromatic carbons
appear as four distinct signas 7809, 84.8, 87.02 and 89@ppm. The 4,4
bis(4-hydroxyphenyl)valeric acids aromaticarbonappear as two symmetric
signals in the 1200-130.00 ppm range. Finally, the high field quaternary
appearingcarbonat 147.32 and 15Q0 ppmfor the carbon bonded oxygen and
carbon attached tihe quaternarycarbon aB7.8 ppm are a consequence of the

C-Cl bond of the aromatic complex ring.
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Figure 2.01: *H NMR of complex2.04 in DMSO-ds.
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Figure 2.02: *C NMR of complex2.04in DMSO-ds
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Following the sameroute asthe ortho and metadichlorobenzene
complex, these bimetallic complex€é2.05) possess terminathlorine atoms
and hence they can be utilized as building blocks in the synthesis of bimetallic
complees The yield of these materials is about 95%th@NMR spectra, the
Cp signal has shifted upfield from 540 ppm to 30ppm. The aromatic
compkexed protons of the comple®.05 appearsat 640 and 6.8 ppm (see
Figure 205), while theresonance for benzeappeas at 727ppm.

The™C NMR as is showrn Figure2.04 is easily analyzed. The Cp signal

Is observed at 800 ppm. The complexed aromatics appear as two distinct
signals at 77.31ppm and 87.70 ppm, while the complexed quaternaries resonate
at 101.50 and 13.10 ppm. One also observes two symmetriccomplexd
aromatic signals and their corresponding quaternariesla?l230.%, 14760
and 15210 ppm respetively. The next quaternary that appeard@t.05 ppm

Is a consequence of the@ bond of the complexed aromatic ring.

63



e OH OO

Fe' Pg Fe* PFg

(A |
,fU*Ju;.. i L |

w9 e 7 € ¥ ¢ ¥ 2 1 0 pm

Figure 2.03: '"H NMR of complex2.04 in DMSO-d.
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Figure 2.04: *C NMR of complex2.04 in DMSO-ds.
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Figure 2.05: '"H NMR of complex2.05 in DMSO-d.
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Figure 2.06: **C NMR of complex2.05 in DMSO-d.
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Table 201: 'H NMR and**C NMR analysis of complexes 2246 in DMSO-d;

compound | Cp complexed uncompleted | Others
aromatic aromatic
'H NMR 5.23(S,10 | 6.26(d, J= 5.5Hz, | 7.70(dd, , J=24 | 1.67(S,3H)
204 H) 4H) Hz, 8H) 2.09(S,2H)
6.90(d, J= 6Hz, 241(S,2H)
4H)
SCNMR [ 80.30 78.09 84.80 | 120.86 27.90
204 8702 89.20 | 13053 30.49
97.8 147.27 36.81
152.47 45.70
175.16
"H NMR 5.25(S,10 | 6.20(t.2H) 7.30(dd, =19 | 1.6(S,3H)
2.05 H) 6.40(S 2H) Hz 8H) 2.09S,2H)
6.70(t,2H) 242(S,2H)
6.96S,2H)
BCNMR | 7916 75.85 119.91 27.14 29.95
2.05) 77.40 129.16 36.21 44.99
85.90 132.34 175.10
85.20 151.10
105.9 145.84
'H NMR 5.30(S,10 | 6.40(t,4H) 7.27(dd, , 1,60(S,3H)
2.06 H) 6.80(t,4H) J=24,8H) 1.98 (S,2H)
2.45(S,2H)
BCNMR | 80.1 77.30 130.52 27.89
2.06 87.70 104.55 121.21 36.00
133.10 147.63 31.8
152.12 37.10
4570
175.10
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2.2.2Esterification of complexes (2.04.06) with length of aliphatic diols

Complexes2.042.06 were reacted with different length of aliphatic

alcohols. The synthesis of monomeric units was accomplishedy ube

methodology employed in cBeme 1.18 A condensation reaction of the

carboxylic acid functionalized diiron complexes with varideisgthsof diols

allowed for the synthesis of complexes wighminal alcohal It was found that

increasing the length of aliphatic chains resuitechore soluble materials.

O O—@CI e

O

Fe*PFg

O o

2.04 Cl=orth
2.05 Cl=meta
2.06 Cl=para

I|:e+ PFg

@

2.07
2.08
2.09
2.10
2.11
2.12
2.13
2.14
2.15

Cl=ortho

Cl=ortho

Cl=ortho
Cl= meta
Cl= meta
Cl= meta
Cl=para
Cl=para
Cl=para
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220/dY NG

-

(upg-usT) Lo

0
I

333333333
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OBRNOBNOAN
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<
S
=
[$2)
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=2
i Cl
7
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Scheme2.02 Synthesis of omplexe2.07- 2.15
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Identification of the complex and monomer molecules was achieved
utilizing NMR spectroscopi@nalysis Table 202 shows'H NMR spectraof
complexes2.102.15

It can be seen that the two spectra revealed some similarities. The
spectra provided evidence that the condensation reaction pheckded
successfully. For instancdhe appearance of the OH for complé&08
resorating at 3.33 ppm in the monomer spectruronfirms that this reaction
was successfullperfomed. The aromatic protons dhe uncomplexes appear
at approximately7.33 ppm while the complexed aromatic protons resonate
between 6.2 and 7.04 ppm. The intense singlet around 5.23 ppm in each
spectrum epresents thive-cyclopentadienyprotons of the metal moiety. The
four etherprotons appearedext toesterand alcoholappear at 4@land 3.98
ppm respectively, one in the range of 22122 ppm, and the other aliphatic
protons appedn thel.22 ppm 2.57 ppnranges

The *C NMR as is showrin Figure 2.08 is strightforward to analyze
The Cp signal isppearedat 79.94 ppm. The complexed aromatiobserve as
two distinct signals at 77.885.69, 86.74, 88,7ppm,.One also observes two
symmetricuncomplexed aromatic signals and their corresponding quaternaries

at 120.67, 130.23 147.25 and 152.2Bpm respetively. The next quaternary
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that observes aP6.50 ppm is a consequence of theQC bond of the

complexed aromatic ring.

Table 202:'H NMR **C NMR analysis of complexe&07- 2.15in DMSO ds.

compound Cp(ppm) | complexed uncomplex Othergppm)
aromati¢ppm) | aromati¢ppm)
207 *H 5.27(S,5H| 6.30(S,4H) 7.20(D,8H,J= | 1.60(S,3H)
) 6.80(S,4H) 5.8H2) 2.00(S,2H)
2.50(S,2H)
3.30(S1H)
4.00(S,2H)
4.40(S2H)
207C [79,04 76.98 84.80 [119.15129.28 (24.680 25.8
85.74 87.88|161.46 151.13|27.50 3141
96.13 38.93 4352
64.0 6232
174.00
208 'H 5.23 6.27(S2H) 7.33(D,8HJ= | 2.45(S,2H)
7.04(S,2H) 5.3Hz) 2.05(S,2H)
1.00-
1.80(M,15H)
3.30(S,H)
3.98(S,2H)
4.40(S2H
208C |79.94 77.88 130.23 27.89 29.95
85.69 86.74|120.67 31.75 33.58
88.77 147.25 152.2134.22 4576
96.90 64.89 61.5]
2.09'H 5.27 6.27(S.2H) 7.33(D,8HJ= | 2.45(S,2H)
7.04(S,2H) 6.1Hz) 2.05(S,2H)
1.00-
1.80(M,21H)
3.30(S,1H)
4.00(S,2H)
4.40(S2H)
209C  [79.94 77.88 130.00 25.30
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85.69 120.67 26.20
86.74 147.25 152.2127.89
88.77 29.95
96.70 34.22
36.9
31.75
45.76
174.81
33.58
64.89
61.51
2.10'"H |5.29 6.30(S.2H) 7.30(D,8H,J= |1.00
6.50(S,2H) 6.12Hz) 1.80(M,7H)
6.83(S,2H) 2.00(S,2H)
7.00(S,2H) 2.50(S,2H)
3.3(S1H)
4(S,2H)
4.4(S2H
2.10%C |79.05 77.21 120.9 130.19 | 25.40
76.21 157.16 152.01 | 28.01
86.90 315
86.31 38.12
106.45 64.898
61.51
172.33
2.11'"H [5.27(S,5H] 6.1(S.2H) 7.30(D,8HJ= |1-1.8(M,15H)
) 6.30 (S,2H) 5.3Hz) 1.99(S,2H)
6.70(S,2H) 2.50(S,2H)
7.00(S,2H) 3.3(S1H)
4(S,2H)
4.4(S2H
2.11 Bc |[79.05 73.11 120.9 25.90
73.11 130.19 30.90
86.7 157.1615201 |31.90
86.26 38.12
106.35 41.15
64.89
61.51
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174.33

2.12'H

5.27(S,5H
)

6.11(S.2H)
6.32(S,2H)
6.70(S,2H)
7.00(S,2H)

7.30(D,8H)

1-1.8(M,21H)
2.00(S,2H)
2.50(S,2H)
3.30(S1H)
4.00(S,2H)
4.40(S2H

2.12 Bc

79.05

77.51
76.92
86.26
86.70
106.49
132.23

120.9 130.19
157.16 152.01

25.72
25.12
30.90
32.30
34.51
38.12
64.89
61.20
172.06

2.13'H

5.23(S,5H
)

6.40(S,4H)
6.70(S,4H)

7.33(S,8H)

1.44(S,4H)
1.60(S,3H)
1.98 (S,2H)
2.45(S,2H)
3.41(S1H)
4.1062H)
4.45(S2H)

2.13 B°c

79.26

86.77 76.31
103.55 131.92

129.28 120.12
146.22 150.99

26.97
36.00
29.78
45.09
24.86
28.84
60.24
63.97

2.14'H

5.28

6.41(S,4H)
6.79(S,4H)

7.26(D,8H)

1-1.8 (M, 15H)
2 (S,2H)
2.45(S,2H)
3.41(S1H)
4.1062H)
4.45(S2H)
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2.14C

80.21

77.26
87.66
104.9
131.23

121.01 132.89
152.15 147.22

26.28
45.92
36.91
29.53
29.68
28.92
25.13
26.21
61.57
64.90

2.15'H

5.24

6.41(S,4H)
6.79(S,4H)

7.26(D,8H)

1-1.8
(M,121H)
1.95(S,2H)
2.45(S,2H)
3.41(S1H)
4.10(2H)
4.45(S2H

2.155C

80.06

77.26
87.66
104.5
131.23

121.01 132.89
152.153 147.2:

26.28
45.925
36.91
29.53
29.68
28.92
26.213
61.57
64.2

25.13
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Figure 2.07 : *H NMR of complex2.07 in DMSO d,
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Figure 2.08: *C NMR of complex2.07 in DMSO d.
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Figure 2.09: '"H NMR of complex2.08 in DMSO d;
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Figure 2.1Q *C NMR of complex2.08 in DMSO d;,
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Figure 2.12: *C NMR of complex2.09 in DMSO d;,
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Figure 2.13: *'H NMR of complex2.10in DMSO d;
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Figure 2.14: *C NMR of complex2.10in DMSO d;
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Figure 2.15: **H NMR of complex2.11in DMSO d.
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Figure 2.16: *C NMR of complex2.11in DMSO d;
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Figure 2.18: *C NMR of complex2.12in DMSO d;
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Figure 2.19: '"H NMR of complex2.13in DMSO d;
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Figure 2.20: ®*C NMR of complex2.13in DMSO d;

79



I |
|j | ! |
? | (. i ;,' 119
I N Y I U . B U AL
%o s 8 7 & 5 4 3 2 1 o0 ppm
Figure 2.21: *H NMR of complex2.14in DMSO d;
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Figure 2.22: *C NMR of complex2.14in DMSO d;
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Figure 2.24: ®*CNMR of complex2.15 in DMSO d;
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2.2.21 Thermal Properties of the complexes.

The thermal properties of the metallated compound9 were
investigated applying thermogravimetric analysis (TG#9 illustrated in
Figure 2.16 The thermograms provid@eformation fromaboutthe thermal
stability of these materials by measuring their weight losses when they are
heated. All of the metalledompound showsa 1724 to 33.54%weight loss
between 219 and 260 C; corresponding the cleavage of the
cyclopentadienyliron hexafluorophosphate. Following fiinst weight loss
step the compound underweatsecond weight loss that was dependent upon
the aromatic linkages in their backbones. Compo@@® also displayeda

44.41 % weigh loss beginning at 29C, which is consistent with its rigid

aromatic backbone.
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Figure 2.25. Thermogram othe @mpound2.09 in nitrogen
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2.2.22 Scanning ElectronMicroscopy.
The surface texture aksplayedin a film was investigated for the series

of complexes by scanning electron microscopy. Representative surface
morphologyof the sampless shown inFigure 2.17. At high magnification, the
micrograph of comple®.07 hada fine globular appeararec The micrographs

of complex2.08 and 2.02 appeared as distinct layer with smoeitigesand

some porousnorphologywas observed.

Complex .

TM3000_3624 2016/02/26 09:04 HL

TM3000_3629 2016/02/26 09:24 HL

Figure 2.26: Scanning electromicrographsf a )207 b) 208 c) 209 and
2.02 complexes
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2.2.3 Reactionof bimetallic Isomersof with polyethylene glycol (PEG)
(Preparing the prerequisite micelles.

Polyethylene glycol (PEG) is a polyether compound with multiple various
applications from industrial manufacturing to medicine. PEG is also known as
polyethylene oxide (PEO) or polyoxyethylene (POE), depending on its
molecular weight. The structure of PEG commonly expressea s HT
( OT GHKCPT OH.  Isomers of bis(¢P-dichlorobenzendt-
cyclopentadienyliron) 4,4 bis(4-hydroxyphenyl)  valeric acid
hexafluorophosphatevas reactedvith polyethylene glycol witha molecular
weight of approximately 2000 in order fmoduceprerequisite micelles The
synthesis of monomeric units was accomplished using the methodology
employed inScheme2.03, a condensation reaction of the carboxylic acid
functionalized diiron complexesvith PEG allowing for the synthesis of
complexes with terminallcoholsterminal. It was found that these compounds

(2.16-2.18) dissolve even in water
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Scheme2.03: Synthesisof complexe.16- 2.17.

These materials were obtained in yields of approximately 95%hdn
spectra'H NMR of compound?.16 spectrathe Cp moved upfield from 23

ppm to 5.3 ppm. The complexed protons tife compound2.16 appearat
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6.28 6.90 ppm, while resonance foruncomplexed aromati@ppeas at
7.31ppm. On the other hand, the intense peak arourddpprd is related to
asymmetric protons of PEG. TH& spectrumwasreadily analyzed as well.
The carbon of the Cpppearsat 79.® ppm, the complexed aromatarbons
appear as four distinct signals in the range between 78.88.18ppm.The
4,4-bis(4-hydroxyphenyl) valeric a c i dr@mstic carbon presentas two
symmetric signals at 12M%nd 130.04 ppnilhe high field quadrnary carbon
appearing at 147.1&and 15209ppmfor the oxygen bonded carb@and the
guaternary presenis presenB7.77 ppm is a consequence of th€bond of
the comple® aromatic ring. Finally, the carbons of PEG shgwat the range

60.00-75.00 ppm respectively.

86



|
\ ' l
-~ .lr l\_ﬂ\_ﬂ'\-\_ _)II Ik—ﬂ'l 'l\_.-..,l'lh-_-dﬂ‘-—ﬁ"'ll / l‘l‘-_ J‘L—f‘kil.ll\"

L B I I I I
5 !

Figure 2.27: *H NMR of complex2.16in DMSO-d.

Figure 2.28 *C NMR of complex2.16in DMSO-dg.
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