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Abstract
This study illustrates the versatility of CpFe" activated SyAr in the synthesis of

oligomeric, polymeric and macrocyclic systems. Initially, the efficiency of this synthetic
strategy was demonstrated by the use of chloro- and nitro- (arene)CpFe” complexes in
the design of a variety of species with aliphatic or aromatic oxygen, sulfur or nitrogen
bridges. Interest in the chemical behavior of these complexes led to the electrochemical
investigation of selected species. Specifically, it was found that the iron centers of
etheric complexes behaved as isolated redox centers whereas a small degree of
interaction between metal centers was measured with respect to similar thioetheric
analogues. An extension of these studies focused on the investigation of the rate of the
reaction of the first reduction species of these complexes with the solvent in addition to
the determination of several activation parameters. It was found that the nature of the
bridging ligand as well as temperature affected the behavior of these species.
Cyclopentadienyliron activated nucleophilic aromatic substitution was further
investigated with respect to several polymerization techniques. Monomeric design was
achieved by the preparation of the complex followed by isolation of the organic
counterpart using photolytic demetallation. This two step process allowed for the
synthesis of monomeric units which were polymerized using Scholl reaction conditions
or ring-opening metathesis polymerization techniques. The synthesis of polyaromatic
ether and thioethers with pendent CpFe" moieties by the reaction of the appropriate
complex and dinucleophile in a one-step process is presented for the first time. Several
nitrogen containing macrocyclic complexes were prepared via a two-step process in
which the design of a species as desired was achieved by the reaction of a bimetallic

complex with a variety of dinucleophiles in the ring closure step.
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1.0 Chemistry of Organometallic Arene Complexes

1.1 Introduction

The temporary complexation of metallic moieties to the n-electron system of an
aromatic compound has had a substantial impact on the development of transition metal
chemistry.' It has been well established in organic chemistry that aromatic compounds
readily undergo electrophilic aromatic substitution reactions.* It has also been
demonstrated that, under certain circumstances, an aryl halide will undergo nucleophilic
aromatic substitution reactions. However, for this reaction to occur, there must be
electron-withdrawing substituents on the ring.” The electron-withdrawing capabilities of
the transition metal moieties when complexed to aromatic compounds will be one of the
central themes of this work.

The activation of aryl halides toward nucleophilic reactions has been investigated

with respect to a number of metal moieties such as cyclopentadienyliron (CpFe+),
cyclopentadienylruthenium (CpRu+), pentamethylcyclopentadienylruthenium (Cp.Ru+),

chromium tricarbony! (Cr(CO);), and manganese tricarbonyl (Mn(CO)3+). Mechanistic
investigations involving the reactivity of a number of halobenzene metal complexes
toward nucleophilic aromatic substitution with the methoxide ion allowed for a
comparison of the electron-withdrawing capability of the metal moieties with respect
to one another.®’ Figure 1.1 summarizes the relative electron-withdrawing power of

some of the metal moieties mentioned above.® A one-dimensional examination of these
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Figure 1.1: Relative electron-withdrawing ability of metallic moisties

upon ®-complexation to an aryl halide

metal moieties based on their capacity to activate aromatic compounds toward
nucleophilic reactions suggests Mn(C0)3+ as the metal moiety of choice. All of the
aforementioned metal moieties have been applied to some degree to the activation of
aromatic compounds.”’® In spite of the activating ability of some of these metal
moieties, the extent of their application is often hampered by factors such as high cost,
toxicity and limitation with respect to the number of aromatics to which they may be
complexed. The moderate electron-withdrawing ability of CpFe+ in association with its
low cost, ease of complexation and decomplexation and low toxicity enhances its
practical synthetic utility.

Although it has been demonstrated that under the appropriate reaction conditions
the complexation of a metal moiety to aromatic compounds may be employed in the
promotion of a variety of chemical reactions, the use of CpFe+ in the activation of
aromatic compounds toward nucleophilic aromatic substitution reactions is the primary

focus of this study and will be considered in further detail.®



1.2 Synthesis and Reactivity of n°-Arene-n’-Cyclopentadienyliron

Complexes

1.2.1 Synthesis

Although Coffield and coworkers are noted for the preparation of the first
nC-arene-n’-cyclopentadienyliron complex in 1957, the low yield of their procedure
[imited its extensive applic:ation.20 Nesmeyanov and coworkers are highly regarded in
the field of aromatic organoiron chemistry for their contribution of an alternative

2124 Nesmeyanov described the

preparation of these mixed sandwich complexes.
successful replacement of one of the cyclopentadienyl ligands of ferrocene with an
appropriate arene in the presence of AICl; and Al. The advantage of this methodology
was the isolation of the desired complexes in yields of up to 40%, a marked improvement
over the methodology reported by Coffield. Further work in this area produced dramatic
increases in yield, as high as 90% in select cases, upon the addition of a stoichiometric

1> Figure 1.2 represents the general scheme of the

amount of H2O or concentrated HC
ligand exchange reaction that allows for the isolation of the cationic complexes as their
hexafluorophosphate or tetrafluoroborate salts following an appropriate workup

procedure.



Figure 1.2: The preparation of mixed sandwich complexes

of iron via the ligand exchange reaction

Typically, excess arene is added to ferrocene in the presence of AlCl; and Al for 3 to 24
hours at a temperature ranging between 80-165°C.%¢ Although the addition of a solvent
is not usually necessary since the arene itself may serve as the solvent, one of two options
may be considered in the use of solid arenes. The solid arene may simply be melted and
serve as the reaction solvent, or an inert solvent such as decalin may be added to the
reaction mixture.

The ligand exchange reaction has resulted in variable success when the aromatic
ring to be complexed is altered. Thorough investigation of a variety of aromatic
compounds revealed that ring substitution takes place more readily in the presence of an
arene ring or cyclopentadienyl ring with electron donating groups but is hampered by the
presence of electron withdrawing substituents.>” These observations are rationalized by
the electrophilic mechanism which has been suggested for this reaction (Figure 1.3).%%%°
A key step in the proposed mechanism is the formation of a complex involving AlCl; and

an electron rich cyclopentadienyl rings of ferrocene. This results in a weakening of the

iron-ring bond to form the free CpFe+ unit which undergoes further reaction with an



aromatic substrate to vield the desired n®-arene-n’-cyclopentadienyliron cation. It is this
species which is then subject to an exchange with the desired arene ligand.

The hindered reaction of the cyclopentadienyl ring substituted with electron
withdrawing groups is then justified by the decreased electron density of the ring. This
limits attack by AICl; which makes the substituted cyclopentadienyl ring less susceptible
to cleavage. It is important to note that regardless of the features of the cyclopentadieny!
and arene rings, the aluminum powder is an essential component of the reaction mixture
as it prevents the oxidation of ferrocene to the ferrocinium cation 2>2%3%-37.39

In 1993, a communication appeared which describes the preparation of n°-arene-
n’-cyclopentadienyliron complexes in higher yields and employing reaction times of 4
minutes.* This attempted improvement of the ligand exchange reaction utilizes the same
reagent mixture as previously reported but makes use of a conventional microwave
oven for the purpose of carrying out the reaction.

The synthesis of a large number of monocationic species of simple arenes has
dominated the application of the ligand exchange reaction. However, this methodology
has also received considerabie attention as a route to complexed heterocyclic mono- and
di-cationic derivatives and until recently the reaction of polyaromatic compounds in the
presence of excess ferrocene was reported as the exclusive synthetic route to the

preparation of bis(cyclopentadienyliron) complexes > 32344143



AlCl3

Figure 1.3: The mechanism of the ligand exchange reaction

1.2.2 Nucleophilic Aromatic Substitution Reactions

The wide variety of chemical reactions that n°-arene-n’-cyclopentadienyliron
complexes can undergo, including reactions with either of the complexed rings, their
substituents or the iron itself, thoroughly demonstrates their remarkable reactivity.*™

These complexes are susceptible to photolytic cleavage, oxidation and reduction

reactions and nucleophilic addition and substitution modifications. The reactivity of



these complexes toward nucleophilic aromatic substitution reactions is the basis for this
work and will therefore be the essence of the following discussion.

According to traditional organic chemistry, aromatic compounds are readily
susceptible to electrophilic attack and, in the presence of one or more electron-
withdrawing substituents, are equally inclined to act as electron acceptors and undergo
reaction in the presence of a nucleophile.” The ability for an organometallic species such

as CpFe+ to act as a strong electron-withdrawing group and activate a complexed arene

toward nucleophilic attack was initially investigated and reported by Nesmeyanov and his
coworkers in 1967.* They determined the activation of this metallic moiety to be
equivalent to that of two nitro groups. It was also demonstrated that chloroarenes when

complexed to CpFe+ will undergo nucleophilic aromatic substitution in the presence of a

variety of carbon, oxygen, sulfur and nitrogen nucleophiles under fairly mild reaction
conditions.*’ Subsequent consideration of n°’-arene-n’-cyclopentadienyliron complexes
has established the nucleophilic substitution of nitro substituted arenes in the presence of
a nucleophile, a suitable base and an appropriate reaction solvent. Figure 1.4 presents a
general scheme outlining the nucleophilic aromatic substitution reaction of nucleophiles
with n°-arene-n’-cyclopentadienyliron complexes.

The use of this methodology for the preparation of important organic precursors
as well as species with biological or industrial potential demonstrates its synthetic utility.
Specifically, both mono- and disubstituted chlorobenzene CpFe+ complexes have
successfully undergone SyAr reactions in the presence of a number of carbanion
nucleophiles and are recognized as a viable route to carbon-carbon bond formation

(Figure 1.5).°*%7 A notable advantage of this synthetic strategy is the option of preparing
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Figure 1.4: Nucleophilic substitution of cyclopentadienyliron

activated chloro- and nitro-substituted arenes
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(CN)C(Et)(CO 2Ph)
MeCH(COZEY)

EtCH(CO ,E¢)

Figure 1.5: Reaction of various carbanion nucleophiles with

n6-(cbloroarene)-n5-cyclopentadienyliron complexes



either symmetric or asymmetric derivatives by the successive substitution of
dichlorobenzene complexes with nucleophiles which may be the same or different.
Nucleophilic aromatic substitution of n°-dichloroarene-n’-cyclopentadienyliron
complexes with nitrogen nucleophiles has been investigated in some detail by Helling
and Hendrickson who reported exclusive monosubstitution in the presence of primary
amines.”®*> The rationale suggested for this observation was the -formation of a
zwitterionic cyclohexadienyliron complex possessing an exocyclic double bond. The
formation of this electron rich complex results from the deprotonation of an a-XH group
(X=C, N, 0, S) bonded to the complexed aromatic ring of a CpFe” complex under basic
reaction conditions and renders the complex inactive toward further nucleophilic

substitution (Figure 1.6).

9 9= 0m
o)

Figure 1.6: Zwitterion formation

A similar scenario results from the reaction of n’-dichloroarene-n’-cyclopentadienyliron
complexes with carbon nucleophiles possessing a methine proton.’¢® 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 the reaction mixture.”® Selective substitution of dichloroarene complexes
may be achieved in the presence of secondary amine nucleophiles. The nitro group is
known to be a better leaving group than chlorine and as a result (nitroarene)CpFe+
derivatives have been employed in nucleophilic aromatic substitution reactions with
amines.%

In addition to the above mentioned carbon and nitrogen nucleophiles which have
been demonstrated to readily undergo substitution with (chloroarene)Fe+Cp complexes,
the formation of etheric and thioetheric linkages also occurs in the presence of oxygen
and sulfur nucleophiles.’"*> The double nucleophilic substitution reaction of a variety of
oxygen, sulfur, and/or nitrogen containing 1,2-dinucleophiles with 1,2-substituted
dichloroarenes represents a unique approach to heterocyclic systems (Figure 1.7).54%°

The reaction of (chloroarene)Fe+Cp complexes with a variety of aliphatic and
aromatic oxygen dinucleophiles has been studied extensively resulting in the preparation

of mono-, bi- and polymetallic species.®” "

Ql R X R
+ —— I@/
a
+ Fe+

Figure 1.7: Reaction of 1,2-dinucleophiles with n°-o-dichloroarene-n’-

cyclopentadienyliron complexes in heterocycle formation
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1.2.3 Demetallaticn

Recently, the importance of organometallic reagents in organic synthesis has
become increasingly apparent.””™ The influence that the CpFe' moiety has had on the

modification of chemical species as an exclusive route to some organic compounds is no
exception. It is the ease with which the metallic moiety may be removed from the
backbone of the modified organic ligand which is often recognized as an important
feature of organoiron chemistry.

Pyrolytic sublimation, electrolysis, and photolysis all represent techniques which
may be applied in the cleavage of the metallic moiety from the organic ligand. Pyrolytic
sublimation is frequently used in the case of thermally stable n°-arene-n’-
cyclopentadienyliron complexes and involves heating the complex to high temperature

5. 74 Electrolytic reduction has been used to remove some

under partial vacuum.
heterocyclic ligands from their parent metallated complexes.” Despite the success
demonstrated with these methods, photolytic demetallation represents the most
convenient method and as a result dominates the various routes which have been
employed for the liberation of the metal moiety from the attached organic ligand.
Photolytic demetallation involves the irradiation of a cyclopentadienyliron
complex dissolved in a suitable solvent using visible or ultraviolet light and allows for the
isolation of the desired organic species in yields ranging from 50-100%.** 7”7 In

addition to the removal of the modified organic species, ferrocene and an iron(II) salt are

generated in the process (Figure 1.8).72

11



. Q- @
hv
O f

Figure 1.8: Liberation of the arene by photolytic demetallation

It has been shown that the mechanism of this reaction is a photodisproportionation
reaction as a result of a photoinduced electron transfer from the solvent to the complex.”
In the case of (arene)cyclopentadienyliron complexes, liberation of the modified arene
ligand is a result of arene replacement which may take place by a six electron ligand or
by three two-electron ligands. The solvent dependency of this reaction was suggested by
a study carried out by Gill and Mann who concluded that CH3;CN was one of the most

efficient solvents 3°%2

1.2.4 NMR Studies of n6—Arene-'qS-Cyclopentadienyliron Complexes

Nuclear magnetic resonance spectroscopy (NMR) has become a primary tool in
the identification of n°-arene-n’-cyclopentadienyliron complexes. It has been suggested
that due to bonding interactions with the metal d orbitals, hybridization of the arene
electrons takes place upon the complexation of the CpF e metal moiety to uncomplexed
arenes resulting in distinguishing spectroscopic features.** 8% The most distinctive

feature of the 'H NMR spectra of CpFe+ complexed arenes is the 0.8 to 1.1 ppm

12



downfield shift of the Cp resonances in comparison to those representative of ferrocene.®*
A similar downfield shift of methyl and methylene protons was also noted. Diagnostic
features of the :°C NMR include the downfield shift of 6.0 to 9.0 ppm representative of

the Cp carbons as compared to ferrocene in addition to a 40 ppm upfield shift of the

complexed arene carbon resonances relative to the free arene.*®

1.3 Organometallic Polymers

1.3.1 Introduction

The heightened interest in inorganic and organometallic polymers stems from the
need for new specialty materials that meet the rigorous demands of our technologically
advanced society.*> Due to the emphasis on preparing materials with specific properties
for well-defined applications within an economical and environmentally conscious
context, polymer chemistry has developed into a highly interdisciplinary field composed
of organic, polymer, physical, inorganic chemistry and chemical engineering, *>%°

One of the most direct approaches to controlling the chemical behavior of the
desired material is by the incorporation of different monomer unit structures into the
architecture of the polymer chain. The incorporation of metallic species into the polymer
structure allows for the inclusion of a large number of elements in the periodic table, in
almost limitless combinations. In fact, it may be said that the array of potential materials

is limited only by the chemists own intent and imagination. A case in point is the variety

of materials prepared by traditional polymer chemists whose repertoire of materials is

13



composed of a few typical elements such as C, H, N, S, P, Cl, Br, O, and F.¥*® On the
other hand, the scope of materials imaginable when combining these elements with the 44
metals available is staggering. In addition, many of the metals available for possible use
in polymer preparation can also be present in several oxidation states.®*°

Several unique features contribute to the wealth of potential applications that exist
for transition metal-containing polymers.”® The ability to regulate the oxidation state of
the metal by changing the metal ligand is just one characteristic which contributes to their
value. Changing the ligands also allows control of these highly colored species with
respect to their absorption of visible or UV light. The ability of the heavy nuclei to
absorb neutrons, X-rays and other types of radiation suggests the potential that the
resulting material may provide protection from radiation, or its presence promote
selective cleavage and degradation of the polymer. Hence, this field has witnessed the
systematic and intelligent design of a wide variety of materials with a diversity of
applications including polymeric conductors and semiconductors, preceramic materials,
polymer bound catalysts, shields for UV and other high energy radiation, biosensors,
polymers with high stability, and flame retardency.”

Regardless of the diversity of the synthetic methods, the combination of several
side-group variations and the possible incorporation of a large number of elements
presents limitless opportunities for the nature of the resulting metal-containing materials.
Consequently, a distinction may be made between organometallic polymers: (i) which
contain the metal atom in the polymeric backbone or (ii) where the metal moiety is
pendent to the backbone of the polymer chain. Although a review of all the recent

developments in this diverse field is beyond the scope of this discussion, each
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classification will be mentioned briefly with emphasis on macromolecules with pendent

metal moieties.

1.3.2 Polymers Containing Metals in the Backbone

One of the main objectives of organometallic chemists is to prepare stable,
processable, and high molecular weight polymers containing metals as a regular structural
unit of the polymer. They hope to modify the polymeric properties of purely organic
systems by the incorporation of various metal moieties into the polymer structure.*>%°
Coordination and metallocene polymers represent two examples of polymers that
incorporate transition metals into the backbone of the polymer chain.

Until recently, one of the main routes to the preparation of metallocene containing
polymers was the use of condensation polymerization techniques. The syntheses of
titanium-containing polyesters, polyethers, polythioethers and polyamines from the
reaction of dicyclopentadienyltitanium dichloride (Cp,TiCl;) with diacid salts, diols,
dithiols and diamines are examples.®® Similar types of ferrocene-containing polymers as
well as poly 1,1’-ferrocenylenes have been prepared by a variety of coupling reactions.”"**
However, these methods have generally led to the isolation of low molecular weight
polymeric species.

The incorporation of ferrocene into polymeric structures has experienced a
resurgence due to the work of Ian Manners and his coworkers who have developed the

use of ring-opening polymerization (ROP) as a new route to polymers containing skeletal

ferrocene units. Ring-opening polymerization generally occurs via chain-growth processes
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and represents a unique route to the preparation of metal-containing polymers. The
restrictive stoichiometric and conversion requirements, which often result in low molecular
weight species via condensation techniques do not play a role here.** Manners has taken
advantage of previously published investigations of [1]ferrocenophanes which showed that
these compounds possess strained, ring-tilted structures in which the planes of the
cyclopentadienyl ligands are tiited with respect to one another as compared to the parallel
cyclopentadienyl ligands of ferrocene.®> * Figure 1.9 illustrates the thermally induced
ring-opening polymerization of both [1] and [2] ferrocenophanes developed by Manners
for the preparation of ferrocene-containing high molecular weight polymers.**'* More
recently, greater control over the chain length of the desired species has been achieved
when [1] and [2] ferrocenophanes were subjected to ROP in the presence of an anionic
initiator. 1%+1%7

The incorporation of ferrocene into the backbone of the polymer chain intially

attracted the attention of the areospace industry in their search for polymers with high
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Figure 1.9: Ring-opening polymerization of [1] and [2] ferrocenophanes
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thermal stability for use as lubricants and gaskets for jet engines, radiation shields and
combustion regulators for solid-state rocket fuel™® Continued interest in these systems is
maintained by their intriguing electrochemical properties which have shown evidence for
through bridge interactions between the iron centers 710" 103104

Integration of transition metals into the backbone of the polymer chain is also
observed in the form of coordination polymers as a result of bridging of the metal by o-
bonded organic ligands.*® Many transition metals, including the lanthanides and actinides,
have been incorporated into these types of metal-containing polymers. The tendency of
some of these materials to exhibit a high degree of non-linear optical activity or electrical
conductivity has spurred extensive synthetic investigation. The majority of these
polymeric species are insoluble, and in combination with their ease of degradation makes
them useful for the controlled release of drugs or growth hormone.®® Figure 1.10

illustrates one example of a coordination polymer which incorporates ruthenium into the

polymer backbone.'®
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Figure 1.10: Ruthenium coordination polymer
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1.3.3 Organometallic Polymers with Pendent Metal Moieties

Polymers in which the metal moieties are pendent to the backbone of a mainly
organic polymer chain have been shown to have a marked effect on the physical and
chemical nature of the resulting material. A universal feature of all polymeric species and
one which continues to plague polymer chemists alike is the decreased solubility
experienced with increased molecular weight. However, it has been demonstrated that a
slight modification of the polymer structure in the form of a side group addition can
increase the solubility of the polymeric material. Relative to its organic counterpart, a
marked increase in polymer solubility may be observed upon n-complexation of a metal
moiety.”

Perhaps the most readily applied route to the synthesis of metal-containing
polymers originated in the 1960°s with the discovery that vinyl ferrocene and other vinylic
transition metal m-complexes undergo polymerization under the same conditions as
conventional monomers to form the corresponding polymeric material.'®  Vinyl-
organometallic polymers are formed from the addition of the vinyl units where either or
both X and Y may be metal-containing moieties and result in the synthesis of
homopolymers (when X=Y) and copolymers (when X=Y) (Figure 1.11).%

Figure 1.11 illustrates the diversity of metals that may be appended to the
backbone of the polymer chain employing just one synthetic approach. It would be futile
then to attempt a comprehensive review of polymeric materials of this type in any detail
here. Consequently, the following discussion will be limited to those reports in which the

metallic species is pendent to polymeric chains with etheric and thioetheric linkages.
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As of late, ruthenium has shown the greatest promise as the metal of choice in the
synthesis of polyaromatic ethers and thioethers with pendent metallic moieties. In 1985, a
noteworthy communication by Segal described the application of SyAr reactions in the
preparation of poly(ether-ether-ketone) with pendent CpRu’ metal moieties.”” The
liberation of the metallic moiety via photolytic demetallation or thermal arene replacement
reactions was a distinct benefit of this innovative synthetic approach to polyethers. The
presence of the pendent metallic moiety also enhanced the solubility of the compiexed
polymer in DMSO and acetonitrile relative to the insoluble nature of the purely organic

analogue.
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Figure 1.11: Formation of polymers with pendent metallic

moieties from the addition of vinyl units
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The reaction of the (1,4-dichlorobenzene)Ru+Cp' complex with various aromatic
ether and thioether dinucleophiles allows for the isolation of the corresponding metallated
polymeric materials.” '°  Acetonitrile, DMF and DMSO soluble metallated
poly(phenylene sulfide) and poly(phenylene oxide) have been prepared by Dembek and
coworkers following the reaction sequence illustrated in Figure 1.12. Despite Dembek’s
success in the preparation of the metallated materials, attempts to isolate the free organic

polymers were hindered by premature precipitation resulting in incomplete removal of the

Ru+Cp‘ moiety.
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Figure 1.12: The preparation of poly(phenylene sulfide) and

poly(phenylene oxide) with pendent Cp‘Ru+
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More recently, Abd-El-Aziz and coworkers have described the use of CpFe”

activated chloroarenes in the stepwise preparation of oligomeric species with etheric
linkages.” This methodology involves the successive reaction of p-dichloro- and p-
dihydroxy- terminated poly(cyclopentadienyliron) cations under very mild reaction
conditions that allowed for the preparation of metallated oligomeric species with up to 35
pendent metallic moieties. Furthermore, photolytic demetallation was successfully
employed for the isolation of the modified organic counterpart in which the molecular
weight was virtually monodisperse. The synthetic strategy described above is depicted in

Figure 1.13 and summarizes the controlled design of these oligomeric systems.
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Figure 1.13a: Preparation of starting material for the stepwise synthesis of

oligomeric polyethers with pendent CpFe’ moieties™
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Figure 1.13b: The stepwise design of oligomeric aromatic ethers via

CpFe" activated nucleophilic aromatic substitution reactions”

24



1.4 Polyarylethers and Polyarylthioethers

1.4.1 Engineering Thermoplastics

Thermal stability, chemical resistance, flame retardancy, high mechanical strength
and potential electrical properties are some of the characteristics inherent to polymeric
materials that incorporate aryl ether and thioether linkages as a fundamental component
of their molecular structure.'''™! These attributes provide the basis for a family of
polymeric materials referred to as “high performance plastics” or “engineering plastics”.
The commercial development of these materials has given rise to a class of high-
performance plastics that are recognized for their superior performance in a number of

HL 113, 21118 ppoineering plastics continually enter industrial

demanding applications.
markets previously dominated by metals and great potential exists for further
development of these materials with far reaching consequences.

The drive for commercial development of engineering plastics stems from their
attractive balance of properties in addition to their cost efficiency.'” The value of these
types of polymers is magnified by the incorporation of various chemical functionalities
into the polymer structure in an attempt to design materials with specific qualities.''**!”
120, 123-124  Geveral industrially significant high performance engineering thermoplastics

are represented in Figure 1.14, and combine ether, thioether, carbonyl, sulfone and amine

linkages within the backbone of the polymer chain.
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Figure 1.14: Industrially important engineering thermoplastics

Due to the structural variations in these materials, no one synthetic approach has been
developed for the preparation of the above polymers. As a result, the synthetic
methodology applied for polymer preparation is selective with respect to the structural

intricacies of the material itself and its intended purpose.'?"'%*

Several of the most
commonly applied methods and recently developed methods used in the synthesis of
polyarylethers and polyarylthioethers will be mentioned briefly in the following

discussion.
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1.4.2 Electrophilic Synthetic Methods

Electrophilic techniques used in the preparation of polyarylethers and
polyarylthioethers take advantage of the electron rich nature of aromatic compounds and
rely on the attack by electron deficient species to the ring. Monomer selection plays an
important role in determining the success of any polymerization reaction. For instance,
although other sources have been noted, electron deficient species such as sulfopium
(-SOz+), acylium (-CO+), and carbenium (R3C+) ions are predominantly generated from
their corresponding acid halides or the free acid.'** In the case of the aromatic species, it
has been noted that ether activated aromatic rings are more apt to undergo electrophilic
reactions than aromatic rings that incorporate electron-withdrawing groups or have
neighboring rings with these types of substituents whose effect may be transmitted
through the aromatic structure.

Some of the earliest publications describing the use of electrophilic techniques in
the preparation of polymeric materials appeared in 1888 and 1897 by Friedel and Crafts
and by Genvresse, respectively, and report the reaction of benzene and sulfur in the
presence of aluminum chloride resulting in the synthesis of poly(phenylene sulfide)
(Figure 1.15).'2 12126 However, only very low molecular weight products were isolated
and the structure of these materials has been questioned as to whether they would even

have the structural potential to be considered polymers.

27



) ¢ el {@J[ COd

X =Sg, S2C12, SCl2

Figure 1.15: Preparation of poly(phenylene sulfide) in the

presence of Friedel-Crafts catalysts

Further development of electrophilic techniques acknowledged the unique
catalytic nature of Friedel-Crafts catalysts. Aluminum chloride, ferric chloride, antimony
pentachloride, molybdenum pentachloride, indium trichloride and
trifluoromethanesulfonic acid were among the species to demonstrate particularly high
activity and were subsequently found to be useful in these polymerization reactions.'#-1%%
127131 FeCly and AICl; are the most readily used catalysts. Although both melt and
solution polymerization processes have been successfully used, solution techniques are
generally the method of choice in order to avoid the use of very high reaction
temperatures.'?’ Nitrobenzene is generally the solvent of choice in these reactions since it
allows for the solubility of the monomers and resulting polymers and was found to be
compatible with the Lewis acid catalysts.

Friedel-Crafts techniques have been extensively studied with respect to the
preparation of polyethersulfones because the polymers are obtained in high yield.
However, stoichiometric amounts of AlCl; are required to promote the successful
polymerization of polyetherketones. This poses difficulties in polymer isolation and

promotes branching.'** *7 More recent innovations in AICl; based electrophilic
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processes have employed the use of Lewis bases in conjunction with Lewis acid catalysts

in an attempt to control polymerization, especially with regard to possible side reactions

(Figure 1.16).1*

e+ oD

CH2Q12
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Figure 1.16: Polymerization using Lewis acid catalysts

in the presence of Lewis bases

Structural studies of polymeric species have determined a definite relationship
between polymer structure and the melt and mechanical processibility of the
corresponding materials. Essentially, linear polymers yield the toughest polymers.'* 3%
B! The formation of ortho structures during chain growth and/or chain branches by post
reaction on polymer repeat units represent some of the most common defects generated
as a result of electrophilic processes and tend to change a tough polymer into brittle
material. The preparation of linear polymers is inherent via electrophilic reaction where a
single monomer such as 1,4-phenoxybenzenesulfonyl chloride is employed (Figure
1.17).'2% 3% polymerization is moderated by the presence of the sulfonyl group which

promotes sulfonylation of the rings entirely in the para position. In contrast, utilizing two

monomeric species, one of which is composed solely of etheric linkages, introduces a
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higher potential for structural defects. This stems from the fact that the sulfonylation of
diphenyl ether directly allows for the possibility of a substantial amount of ortho-
substituted products to be formed as a result of the absence of the directionally
moderating sulfone groups (Figure 1.17).'?® 13 A5 the reaction proceeds, branching
occurs causing a decrease in the concentration of the phenoxy end groups. Although
electrophilic methods may be used effectively for polymer synthesis, these routes

generally result in more structural flaws as compared to nucleophilic routes.
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Figure 1.17: Structural characteristics of polymeric species resulting

from one and two monomer processes

30



1.4.3 Nucleophilic Methods

In the past few decades, nucleophilic displacement techniques have been
exploited as a viable route to the preparation of commercially important engineering
thermoplastics. This is ironic because the electron-rich nature of an aromatic ring
imposes certain restrictions on their reaction toward nucleophiles. Be that as it may,
aromatic nucleophilic displacement reactions have been studied using both activated and
unactivated nitro- or haloarenes with alkali metal phenolates and thiophenolates.'*
Nucleophilic displacement of a leaving group on an activated system generally proceeds
by a two-step addition-elimination mechanism which involves the formation of a highly
energetic Meisenheimer complex followed by loss of the leaving group. When the
aromatic ring bears strong electron-withdrawing substituents in addition to a good

leaving group, nucleophilic displacements take place under mild reaction conditions.'*?

+ “Nu slow e fast + x-

Figure 1.18: Two-step nucleophilic substitution mechanism

via the highly reactive Meisenheimer complex
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The reaction of a number of di- and poly- haloaromatics with various metal
sulfides, which were either added unreacted or formed in situ from sulfur and the metal
oxide or carbonate, was investigated by Macallum in the formation of poly(phenylene
sulfide).'** 33128 1n particular, he focused on the reaction of 1,4-dichlorobenzene with
sodium carbonate and sulfur in a sealed container at 275-360°C as illustrated in Figure
1.19. The commercial utilization of this process was hindered by its highly exothermic
nature which made it difficult to control. Additionally, the composition and physical
properties of the polymers were highly sensitive to the reactant ratios employed."*®
About a decade later, Edmonds and Hill reported the procedure which is presently used
for the preparation of a variety of arylene sulfide polymers from readily available starting

materials.'** ** Poly(phenylene sulfide) is industrially produced by the reaction of

1,4-dichlorobenzene and sodium sulfide in a polar solvent (Figure 1.20).

C!O—CI + S + NaCO3 —» -PQ‘SI+
n

Figure 1.19: Preparation of poly(phenylene sulfide) by the

Macallum polymerization process
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Figure 1.20: Industrial process used for the preparation of poly(phenylene sulfide)

Generally, the preparation of high molecular weight polymers via nucleophilic
substitution results from the reaction of bisphenates or bisthiophenates with aromatic
dihalides and is a prime representative of step-growth or condensation polymerization.'?*
For the most part, nucleophilic routes are dominated by the use of either sodium

hydroxide or alkali metal carbonates as bases for the formation of the desired bisphenates

or bisthiophenoxides (Figures 1.21 and 1.22),1%-124 139143

x—Qy«—@—x + HO—Ar—OH

X=ClorF .
Polar aprotic solvents,

l K2CO03, ~155°C,~16 h
Y= é or SO,

OOy,

Ar = arylene

Figure 1.21: Nucleophilic substitution reaction using the carbonate process
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DMSO

Figure 1.22: Nucleophilic substitution using the caustic process

Regardless of the methodology applied, several factors play a crucial role in the
production of polymers with useful properties. The reactivity of the aromatic dihalide is
dependent upon both the activating groups and the halide to be displaced. The reported
order of ease of displacement in activated aromatic halides is usually F>>CI>Br>1.1%% 1%
149" Consideration of the nucleophilicity and thermal stability of the bisphenate during
polymerization is another issue which must be explored. Although the presence of an
electron-withdrawing substituent is essential for the nucleophilic activation of the
haloaromatic monomer, its presence is found to be detrimental to the phenate
monomer.'?> **  Whereas electron-donating substituents para to the phenate group
enhance its nucleophilicity; the electron-withdrawing capability of certain chemical
functionalities render the bisphenol more acidic and its corresponding phenoxide less

reactive.
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The stepwise nature of these routes also implies the need of a 1:1 stoichiometric
ratio of the bisphenate to the dihalide in the preparation of high molecular weight
species.[2#13: 133145 A ¢ 3 result, it is crucial to attain high purity monomers and avoid any
side reactions that may disrupt these ideal conditions. A potential disturbance in ideal
stoichiometry when sodium hydroxide is used as a base is the hydrolysis of the halo

substituents of the dihalide monomer (Figure 1.23).'* 1** 1%

a@—so,,—@—a + 2NaOH ———>
0—@—50;@—01« + NaCl + H20

Figure 1.23: Potential stoichiometric disturbance due to the

presence of excess sodium hydroxide

For, instance, sodium hydroxide is formed by the hydrolysis of the bisphenol salt due to
the presence of water and reacts with the polymer end groups or dichlorophenyl sulfone
according to Figure 1.23. Consequently, the stoichiometry of the reaction is disrupted
since the sodium salt that is produced is not nucleophilic enough to react and results in
termination of the polymerization process. It is important to note then that in this case,
the use of stoichiometric amounts of sodium hydroxide are crucial to avoid side reactions.

This is one of the fundamental reasons why alkali metal carbonate processes have been
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favored in nucleophilic substitution reactions. It has been observed that small excesses of
inorganic carbonate can be tolerated in the reaction and is not detrimental to the resulting
molecular weight of the isolated polymeric material.'** Furthermore, whereas the caustic
process requires the generation of the bisphenate salt from the reaction of the bisphenol
and sodium hydroxide prior to nucleophilic reaction, the carbonate process allows the
formation of the desired nucleophile in situ.

A recent investigation conducted by Riffe and coworkers presents the use of
nucleophilic substitution routes for the synthesis of poly(arylene ether ether sulfides).'*
The first step in this methodology involves the nucleophilic reaction of difluorodiphenyl
sulfoxide with hydroquinone or 4,4’-diphenol in the presence of K,COj; using a mixture of
NMP/toluene as the solvent. Further reduction of the sulfoxide in the presence of a
stoichiometric amount of oxalyl chloride and two molar equivalents of
tetrabutylammonium iodide allowed for the preparation of the corresponding sulfide
containing polymer (Figure 1.24).

The use of anhydrous sodium sulfide in the incorporation of sulfide linkages has
recently witnessed a rejuvenation in the preparation of poly(sulfide sulfone). Maita and
Dutta demonstrated the use of the activated nucleophilic displacement reaction of bis(4-
nitrophenyl)sulfone and Na,S at 200°C in NMP in the preparation of the corresponding

sulfide containing polymer as illustrated in Figure 1.25.
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Figure 1.24: Synthesis of poly(arylene ether ether sulfides)
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Figure 1.25: Preparation of poly(sulfide suifone) by the reaction of

activated nitro monomers with anhydrous sodium sulfide

1.4.4 Scholl Polymerization

In the past decade, Percec and coworkers have demonstrated the utility of the
Scholl reaction in the preparation of various polyarylethers. Essentially, the Scholl
reaction involves the elimination of two aryl hydrogen atoms resulting in the formation of
an aryl-aryl bond in the presence of Friedel-Crafts catalysts."****” Extensive investigation
has shown that the reaction proceeds most successfully when dinaphthoxy containing
monomers are subjected to polymerization in the presence of ferric chloride as the
catalyst. The polymerizations can be run in nitrobenzene at room temperature. Figure
1.26 shows an example of the Scholl reaction for the preparation of an aromatic
polyethersulfone.

The reaction is believed to proceed via a cation-radical mechanism where a radical-
cation is generated at one of the naphthoxy groups due to the one electron oxidation of
the monomer by FeCl;.!*"5% 155157 1t is the ease of oxidizability of the napthoxy groups in
this initial step that makes these monomers most appropriate for Scholl polymerization.

Chain growth then continues as a result of either electrophilic or radical propagation steps
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Figure 1.26: Preparation of a polyethersulfone via the Scholl reaction

with termination taking place due to the combination of the cation-radical with the
counter-anion or with a fragment of it. Although several attempts have been made in the
preparation of some commercial polyarylethers by the reaction of diphenyl terminated
monomers as exemplified in Figure 1.27, only low molecular weight materials were
isolated. " #1957 Dyetails of the Scholl reaction will be considered more extensively in

Section 4.1 of this work.
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Figure 1.27: Low molecular weight polyethers with diphenyl terminated monomers

1.4.5 Ullmann Polymerization

It has been stated that the studies of Ullmann in the early 1900’s with regard to the
preparation of diarylethers precipitated the development of the well known nucleophilic
and electrophilic processes which have been employed commercially in the synthesis of
many engineering thermoplastics. The Ullmann reaction is best recognized as a method
for the preparation of polyaromatic ethers involving the reaction of alkali metal
phenoxides with aryl halides where the halogen containing monomer is not activated by an
electron-withdrawing group.'**'®® Figure 1.28 illustrates the reaction of the sodium salt of
Bisphenol A with a dibromo momomer under Ullmann reaction conditions. Copper based
species such as copper halides, copper oxides and metallic copper are used to catalyze the
reaction. Copper oxides demonstrated the greatest reactivity.'®’ Mechanistic studies
concluded that the cuprous ion is the active species which coordinates with the pi system

of the aromatic halide making the resulting complex more susceptible to carbon halogen
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Figure 1.28: Preparation of poly(1,4-phenylene oxide)

using Ullmann reaction conditions

cleavage.''® The proposed mechanism for the Ulimann reaction is illustrated in Figure
1.29.

Several aspects of the reaction conditions have been identified as playing influential
roles in determining the success of this process. For instance, the phenols are generally
reacted in the form of their corresponding alkali metal salts where the greater reactivity of

¥ An interesting

the potassium phenoxide is favored over the sodium counterparts.
observation of this reaction is the order of ease of halide replacement with respect to the
haloaromatic monomer. The activity of the aryl halide is the reverse of that seen for
polyether formation from activated halides or in short decreases in the order
I>Br>CI>>F.""'%*  The effect of the haloaromatic is most obviously illustrated by the

dramatic decrease in yield, from 70% to 10%, experienced in utilizing iodobenzene or

chlorobenzene, respectively, under identical reaction conditions. Despite the high yields of
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Figure 1.29: Mechanism of the Ullmann reaction

product isolated with the use of iodobenzene starting materials, the expense of these
compounds often encourages the use of their brominated derivatives with a slight decrease
in yield. In addition to these considerations of the haloaromatic starting materials, the
activity of the phenolic unit was completely hindered by the presence of methyl groups in
both ortho positions to the hydroxy group. However, the presence of one ring substituent

ortho to the hydroxy group was not found to greatly affect the outcome of the reaction.'*®
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Another aspect of the reaction conditions which has been demonstrated as
influential in determining the success of product formation is the choice of the solvent.
Although a variety of solvents including DMF, HMPA, DMSO, collidine, pyridine and
nitrobenzene have been investigated as potential solvents for the Ullmann reaction,
cuprous chloride in pyridine has been determined to be the preferred catalyst/solvent
system. ¢’ Figure 1.30 illustrates the reaction of the potassium salt of
1,3-dihydroxybenzene with bromobenzene resulting in the isolation of two products,
1,3-diphenoxybenzene and 1,3-phenoxyphenol. With regard to the reported solvent
studies, of particular interest is the dramatic effect that water and acidic solvents had on
the efficiency of the reaction.'® Although the above reaction carried out in pyridine alone
resulted in the isolation of 1,3-diphenoxybenzene and 1,3-phenylphenol in 72 and 15%
yields, respectively, the addition of only a minute amount of water (2%) caused a decrease
in the yields to 22 and 4%. Although the Ullmann ether synthesis has been demonstrated
as a viable route to the preparation of polyarylethers, its potential for industrial application
is hindered by the low to moderate product yields resulting from possible side reactions
such as the Ullmann coupling process, reductive dehalogenation and halogen exchange

between the catalyst and aryl halide
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Figure 1.30: Two products resulting from the Ullmann

reaction in the presence of acidic solvents

1.4.6 Nickel-Catalyzed Coupling Reaction

Nickel-catalyzed coupling represents one of the more novel routes to the
preparation of polyarylethers. Aryl dihalides are reacted in the presence of zero valent
nickel which promotes the formation of an aryl-aryl bond by the elimination of the two
aryl halides (Figure 1.31)."®'® The polymerization takes place most effectively under
an inert atmosphere in a dry aprotic solvent in which zero valent nickel is generated from
a three component mixture of a nickel salt, triphenylphosphine and a reducing metal such

as Mg, Mn, or Zn.'*®
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Figure 1.31: Nickel catalyzed preparation of a polyethersulfone

More specifically, optimal reagent mixtures are composed of a less than 2% mole
ratio of nickel based on the amount of aryl dichloride, high triphenylphosphine/nickel
ratios and an excess of zinc which are subjected to moderate reaction temperatures.'®'7*
Monomer units must be chosen carefully to ensure that any functional groups present are
inert toward the zinc/nickel catalyst system. It has been observed that electron-
withdrawing substituents allow for the isolation of the products in the greatest yield with
the exception of nitro and protic groups which are not tolerated at all.'® Side reactions
are a concern when the starting reagents include electron-donating groups as part of their

structure.'%*

18 In an attempt to prepare high molecular weight materials, the solubility
of the monomer and its corresponding polymer in the reaction medium must be
considered.

Figure 132 outlines the proposed mechanism of the nickel-catalyzed

polymerization process.'®® It is postulated that the initial step in the process involves the
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generation of the active zero valent Ni complex by the reduction of the nickel halide
from Ni(II) to Ni(0). The subsequent oxidative addition of the aryl chloride results in the
preparation of the corresponding Ni(Il) intermediate which, following reduction in the
presence of Zn, undergoes a second oxidative addition of aryl chloride in the formation of
a diaryl Ni(IIT) complex. Liberation of the biaryl product involves a rapid reductive
elimination process yielding a Ni(I) complex which is reduced further and may re-enter
the cycle. At the same time, the Ni(T) species may react with arylchloride by oxidative
addition to yield an arylnickel(III) intermediate which is reduced to arylnickel(I) and may

re-enter the cycle in this form.

NilCl; + 3L + Zn — NioL3 + Zn(Cl2 )
NioL; + ArQl —Y = AMNIQL, @)

. +L
ArNiEQIL; + 12Zn — ArNilL; + 127ZnCl, (3)
ArNilL; + ArCl __'i_, (Ar)2Nilll CIL » @)

+L

(Ar)oNillCILy ————» Ar-Ar + NilCIL; &)

NilClL; + 12Zn ——» Ni0L3 + 1/2Zn(Cl, 6)

-2
NilCIL; + ArQ =2 . ArNilICl;L o)

AINIICLL + Zn — 2  AMNIL; + ZoCl;  ®)

Figure 1.32: The nickel catalyzed mechanism



1.4.7 Palladium-catalyzed Cross-Coupling of Tin Reagents

The coupling reaction of bifunctional tin reagents with dihalides in the presence
of a palladium catalyst has proven to be an effective route to polyarylethers.'”*'” Figure
1.33 is an example of the polymerization of 4,4 -bis(tri-n-butylstannyl)dipheny! ether

with 4,4-dibromodiphenyl sulfone to yield moderately high molecular weight

polysulfones.

+O—O-OHOT

Figure 1.33: Palladium catalyzed polymerization of 4,4 -bis(tri-n-butylstannyl)diphenyl

ether with 4,4’-dibromodiphenyl sulfone

A 2:1 triphenylphosphine:palladium chloride catalyst system in DMAc at 165°C has been
determined as the ideal conditions for the reaction. However, as is the case with most
synthetic techniques, there are both advantages and disadvantages to the use of this
method. This method benefits from the tolerance of pendent functional groups which

may be included on the monomer unit yet suffers from low reaction yields.'"*'”
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1.4.8 Temporary Complexation to a Metal Moiety

The activation of chloroarenes toward nucleophilic aromatic substitution reactions
upon complexation to a metal moiety has been studied as a potential alternative for the
synthesis of polyarylethers and thioethers.

Based on the superior reactivity of (CO);Mn" complexed chloroarenes toward
reactivity with various nucleophiles, it is no surprise that these complexes have been
investigated as a possible route to ether synthesis.”!! Figure 1.34 illustrates the reaction
of a (CO)sMn" complex with the sodium salt of phenol in the preparation of the
corresponding diphenyl ether. Pearson employed this methodology in the preparation of
various diaryl ether and triaryl diethers which may be used further as precursors in
natural product syntheses. 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 complexes restricts further use of this process for this
polymer synthesis. '

It was mentioned previously that in comparison to other metal moieties that have
been used to activate haloarenes toward nucleophilic aromatic substitution, the Cr(CO);
complexes have been shown to be the least reactive. The reaction of
(1,4-dichlorobenzene)-Cr(CO); with mono- or diphenoxides has resulted in the
preparation of aryl ethers.'® '”> The disadvantage of this reaction was the inability to
obtain the desired disubstituted product without having to separate it from the mixture of

products that results from the reaction (Figure 1.3 5).16
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NaOPh @
> 0
acetone, 00C
70-80 %

Mn'(CO)s Mn'(CO)

MeCN, 500C
75-85 %

©2a®

Figure 1.34: Complexation of the (CO);Mn" in the promotion of chloroarene

toward SnAr reactions in the preparation of ether linkages

Double nucleophilic substitution of (1,4-dichlorobenzene)-Cr(CO); with the potassium
salt of bisphenol A was also successfully attained and presents the potential for the
production of high molecular weight species via further nucleophilic substitution. The
efficiency of this reaction in the presence of 18-crown-6 with a reaction time of 2 hours is
demonstrated by the isolation of the desired product in 73% yield (Figure 1.36). The
reduced reactivity of Cr(CO); complexes requires the use of polar aprotic solvents, high
temperatures, prolonged reaction times, and phase transfer catalysts such as 18-crown-6.
More recently, ruthenium and iron based metal moieties have attracted

considerable attention as possible routes to ether and thioether containing compounds.
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:(CO),
m + 0—.—0—.
c:(co)3 r(CO)3

O~O~Q - OO

Figure 1.35: Nucleophilic aromatic substitution of (1,4-dichlorobenzene)Cr(CO)3

with the potassium salt of phenol

The moderate activation capabilities in comparison with the chromium and manganese
metal moieties in addition to the number of chloroarenes to which they can be
complexed, the ease of liberation of their modified ligands from the complex, and their
environmentally safe co-ligands epitomize the appealing qualities of iron and ruthenium
complexes. Several reports have appeared which outline the use of CpRu”, Cp'Ru* and
CpFe" (chloroarene) metal complexes for the incorporation of aliphatic and/or aromatic

ether and thioether linkages in a variety of compounds.'”1%- 6770, 110. 176-178
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ldCOk
%&
D) ~OH<O~<D
Me
r(CO)s Cr(CO)s

Figure 1.36: Double nucleophilic substitution reaction resulting

in the preparation of bimetallic Cr(CO); complexes

In particular, two different approaches have been investigated in the use of CpFe”
and CpRu" complexes as an alternative route to the preparation of thermally stable
engineering plastics. The first method takes advantage of the ease with which modified
organic ligands may be removed from their corresponding organometallic counterparts.
This has allowed for the preparation of unique organic monomeric units which are
suitable for polyesterification or the Scholl reaction in the synthesis of polymers. For
example, Pearson and coworkers have used the polyesterification of monomers generated
using this organometallic route to produce poly(ether-esters).!”'7”

Segal reported the preliminary research concerning the nucleophilic aromatic

substitution capabilities of pendent metallic moieties in the preparation of organometallic

polymers. He succeeded in preparing high molecular weight poly(ether-ether-ketone)
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with pendent CpRu* moieties (Figure 1.37).!” Furthermore, Segal was able to isolate the
organic polymer species simply by photochemical or thermal arenme displacement.
Unfortunately, the organometallic poly(phenylene oxide) and poly(phenylene sulfide)
materials produced by Dembek and coworkers by the reaction of
(1,4-dichlorobenzene)Cp'Ru+ with various dihydroxy- and dithioxy- aromatic
nucleophiles were not successfully isolated as their organic counterparts (Figure 1.12) .'*
19 110 Nonetheless, the preparation of these acetonitrile, DMF, and DMSO soluble

organometallic polymers exemplifies the synthetic utility of this technique.

DMSO,
1.5 h,90°C

]Lu+Cp

Figure 1.37: Preparation of poly(ether-ether-ketone) with pendent CpRu™ metal moieties
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Until recently, the use of the ligand exchange reaction of a polyaromatic
compound with excess ferrocene was the primary route for obtaining high molecular

weight species with pendent CpFe' moieties.*'** The nucleophilic aromatic substitution

of a 2:1 molar ratio of mono- or dichloroarene CpFe' complexes with aliphatic or

aromatic diols has allowed the isolation of a variety of diiron complexes.®”® Detailed
investigation of this technique utilizing aromatic diols has demonstrated that employing
either a one- or two- step reaction strategy offers the opportunity to synthesize symmetric
and asymmetric species, respectively. An extension of this methodology has been used
in the preparation of oligomeric aromatic ethers containing up to 35 metals.”® The
general reaction scheme for this synthetic strategy is based on the structure of monomers
generated from the reaction of (1,4-dichlorobenzene)Fe Cp hexafluorophosphate and
hydroquinone and is schematically represented in Figure 1.13.

Essentially, the chain length of the oligomeric species increases via successive
nucleophilic aromatic substitution reactions of chloro- and hydroxy- terminated metallic
species. The utilization of a 2:1 molar ratio of a complex containing two terminal
hydroxy substituents with (1,4-dichlorobenzene)Fe Cp allowed for disubstitution of the
chlorine substituents and resulted in the isolation of a higher molecular weight species
with terminal hydroxy groups. Alternatively, the reaction of a dichloro-terminated
oligomeric species with hydroquinone in a 2:1 ratio generated the corresponding
dichloro-terminated complex with the appropriate number of metallic moieties.
Successive reaction of the terminal dihydroxy or dichloro substituents of the resulting
oligomeric polymetallic complexes allowed for control over the nature and molecular

weight of the resultant product. This methodology presents a unique strategy in the
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preparation of polyaromatic ethers.

This synthetic strategy presents an efficient alternative to aromatic ether synthesis
under very mild reaction conditions. Photolytic demetallation of the organometallic
oligomers also allowed for the isolation of the purely organic analogues in good yield.®”
% One drawback of this synthetic strategy is the numerous reaction steps which must be
employed to achieve higher molecular weight species. An obvious advantage of this
methodology over traditional methods is the ability to control the molecular weight of the

resulting species precisely.
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2.0 Synthesis of Bis(cyclopentadienyliron) Arene Complexes with Sulfur

and Nitrogen Bridges

2.1 Synthetic Routes to the Preparation of Thioether Linkages

Interest in the preparation of sulfide containing compounds originates from their
importance as intermediates in organic synthesis as well as their potential use as
pharmaceutical agents."”'® Their high thermal stability and their potential as conducting
materials further warrants an investigation of these compounds.'®® Although there are
limited publications describing the synthesis of aryl aryl bis-sulfides,'®'®’ numerous
studies report successful efforts in the preparation of alkyl alkyl and alkyl aryl mono- and
bis-sulfides.'®*'*®* Routes for the synthesis of aryl aryl sulfides, in particular, often suffer
from harsh and/or complicated reaction conditions, the need for activated starting
materials and even contamination.  Consequently, exploration of new synthetic
methodologies to these compounds continues to attract the attention of chemists
worldwide.

The most widely recognized synthetic method of alkyl aryl and aryl aryl sulfides is
the reaction of alkyl and aryl halides with the sodium and potassium salt of thiols (Figure

2.1)."%

RX + R'ST —» RSKR'

Figure 2.1: Preparation of sulfide linkages by displacement reactions
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Analogous to the Williamson reaction, the most common method used for the preparation
of a variety of symmetric and asymmetric diethers, alkyl halides are generally used as the
reagent of choice due to the availability of these species and the fact that halides are
relatively good leaving groups. However, sulfuric and sulfonic esters may be used in place
of halides.’®® It has been demonstrated that the mobility of the halide in these displacement
reactions is greatly affected by the nature of the starting material. It has been determined
that the reaction is especially favorable with primary halides, with secondary halides
resulting in much lower yields, and tertiary halides causing the reaction to fail completely.
If the desired leaving group is attached to an aromatic ring, the presence of a strong
electron-withdrawing group or appropriate catalyst is necessary to promote the reaction.
However, it has been observed that if a polar aprotic solvent such as DMF, DMSO,
tetraglyme, 1-methyl-2-pyrrolidinone or HMPA is employed, then even unactivated aryl
halides react in the presence of an aryl thioxide anion albeit in low yields and under harsh
reaction conditions.'*

The use of phase transfer techniques may strongly accelerate anionic substitution
reactions and has been utilized in the formation of both aliphatic and aromatic thioether
linkages with varying success. The use of phase transfer catalysts is often applied in
anticipation of higher yields, better selectivity, shorter reaction times, milder conditions,
cheaper reagents and greater convenience. Herriott and Picker reported the syntheses of

200

sulfides and dithioacetals according to Figure 2.2a and 2.2b, respectively.
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C6He/H20/NaOH/H 3CN(n-C §H17)3 C1™
R—SH + R#>+—X - RF—S—R2

X=Br,1
R1 = CgHs, n-C 4Hy, i-C3H7—CH;
R2 = CH3, C2Hs, i-C3H7, n-CgHj7

Figure 2.2a: The use of a phase transfer catalyst in the

synthesis of alkyl-alkyl and alkyl-aryl sulfides

Hr0/NaOHH 3CN(CsH c-
RI—SH + CH:Cl 2 I T3, RI—§—CHy—S—R!

R1 =i-C4Hy, n-C 4Hyg, C¢Hs

Figure 2.2b: The preparation of dithioacetals via phase transfer

catalyzed anionic substitution reactions

Several asymmetrical sulfides were isolated in yields of greater than 90% from the
reaction of the desired thiol with an alkyl bromide or iodide in the presence of
tricaprylmethylammonium chloride with 15 minute reaction times at room temperature
(Figure 2.2a). In an attempt to use dichloromethane as a co-solvent, it was observed that
double displacement of the chloride ions from dichloromethane took place resulting in the
generation of the corresponding symmetrical thioacetals (Figure 2.2b).2° As in the
previous reaction, the symmetrical thioacetals were isolated in excellent yield following

stirring of the appropriate reagents for 15 minutes at room temperature. Although several
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symmetrical and asymmetrical sulfides were successfully prepared by this method, the
synthesis of bis-sulfides was limited to the halogen displacement of dichloromethane.

Phase transfer catalysts have also been used in the activation of SyAr reactions of
aromatic substrates. Rolla and coworkers described the use of SyAr reactions of 1,2- and
1,3-dichiorobenzene with thiolates under liquid-liquid phase transfer catalyst conditions.**!
A heterogeneous mixture of the substrate, dicyclohexano-18-crown-6 as a catalyst, and
solution of the thiol in aqueous concentrated KOH were stirred at 110°C under a nitrogen

atmosphere according to Figure 2.3.

3 (catalyst), KOH H 20)
1100C,N2

a SR

R =n-C4Hjy, +C3H7, t-C4Hg, C¢Hs

1 + RSH

Figure 2.3: Dicyclohexano-18-crown-6 as a phase transfer catalyst

in the preparation of aryl-ary! sulfides
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It was observed that numerous variables determined the relative success of the reaction
and the ratio of products formed. The most prominent effect was the dramatic impact that
varying amounts of KOH in the aqueous phase had on the reaction rate. Specifically,
significantly reduced reaction times were required with increasing concentrations of KOH
solution. This was attributed to the fact that anionic nucleophiles are transferred as
nonhydrated species from the aqueous to the organic phase in the presence of
concentrated alkaline solutions. The product distribution of the reaction depended on
both the nature of the substrates and the thiols.?! The mobility of the first chlorine in the
displacement proceeded as expected and followed the order 12- > 13- > 14-
dichlorobenzene with the thiolates reacting according to primary alkyl > secondary alkyl >
tertiary alkyl >> aryl. The relative reduced reactivity of aryl thiolates in comparison to
their aliphatic counterparts is clearly demonstrated by the study of thiophenol. Only a
21% conversion of the corresponding aromatic products was observed which emphasizes
the use of this technique in the preparation of alkyl aryl thioethers rather than wholly
aromatic thioether linkages.

Campbell reported the reaction of an aliphatic or aromatic metal halide and thiol in

an amide solvent which demonstrates the role of the solvent in many reaction processes

(Figure 2'4)- 184-185

AISK + Arx —>amide _ L SAr + KX
solvent

Figure 2.4: The Preparation of Bis-Sulfides in the Presence of an Amide Solvent
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Initial investigations applied Ullmann-like conditions in the presence of copper salts,
resulting in no reaction. Further examination of the reaction illustrated the dependency of
this methodology on amide solvents presumably due to their high boiling points and
consequent ability to solubilize the otherwise insoluble potassium thiolate. Although the
exact function of the amide solvent had not been determined, it seemed to have a

184~
185 Several

significant impact on the bimolecular nucleophilic substitution reaction.
factors which hinder the generality of this reaction include the use of a weak thiolate
nucleophile made unreactive through electron-withdrawing groups or, alternatively, an
unreactive halide containing strong electron donors which cause nucleophile repulsion.
Additionally, both expected and unexpected by-products resulted in many of these
reactions.  Although various mono-, bis- and tris-sulfides and mono- and bis-

phenylmercapto heterocyclics were prepared via this technique, Figure 2.5 illustrates some

of the alkyl-aryl and aryl-aryl bis-sulfides that were isolated.

solvent

R =H, p-(CH3)3C
X = o-, m, or p-Cl, p-Br
Ar = C¢Hy, -CcH40C¢H4-, -CeH4CHy-

Figure 2.5: Bimolecular nucleophilic substitution in the preparation

of various alkyl-aryl and aryl-aryl bis-sulfides
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Modified displacement reactions have also been applied successfully in the
preparation of aromatic mono- and di-sulfides. Bunnett and Creary report the synthesis of
diaryl sulfides via the photochemical stimulation of an aryl halide and an arenethiolate ion
in refluxing liquid ammonia under a nitrogen atmosphere (Figure 2.6).1871%6 1n spite of the
low solubility of many aryl iodides in liquid ammonia, the reaction was observed to

proceed accordingly with the desired arenethiolate ion.

Arfl + PhS- bV _ o Ar

Ph + I

74}

Figure 2.6: The photochemically induced synthesis of diaryl sulfides

The obvious advantage of this synthetic strategy is the successful preparation of aryl
sulfides in relatively high yields. However, the reaction suffers from the fact that in many
cases the desired products could be isolated only in the presence of a small amount of
starting material or impurities. The flexibility of this methodology is exemplified by the
reaction of dihalobenzenes under the same reaction conditions to yield the corresponding
disubstituted products. A representative reaction of 1,3-chloroiodobenzene with
thiophenoxide ion to form the bis-sulfide, 1,3-di(thiophenoxy)benzene in 91% yield

accompanied by a mere trace of 1,3-chlorophenyl phenyl sulfide is shown in Figure 2.7.
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It is suggested in Figure 2.7 that the monosubstitution product is not an
intermediate in the formation of the bis-sulfide. This was determined by several kinetic
studies which showed that 1,3-chloroiodobenzene was 17.4 times more reactive than the
corresponding monosubstitution product.’®*® These relative reactivity measurements
support the notion that the monosubstitution product is too unreactive to participate as a
major reaction intermediate. Table 2.1 summarizes the specific reaction conditions applied
in the production of some of the bis-sulfides. Generally, chloroiodobenzene substrates
yielded the best results while fluoro-containing starting materials allowed for substitution
of the iodine substituent exclusively and resulted in the isolation of the corresponding

monosubstituted product.
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+ electton source —» @\ + I-
Cl (@ |

[ SPh 1+
@\ + PhS- —»
Cl i a |
[ SPh 1+ SPh i SPh 1%
major PhS”
-C‘["
i a | | i Ph|
Arl
lninor lArI
SPh SPh
Cl SPh

Figure 2.7: Reaction of 1,3-chloroiodobenzene with thiophenoxide in liquid ammonia
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Table 2.1: Reaction Conditions and Resulting Products in the

Production of Aryl Aryl Disulfides

Substrate Reaction time Sulfide Product % Yield
(min.)
1,3-CICcH,4I 150 1,3-PhSC-H,SPh 91
1,4-C1CcHI 120 1,4-PhSC:H,SPh 89
1,3-BrCsH Br 190 1,3-PhSC:H,SPh 92
1,3-CIC<HBr 180 1,3-PhSCsH SPh S5
1,4-BrCsH, Br 300 1,4-PhSC-H.;SPh 64
1,2-CICsH I 90 1,2-PhSCH.,SPh 77
1,3-FC:H I 100 1,3-FCc.H.,SPh 96

Although displacement reactions represent the most readily applied routes to the
preparation of sulfur containing compounds, reductive techniques have also been
successfully employed. The reduction of sulfoxides, sulfones and thiol esters in the
presence of a variety of reagents has been achieved with varying success.

The reduction of sulfoxides by LiAIH, is the most extensively investigated reagent
in the formation of the corresponding sulfides. However, several other reagents have been
studied.”” One method which has been studied and allows for the deoxygenation of both
aliphatic and aromatic sulfoxides to the corresponding sulfides takes place in the presence
of trichloromethylsilane/sodium iodide in acetonitrile solution.””®> Detailed exploration of
this methodology indicated that one equivalent of trichloromethylsilane and two
equivalents of sodium iodide per equivalent of sulfoxide was the optimum ratio to
complete the reaction. Mechanistic investigations determined that only two out of three

chlorine atoms in trichloromethylsilane were important in the conversion of the sulfoxide
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to the sulfide according to Figure 2.8.°> The attraction of this methodology stems from
the mild reaction conditions and the instantaneous nature of the reaction.

The conversion of sulfones to sulfides is widely recognized as a difficult operation
due to the general stability of sulfones in the presence of reducing agents. Lithium
aluminum hydride and diisobutylaluminum hydride (Dibal-H) have been used with some
success in the reduction of sulfones to their corresponding sulfides.’” However, for the

most part, there is no general method for the reduction of sulfones and sulfoxides.

a
+
MeSiClk + Nal + CH3CN ss—= CH3C=“N—§i—Me I + NaCl

0
rR—E—r'
- - M - -
Me | € l\lrIe l\lrIe
a—si—Cl A=379 Lo  |a—Si e sa
J)+ - | — —_— 0 (I:l I-
I R—$—R’
R—S—R' l I\R'
I . I ! I i
-Izl(MeSin)zO
R—S—R'

Figure 2 8: Mechanistic investigations of the reduction of sulfoxides to sulfides in the

presence of trichloromethylsilane/sodium iodide in acetonitrile
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2.2 Results and Discussion

2.2.1 Synthesis of Diaryl Alkyl and Diaryl Aryl Disulfides

Section 2.1 described a variety of methods which have been reported for the
preparation of diaryl disulfides with either aliphatic or aromatic linkages.'**** However,
harsh reaction conditions, complicated procedures, low yields and a limited variety of
compounds which may be prepared by one technique represent several drawbacks of these
methods. Since the development of the chemistry of n’-arene-n’-cyclopentadienyliron
complexes, much attention has been given to the reactivities of halogenated arene
complexes. In particular, cyclopentadienyliron activated SxAr reactions have proven to be
a viable method for the formation of ether and thioether linkages under mild reaction
conditions and in good yield. This methodology has been thoroughly investigated in the
preparation of a variety of symmetric and asymmetric mono-, bis- and poly-
(cyclopentadienyliron) complexes with aliphatic and aromatic ether bridges.”” The
flexibility of this technique is further exemplified by the ability to prepare
bis(cyclopentadienyliron) complexes with aliphatic or aromatic thioether or amine linkages
as desired. Interest in the wide variety of bimetallic complexes prepared by this strategy
not only demonstrates the generality of this methodology but generates model compounds

which will aid in the formation and identification of similar species of high molecular

weight.
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2.2.2.1 Reactions of n°-Chloroarene-n°-Cyclopentadienyliron

Hexafluorophosphate Complexes with Aliphatic Disulfides

Several reports have appeared which describe the reaction of n°-(chloroarene)-n’-
cyclopentadienyliron complexes with a variety of oxygen dinucleophiles in the preparation
of the corresponding bimetallic complexes with etheric linkages.®”” The synthetic
versatility of this methodology was observed in the highly controlled design of aromatic
ethers with up to 35 pendent metallic moieties.” One obvious advantage of this technique
is the capability of preparing macromolecular species of a particular molecular weight.

Typically, n°-chloroarene-n’-cyclopentadienyliron complexes are reacted with a
dihydroxy aliphatic or aromatic compound in the presence of an appropriate base and
stirred in a polar aprotic solvent system. Figure 2.9 illustrates the reaction of the n°-
chlorobenzene complex with hydroquinone under very mild conditions, leading to the
formation of the corresponding dicationic complex. Generally, a 2:1 molar ratio of a
chloroarene complex with the desired dihydroxy nucleophile and K>COj; are stirred for 17
hours at room temperature in a mixture of THF/DMF under a nitrogen atmosphere 7%
However, attempts to incorporate aliphatic ether linkages using the same reaction
conditions resulted in the isolation of the starting complex exclusively. The rationale
behind this observation was the lower acidity and nucleophilicity of aliphatic diols in
comparison to their aromatic counterparts as indicated by their higher pKa values.*’

Consequently, a slight modification involving the use of potassium tert-butoxide, a
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R =H, 2-C1, 3-C1, 4-C1,
2-CH3, 3-CH3, 4-CH3,
2,5-CH3, 2,6-CH;
Figure 2.9: Reaction of n°-chlorobenzene-n’-cyclopentadienyliron

hexafluorophosphate with hydroquinone

stronger base, was ideal for generating aliphatic dioxide ions "'O(CH,)xO" and allowed for

the preparation of the desired bimetallic complexes.

In an extension of this synthetic strategy, chloroarene complexes 2.1-2.8 were
investigated in the reaction with aliphatic dithiols 2.9-2.12 utilizing reaction conditions
similar to those employed in the generation of bimetallic complexes with aromatic ether
linkages. Bis(cyclopentadienyliron) arene complexes containing aliphatic sulfide bridges
were prepared by the reaction of a 2:1 molar ratio of an m°-(chloroarene)-n’-
(cyclopentadienyliron) hexafluorophosphate complex 2.1-2.8 with the desired aliphatic
dithiol 2.9-2.12 in the presence of an excess of K;COs;. These reagents were stirred in a
mixture of THF/DMF (4:1) at room temperature for 16 hours under a nitrogen
atmosphere (Scheme 2.1). All reactions proceeded smoothly and allowed for the isolation
of the desired diiron complexes with thioether linkages as yellow solids in yields ranging

from 60-93% as summarized in Table 2.3.
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69

213
2.14
215
216
217
2.18
2.19
220
221
222
223
224
225
226
227
228
2.29
230
231
232
233

mERE
M
N

nu

=2-CH3;

R =4-CHs;
R =4-CH3s;

s
I
W
9
, W9
T T T T R it
I
AP NVNAEDBNAASRN

Mo AERDD RN it

AW



The 'H and C NMR data of complexes 2.13-2.33 showed all the expected peaks,
as reported in Tables 2.2 and 2.3 (pages 76-79). It is important to note that unless
otherwise noted, all NMR spectra of the CpFe” complexes were obtained using acetone-ds
as the solvent with chemicals shifts being referenced with respect to the quintet at 2.04
ppm and septet at 29.8 ppm appearing in the 'H and “C NMR spectra, respectively. As a
result of the symmetrical nature of these complexes, the NMR spectra are quite simple and
the cyclopentadienyl (Cp) groups are represented by a single peak in the range of 5.07-
5.30 ppm and 78.65-81.89 ppm in the "H and *C NMR spectra, respectively. Figure 2.10
depicts the "H NMR spectrum for complex 2.15 and outlines the expected chemical shift
regions for the aliphatic and complexed aromatic protons. The Cp resonance appears as a
singlet at 5.16 ppm while the complexed aromatic protons appear as a group of peaks at
6.44-6.56 ppm. The aliphatic protons are upfield from the aromatic protons and are
located at 3.29, 1.81 and 1.61 ppm representative of the o-, PB- and y- protons,
respectively. The ®C NMR spectrum is shown in Figure 2.11 and was run as an Attached
Proton Test (APT) in which those carbon atoms attached to an odd number of protons
will appear below the baseline and those attached to an even number of protons appear
above the baseline.?® The resonance that is attributed to the ten protons of the two
cyclopentadienyl rings appears below the baseline at 78.67 ppm. Due to the symmetrical
nature of the species, three resonances representative of the complexed aromatic protons
are expected. The peaks are in a similar region of the spectrum as the Cp resonance at
85.12, 86.16 and 87.98 ppm. Analogous to the signals of the aliphatic resonances in the
'H NMR spectra, the aliphatic carbon resonances also appear upfield in the carbon spectra

at 32.02, 29.42, and 28.47 ppm for the a-, B- and y- carbon resonances, respectively. A
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single peak representative of the quaternary carbon appears above the baseline in the

spectrum at 110.77 ppm.

In the case of complex 2.17, the presence of diastereomers was indicated in the '"H
NMR spectrum by the presence of two cyclopentadienyl resonances at 5.09 and 5.10 ppm.
The chirality induced in this complex is a result of the ortho substituted methyl group and
the complexation of the iron moieties. Figure 2.12 illustrates two possible diastereomers
of complex 2.17. These complexes can be designated as R.R or S,S (enantiomeric pairs)
for one diastereomer and R,S and S,R (enantiomeric pairs) for the other diastereomer.
The observation of two methyl resonances at 2.60 and 2.62 ppm further supports the
identification of the diastereomers of this compound. The ratios of these two isomers
were measured from the 'H NMR spectrum and appeared to be approximately equal. The

'H NMR spectrum for complex 2.17 is shown in Figure 2.13.

R, S) R.R)

Figure 2.12: Two possible diastereomers of complex 2.17
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The preparation of bimetallic complexes with linkages of varying chain length was
explored as a result of their potential use as monomeric units in the synthesis of polymeric
materials. This is especially important in those cases where the complexed aromatic
component of the complex possesses a chlorine substituent which may undergo further
nucleophilic aromatic substitution reaction.”® Changing the chain length offers the
potential for varying the properties of the resulting materials in terms of solubility and/or
size/charge relationships. It is important to point out that neither the progress of the
reaction nor the yields of the products were hindered by the use of the series of

dinucleophiles incorporating from two to eight methylene groups.
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Table 2.2: 'H NMR Data of Alkyl-Alkyl Disulfide Complexes 2.13-2.33.

6 (acetone-ds), ppm

Complex Cp Complexed Others®
(s, 10H) Aromatic®
2.13 5.21 6.36-6.64 (m, 10H) 3.69 (s, 2H, CH,)
2.14 5.17 6.34-6.59 (m, 10H) 2.02 (m, 4H, B-CH,)"
3.37(t, 4H, J = 7.2, o-CH))
2.15 5.16 6.44-6.56 (m, 10H) 1.61 (m, 4H, y-CHy)
1.81 (m, 4H, B-CH,)
3.29 (t, 4H, J = 6.9, a-CHy)
2.16 5.16 6.35-6.56 (m, 10H) 1.27-1.48 (m, 4H, 5-CH,)
1.64-1.78 (m, 4H, y-CHy)
2.67-2.71 (m, 4H, B-CHa)
3.27(t, 4H, ] = 7.2, a-CH,)
2.17° 5.09 6.30-6.40 (m, 4H) 2.60 (s, 3H, CH;)
5.10 6.49 (d, 2H, 1 =5.9) 2.62 (s, 3H, CH;)
6.65 (d, 2H, ] =6.2) 3.66 (m, 4H, CH,)
2.18 5.09 6.29 (t, 2H, ] =5.9) 2.03 (m, 4H, B-CH,)"
6.40 (t, 2H, 1 =6.0) 2.59 (s, 6H, CH;)
6.48 (d, 2H, J=5.9) 3.38 (m, 4H, a-CHy)
6.62 (d, 2H, ] = 6.3)
2.19 5.07 6.27 (t, 2H, ] = 6.0) 1.64 (m, 4H, y-CH>)
6.38 (t, 2H, J = 6.2) 1.84 (m, 4H, B-CH,)
6.47 (d, 2H, J=6.2) 2.58 (m, 6H, CHs)
6.57(d, 2H,J=6.2) 3.30 (t, 4H, J = 6.4, a-CH,)
2.20 5.12 6.30 (d, 2H, J=6.1) 2.55 (s, 6H, CH;)
6.40 (t, 2H, 1 =6.2) 3.66 (s, 4H, CH,)
6.51 (d, 2H, 1 = 6.6)
6.56 (s, 2H)
2.21 5.11 6.28 (d, 2H, J = 6.0) 2.20 (m, 4H,B-CH,)
6.40 (t, 2H, J = 6.0) 2.56 (s, 6H, CH;)
6.43-6.49 (m, 2H) 3.30-3.41 (m, 4H, a-CH,)
6.52 (s, 2H)
2.22 5.10 6.27 (d, 2H, = 5.9) 1.52 (m, 4H, y-CHy)
6.35-6.45 (m, 4H) 1.78 (m, 4H, B-CH,)
6.49 (s, 2H) 2.56 (s, 6H, CHs)
3.28 (t, 4H, J = 7.3, a-CH,)
2.23 5.13 6.41 (d, 4H, ] = 6.4) 2.49 (s, 6H, CHs)

6.54 (d, 4H, J = 6.4)

3.63 (s, 4H, CHy)
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2.24 512 6.40 (d,4H,J=6.7) 1.98 (m, 4H, §-CH,)
6.49 (d, 4H,J=6.7) 2.50 (s, 6H, CH;)
3.38(t, 4H, ] = 7.2, a-CH,)
2.25 5.10 6.44 (m, 8H) 1.60 (m, 4H, y-CH,)
1.79 (m, 4H, B-CHy)
2.48 (s, 6H, CH3)
3.26 (m, 4H, a-CH))
2.26 5.20 6.44-6.48 (m, 4H) 1.68 (m, 4H, y-CH,)
6.75-6.79 (m, 2H) 1.88 (m, 4H, B-CH))
6.88-6.92 (m, 2H) 3.37 (t,4H,J = 6.6, o-CH,)
2.27 527 6.50-6.57 (m, 4H) 1.98 (m, 4H, B-CH,)
6.59 (d,2H, J=5.8) 3.44 (m, 4H, a-CH>)
6.96 (s, 2H)
2.28 5.30 6.74 (d, 4H, ] =6.8) 3.69 (s, 4H, CHy)
6.85 (d, 4H, ] = 6.8)
2.29 5.28 6.65 (d, 4H, J =6.8) 1.97-2.02 (m, 4H, B-CH;)
6.83 (d, 4H, ] =6.8) 3.34 (m, 4H, a-CH,)
2.30 5.27 6.64 (d, 4H, J = 6.8) 1.58 (m, 4H, y-CH,)
6.82 (d, 4H, T =6.8) 1.78 (m, 4H, B-CH,)
3.28 (t, 4H, ] = 7.3, o-CH,)
2.31 5.27 6.61 (d, 4H, J=6.8) 1.29 (m, 8H, & & y-CHy)
6.83 (d, 4H,1=17.0) 165-1.80 (m, 4H, B-CH,;)
3.26 (t, 4H, o-CH,)
2.32 5.07 637 (,2H,J=6.9) 2.78 (s, 12H, CH3)
6.48 (d, 4H, J=5.8) 3.18 (s, 4H, CH,)
2.33 5.09 6.30-6.41 (m, 4H) 1.40 (m, 4H, y-CH,)

6.48-6.52 (m, 2H)

1.64 (m, 4H, -CH,)
2.83 (s, 12H, CHz3)
2.87 (t,4H, ] = 7.4, o-CH,)

* Jvalues in Hertz. ° Signal obscured by solvent peak. ° Diastereoisomers present.
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Table 2.3: *C NMR Data of Alkyl-Aryl Disulfide Complexes 2.13-2.33.

O (acetone-ds), ppm
Complex | Yield Cp Complexed Others
(%) | (10H) Aromatic
2.13 82 79.06 87.10, 87.20, 32.62 (CH,)
88.60, 108.36*
2.14 82 | 78.65 85.37, 86.28, 28.16 (B-CHy),
88.01, 110.25* 31.81 (a-CH>)
2.15 81 78.67 85.14, 86.16, 28.47 (y-CHy),
87.98, 110.77* 29.42 (B-CH,)
32.02 (a-CHy)
2.16 78 78.48 84.92, 86.03, 28.80 (6-CH,),
87.82, 110.78* 29.81 (y-CHa),
30.99 (B-CH,)
38.83 (a-CHy)
2.17 70 79.15 86.63, 87.21, 89.70, 19.95 (CHs),
101.55*, 107.84* 32.52 (CH,)
2.18 75 79.05 84.60, 85.99, 86.83, 19.82 (CHs),
89.51, 100.38*, 110.21* 28.00 (B-CHy),
31.87 (a-CH>)
2,19 85 78.98 84.26, 85.85, 86.73, 19.45 (CH;),
89.45, 100.50*, 110.76* 28.89 (y-CHy),
29.14 (B-CHy),
32.28 (o-CHa)
2.20 80 79.31 85.40, 87.46, 87.86, 20.54 (CHa),
87.95, 104.36*, 107.60* 32.68 (CH,)
2.21 93 79.16 83.88, 86.53, 86.93, 20.56 (CHs),
87.56, 104.11*, 109.90* 28.47 (B-CHby),
31.82 (a-CHy)
2.22 78 78.98 83.47, 86.04, 86.67, 20.42 (CHa),
87.37, 103.78*, 110.26* 28.60 (y-CHy),
29.43 (B-CH>)
32.07 (a-CHy)
2.23 79 79.37 86.63, 88.87, 20.07 (CHa),
102.96*, 106.36* 32.73 (CH,)
2.24 60 79.32 85.14, 88.65, 20.10 (CHy),

102.51*, 108.78*

28.55 (B-CHy),
31.93 (-CHy)
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2.25 80 79.30 84.95, 88.64, 20.12 (CHa),
102.27*, 109.23* 28.67 (y-CHy),
29.05 (B-CHy,),
32.40 (a-CHy)
2.26 82 80.67 83.71, 85.92, 86.90, 28.53 (y-CHy),
88.56, 103.82*, 111.89* 31.91 (8-CH),
28.80 (a-CHy)
2.27 78 81.21 84.25, 85.80, 86.90, 28.25 (B-CHy),
87.93, 107.67*, 111.55* 31.90 (a-CHp)
2.28 87 81.42 86.41, 88.72, 32.50 (CHy)
106.45* 108.17*
2.29 74 81.89 84.46, 88.21, 28.29 (B-CH,),
106.05* 109.50* 31.82 (a-CHy)
2.30 81 81.25 84.57, 88.40, 28.74 (y-CHy),
105.94* 111.19* 29.41 (B-CHy),
32.31 («-CHy)
2.31 94 81.25 84.64, 88.44, 29.09 (6-CHy)
105.97*, 108.60* 29.50 (y-CHy)
32.54 (B-CHy)
38.95 (a-CH3)
2.32 77 79.15 87.93, 89.27, 21.59 (CHs),
101.22*, 108.04* 38.14 (CHy)
2.33 72 79.22 87.90, 89.37, 21.65 (CHs),

101.52*, 108.24*

24.65 (y-CHb),
34.53 (B-CHy)
36.36 (a-CH>)

: Quaternary carbon.
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2.2.1.2 Reactions of 1]6-Chloroarene-ns-cyclopentadienyliron

Hexafluorophosphate Complexes with Aromatic Disulfides

In the «course of investigations involving the preparation of
bis(cyclopentadienyliron) arene complexes with etheric and thioetheric linkages, the
synthesis of isomeric (116-phenylenedithiobis(benzene))bis(ns-cyclopentadienyliron)
hexafluorophosphates was also achieved. These complexes were prepared by the
combination of chloroarene complexes 2.1-2.8, isomeric dithiols 2.34-2.36, and potassium
carbonate in a THF/DMF (4:1) mixture for 16 hours at room temperature under a nitrogen
atmosphere (Scheme 2.2). All the reactions proceeded in an efficient manner with the
corresponding diiron complexes being isolated as yellow solids in yields ranging from 70-
95%. Due to the activation of the chloroarene ring toward nucleophilic aromatic
substitution by the complexation of the CpFe" moiety, the experimental conditions applied
in the synthesis of this class of bimetallic complexes with thioether linkages were very mild
compared to those used in the traditional synthesis of uncomplexed aromatic thioethers.'**
191-192, 195

The successful preparation of complexes 2.37-2.47 were verified using '"H and *C
NMR and the data summarized in Tables 2.4 and 2.5. In the same way that the diiron
complexes with aliphatic sulfur linkages exhibit one peak in the proton and carbon NMR
for the cyclopentadienyl (Cp) protons, a strong singlet representative of the Cp protons is
also observed in the case when aromatic sulfur linkages are incorporated. As was

mentioned previously, this is a consequence of the symmetrical nature of these complexes.
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K32CO
ket T
€

21-28 234 1,2 237 R=H; 1,2
23513 2383 R=H; 1,3
236 14 239 R=H; 14

245 R =2,6-CHs; 1,2
2.46 R =2,6-CH3; 1,3
247 R=2,6-CH3; 1,4

Scheme 2.2

Figures 2.14 and 2.15 show the 'H and *C NMR spectra representative of complex 2.47,
respectively. It is important to note that in the case of those complexes resulting from the
reaction of chloroarene complexes with isomeric dithiols, a group of peaks representing
the uncomplexed aromatic protons will be observed downfield from the complexed
aromatic resonances. The spectral separation of these two groups of peaks due to
shielding effects is extremely valuable in confirming the structures of these complexes
The symmetry of these complexes is clearly exemplified by the "H NMR of this particular
example in which the Cp, methyl and uncomplexed aromatic protons found at 5.18, 2.65

and 7.14 ppm, respectively, are all singlets. The complexed protons are found upfield
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from the uncomplexed aromatic protons in the form of a triplet at 6.48 ppm and a doublet
at 6.56 ppm as expected. The symmetry of this complex is further verified by the
simplicity of the ?C NMR spectrum where the Cp, methyl and uncomplexed aromatic
protons are represented by single resonances below the baseline at 79.56, 21.28, and
129.81 ppm, respectively. Two resonances appear for the complexed aromatic carbons; a
strong peak at 89.84 ppm represents the four equivalent carbon atoms adjacent to the
carbons with methyl substituents attached, and a less intense peak representative of the
other two complexed aromatic carbon atoms. The analysis is completed by the
identification of three peaks found above the baseline at 99.53, 108.28 and 134.25 ppm for
the quaternary carbon atoms with the resonance of the uncomplexed quaternary carbon
atom appearing furthest downfield.

The synthetic value of this methodology in the preparation of complexes
containing thioetheric linkages has been thoroughly demonstrated. An important feature
which has been alluded to in the discussion of the previous example is the ability to
prepare sterically crowded species in good yield, using the same mild reaction conditions.
The preparation of complex 2.47 proceeded as expected in 78% yield. Another
illustration of the versatility of this methodology is the isolation of complex 2.45 as a
yellow solid in 77% yield. Surprisingly, the site of nucleophilic substitution was not at all
affected by its sterically crowded environment. The 'H and C NMR spectra of complex
2.45 are shown in Figures 2.16 and 2.17, respectively, with the chemical shifts appearing

in the expected regions as mentioned above for complex 2.47.
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Table 2.4: "H NMR Data of Aryl-Aryl Disulfide Complexes 2.37-2.47.

5 (acetone-ds), ppm

Complex Cp Complexed Uncomplexed Others
(s, 10H) Aromatic® Aromatic®
2.37 5.24 6.51 (br.s.,10H) 7.59-7.57 (m, 2H)
7.72-7.79 (m, 2H)
2.38 5.22 6.42-6.51 (m, 10H) | 7.73-8.05 (m, 4H)
2.39 5.24 6.40-6.52 (m, 10H) 7.82 (s, 4H)
2.40 517 6.32-6.46 (m, 6H) 7.68-7.75 (m 2H) 2.54 (s, 6H, CH;)
6.50 (s, 2H) 7.82-7.87 (m, 4H)
7.92-7.93 (m, 2H)
2.41 5.20 6.45 (br.s., 8H) 7.48-7.69 (m, 3H) | 2.53 (s, 6H, CHs)
7.85(d, 1H, J=17.3)
2.42 5.18 6.40-6.47 (m, 8H) 7.73-7.94 (m, 4H) | 2.50 (s, 6H, CHj)
2.43° 5.26 6.26-6.55 (m,8H) 7.96-8.23 (m, 4H)
5.29
2.44 5.15 6.31 (s, 2H) 7.62 (s, 4H) 2.47 (s, 6H, CHj3)
6.39 (d,4H, J=5.9) 2.64 (s, 6H, CHs;)
6.53 (d,4H, J=6.1)
2.45 5.25 6.55 (m, 2H) 6.88-6.92 (m, 2H) | 2.71 (s, 12H, CHj)
6.64 (m, 4H) 7.12-7.17 (m, 2H)
2.46 5.17 6.50-6.60 (m, 6H) 7.07-7.30 (m, 4H) | 2.57 (s, 12H. CH3)
2.47 5.18 6.48 (t, 2H, J = 6.0) 7.14 (s, 4H) 2.65 (s, 12H CH3)

6.56 (d, 2H, J=6.0)

. b_.. .
? J values in Hertz. = Diastereoisomers present.
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Table 2.5: *C NMR Data and Yields of Aryl-Aryl Disulfide Complexes 2.37-2.47

O (acetone-ds), ppm
Complex | Yield Cp Complexed Uncomplexed Others
(%) (10H) Aromatic Aromatic
2.37 95 79.25 87.81, 89.12, 132.24, 135.35%,
106.41* 135.98
2.38 90 79.19 87.39, 87.54, 133.10%, 133.20,
88.81, 109.01* 136.95, 140.17
2.39 70 79.27 87.52, 87.95, 132.89*, 136.30
88.96, 108.33*
2.40 95 78.58 85.41, 85.53, 132.17*, 132.28%, 19.64 (CHs)
87.00, 87.26, 132.25%, 13541,
87.84, 87.93, 13548, 138.44,
103.71*, 106.49*, 138.52
106.61*
241 76 79.55 88.78, 89.41, 132.06, 135.57* 20.16 (CHs3)
103.86*, 104.42* 135.70
2.42 71 79.54 87.29, 89.16, 133.05, 133.19%, 20.16 (CH3)
103.42*%, 106.72* | 136.39, 139.51
2.43" 81 81.12 86.11, 86.20, 131.40%, 133.97,
81.17 87.21, 87.25, 138.70, 141.79,
87.57, 89.11, 142.17, 142.98*
89.15, 110.99%,
111.08*
2.44 85 79.76 87.99, 88.09, 133.43*, 134.64, 19.54 (CHs),
89.56, 89.63, 134.84 20.06, 20.10
90.25, 90.31, (CHs)
101.75*, 103.74%,
104.67*, 105.09*
245 77 79.80 88.57, 90.02, 129.02, 129.19, 21.27 (CH3)
100.02*, 108.25 134.49*
2.46 90 79.75 88.73, 89.98, 125.18, 126.59, 21.16 (CHs)
99.12*, 108.29 131.74, 137.42*
2.47 78 79.56 88.36, 89.84, 129.81, 134.25* 21.28 (CHs)

99.53*, 108.28*

a.. ) -
Diastereoisomers present.  Quaternary carbons.
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2.2.1.3 Reaction of n°-Chloroarene-n’>-Cyclopentadienyliron

Hexafluorophosphate Complexes with 4-Hydroxythiophenol

With the success achieved in the design of diiron complexes with etheric and
thioetheric linkages, a natural extension of this synthetic route involved the application of
this strategy in the preparation of bis(cyclopentadienyliron) complexes of arenes with
mixed ether/thioether bridges. The reactions of chloroarene complexes 2.1, 2.4-2.5 and
2.6-2.8 with 4-hydroxythiophenol were investigated under the same mild reaction
conditions as used in the preparation of diiron complexes with aliphatic and aromatic
thioether bridges and resulted in the isolation of complexes 2.49-2.54. The synthetic

details are represented in Scheme 2.3.

O e - 90
6 GRS

2.1-2.8 2.48 249 R=H
2.50 R=4-CH3
2.51 R=2-Cl
2.52 R=4-Q
2.53 R=2,5-CH;
2.54 R=2,6-CH3

Scheme 2.3
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The NMR data and yields of complexes 2.49-2.54 are presented in Tables 2.6 and
2.7. The peaks of the NMR spectra were assigned on the basis of the prior analysis of the
symmetric complexes described in Section 2.2.3. The asymmetry of the resulting
complexes is clearly demonstrated by a more detailed NMR investigation of complex 2.50
which shows the presence of two strong singlets at 5.17 and 5.24 ppm representing the
protons of the two inequivalent Cp rings as shown in Figure 2.18. The para structure of
the diiron complex induces the appearance of doublets for both the complexed and
uncomplexed aromatic protons. Four sets of doublets at 6.33, 6.39, 6.41 and 6.47 ppm
are identified for the complexed aromatic protons as a result of the asymmetric design of
complex 2.50. This same rationale is used to explain the doublets at 7.52 and 7.89 ppm
representative of the inequivalent uncomplexed aromatic protons. The methyl substituents
appear as two singlets at 2.50 and 2.52 ppm. The asymmetric nature of complex 2.50 is
further verified by the *C NMR with two resonances appearing at 78.49 and 79.17 ppm
for the Cp protons and two resonances representative of the methyl substituents at 19.67
and 19.89 ppm (Figure 2.19). Six resonances representative of the complexed and
uncomplexed aromatic protons appear. The complexed aromatic resonances are found in
the same region of the spectrum as the Cp resonances at 77.86, 85.19, 87.67 and 88.52
ppm with the uncomplexed aromatic resonances appearing further downfield at 122.91
and 138.46 ppm. The quaternary carbon resonances are easily identified as the only six

resonances that appear above the baseline in the spectrum.
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The NMR spectra of complex 2.53 clearly exhibited the presence of two diastereomers.
Figures 2.20a and 2.20b show the 'H and *C NMR spectra of complex 2.53. The region
of the '"H NMR spectrum ranging from 5.00-5.20 ppm is one of the most important
regions of the spectrum for the identification of diastereomers. The presence of
diastereomers is indicated by the appearance of two strong singlets and two smaller peaks
for the protons of the Cp rings. The region of the C NMR representative of the Cp
carbon atoms verified the presence of diastereomers for complex 2.53 due to the
observation of four different peaks in the range of 77.0-81.0 ppm.

The flexibility of this synthetic strategy has been clearly illustrated by the variety of
symmetric and asymmetric etheric and thioetheric containing complexes that were
prepared. The application of this synthetic strategy demonstrates an innovative approach
to the synthesis of bis-sulfides and provides one of the most general, inexpensive and least

toxic routes to this class of compounds.
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Figure 2.20a: 'H NMR spectrum of complex 2.53 in acetone-ds.

Figure 2.20b: *C NMR spectrum of complex 2.53 in acetone-ds.



Table 2.6: 'H NMR Data of Mixed Etheric/Thioetheric Bridged Complexes 2.49-2.54.

6 (acetone-ds), ppm

Complex Cp Complexed Uncomplexed Others
(s, 10H) Aromatic® Aromatic®
249 5.21 6.36-6.52 (m, 10H) | 7.57(d,2H, J=8.7)
5.28 7.94(d,2H, J=8.7)
2.50 5.17 6.33(d,2H,J=6.8) | 7.52(d,2H,J=8.7) | 2.50 (s, 3H, CH3)
5.24 6.39(d,2H,J=7.0) | 7.89(d,2H, J=8.7) | 2.52 (s, 3H, CH3)
6.41(d,2H,J=6.7)
6.47 (d, 2H, J=7.0)
2.51° 527 6.15-6.65(m, 6H) | 7.71(d, 2H, J=8.8)
5.28 7.00(t,2H,T=72) | 8.04(d,2H, T=8.7)
5.36
5.37
2.52 5.31 6.37-6.47 (m4H) | 7.57 (d, 2H, J=8.5)
539 | 6.64(d,2H,T=6.8) | 7.93 (d, 2H, J = 8.5)
6.81 (d, 2H, T =5.9)
2.53 5.11 6.14-6.28 (m, 2H) | 7.43(d,2H,J=8.4) | 2.44 (s, 3H, CH;)
5.12 6.38 (br.s., 2H) 7.79(d,2H,J=8.1) | 2.49 (s, 3H, CH3)
5.17 | 6.49(d, 2H, T=5.6) 2.58 (s, 3H, CHj)
5.18 2.65 (s. 3H, CH3)
2.54 5.14 6.30-6.42 (m, 4H) | 6.80(d,2H,J=8.7) | 2.70 (s, 6H, CHj)
5.17 6.53 (¢, 2H,1=6.6) | 7.18(d, 2H, J=8.7) | 2.71 (s, 6H, CH,)

2 J values in Hertz. ® Diastereoisomers present.
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Table 2.7: *C NMR Data and Yields of Mixed Etheric/Thioetheric Bridged

Complexes 2.49-2.54.

O (acetone-ds), ppm

Complex | Yield Cp Complexed Uncomplexed Others
(%) (10H) Arcmatic Aromatic
2.49 83 78.85 | 78.35,85.77, 86.25, | 123.41, 133.39*,
79.04 86.92, 87.96, 88.49, 139.05, 156.56*
111.08*, 126.12*
2.50 73 78.49 77.86, 85.19, 87.67, | 12291, 131.94*, | 19.67 (CHs),
79.17 88.52, 101.74*, 138.47, 156.34* | 19.89 (CHs)
102.56*, 108.61*,
126.12*
2,51° 84 80.94 | 79.64,79.72, 85.30, | 123.66, 123.81,
81.00 | 85.41, 86.72, 86.77, | 130.41, 130.63%,
81.50 | 87.34,87.50, 87.53, | 140.10, 140.13,
81.55 | 87.85,87.87,89.43, | 157.57, 157.63*
89.46, 89.58, 89.62,
99.20*, 103.96,
104.04*, 112.73,
112.94*, 125.60,
125.72*
2.52 82 80.53 | 77.98,84.70, 87.71, | 123.33, 132.54%,
81.22 88.38, 105.06%, 139.05, 156.33*
106.10*, 110.87*,
125.70*
2.53* 91 78.92 | 80.01, 80.02, 85.99, | 122.06, 122.21, | 19.28 (CHs),
2947 | 86.04, 87.07, 87.14, | 130.09*, 130.33*, | 19.84 (CHa),
87.70, 88.66, 89.05, | 137.51, 137.57, | 19.91 (CHa),
89.10, 93.35, 156.81*, 156.90* | 19.97 (CH3)
93.54*, 99.57,
99.83%, 102.42%,
102.97*, 107.50,
107.83*, 126.46*
2.54 62 79.19 87.74, 88.47,89.43, | 117.42, 123.48*, | 20.01 (CH3),
79.82 102.24*, 102.54*, 132.84, 158.16* | 21.54 (CHs)

107.44*, 109.28*

*
? Diastereomers present. Quaternary carbons.
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2.2.1.4 Photolytic Demetallation of Thioether Containing Diiron

Complexes

There are three main routes that have been applied for the removal of the modified
organic ligand from their CpFe™ counterparts: pyrolytic sublimation, electroreductive
techniques and photolytic demetaliation.*> *> 7" It has been established that photolytic
demetallation is the most popular method applied in the degradation of
cyclopentadienyliron complexes to yield their free organic counterparts. Nesmeyanov and
coworkers established that in a variety of solvents, photolysis liberated the free arene,
ferrocene, and an iron (II) salt.” It was found that solvents with c-donor ligands were the
most effective for this degradation process. Gill and Mann have made similar studies on
the photolytic behavior of complexed ligands.***'

This is a crucial step in the preparation of monomeric and oligomeric species for
further use in the synthesis of polymeric materials. The preparation of the
cyclopentadienyliron complexes was carried out as described in the previous sections of
this chapter and the complexes then dissolved in an acetonitrile/dichloromethane mixture
and irradiated with a xenon lamp for 4 hours under a nitrogen atmosphere. Schemes 2.4,
2.5 and 2.6 summarize the various thioetheric compounds successfully isolated via the
photolytic demetallation of their corresponding cyclopentadienyliron complexes.

The desired thioetheric compounds 2.55-2.85 were isolated by column

chromatography as white or pale yellow solids or clear oils in yields ranging from 70-96%.

The identities of these disulfides were confirmed by 'H and *C NMR, elemental analysis,
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mass spectrometry (MS) and melting point, with the data summarized in Tables 2.8-2.13.
The most distinctive features of the 'H and C NMR spectra which verify the
liberation of the compound from its corresponding complex are the absence of the
cyclopentadienyliron peak and the downfield shift of the arene resonances. The 'H NMR
spectra of complex 2.21 and its organic counterpart compound 2.62 are shown in

Figure 2.21 illustrate the
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dramatic changes observed upon the removal of the pendent cyclopentadienyliron metal
moieties. It is important to note that the NMR spectra of all organic compounds were
obtained using CDCl; as the solvent with chemicals shifts referenced with respect to the
sharp singlet at 7.24 ppm and three resonances centered at 77.0 ppm in the 'H and “C
NMR spectra, respectively. In the '"H NMR spectra of Figure 2.21, verification of the
successful isolation of the pure organic compound is found in the disappearance of the
resonance at 5.11 ppm in Figure 2.21a which represents the Cp protons of the metallic
moiety. Additionally, there is a notable downfield shift of the arene protons upon
decomplexation. Figure 2.21b shows the "H NMR spectrum of compound 2.62 in which
the arene protons appear in the range of 6.94-7.15 ppm; in Figure 2.21b these are
dramatically shifted downfield appearing as a series of doublets and triplets, as expected,
in the range of 6.28-6.52 ppm. Similar observations are made in the case of the °C NMR
spectrum of these compounds. For instance, Figures 2.22a and 2.22b show the *C NMR
spectra of complex 2.21 and compound 2.62, respectively, in which the disappearance of
the cyclopentadienyl resonance at 79.16 ppm and the downfield shift of the four arene
resonances appearing in the range of 83.88-87.56 ppm to 126.01-129.78 ppm further
supports the successful isolation of compound 2.62.

Figures 2.23a and 2.23b show the 'H NMR spectra of complex 2.46 and
compound 2.82, respectively. These species differ slightly from the previously discussed
derivatives because the thioether linkage is aromatic rather than aliphatic in nature and
therefore results in many of the peaks possessing chemical shifts in similar regions of the
spectra. Nonetheless, characteristic features such as the disappearance of the Cp

resonance at 5.17 ppm in Figure 2.23a indicates successful demetallation. However, in
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this particular example the change of the chemical shifts of the aromatic protons can not
be described as a general downfield shift of the aromatic peaks upon decomplexation. As
mentioned previously, and as seen in Figure 2.23a, the complexed and uncomplexed
aromatic protons are separated into two separate regions in the spectrum with the
uncomplexed aromatic resonances appearing further downfield at 6.50-6.60 ppm in
comparison to their complexed counterparts. Indeed a general downfield shift of a
majority of the aromatic resonances is observed, with the exception of the singlet found at
6.23 ppm which has shifted upfield significantly. Following integration, this resonance
was attributed to the single highlighted proton in the structure corresponding to Figure

2.23b.
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Figure 2.21a and 2.21b: "H NMR spectra of complex 2.21 in acetone-ds and compound

2.62 in CDCl;, respectively.
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Figure 2.22a and 2.22b: C NMR spectra of complex 2.21 in acetone-ds and compound

2.62 in CDCl3, respectively.
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Table 2.8: '"H NMR Data, Yields and Melting Points of Disulfide Compounds 2.55-2.73.

8 (CDCL), ppm

Complex | Yield m.p. Aromatic* Others*
(%e) (0)
2.55 77 | 61.5-62.5 | 7.20-7.27 (m, 10H) 3.05 (s, 4H, CHy)
2.56 87 78 7.10-7.24 (m, 10H) 1.68-1.72 (m, 4H, B-CH,)
2.82-2.85 (m, 4H, o-CH>)
2.57 93 oil 7.14-7.33 (m, 10H) | 1.40-1.62 (m, 8H, B & y CHy)
2.89 (t, 4H, T = 7.1, a-CH,)
2.58 70 37-38 7.19-7.30 (m, 8H) 2.47 (s, 6H, CHs)
3.16 (s, 4H, CH,)
2.59 95 46-48 7.20-7.33 (m, 8H) 1.91 (quintet, 4H, J=6.7,
B-CH,)
2.45 (s, 6H, CH3)
3.00 (t, 4H, J = 6.7, a-CHy)
2.60 86 oil 7.09-7.29 (m, 8H) 1.47-1.53 (m, 4H, y-CHb))
1.67-1.73 (m, 4H, B-CH>)
2.38 (s, 6H, CH3)
2.91 (t, 4K J = 7.0, a-CH,)
2.61 70 46-47 7.11-7.29 (m, 8H) 2.42 (s, 6H, CHs)
3.19 (s, 4H, CHy)_
2.62 83 oil 6.95-6.98 (m, 6H) 1.73-1.80 (m, 4H, B-CH)
7.08-7.20 (m, 2H) 2.31 (s, 6H, CHz)
2.86-2.93 (m, 4H, a-CH,)
2.63 78 49-50.5 6.94-6.97 (m, 2H) 1.39-1.46 (m, 4H, y-CH,;)
7.08-7.15 (m, 6H) 1.56-1.65 (m, 4H, B-CH>)
2.30 (s, 6H, CHs)
2.88 (t, 4H, J = 7.2, 0-CH,)
2.64 83 oil 7.07(d, 4H, T=8.1) 2.31 (s, 6H, CH)
7.20(d,4H, J=8.1) 2.99 (4H, CH,)
2.65 77 oil 7.07 (d, 4H, ] =8.0) 1.72 (quintet, 4H, J = 6.5,
722(d, 44, J=17.7) B-CH>)
2.30 (s, 6H, CHs)
2.85 (t, 4H, T = 6.9, 0.-CH,)
2.66 80 52.5-54.5 | 7.07(d,4H, J=7.2) 1.39-1.40 (m, 4H, y-CH>)
7.22(d,4H,J=17.0) 1.54-1.61 (m, 4H, B-CH_)
2.29 (s, 6H, CHs)
2.83 (t, 4H, J = 6.5, o-CHb)
2.67 96 oil 7.06-7.36 (m, 8H) 1.45-1.54 (m, 4H, g-CHy)

1.66-1.72 (m, 4H, B-CHy)
2.91 (t, 4K, J = 7.0, o-CHy)_
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2.68 73 oil 7.09-7.26 (m, 8H) 1.74-1.79 (m, 4H, B-CH>)
2.88-2.95 (m, 4H, a-CH,)
2.69 90 78.5-80 7.24 (br.s., SH) 3.03 (s, 4H, CHy)
2.70 76 oil 7.24 (br.s., 8H) 1.75 (br.s., 4H, B-CH>)
2.89 (br.s., 4H, a-CHy)
2.71 75 69-71 7.22 (br.s., 8H) 1.40-1.44 (m, 4H, y-CH;)
1.56-1.63 (m, 4H, B-CHa)
2.86(t,4H, J=7.1, a-CH>)
2.72 93 oil 7.24 (br.s., 8H) 1.31-1.39 (m, 8H, & & y-CH>)
1.56-1.66 (m, 4H, -CHy)
2.88(t,4H, J= 7.2, o-CH>)
2.73 81 oil 7.24 (br.s., 6H) 2.60 (s, 12H, CHs)

2.88 (s, 4H, CHy)

2 ¥ values in Hertz.
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Table 2.9: C NMR and MS Data of Disulfide Compounds 2.55-2.73.

d (CDCl3), ppm
Complex M/z Aromatic Others
™M, %)
2.55 246 (24) 126.56, 128.03, 33.34 (CHy)
130.01, 134.98*
2.56 274 (31) 127.61, 130.57, 29.81 (B-CHy),
130.93, 138.17* 34.92 (a-CH,)
2.57 302 (29) 125.61, 128.74, 28.21 (y-CH,), 28.89 (B-CHy,),
128.83, 136.79* 33.39 (x~-CH>)
2.58 274 (26) 126.34, 126.45, 20.43 (CHs),
128.97, 130.31, 32.38 (CHy)
134.23*, 138.39*
2.59 302 (31) 125.51, 126.32, 20.32 (CHs),
127.71, 130.04, 28.06 (B-CH>),
135.77*, 137.42* 32.35 (o-CH>)
2.60 330 (100) 125.30, 126.30, 20.32 (CH3), 28.46 (y-CHp),
127.35, 130.00, 28.81 (B-CHy), 32.67 (a-CHy)
136.19*%, 137.20*
2.61 274 (29) 126.87, 127.36, 21.27 (CHa3),
128.81, 130.52, 33.29 (CHy)
134.71*, 138.79*
2.62 302 (30) 126.01, 126.75, 20.18 (CHs),
128.68, 129.78, 28.11 (B-CHy),
136.16*, 138.59* 33.11 (a-CH>)
2.63 330 (87) 125.79, 126.52, 21.30 (CH3), 28.25 (y-CH>),
128.61, 129.50, 28.94 (8-CHy), 33.38 (¢-CHy)
136.53*, 138.47*
2.64 274 (29) 129.80, 130.76, 21.05 (CHs),
131.25*, 136.77* 33.99 (CH>)
2.65 302 (28) 129.55, 130.13, 21.00 (CHs), 28.20 (B-CH>),
132.61%, 136.12* 33.99 (a-CH>)
2.66 330 (77) 129.61, 129.86, 20.99 (CHs), 28.26 (y-CH),
132.95*, 135.91* 29.08 (B-CHy), 34.28 (a-CH>)
2.67 371 (17) 126.14, 127.02, 28.38 (B-CHy),
373 (11) 127.93, 129.60, 32.27 (o-CHy)
375 (2) 133.16*, 135.92*
2.68 343 (6) 125.88, 126.75, 27.77 (B-CHy),
345 (4) 128.24, 129.84, 32.79 (0-CHy)
347 (1) 134.63*, 137.32*
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2.69 315 (5) 129.20, 131.52, 33.63 (CH)
317 (3) 132.82%, 133.37*
319 (1)
2.70 343 (8) 128.99, 130.59, 27.87 (B-CH>)
345 (5) 134.45*, 135.31* 33.45 (o-CHy)
347 (1)
2.71 371 (19) 128.85, 130.13, 28.12 (y-CHp),
373 (12) 131.54*, 135.30* 28.73 (B-CHL,),
375 (2) 33.60 (a-CHy)
2.72 128.88, 130.15, 28.61 (§-CH,), 28.92 (y-CHa),
131.55*, 135.48* 33.77 (B-CHy), 39.05 (a-CHb>)
2.73 302 (15) 128.12, 128.25, 22.04 (CH;3),
132.40*, 143.02* 34.44 (CHy)
* Quaternary carbons.
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Table 2.10: 'H NMR Data, Yields and Melting Points of Disulfide Compounds 2.74-2.82.

6 (CDCL), ppm

Complex | Yield m.p. Aromatic® Others*
(%) CO)
2.74 72 oil 7.08-7.10 (m, 4H)
2,78 90 oil 7.12-7.18 (m, 8H)
7.33-7.36 (m, 6H)
2.76 95 oil 7.08 - 7.17 (12H) 2.30 (s, 6H, CHs)
2.77 87 61.5-63 7.04 (s, 4H) 2.35 (s, 6H, CHs)
7.12(d, 4H,J=8.1)
7.30 (d, 4H, T=8.2)
2.78 81 71.5-73 6.94-7.05 (m, 4H) 2.31 (s, 6H, CH;)
7.08 (d, 4H, J = 8.0)
7.24 (d, 4H, J = 8.0)
2.79 75 oil 7.09-7.19 (m, 6H)
7.30-7.40 (m, 6H)
2.80 74 oil 7.00 (br.s., 2H) 2.25 (s, 6H, CHs)
7.05 (s, 4H) 2.30 (s, 6H, CHs)
7.12 (d, 4H, J=7.1)
2.81 78 oil 6.42-6.46 (m, 2H) 2.45 (s, 12H, CH;)
6.80-6.84 (m, 2H)
7.18-7.26 (m, 6H)
2.82 93 87-89 6.23 (br.s., 1H) 2.29 (s, 12H, CHj)
6.69 (dd, 2H,
J=77,7=18)

6.95-7.20 (m, 7H)

2 J values in Hertz.
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Table 2.11: *C NMR and MS Data of Disulfide Compounds 2.74-2.82

8 (CDCl;), ppm

Complex m/z Aromatic Others
M, %)
2.74 294 (100) 127.46, 129.31, 131.34, 131.75,
134.41*, 137.34*
2.75 294 (100) 128.72, 128.87, 130.36, 130.82,
131.32, 132.74, 134.83*, 138.67*
2.76 322 (100) 128.00, 128.49, 129.07, 129.12, 21.28 (CHs3)
129.53, 130.90, 132.58*, 133.99%,
137.82*, 139.13*
2.77 322 (100) 126.95, 128.45*, 130.15, 130.45, 21.57 (CH3)
132.46, 137.52*, 137.75*
2.78 322 (100) 126.62, 128.60*, 128.99, 129.34%, 21.72 (CHs3)
130.09, 132.87, 137.98*, 138.65*
2.79 363 (9) 127.30, 128.13, 129.95, 130.22,
365 (6) 131.02, 131.60, 134.61, 134.69*,
367 (1) 135.17*, 145.01*
2.80 350 (100) 129.03, 129.75, 130.50, 132.72%, 20.08 (CHs),
133.92, 134.41*, 136.39%, 137.10* 20.79 (CHs)
2.81 350 (100) 125.26, 125.43, 128.51, 129.19, 21.74 (CHs)
131.01*, 135.39*, 143.87*
2.82 350 (100) 121.78, 122.09, 128.36, 129.00, 21.62 (CHs)
129.28, 129.88*, 138.94*, 143.65*
) Quaternary carbons.
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Table 2.12: '"H NMR Data, Yields and Melting Points of Mixed Ether/Thioether Bridged

Compounds 2.83-2.85.

3 (CDCL), ppm

Complex | Yield m.p. Aromatic® Others*
(%) Q)
2.83 73 oil 6.94 (d, 2H, J = 7.6)

7.02 (d, 2H, T =7.6)
7.11-7.19 (m, 2H)
7.24-7.38 (m, 8H)

2.84 94 oil 6.89 (d, 2H, ] =8.6) 2.31 (s, 3H, CH3)
6.91 (d, 2H, J =8.5) 2.32 (s, 3H, CHs)
7.11 (m, 4H)

7.20 (d, 2H, T =8.3)
7.29 (d, 2H, 1 =8.4)

2.85 76 oil 6.72-6.95 (m, 6H) 2.14 (s, 3H, CHs)
7.04-7.22 (m, 6H) 2.20 (s, 3H, CHs)
2.25 (s, 3H, CH)
2.30 (s, 3H, CHs)

2 ¥ values in Hertz.
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Table 2.13: “C NMR and MS Data of Mixed Ether/Thioether Bridged

Compounds 2.83-2.85.

d (CDCls), ppm

Complex

m/z
M, %)

Aromatic

Others

2.83

281 (100)

119.80, 124.27, 126.92,

129.00*, 129.58, 125.96,

130.36, 132.23* 134.73,
154.20*, 157.51*

2.84

306 (100)

118.80, 119.33, 128.54*,
128.86*, 129.90, 130.30,
130.52, 133.18, 133.33%,
136.76*, 154.16*, 157.44*

20.72 (CHs),
21.04 (CHs)

2.85

334 (100)

117.91, 120.61, 125.08,
126.75%, 127.59*, 127.88,
130.26, 131.22, 131.56,
132.86, 135.02*, 135.36*,
136.17*, 137.18*,
153.80%*, 157.42*

15.73 (CHs),
19.96 (CHs),
20.88 (CH),
20.96 (CHs)

) Quaternary carbons
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2.2.2 Synthesis of Diaryl Alkyl and Diaryl Aryl Disulfones

2.2.2.1 Fuctionalization of Bis(cyclopentadienyliron) Arene Complexes

with Sulfone Linkages

Although it has been demonstrated that one route applied in the functionalization
of diiron arene complexes is the reaction of terminal chlorine substituted complexes in a
second nucleophilic aromatic substitution reaction, the presence of the thioether linkages
in complexes 2.13-2.33, 2.37-2.47 and 2.49-2.54 offers the potential for functionalization
via the oxidation of the sulfides to their corresponding sulfoxides or sulfones based on

established experimental procedures.204'207 A 1986 report by Madesclaire has extensively

reviewed most of the oxidation procedures of sulfide compounds and the oxidizing agents
used in these reactions.’®® The focus of the present study was the oxidation of the sulfides
to their sulfone counterparts due to the potential use of these compounds in material
science, organic synthesis and the pharmaceutical industry.!” 1 18- 209212 Although
hydrogen peroxide in glacial acetic acid, potassium permanganate and m-chloroperbenzoic
acid (m-CPBA) have been found to be very useful oxidants, sulfide containing
cyclopentadienyliron arene complexes are most readily oxidized to their corresponding

sulfones in the presence of hydrogen peroxide (H,O»TiCl;) or m-CPBA in
dichloromethane 206213

Schemes 2.7-2.9 illustrate the synthetic strategy undertaken in the preparation of

bis(cyclopentadienyliron) arene complexes with sulfone linkages from their disulfide
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precursors. The parent sulfide containing complex was reacted in the presence of a 10-
fold excess of m-chloroperbenzoic acid and heated for 8 hours at 60°C in a DMF/CH,Cl;
solvent mixture.*! Generally, the oxidation of the bis-sulfide diiron complexes proceeded
with the corresponding sulfones being isolated as yellow solids in yields ranging from 70-
96%. Even in the case of the sterically crowded complex 2.32, oxidation to its sulfone
counterpart, 2.101, was achieved under mild reaction conditions and the complex isolated
in 85% yield. However, it is believed that steric hindrance did play a role in the inability to
isolate the corresponding disulfone of the parent sulfide complex 2.41, 1,2-bis([n°-4-
methylthiophenoxy-n’-cyclopentadienylJiron)benzene hexafluorophosphate.

'H, ®C NMR and IR spectroscopies were used in the identification of these
complexes and the results are summarized in Tables 2.14-2.19. Both the NMR and IR
data possess distinctive features to verify the conversion of the sulfide to the sulfone.
Two characteristic infrared absorbances in the range of 1160-1090 cm™ and 1350-1275
cm™ indicative of the sulfone functionality were present. Due to the lower solubility of
several of the sulfones, some of the NMR studies were carried out using DMSO-ds as a
solvent rather than acetone-ds.

A typical '"H NMR spectrum of complex 2.87 is shown in Figure 2.24 and should
be compared to Figure 2.10 which presents the 'H NMR spectrum of the parent sulfide
complex 2.15. It is also important to note that the electron-withdrawing nature of the
sulfonyl groups resulted in the downfield shift of the cyclopentadienyl peak in the NMR
spectra compared to the corresponding sulfide complexes. This is clearly evident in the

downfield
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Scheme 2.7

shift from 5.16 to 5.40 ppm of the singlet representative of the cyclopentadienyl protons
in Figure 2.24. Additionally, the strong electron-withdrawing influence of the sulfonyl
groups also affects the chemical shifts of the complexed aromatic protons which appear
approximately one-half ppm downfield from their original position in the sulfide complex.
The aliphatic components are affected less dramatically with the greatest influence being

on the protons a to the sulfone functionalities.
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The conversion of the thioether linkage to its sulfonyl counterpart is clearly evident
in the case of those complexes which possess mixed thioether/ether linkages as a result of
the reaction of chloroarene complexes with 4-hydroxythiophenol. For instance, Figure
2.25 shows portions of the 'H NMR spectra of complex 2.52 and its sulfone containing
counterpart, 2.105. Even disregarding the dramatic chemical shifts of both the complexed
and uncomplexed aromatic protons in comparing these two spectré, the increased
chemical shift difference between the two strong singlets representative of the Cp protons
in Figure 2.25b, following oxidation, clearly indicates the presence of the strong electron-

withdrawing functionality.
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Table 2.14: 'H NMR and IR Data of Diiron Sulfone Complexes 2.86-2.101.

8 (acetone-ds), ppm

Complex Cp Complexed Others" Vmax
(s, 10H) Aromatic® (cm™)
SO;
2.86 5.40 6.80-6.85 (m, 6H) 4.16 (s, 4H, CHy) 1090
7.00-7.04 (m, 4H) 1330
2.87 5.40 6.77-6.80 (m, 6H) 1.45-1.46 (m, 4H, y-CH,) | 1160
6.94-6.97 (m, 4H) 1.74-1.81 (m, 4H, B-CH,) | 1330

3.50 (t, 4H, J = 7.8, a-CH,)
2.88 5.36 6.64-6.77 (m, 6H) 2.78-2.81 (m, 4H, B-CH,) | 1150
6.93 (m, 2H) 2.83 (s, 6H, CHs) 1325

3.60-3.68 (m, 4H, a-CH,)
2.89 5.34 6.72 (br.s., 4H) 2.65 (s, 6H, CH3) 1155
6.90 (br.s., 4H) 4.09 (s, 4H, CH,) 1340
2.90 5.36 6.74 (br.s., 4H) 1.99-2.05 (m, 4H, B-CH,) | 1155
6.86 (br.s., 4H) 2.83 (s, 6H, CHs) 1340
3.58-3.59 (m, 4H, a-CH,)
2.91 5.35 6.71 (br.s., 4H) 1.38-1.52 (m, 4H, y-CH,) | 1155
6.86 (br.s., 4H) 1.69-1.85 (m, 4H, B-CH,) | 1340
2.68 (s, 6H, CHs)

3.48 (t, 4H, J = 7.7, «-CH,)
2.92 5.35 6.71 (d, 4H, ] = 6.6) 2.66 (s, 6H, CHs) 1155
6.94 (d, 4H, ] = 6.6) 4.11 (s, 4H, CH,) 1340
2.93 5.36 6.88 (d, 4H, ] = 7.3) 1.97 (br.s, 4H, CH,) 1155
6.70 (d, 4H, T =17.3) 2.67 (s, 6H, CHs) 1324

3.59 (br.s, 4H, CH))

2.94 5.35 6.70 (d, 4H, T =6.7) 1.44-1.49 (m, 4H, y-CH,) | 1155
6.89 (d, 4H, J=6.7) 1.72-1.77 (m, 4H, B-CH,) | 1340

3.49 (t, 4H, J = 7.8, o-CH,)
2.95 5.50 6.78 (t, 2H, I =5.7) 1.51-1.57 (m, 4H, y-CH,) | 1155
6.95(t, 2H, J=5.6) 1.86-1.97 (m, 4H, B-CH,) | 1325

7.06 (d, 2H, J=6.3) 3.67(t,4H, J=17.5, «-CH>)

7.14 (d, 2H, J=6.2)

2.96 5.52 6.90-6.96 (m, 4H) 1.95-2.06 (m, 4H, B-CH,) | 1160
7.14-7.26 (m, 4H) 3.64-3.68 (m, 4H, a-CH;) | 1330
2.97 5.52 6.91-6.98 (m, 4H) 1.45-1.48 (m, 4H, y-CH,) | 1155
7.16 (d, 2H,J=6.1) 1.83-1.86 (m, 4H, B-CHp) | 1335

7.27 (s, 2H)

3.58 (t,4H, J = 7.8, o-CHy)
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2.98" 5.40 6.95 (d, 4H, J = 5.9) 1.72 (br.s., 4H, B-CHy) 1160
7.11(d,4H,J=6.1) 3.63 (br.s., 4H, a-CH) 1335
2.99 5.52 7.11 (d, 4H, I =17.0) 1.44-1.45 (m, 4H, y-CH;) | 1155
7.13 (d, 4H, J = 6.3) 1.73-1.82 (m, 4H, B-CH;) | 1335
3.53 (t, 4H, J=7.9, o-CHy)
2.100 5.52 7.11 (br.s., SH) 1.29-1.39 (m, 8H,
y & §-CHy)
1.72-1.81 (m, 4H, B-CH>)
3.45 (t, 4H, o-CH,)
2.101 5.36 6.62 (d, 4H, 1 =5.9) 2.83 (s, 12H, CHz) 1160
6.73-6.79 (m, 2H) 4.25 (s, 4H, CHp) _ 1335

2 1 values in Hertz. b Solvent used was DMSO-dg.
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Table 2.15: 3C NMR Data and Yields of Diiron Sulfone Complexes 2.86-2.101.

S (acetone-d¢), ppm

Complex | Yield Cp Complexed Others
(%) | (10H) Aromatic
2.86" 83 78.89 88.20, 88.49, 90.64, 47.64 (CHy)
100.91*
2.87 84 80.04 89.24, 89.46, 91.47, 22.77 (y-CHy),
103.98* 29.04 (B, CH>),
55.55 (a-CHay)
2.88 80 78.92 87.14, 88.40, 90.27, 18.31 (CH;3), 20.37 (B-CHy),
101.03*, 103.45* 53.24 (a-CH>)
2.89 89 80.47 87.80, 88.86, 89.30, 20.57 (CH3), 49.29 (CHy)
92.12, 102.29*, 105.87*
2.90* 87 79.03 85.99, 87.52, 87.57, 19.84 (CHs), 20.50 (B-CH,),
90.70, 101.42*, 104.09* 53.23 (a-CH3)
291 77 80.26 87.47, 88.78, 89.06, 20.62 (CHsj), 22.77 (y-CHy),
91.80, 103.57*, 105.70* 27.86 (B-CHy),
55,83 (a-CH3)
2.92* 93 79.12 87.81, 88.26, 20.17 (CHs3),
99.43*, 106.62* 47.74 (CHy)
2.93 84 79.05 87.24, 88.34, 20.15 (CH;), 20.59 (B-CHy),
100.51*, 106.46* 53.26 (a-CH3)
2.94 70 80.23 88.60, 89.59, 20.77 (CHs), 22.81 (y-CH,),
102.58*, 107.78* 27.86 (B-CHa),
55.59 (a-CHy)
2.95 76 82.03 88.71, 90.44, 91.36, 22.49 (y-CH>),
91.77, 103.12*, 107.92* 27.96 (§-CH>),
55.02 (a-CHy)
2.96 72 82.38 88.38, 89.00, 89.36, 21.82 (B-CHy),
62.00, 103.94*, 108.44* 54.98 (a-CHy)
2.97 75 82.34 88.41, 89.03, 89.38, 22.70 (y- CHy),
91.98, 104.20*, 108.39* 27.92 (B-CHy),
55.70 (o-CHz)
2.98" 94 81.02 87.91, 88.34, 20.42 (B-CH,),
101.09*, 108.63* 53.15 (a-CHy)
2,99 77 82.23 89.26, 89.57, 22.65 (g- CHy),

103.14*, 110.09*

27.72 (B-CHb),
55.52 (a- CHy)
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2.100 96 | 82.27 89.32, 89.64, 22.98 (5-CHy),
103.24*, 110.08* 28.63 (y-CHa),
30.18 (B-CHy),
55.79 (a-CHbz)
2.101* 85 | 79.28 89.48, 90.40,

103.97*, 107.05*

20.72 (CHa),
47.76 (CHy)

2 Solvent used was DMSO-ds. v Quaternary carbons
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Table 2.16: "H NMR Data of Diiron Sulfone Complexes 2.102-2.103.

d (acetone-ds), ppm

7.09 (d, 4H, J = 6.6)

8.51(d, 2H, T=17.9)

Complex Cp Complexed Uncomplexed Others®
(s, 10H) Aromatic" Aromatic’
2.102 5.45 6.68-6.71 (br.s., 4H) | 8.00(t, 1H,J=7.8) | 2.64 (s, 6H, CH:)
7.04-7.11 (m, 4H) | 8.50 (d, 2H, J=7.9)
8.74 (s, 1H)
2.103 5.45 6.68(d,4H,J =6.7) | 8.00(t, IH,J=7.6) | 2.62 (s, 6H, CHs)

8.73 (s, 1H)

2 J values in Hertz.

Table 2.17: ®C NMR and IR Data and Yields of Diiron Sulfone Complexes 2.102-2.103.

d (acetone-ds), ppm

Complex | Yield Cp Complexed Uncomplexed Others Vmax
(%) | (s, 10H) Aromatic Aromatic (cm™)
S0,

2.102 95 80.66 86.92, 88.44, | 128.45, 133.53, | 20.56 (CH3) | 1095
89.13, 92.01, | 135.60, 141.65* 1350

104.87*,

106.19*
2.103 83 80.61 88.01, 89.89, | 128.43, 133.53, 1100
103.86*, 135.55, 141.66* | 20.74 (CH;) | 1345

n 108.11*

) Quaternary carbons.
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Table 2.18: 'H NMR Data of Mixed Ether/Sulfone Diiron Complexes 2.104-2.105.

S (acetone-d¢), ppm
Complex Cp Complexed Uncomplexed Others"
(s, 10H) Aromatic’ Aromatic”
2.104 5.21 7.02 (brs., 2H) 7.53 (d, 2H, J=17.5) | 2.55 (s, 3H, CH3)
5.41 6.25-6.69 (m, 6H) | 8.23 (d, 2H,J=7.4) | 2.65 (s, 3H, CHy)
2.108 5.39 6.67(d,2H,J=6.8) | 7.59(d, 2H, J=8.0)
5.59 6.85(d,2H, J=6.6) | 8.26(d,2H,J=17.9)
7.11(d, 2H, I =6.8)
7.21(d,2H,J=6.9)
? ¥ values in Hertz.

Table 2.19: ¥C NMR and IR Data and Yields of Mixed Ether/Sulfone

Complexes 2.104-2,105.

O (acetone-ds), ppm

Complex | Yield Cp Complexed Uncomplexed Others Vmax
(%) | (s, 10H) Aromatic Aromatic (cm™)
S0,
2,104 81 78.59 78.18,80.93, | 121.32,131.91, | 19.97(CH;3) | 1105
86.10, 86.81, 135.54*, 20.67 (CHs) | 1275
87.66, 88.63, 160.25*
91.34,
103.91%,
105.68%,
130.82*
2,105 83 80.97 79.54, 88.10, | 122.13, 132.53, 1100
82.45 88.27, 89.89, 135.78%, 1350
105.43%, 160.14*
105.59%,
109.94 *,
| 131.12*
’ Quaternary carbons
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2.2.2.2 Photolytic Demetallation of Sulfonyl Containing Diiron

Complexes

The use of photolytic demetallation for the removal of the modified organic ligand
from its cyclopentadienyliron parent complex has been discussed previously in Section
2.2.5 of this work. The same experimental procedure was applied in the isolation of
compounds 2.106-2.121. The bimetallic complexes were dissolved in an
acetonitrile/dichloromethane solvent mixture, subjected to intense visible light radiation for
a period of 4 hours under a nitrogen atmosphere and isolated via column chromatography
in yields ranging from 70-94%. Schemes 2.10-2.12 show the sulfonyl containing
compounds that were isolated using this methodology.

'H and ®C NMR, elemental analysis, mass spectrometry (MS) and infrared
spectrophotometry were used to verify the isolation of compounds 2.106-2.121 and the
results summarized in Tables 2.20-2.25. The melting points of these compounds are also
recorded in Tables 2.20, 2.22 and 2.24. As was observed in the isolation of the thioether
containing compounds from their corresponding diiron complexes, the most notable piece
of evidence indicative of successful demetallation is the disappearance of the
cyclopentadienyl peak in both the 'H and “C NMR spectra. This observation is
accompanied by a dramatic downfield chemical shift of the complexed aromatic protons
upon the removal of the pendent cyclopentadienyliron metallic moiety. Figures 2.26 and
2.27 show the 'H and ®C NMR spectra of compound 2.119 which was isolated as a light

yellow oil in 84% vyield. Verification of the identity of the desired compound was
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Scheme 2.10
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supported by the absence of a cyclopentadienyl resonance in the range of 5.00-5.50 ppm
and the appearance of the expected coupling pattern for the molecular structure of |
interest. The molecular structure of complex 2.119 has been labeled in Figure 2.26 to aid
in the discussion of the spectral pattern observed. The doublets at 7.27 and 7.80 ppm are
representative of protons 1 and 2, respectively, with the resonance appearing furthest
downfield attributed to those protons adjacent to the sulfonyl functionality. Protons 4 and
6 appear at 7.59 and 8.45 ppm as a triplet and singlet, respectively, as expected. The
interesting feature of this spectral pattern is the appearance of a doublet at 8.03 ppm
representative of protons 3 and 5. Figure 2.27 shows the >C NMR spectrum of complex
2.119 with five resonances appearing below the baseline in the range of 126.31-131.58
ppm indicative of the aromatic carbons. Additionally, a single peak at 21.58 ppm verifies
the presence of the methyl substituent with the three small peaks above the baseline at

137.26, 143.65 and 144.98 ppm attributed to the quaternary carbons.
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Table 2.20: 'H NMR and IR Data, Yields and Melting Points of Aliphatic Bridged

Sulfone Compounds 2.106-2.117.

8 (CDC13)a ppm

Complex | Yield | m.p. Aromatic® Others® Vinax
(%) CO) (ecm™)
SO;
2.106 92 173- 7.53-7.71 (m, 6H) 3.43 (s, CHy) 1150
174.5 | 7.84-7.88 (m, 4H) 1310
2.107 77 151- | 7.29-7.37 (m, 4H) 1.77-1.85 (m, 4H, 1150
153 | 7.46-7.54 (m, 2H) B-CHy) 1320
791(d,2H,J=17.9) 2.64 (s, 6H, CH;)
3.05-3.08 (m, 4H,
o-CH>)
2.108 88 137- | 7.45-7.48 (m, 4H) 2.44 (s, 6H, CH;) 1140
139 | 7.63-7.65 (m, 4H) 3.40 (s, 4H, CHy) 1320
2.109 90 oil 7.23 (br.s., 4H) 1.60 (br.s., 4H, B-CHy) | 1155
7.45 (br.s., 4H) 2.22 (s, 6H, CH;) 1320
2.84 (br.s., 4H, a-CHy)
2.110 83 134- 7.44 (br.s., 4H) 1.33-1.34 (m, 4H, 1150
136.5 7.67 (br.s.,4H) y-CHb) 1325
1.62-1.67 (m, 4H,
B-CH>)
2.43 (s, 6H, CH;)
3.01(t, 4K, J = 7.7,
o-CH>)
2.111 81 200- 7.36(d,4H,J=7.9) 2.45 (s, 6H, CH;) 1150
201.5 | 7.72(d,4H,J=8.1) 3.38 (s, 4H, CH») 1320
2.112 76 124- 7.34(d, 4H, ] =8.0) 1.32-1.36 (m, 4H, 1155
126.5 | 7.74 (d, 4H, T =8.2) y-CH,) 1325
1.65-1.68 (m, 4H,
B-CHy)
2.43 (s, 6H, CH;)
3.00 (t, 4H, =177,
o-CHy)
2.113 86 oil 7.49-7.62 (m, 4H) 1.30-1.49 (m, 4H, 1155
7.74-7.86 (m, 4H) y-CHy) 1320
1.59-1.69 (m, 4H,
B-CH>)
3.04 (t, 4H, T= 7.4,
Ct-CHz)
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2.114 74 141- 7.46-7.64 (m, 4H) | 1.86 (m, 4H, B-CH,) | 1155
142.5 | 7.72-785(m, 4H) | 3.08(t, 4H, J=73, | 1330
a--CHz)
2.1158 80 183- 7.53(d,4H, J=8.7) 1.81-1.88 (m, 4H, B- 1150
184.5 | 7.80(d, 4H, J=8.8) CH,) 1310
3.02-3.05 (m, 4H, a-
CH;)
2.116 77 oil 753 (d,4H,TJ=87)| 1.18-1.23 (m, 8H, 8 &
7.82(d,4H, 1 =8.7) v-CHy)
1.55 (br.s., 4H, B-CHz)
3.03 (t, 4H, 1 =8.0, a-
CH,)
2.117 70 231- 7.16 (d,4H, J=74) 2.63 (s, 12H, CH;) 1155
232 | 736(d,4H,1=7.6)| 3.50 (s, 4H, CH,) 1315
2 J values in Hertz.
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Table 2.21:*C NMR and MS Data of Aliphatic Bridged Sulfone Compounds 2.106-2.117.

6 (CDCls), ppm

Complex m/z Aromatic Others
I, %)
2.106 366 (100) 128.04, 129.69, 49.48 (CH,)
134.54, 138.00*
2.107 366 (38.4) 126.65, 130.09, 132.80, 20.32 (CH;3)
133.81, 136.83*, 137.85* 21.33 (B-CHy)
54.45 (o-CHy)
2.108 338 (46) 125.16, 128.28, 129.50, 21.33 (CHs)
135.31, 137.84*%, 140.14* 49.53 (CHy)
2.109 366 (51) 124.78, 127.92, 128.98, 21.05 (CHs)
134.42, 138.35*, 139.45* 21.25 (B-CH,)
55.07 (a-CHy)
2.110 394 (26) 124.90, 128.04, 128.99, 21.16 (CHs)
134.33, 138.78*, 159.44* 22.19 (y-CHy)
27.56 (B-CH,)
55.76 (a-CHy)
2.111 338 (42) 128.09, 130.30, 21.71 (CH;)
135.03*, 145.75* 49.73 (CH,)
2.112 394 (38) 127.88, 129.81, 21.50 (CH3)
136.01*, 144.59 * 22.34 (y-CHy)
27.63 (B-CH,)
55.93 (a-CH,)
2.113 435 (12) 126.06, 127.97, 130.62, 22.17 (y-CHy)
437 (7) 133.84, 135.48*, 140.73* 27.58 (B-CH>)
439 (1) 55.81 (a-CH,)
2.114 407 (18) 126.11, 128.09, 130.74, 21.39 (B-CHy)
409 (12) 134.11, 135.73*, 140.53* 55.34 (a-CHy)
411 (2)
2.115 407 (21) 129.49, 129.76, 21.48 (B-CH,)
409 (14) 137.26*, 140.78* 55.44 (a-CHy)
411 (2)
2.116 129.55, 129.64, 22.52 (6-CH,)
137.66%*, 140.46* 28.06 (y-CH,)
28.62 (B-CH>)
56.57 (a-CH>)
2.117 366 (24) 131.87, 133.42, 22.93 (CHs)
| 134.96*, 140.78* 48.31 (CH;)

¥ Quaternary carbons.
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Table 2.22: '"H NMR and IR Data, Yields and Melting Points of Aromatic Bridged

Sulfone Compounds 2.118-2.119.

d (CDClL), ppm

Complex | Yield | m.p. Aromatic® Others® Vmax
(%e) O) (cm™)
SO,
2.118 78 oil 7.37-7.40 (m, 4H) 2.39 (s, 6H, CH3) 1155
7.62(t, 1H,J=17.9) 1335
7.72 (brs., 4H)
8.06 (d, 1H, T=17.9)
8.07(d, 1H,J=179)
8.48 (s, 1H)
2.119 84 oil 7.27(d,4H,J=8.1) 2.38 (s, 6H, CH3) 1160
7.59(, 1H,J=709) 1330
7.80 (d, 4H, T =8.1)
8.03(d, IH,J=179)
8.04 (d, 1H, J=17.9)
8.45 (s, 1H)
2 J values in Hertz.

Compounds 2.118-2.119.

Table 2.23: 3C NMR and MS Data of Aromatic Bridged Sulfone

5 (CDCI3)’ ppm

Complex m/z Aromatic Others
M, %)
2.118 386 (100) 125.56, 127.16, 128.63, 21.83 (CHs)
129.95, 131.04, 132.38,
135.22, 140.48*,
140.62*, 144.03*
2.119 386 (100) 126.31, 127.85, 130.16, 21.58 (CHs)
130.44, 131.58, 137.26%,
143.65*, 144.98*
: Quaternary carbons.
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Table 2.24: '"H NMR and IR Data, Yields and Melting Points of Mixed Ether/Sulfone

Bridged Compounds 2.120-2.121.

6 (CDCIS)s ppm

Complex | Yield m.p. Aromatic® Others” Vmax
(%) | (O (cm™)

SO,

2.120 80 oil 6.83 (br.s., 2H) 2.32 (s, 3H, CHs) 1160

6.96-7.02 (m, 3H) 2.38 (s, 3H, CH;) 1335
7.20-7.37 (m, 3H)

7.72 (br.s., 2H)
7.85 (d, 2H, 1 =8.9)
2.121 94 oil 6.95(d, 2H, J=6.9) 1160
7.00 (d, 2H, J=7.0) 1335

7.33 (d, 2H, = 8.8)
7.45 (d, 2H, T = 8.5)
7.84 (d, 2H, ] =8.5)
7.85 (d, 2H, ] =8.5)

2 J values in Hertz.

Table 2.25: “C NMR and MS Data of Mixed Ether/Sulfone Bridged

Compounds 2.120-2.121.

6 (CDCL), ppm

Complex m/z Aromatic Others
L, %)
2.120 338 (100) 117.27, 117.56, 120.92, 21.29 (CHs)

124.56, 125.80, 127.67,
129.06, 129.80, 133.76,
134.93*, 139.45%, 140.43%,
141.81* 154.79*, 162.10*

2.121 379 (23) | 117.84, 121.64, 128.32 *,
381 (15) 128.93, 129.60, 130.03,

383 (3) 130.25, 135.05*%, 140.00*,
140.42*, 153,42%, 161.84*

‘Quatemary carbons
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2.2.3 Synthesis of Diaryl Alkyl and Diaryl Aryl Nitrogen Containing

Complexes

2.2.3.1 Preparation of Bis(cyclopentadienyliron) Arene Complexes with

Aliphatic Amine Bridges

In an attempt to expand the versatility of our synthetic strategy, the use of
diamines as nucleophiles in the search for bis(cyclopentadienyliron) arene complexes with
amine bridges was examined. Previous investigations in the synthesis of complexes with

certain amine functionalities using ligand exchange techniques resulted in the preparation

of the desired complexes in very low yields.29 A case in point was the isolation of 1n°’-
diphenylamine-n’-cyclopentadienyliron  hexafluorophosphate in only 6% yield.”
Interestingly, reactions of aromatic amines with m°-(arene)-n’-cyclopentadienyliron
complexes proceeded to give the diphenylamine only if nitroarene complexes were used as
a starting materials, as opposed to the chloroarene complexes.”® *° Nucleophilic
substitution has also been employed in the synthesis of a number of complexes with amine
groups, including heterocyclic complexes.** **

In the present study, the reaction of the chloroarenes 2.1 and 2.6 with 1,6-
hexanediamine, 2.122, in a 2:1 molar ratio in the presence of K;CO; in THF was
investigated and resulted in the formation of the desired diiron species, 2.123 and 1.124, in

28 and 17% vyield, respectively (Scheme 2.13). These results reflected similar behavior

observed by Sutherland and coworkers in the nucleophilic aromatic substitution reactions
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of ethylenediamine with  (chlorobenzene)- or isomeric  (chlorotoluene)-
cyclopentadienyliron complexes in which long reaction times resulted in poor yields and
impure products.?® On the other hand, adding an excess of the diamine, 1.122, to the
1,4-dichloroarene complex, 2.6, in the presence of glacial acetic acid led to double
nucleophilic substitution as shown in Scheme 2.13. In an earlier study, it was proposed
that under basic experimental conditions, the monosubstituted product with the diamine
would deprotonate to give the zwitterion-cyclohexadienyl complex, as illustrated in Figure
2.28.%'* The zwitterion is electron rich and prevents further substitution of the second
chlorine group. The addition of glacial acetic acid prevented the deprotonation, allowing

for the second substitution to occur.

R R
H H
) e

be ke

R < B ©

@—a +  HaN(CH2)6NH2 2.124 R=4-C1
glacial acetic
l‘e+ 2122 \“‘HF

H H
@ HzN(Cﬂz)GN‘@‘N(CHz)GNﬂz
be"

2.125

Scheme 2.13
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Cl—@"ﬁ(CHz)sNHz G@N(Cﬂz)sN H, + Ht

e Fe

Figure 2.28: Formation of a zwitterion-cyclohexadienyl complex

As a result of the low yields obtained upon the nucleophilic aromatic substitution
reaction of (chloroarene)cyclopentadienyliron complexes with diamine nucleophiles,
nitroarene complexes, 2.126-2.131, were investigated as starting materials since the nitro
group is a better leaving group than chlorine. A wide variety of m°-nitroarene-n’-
cyclopentadienyliron complexes have been prepared due to their potential use in the
synthesis of compounds with biological applications or possible use in materials

57, 177, 214

science. The synthesis of a variety of starting nitroarene complexes has been

thoroughly investigated and established as a two-step process.?'™ 2 The general reaction
of the initial step is illustrated in Figure 2.29 and involves the preparation of the desired
alkylaniline complex via the ligand exchange of alkylanilines with ferrocene in the presence
of AICI; and Al and using decalin as a solvent. This reaction mixture is stirred at 160°C
for 5 hours and the desired complexes isolated as their hexafluorophosphate salts in good
yield. The subsequent oxidation of the alkylaniline complexes in the presence of H,O, in
CF3COOH allowed for the preparation of the corresponding alkylnitrobenzene complexes

according to Figure 2.30.2"
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R =H, 2-CH3, 3-CH3,
4-CH3, 2,5-CH3,
2,6-CH3

Figure 2.29: Preparation of alkylaniline CpFe” complexes

via the ligand exchange reaction

O~ _ "o

H202
CF3COOH l*e*

o) )

R =H, 2-CH3, 3-CH3,
4-CH3, 2,5'CH3’
2,6-CHj3

Figure 2.30: Preparation of n°-nitro-n’-cyclopentadienyliron complexes
via oxidation of the corresponding aniline complex in the

presence of H,O- and trifluoroacetic acid
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Scheme 2.14 outlines the synthetic methodology followed in the preparation of
diiron complexes with aliphatic diamine linkages. Following similar conditions to those
established in the synthesis of bimetallic cyclopentadienyliron complexes with etheric and
thioetheric linkages, the appropriate  m’-nitroarene-n’-cyclopentadienyliron
hexafluorophosphate complexes were combined with the desired aliphatic diamine in a 2:1
molar ratio in the presence of K;CQ; in a THF/DMF solvent mixture and stirred at 60°C
under a nitrogen atmosphere. Due to the enhanced reactivity of the nitroarene complexes,
a shorter reaction time of 3-5 hours was employed which minimized decomposition of the
starting material and the products and resulted in a dramatic increase in yield.

In the course of our investigations, nucleophilic substitution reactions of three
aliphatic diamines with different methylene chains were examined. Typically, the
nitroarene complexes reacted with the diamines to produce the desired complexes as
expected. It is important to note that increasing the number of methylene groups in the
chain from 2 to 6 resulted in an increase in the yield of the reaction (Table 2.28).
However, some steric problems were experienced in the use of the 2,6-
dimethylnitrobenzene complex as a starting material. The yields of these reactions
dropped dramatically due to the presence of these two methyl groups ortho to the nitro
group.

The yields and spectroscopic information were collected and are presented in
Tables 2.26 and 2.27. Figures 2.31-2.33 show the 'H and *C NMR spectra of complex
2.142. Due to the symmetrical nature of the complex, the 'H NMR spectrum is quite
simple and success is established by the presence of the cyclopentadienyl resonance at 4.85

ppm. Further evidence of the synthesis of complex 2.142 is the appearance of the
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doublets at 5.85 and 6.10 ppm representative of the complexed aromatic protons. One

very distinctive feature of the 'H NMR spectrum which indicates the presence of the

amine linkage is the broad singlet at 5.94 ppm. The disappearance of this resonance upon

the addition of D,O to the sample, as shown in Figure 2.32, verifies its identity as the

proton associated to the amine functionality. The expected peaks in the “C NMR

spectrum further support the successful preparation of complex 2.142.

2.126 R=H

2.127 R=2-CH;
2.128 R=3-CH;3
2.129 R=4-CH;
2.130 R=2,5-CH3
2.131 R=2,6-CH3

+

K2CO03
NH ——————
H>N(CH2)xNH2 p——
2.132 x=2
2.133 x=4
2.122 x=6
Scheme 2.14
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N(CH)xN
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2.134 R=H; x=2
2.135 R=H; x=4
2.123 R=H; x=6¢
2.136 R=2-CH3; x=2
2.137 R=2-CH3; x=4
2.138 R=2-CH3; 1=6
2.139 R=3-CH3; x=2
2.140 R=3-CH3; x=4
2.141 R=3-CH3; 1=6
2.142 R=4-CH3; x=2
2.143 R=4-CH3; x=6
2.144 R=25-CH3; x=6
2.145 R=2,6-CH3; x=2

2.146
2.147
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Figure 2.32: 'H NMR spectrum of complex 2.142 in acetone-ds and D;0.
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Table 2.26: "H NMR Data of Diiron Amine Complexes 2.134-2.147.

3 (acetone-d¢), ppm
Complex Cp Complexed Others®
(s, 10H) Aromatic”
2.134 5.02 5.92(d, 4H, J=6.6) 3.74 (d, 4H, J =5.3, a-CHy)
6.07-6.10 (m, 4H) 6.05 (br.s., 2H, NH)
6.18 (t, 2H, J=6.4)
2.135 4.98 5.85 (d, 4H, J=6.4) 1.89 (m, 4H, -CH,)
6.03 (t, 4H, I =5.8) 3.41 (m, 4H, a-CH>)
6.16 (t, 2H, J=5.5) 5.98 (br.s., 2H, NH)
2.123 4.96 581 (d, 4H, T=6.6) 1.51 (m, 4H, y-CHy)
5.91-6.09 (m, 4H) 1.74 (m, 4H, B-CH>)
6.13-6.17 (m, 2H) 3.31 (m, 4H, a-CH>)
5.92 (br.s., 2H, NH)
2.136° 4.89 5.93-6.04 (m, 4H) 2.41 (s, 3H, CHs)
492 6.11-6.21 (m, 4H) 2.42 (s, 3H, CHs)
3.85 (m, 4H, CH,)
5.70 (br.s., 2H, NH)
2.137 4.89 5.92 (t, 4H, T = 6.5) 1.99 (m, 4H, B-CHy)
6.10 (d, 2H, J=6.5) 2.40 (s, 6H, CH3)
6.15(d,2H, J=5.9) 3.4% (m, 4H, a-CHy)
5.62 (br.s., 2H, NH)
2.138 4.88 5.84-5.94 (m, 4H) 1.56 (m, 4H, y-CH>)
6.06-6.16 (m, 4H) 1.80 (m, 4H, p-CH>)
2.40 (s, 6H, CH3)
3.41 (m, 4H, o-CH,)
5.56 (br.s., 2H, NH)
2.139 493 5.62-6.11 (m, 8H) 2.47 (s, 6H, CH3)
3.69 (m, 4H, CH,)
5.95 (br.s., 2H, NH)°
2.140 4.90 5.73-5.81 (m, 2H) 1.87 (quintet, 4H, J = 6.8, B-CHy)
5.94(d, 2H, J=5.9) 2.45 (s, 6H, CH3)
6.06 (t, 2H, J=6.3) 5.84 (br.s., 2H, NH)°
2.141 4.90 5.73-5.83 (m, 4H) 1.53 (m, 4H, y-CH,)
5.94(d, 2H, J=5.9) 1.74 (m, 4H, B-CHy)
6.05 (t, 2H, J=6.1) 2.45 (s, 6H, CH3)
3.28-3.37 (m, 2H, o-CH>)
5.83 (br.s., 2H, NH)
2.142 495 5.85(d,4H,J=6.9) 2.41 (s, 6H,CH3)
6.10(d, 4H, 1 =6.7) 3.66-3.69 (m, 4H, CH>)
5.94 (br.s., 2H, NH)
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2.143 491 5.75(d, 4H, T =6.9) 1.50-1.56 (m, 4H, y-CH,)
6.05 (d, 4H, ] = 6.9) 1.70-1.79 (m, 4H, B-CH,)
2.40 (s, 6H, CHs)
3.61(t, 4H, T = 7.0, a-CH>)
5.85 (br.s., 2H, NH)
2.144° 4.82 5.84-5.88 (m, 4H) 1.55 (m, 4H, y-CH>)
6.07 (d, 2H, J = 6.0) 1.82 (m, 4H, B-CH,)
2.36 (s, 6H, CHz)
2.46 (s, 6H, CHz)
3.41 (m, 4H, o-CH>)
5.4S (br.s., 2H, NH)
2.145° 4.90 5.96 (t, 2H, T =6.2) 2.57 (s, 12H, CH;)
6.20 (d, 4H, J = 6.0) 3.66 (s, 4H, CHy) ]
2.146° 487 591 (t,2H, J=6.0) 1.74 (quintet, 4H, J = 7.3, B-CHy)
6.14 (d, 4H, Y =6.0) 2.55 (s, 12H, CH3)
341 (t,4H,J=6.5, a-CH,)
2.147° 4.88 5.90(t,2H,J=5.9) 1.42 (m, 4H, y-CHy)

6.13 (d, 4H, J = 6.0)

1.65 (m, 4H, B-CHa)
2.56 (s, 12H, CHs)
3.37(t, 4H, J = 7.0, 0-CH>)

® J values in Hertz. ° Diastereoisomers present. © NH overlaps with aromatic. ° NH unobserved.
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Table 2.27: “C NMR and IR Data and Yields of Aliphatic Bridged Amine

Complexes 2.134-2.147

S (acetone-ds), ppm

Complex | Yield Cp Compiexed Others IR
(%) | (10H) Aromatic Vg, €M’
2.134 48 76.26 68.99, 81.57, 42.36 (CH») 3435
86.61, 126.53*
2.135 62 76.17 68.51, 81.19, 26.77 (B-CHb), 3420
86.62, 127.37* 43.28 (a-CH,)
2.123 78 75.34 67.54, 80.34, 26.32 (y-CH>), 3405
85.77, 126.55* 28.39 (B-CH_>),
42.61 (a-CHy)
2.136" 44 76.75 66.71, 66.87, 17.75 (CHas), 3440
80.82, 83.01%, 17.80 (CH3),
85.27, 88.99, 126.13* 4233 (CHy)
42.53 (CHy)
2.137 63 76.46 66.16, 80.26, 17.64 (CHs), 3435
83.27*, 85.07, 26.66 (B-CHy),
88.71, 126.03* 43.37 (o-CH>)
2.138 70 76.18 65.63, 79.90, 17.54 (CHs), 3440
82.85*, 84.78, 26.98 (y-CHa),
88.47, 125.96* 28.91 (B-CHy),
43.31 (a-CH>)
2.139 46 76.60 67.60, 70.36, 20.65 (CHs), 3420
82.03, 85.89, 42.46 (CHy)
102.09*, 126.18*
2.140 89 76.33 66.90, 69.69, 20.57 (CHs), 3420
81.48, 85.65, 26.62 (B-CHy),
101.84*, 126.65* 43.15 (a-CHp)
2.141 43 76.21 66.72, 69.52, 20.52 (CHs), 3425
81.32, 85.55, 26.93 (y-CHo),
101.74*, 126.74* 29.05 (B-CH,),
43.34 (a-CH))
2.142 30 76.73 68.22, 86.85, 19.65 (CHa), 3415
96.77*, 125.51* 42.20 (CHy)
2.143 71 76.65 67.71, 86.84, 19.66 (CHs), 3420

96.39%, 126.37*

27.17 (y-CHy),
29.26 (B-CHy),
43.54 (o-CHy)
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2.144 44 76.90 67.71, 80.62, 17.35 (CHs), 3438
81.74* 87.99, 20.51 (CH3),
100.71%, 125.74* 27.35 (y-CHy),
29.37 (B-CH,),
43.72 (a-CH,)
2.145 17 77.77 82.78, 88.66, 19.70 (CHs), 3415
97.27*, 107.78* 48.45 (CH,)
2.146 22 77.97 82.59, 88.99, 18.07 (CH3), 3430
89.14*%, 126.09* 29.29 (B-CH>),
48.34 (a-CH,)
2.147 28 77.53 82.07, 88.58, 19.76 (CHa), 3440

88.48*, 125.84*

27.22 (y-CHb),
31.61 (B-CHy),
48.18 (0-CH,)

»
2 Diastereomers present. Quaternary carbons.
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2.2.3.2 Preparation of Bis(cyclopentadienyliron) Arene Complexes with

Aromatic Amine Bridges

Following the investigation with aliphatic amines, the displacement of the nitro
group using aromatic diamines as nucleophiles was examined. Scheme 2.15 shows
examples of the reactions of 1,3- and 1,4-phenylenediamines, 2.148 and 2.149, with
nitroarene complexes, 2.126, 2.128 and 2.129. Although these reactions proceeded to
produce the diiron complexes with aromatic diamine bridges, the reaction with 1,2-
phenylenediamine failed to give the desired product but rather yielded a mixture of

products.

O om0 Y
() & ©

2.126, 2.128 & 2.129 2.148 1,3 2.150 R=H; 1,3
2.149 14 2.151 R=H; 14

2.152 R=3-CHj; 1.3

2.153 R=3-CHj3; 14

2.154 R=4-CHs3; 14

Scheme 2.15
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'H and C NMR spectroscopy and IR spectrophotometry were used to verify the
identity of the complexes and the data are summarized in Tables 2.28 and 2.29. Figures
2.34 and 2.35 show the 'H and C NMR spectra, respectively, of complex 2.150 which
represent spectral features typical of these complexes. The strong Cp singlet characteristic
of bimetallic cyclopentadienyliron complexes appears at 5.06 ppm. It was mentioned
previously that a significant spectral chemical shift separation is characteristically observed
in the case of complexes composed of both complexed and uncomplexed aromatic
protons. This is indeed a spectral feature evident with complexes 2.150-2.154. In Figure
2.34, the complexed aromatic protons appear upfield at 6.14-6.36 ppm in comparison to
the uncomplexed aromatic proton resonances appearing at 7.20-7.37 and 7.59 ppm.
Integration techniques which identified the singlet at 8.11 ppm as representative of two
protons in addition to the disappearance of this peak upon the addition of D,O to the 'H
NMR identified this resonance as that of the amine functionality. The incorporation of
the amine functionality into the molecular structure of complexes 2.150-2.154 was further
supported by absorbances in the region of 3395-3420 cm™ of the infrared spactra.

The C NMR spectrum run as an Attached Proton Test (APT) verified the
structure of complex 2.150 with the Cp, complexed and uncomplexed aromatic carbons
with an odd number of protons all appearing below the baseline in the spectrum in the
expected spectral regions. The Cp and complexed aromatic carbon resonances appeared
between 72.00-88.00 ppm and the three uncomplexed aromatic resonances significantly
further downfield at 116.19, 119.66 and 132.24 ppm. The two peaks appearing above the
baseline at 112.30 and 141.44 ppm complete the expected resonances corresponding to

complex 2.150 and are attributed to the quaternary carbon atoms of the complexed and
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uncomplexed arene rings, respectively. With the exception of reactions in the presence of
1,2-phenylenediamine, the desired products were obtained in yields ranging from 54-66%

as summarized in Table 2.29.
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Table 2.28: 'H NMR Data of Aromatic Bridged Amine Complexes 2.150-2.154.

d (acetone-ds), ppm

Complex Cp Complexed Aromatic* Others*
(s, 10H) Aromatic"
2.150 506 | 6.14-6.26 (m, 6H) | 7.20-7.37 (m, 3H) | 8.11 (br.s., 2H, NH)
7.59 (t, 1EL J = 8.0)
2.151 503 | 6.31-6.40 (m, 6H) | 7.10 (d, 2H, J =8.8) | 5.45 (br.s., 2H, NH)
6.47-6.54 (m, 4H) | 7.67 (d, 2H, J = 8.8)
2.152 501 | 6.07-6.28 (m, 8H) | 7.33-7.34 (m, 2H) | 2.52 (s, 6H, CH;)
7.58-7.64 (m, 2H) | 8.03 (br.s., 2H, NH)
2.153° 4.91 6.25 (d, 4H, 782(d, IH, J=75)| 2.53 (s, 6H CHj)
I=6.1) 7.90 (d, 1H, J = 7.5)
6.31 (s, 2H) 794(d, H,J=175)
6.42 (t, 2H, 8.06 (d, 1H, J =7.5)
J=6.1)
2.154 4.95 6.26 (d, 4H, 782(d, 1H, J=6.7) | 2.52 (s, 6H, CH;)
J=6.9) 7.90 (d, 1H, J=7.5) | 8.06 (br.s., 2H, NH)
6.41 (d, 4H, 7.93 (d, 1H, I = 7.4)
J=6.8) 8.03 (d, 1H, J = 6.9)

8§ \alues in Hertz. ° NH unobserved.
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Table 2.29: *C NMR and IR Data and Yields of Aromatic Bridged Amine

Complexes 2.150-2.154.

8 (acetone-ds), ppm

Complex | Yield | Cp Complexed Uncomplexed Others IR
(%) | (10H) Aromatic Aromatic VNH»
cm’
2.150 59 77.02 | 72.49, 83.06, 116.69, 119.66, 3420
87.26, 122.30* | 132.24, 141.44*
2.151 62 77.75 | 79.28, 85.30, | 116.26, 129.15%, 3400
87.34,122.42* | 131.69, 151.19*
2.152 54 7734 | 70.84, 73.82, 116.88, 11948, | 20.83 (CH;) | 3395
83.46, 86.51, 131.47, 132.18,
96.93*, 141.53*
107.97*
2,153 61 78.18 | 80.50, 80.58, 131.27, 132.23, | 20.54 (CH;) | 3410
88.03, 88.81, | 141.53*, 141.63*
103.65%,
121.03*
2.154 66 78.22 | 78.75,87.55, | 120.15*%, 131.08, | 19.80 (CH;) | 3415
101.52%, 132.22
107.81*
aQuate:rnzuy carbons.
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3.0 Kinetic and Thermodynamic Investigations of r]‘S-Arene-r]S-CpFe+

Complexes

3.1 Introduction

Interest in the properties of novel organometallic species has prompted the
investigation of several unique features of these complexes. It is the oxidation/reduction
properties of numerous organometallic arene species which has led to interest in an
99, 103, 217-220 In

improved understanding of the electron transfer reactions of these systems.

particular, many of these species are noted for their ability or their potential to act as

1, 8,221-225 32, 223, 226-230

electron-reservoirs and to exhibit mixed-valency and conductivity.?!

As a result, the electrochemical behavior of redox systems of this type has been

investigated with respect to a variety of potential applications. >

3.1.1 n°%Arene-n’>-CpFe' Complexes

A variety of voltammetric methods have been exploited by inorganic, physical,
and biological chemists for studies such as the examination of oxidation and reduction
processes in various media, adsorption processes on surfaces, and electron-transfer
mechanisms at chemically modified electrode surfaces. In particular, both polarographic
and cyclic voltammetric investigations have been conducted in an attempt to gain a better

understanding of the oxidation/reduction properties of n°-arene-n’-cyclopentadienyliron
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systems, 2 221- 3284. 35242 preliminary studies suggested that the reduction of the 18-
electron CpFe” complexes was achieved by two distinct 1-electron reduction steps. It has
been established that, regardless of the complex of interest, the initial electron transfer
results in the generation of the neutral and chemically reversible 19-electron complex.
However, the electrochemical behavior of the highly reactive 20-electron complex
formed by means of the subsequent electron transfer depends on the nature of the
complex of interest and on the experimental conditions employed (Figure 3.1).%21 B384
242 The half-wave potentials of a variety of (arene)CpFe” complexes bearing a
substituent on the arene or cyclopentadienyl ring have been recorded in several solvents.
Experiments in solvents such as DMF, DMF/THF (1:2), MeCN, H,0, or HO/EtOH (1:1)
demonstrated a definite solvent dependence on the corresponding half-wave

potentials. 24224

Tt R ul
& D ®
Fell e Fel Fe0
18 - electron 19 - electron 20 - electron
complex complex complex

Figure 3.1: 18 - 19 - 20 electron complexes prepared by the electrochemical

reduction of n°-(arene)-n’-(cyclopentadienyl)iron complexes
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Specifically, the electrochemical behavior of complexes composed of arene or
cyclopentadienyl ligands may be predicted on the basis of the structural aspects of these
ligands. In two studies, the use identical reaction conditions demonstrated more negative
half-wave potentials in compounds with electron-donating substituents on the benzene
ring compared to compounds with electron-withdrawing substituents.?** 24> 27 Smudies
involving (substituted arene)CpFe" and (arene)(substituted Cp)Fe” complexes have also
shown a correlation between the Eis potentials and Hammett’s o, parameter.’*
Furthermore, the ability of the substituent’s polar effect to influence both the magnitude
of the reduction potential and the chemical reactivity of the complex was demonstrated in
a study involving a wide range of monosubstituted and 1,2-disubstituted benzene

4 The reduction potentials of several complexed

cyclopentadienyliron complexes.”
polycyclic arenes were compared with their corresponding hydrogenated counterparts
and, in accordance with the previously observed trends, a decrease in reduction potentials
was noted upon hydrogenation.

The effect of the substituent on the reduction potentials of cyclopentadienyliron
complexes was further demonstrated with respect to 2- and 3- ring polycyclic species.”*
Figure 3.2 shows the derivatives of indane, fluorene and anthracene, along with their
respective reduction potentials, which were used as part of this study. For derivatives of
indane and fluorene, which involve variation of one substituent, the reduction potentials
increased with the substituent in the order NH < CH, < O <S§ <CO. A similar trend was
observed in the case of complexes such as anthracene which involve two ring

substituents, X and Y. It was observed that if one of these substituents was the same in

each of the derivatives, then it was changes in the second group which affected the
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reduction potential. An increase in the reduction potential was observed in the order NH
< CR; < direct bond < O < § < SO,. It is important to note that the observations
mentioned above apply to the Ey» of the first one-electron reduction, with the reduction
potentials corresponding to the second reduction process being more negative by 0.5 to
0.8 V.

The stepwise reduction of these complexes is of interest to investigators due to the
ability of the species generated to act as electron-reservoirs. The notion of reservoirs in
terms of electrons, protons and radicals has been demonstrated to be of importance in
many chemical processes including biological redox reactions and cycles, catalysis for
radical transfer reactions, transport of metal ions across membranes, and transport of
oxygen by hemoglobin.®* Electron-reservoirs are potentially useful in homogeneous

charge transfer reactions and therefore present intriguing catalytic properties in the

reduction of other species in solution. It is the stepwise generation of the neutral 19¢

species which arouses particular interest for this purpose.?*'?*> One report appeared

which describes the generation of an extremely unstable 21e dianionic system based on

the (naphthalene)FeCp system.?*®

Electrolysis is one of several techniques which has been investigated for the
removal of the pendent metal moiety from its ligands. It has been observed that the
cathodic reduction of the [(arene)CpFe"]" 18-electron complexes results in the
decomplexation of the metal moiety to yield quantitative amounts of
Fe*, cyclopentadiene, and benzene.?”®  The efficiency of this process was found to be

highly dependent on the nature of the ligand, where arene ligands bearing less than three
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Figure 3.2: Half-wave potentials for the first reduction step of CpFe" complexes

of derivatives of indane, fluorene and anthracene.
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methyl groups were the most readily susceptible to reaction.?** Figure 3.3 illustrates the
electrocatalytic cycle which was proposed to account for the above observations, where
the exchange of the arene ligand for solvent ligands in complex A results in the

B2 It is this species that effectively

generation of the corresponding Fe' species,
reduces the cationic Fe" starting complex and liberates the other ligands. It has been
suggested that donor ligands promote liberation of the metal moiety by polyhapto ligand
exchange.?*’ A distinct solvent effect has been observed with the rate of decoordination
increasing in the order Me;CO < CH,Cl; < DMF < MeCN. Regardless of the chosen
solvent, individual hapticity changes remain unidentified.

Due to the interesting electrochemical behavior exhibited by the monometallic

@’ 103. 218, 232,299 oytended the investigation of these species

complexes, Manners and Bar
to their bi- and polymetallic counterparts. It has been established that in the case of
polymetallic complexes there is potential for interaction between metal centers where the
probability and degree of interaction is highly dependent on the nature of the metal of
interest and the bridging ligands. Figure 3.4 shows the cyclic voltammogram of a
bis(cyclopentadienyliron) phenanthroline complex which showed that there is
electrochemical communication between the two metals via the backbone of the
coordinating ligand.?’® A measurement of the separation of the formal potentials (AE®)
by cyclic voltammetry allows one to gauge the degree of interaction between the
metal centers.  That is, a species with multiple isolated redox centers of the same type
would appear identical to one with one redox center.”' It has been determined that the

interaction or lack of interaction between metal centers is highly influenced by the

identity of the metal and the bridging ligands. Controlled potential coulometry is often
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Figure 3.3: Electrocatalytic decomplexation of 18-electron complexes
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applied as a means of establishing the number of isolated redox centers in a polymetallic
system by measuring the number of electrons involved in the electron transfer process. >
% During his investigation of the bimetallic phenanthroline complex, Bard not only
demonstrated the potential for interaction between the two metals in bimetallic
complexes but also showed that the chemical reversibility noted in these systems may be
dependent on the scan rate.?’® In this case, low scan rates showed evidence for an
irreversible electrochemical system which became completely reversible at high scan
rates.

The focus of this study is the effect of temperature and bridging ligand on the
electrochemical behavior of some mono- and bi-(cyclopentadienyliron) complexes with
oxygen and sulfur linkages using cyclic voltammetry as a means of determining some

thermodynamic and kinetic characteristics of selected complexes.

@)

For

S
Fe+

O

Figure 3.4: Cyclic Voltammogram of a bimetallic CpFe* phenanthroline

ag -Q5 <~to

complex showing electrochemical communication between

the two metal centers>'®
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3.2 Results and Discussion

3.2.1 Electrochemical Behavior of Cyclopentadienyliron Complexes

In this study, the chemical reversibility and the heterogeneous electron transfer
rate constants of selected complexes were examined using cyclic voltammetry. Initial
studies of the monoiron cyclopentadienyliron complexes have established that the
reduction process of this class of compounds proceeds in two successive reduction
steps.Z*%* With a hanging mercury drop electrode (HMDE) as a working electrode, it
was generally observed that the first reduction was chemically reversible at all
temperatures studied. In the case of complexes containing sulfides as substituents on the
benzene, it was typically noted that the difference in potential between the anodic and
cathodic peaks for the second reduction was greater than that for the first. This
observation was attributed to a slower rate of electron transfer in the second reduction
step than in the first.”* The present study focuses on a variety of mono- and bimetallic
arene complexes with ether and thioether bridges (Figure 3.5) in DMF using platinum
disk or glassy carbon working electrode at temperatures ranging from 233 to 293K in the

presence of TBAP as the supporting electrolyte.
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Figure 3.5: Complexes studied by cyclic voltammetry and

controlled potential electrolysis
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3.2.2.1 Cyclic Voltammetric Investigations of Monometallic Complexes

with Oxygen and Sulfur Substitutents

The monometallic complexes examined here were observed to exhibit
electrochemical behavior which was consistent with analogous complexes studied

previously.”* The chemical reversibility of the first reduction step of the monometallic
complexes, [3.1]" and [3.2]", resulting in the generation of the neutral 19¢” complex, was
found to be highly dependent on the temperature and on the substituent on the complexed
arene. In the case of the platinum working electrode, the 18¢/19¢ couple was

determined to be chemically reversible at 253 K for both monometallic complexes, [3.1]"
and [3.2]" (Table 3.1). However, the effect of the substituent on the electrochemical
behavior of the complexed arene species was evident upon the transfer of the second
electron at room temperature. It was observed that the thioether complex, [3.2]°, was

considerably more stable than its ether counterpart, [3.1]°, which decomposed rapidly.

Although a wave corresponding to the 19¢/20e couple was evident for both complexes

when using a glassy carbon working electrode, the second reduction process of complex

[3.2]" was found to be chemically reversible (Ei» = -2.48 V vs Fc/Fc*) at room

temperature.
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Table 3.1: CV Parameters for Complexes [3.1]" - [3.8]* at T =253 K,

v = 0.2 V/s, Pt working electrode, in DMF with E,;; vs FeCp,.

Complex Number En V Ep, V Ein, V
3.1 -1.69 -1.84 -1.77
(3.2 -1.62 -1.76 -1.69
[3.3]" -1.70 -1.87 -1.79
[3.4]" -1.64 -1.86 -1.75
[3.5]*" -1.58 -1.81 -1.70
[3.6]:+ -1.61 -1.75 -1.68
3.7 -1.47 -1.60 -1.54

-1.74 -1.89 -1.82
[3.8)" -1.48 -1.69 -1.59

3.2.2.2 Cyclic Voltammetric Investigations of Bimetallic Complexes

with Oxygen and Sulfur Bridges

The electrochemical behavior of cyclopentadienyliron complexes was further
extended to the cyclic voltammetric investigation of isomeric sulfur-bridged aromatic
bimetallic CpFe* complexes, [3.3]" - [3.8]*". Interest in this series of complexes stems

P2 251 who showed that, in the case of similar

from earlier work of Bard and coworkers
complexes, one metal moiety undergoes a reduction which is closely followed by the
reduction of the second metal moiety at a more negative potential. It has been proposed
that electrochemical behavior of this type indicates some measurable degree of
interaction between the iron centers. Upon the transfer of the first electron, the presence

of the sulfur bridge allows the increased electron density of the first iron moiety to be

dispersed across to the second metal moiety, making reduction more difficult. Two

closely spaced, yet distinguishable, waves were observed for the 36e/38¢ reduction
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process for the 1,2- and 1,4-substituted disulfide complexes [3.4]*" and [3.6]*". The
explanation for the observed cyclic voltammograms corresponding to [3.4)*" and [3.6]**
is that, due to the presence of the sulfur bridge, a small degree of electronic interaction

between the two metals is detected. In the case of complexes [3.4]*" and [3.6]**, severe

overlap of the individual 36e/37e and 37e /38¢ reductions prompted the use of digital

simulation of the CV wave shapes to extract the AE° values. Figure 3.6 shows the
experimental cyclic voltammogram and corresponding digital simulation, obtained as
outlined in the experimental section of this work using the Digisim simulation program
version 2.0 from Bioanalytical Systems Incorporated, for complex [3.6]**. It was found
that the 1,2- and 1,4-substituted complexes both demonstrated a limited degree of
interaction through the sulfur-arene bridge as indicated by a formal potential separation

of ca 70-80 mV. By contrast, the CV of the 1,3-substituted analogue [3.5]** showed no

measurable difference between formal potentials of its 36e /37e and 37e/38e couples,

probably due to electronic effects, and this complex therefore behaved as if the iron
centers were electronically isolated.

In an attempt to gain a better understanding of the electrochemical behavior of
bis(cyclopentadienyl)iron complexes, several bimetallic complexes containing oxygen,
sulfur and sulfone bridges were investigated with various working electrodes and at
several temperatures. Complex [3.3]*" allowed the comparison of the CV of a bimetallic
complex with that of its previously mentioned monometallic counterpart [3.1]".

The chemical reversibility of both reduction steps of complex [3.3]** was discovered to

be highly dependent on temperature. For instance, the generation of the 38e” complex
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E vs. Fc/Fc™ (V)

Figure 3.6: Cyclic Voltammograms at Pt of 2 mM complex [3.6]** in DMF
containing 0.1 M TBAP; v=0.1 V/s at 253 K. Simulated (bottom)

and experimental.

was found to be partially chemically reversible at 293 K with the second reduction
process being chemically irreversible. Comparison of the CV at 293 K with that at 233 K
demonstrated a change in the electrochemical behavior of the complex at the lower

temperature, with the first electron transfer process being represented as a single
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chemically reversible wave at E;» =-1.75 V vs. Fc¢/F¢" (Figure 3.7). Following the first

reduction step, the chemical stability of the 38e” complex was proposed to increase with a

decrease in temperature. Comparatively, the 40e complex was observed to be unstable

regardless of the temperature (293-233 K) and time frames (0.05 - 1.0 V/s) studied.
Based on the similarities of the cyclic voltammograms of complexes [3.1]" and [3.3}*", it
is proposed that the iron centers of the bimetallic complex are isolated. Electron transfer
processes similar to those pertaining to the reduction of complexes [3.4]*" and [3.6]**
and involving a two step process are also believed to hold for complexes such as [3.3)%".

In the case of complexes [3.4]*" and [3.6]*", which contain sulfur bridges, it was

demonstrated that it was possible to distinguish between the generation of the 37e and

38¢e products. However, it is proposed that the noninteracting metal centers of the

oxygen bridged complex [3.3]*" are reduced by two rapid and successive one-electron

transfer steps at each iron site. That is, two electron transfer waves representative of the
36e/38¢ and 38e/40e processes are observed in the cyclic voltammogram. The

mechanism proposed here is in accordance with previous studies of complexes with

noninteracting centers (Figure 3.8).2°1-2°82%
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Figure 3.7: Cyclic Voltammogram at glassy carbon of 2.0 mM complex {3.3]*" in

DMEF containing 0.1 TBAP at 233 K: v=0.2 V/s.
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3.2.2 Controlled Potential Coulometric Studies

In the case of complex [3.3]*", controlled potential coulometry of a solution
containing 0.149 mmol of complex at a large platinum mesh electrode was employed to
provide indisputable evidence for the transfer of two electrons in the first reduction step.
Plateau currents measured from stirred solution voltammograms recorded before and
after a partial electrolysis at an applied voltage of -1.93 V vs. Fc/F¢” demonstrated that
18.1% of the complex was reduced without noticeable decomposition. From the 5.05 C
of charge passed during electrolysis, an apparent n-value of 1.94 equiv./mol was
determined (Figure 3.9). Electrolysis experiments that were extended to greater
conversions demonstrated noticeable decomposition of the reduced complex, even at the
lowest temperature of 228 K. Coulometric determinations with higher conversions were
hindered by the formation of decomposition products which irreversibly adsorbed and
passivated all electrode surfaces. This was especially evident in the case of glassy carbon

electrode surfaces.
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Figure 3.9: Stirred solution voltammograms of 3.0 mM of complex [3.3]2+ at 243 K
in DMF/0.1 M TBAPFs recorded (a) before and (b) after partial

electrolysis (Q = 5.05 C) at an applied potential of -1.93 V vs Fc¢/F¢™.

3.2.3 Comparison of the Stability of Oxygen and Sulfur

Containing Complexes

The electrochemical processes described previously were investigated using DMF
as the solvent at various temperatures. Although the first reduction step of complex
[3.3]*" was observed to be partially chemically reversible at 293 K at various CV scan
rates (0.05-1.0 V/s), a substantial increase in the chemical reversibility was evident with a

decrease in temperature to 253 K due to an increase in the stability of the complex. This

follows from the fate of the 38e complex involving either a second reduction or a

decomposition process with the solvent. Employing the method of Nicholson and
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Shain, *° the pseudo first-order rate constant for the reaction of the 38¢” complex with the

solvent was determined at a variety of scan rates (0.05-1.0 V/s) with the average rate
being reported with a standard deviation between 10 and 30%. Using this method for the
calculation of the rate constant for an irreversible following chemical reaction of an
electrochemical process involves the determination of the ratio of the anodic and cathodic

peak currents according to equation 3. 1.%0

Ipa. = (pado + 0485() + 0086 Equation 3.1

Ipe lpe Ipe

where: (ip)o is the uncorrected anodic peak current, (ipc) is the cathodic peak current,
and (i) is the current at the switching current. Tau (), a variable which is a measure of
the time spent between the switching potential (E,) and Ein, is calculated using equation

3.2 and is crucial in the determination of the rate constant.

t = E_- Emn Equation 3.2
The theoretical relationship between ip/ipc and (ks T), as determined by Nicholson and
Shain, is illustrated in Figure 3.10 where the calculated value of iy./i,c may be used to

obtain the value of log(ks 1) from the graph. The value of the rate constant may then be

obtained following manipulation of the log (kr T) equation with respect to <.
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Figure 3.10: Theoretically determined relationship between the current ratio

and (k¢ T) according to the method of Nicholson and Shain

In the systems studied in this work, the rate constant determined using the method

of Nicholson and Shain refers to the reaction of the 38e complex with the solvent. This

following chemical reaction results in decomposition to yield neutral ferrocene and a

233-234

decomplexed iron species. Figure 3.11 illustrates the proposed decomposition

process with respect to the [3.3]**"° couple where the identity of these products has been
determined using 'H and *C NMR.

[{(C¢HsO)FelICp)} 2CcH4J2+ + 2e<——= [{{C6Hs0)FeICp)}2CcH4]

[{(C6HsO)FeICp)} 2CHs] + nS —S—» 2 [Sy(FelCp)] + [(C gH50)2CsHy

2 [Sp(FelCp)]; — 2% » Fell(Cp), + Fe0 + 2nS

Figure 3.11: Decomposition process with respect to [3.3]**"°
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The thioether bridged complexes [3.4]**-[3.6]*" exhibited instability as a result of
solvent substitution in the same manner as that observed for the 38¢ species of the
oxygen bridged complex [3.3]*, albeit to a much smaller degree. As illustrated in Figure
3.12, comparison of the rate constants for complexes [3.3]° and [3.5]° shows enhanced
stability of the sulfur containing complex, [3.5]° at all temperatures studied. The

difference between the oxygen and sulfur bridged species is especially prominent at room

temperature where the latter complex survives approximately five times longer than the

former species.
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Figure 3.12: Plot of temperature vs. the rate constant of the reaction
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3.2.4 Electrochemical Behavior of Bimetallic Sulfone Complexes

In addition to the ether and thioether bridged bimetallic complexes, a series of
sulfone containing complexes, [3.71*" and [3.8]*" was examined. The representative
voltammograms of complexes {3.31*", [3.7]*" and [3.8]*" recorded in DMF at 233 K are
shown in Figure 3.13. As expected, based on previous studies of monoiron sulfones, the
reduction process takes place at more positive potentials than in the ether bridged

analogues.”* A limited degree of interaction between the iron centers of [3.8]*" was
indicated by a small separation between the 36¢ /37¢ and 37e/38e processes. Complex
[3.7]* differs in a fundamental way from complexes [3.3]** and [3.8)*" in that it

incorporates a mixed oxygen/sulfone aromatic bridge into its molecular structure. In

considering the cyclic voltammogram of complex [3.7]**, a large formal separation,

nearly 200 mV, between the 36e /37¢ and 37e /38e couples was determined. However,
it is important to note that this phenomenon is not the result of a significant degree of
interaction between the iron centers, but rather is attributed to the chemically different
environments of the two metal centers. The evidence presented here of two one-electron
reductions in the mixed oxygen/sulfur complex supports the suggested mechanism for the

aforementioned bimetallic complexes in which reduction was proposed to take place via

an overall two-electron process in the generation of the corresponding 38e complex.
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Figure 3.13: Cyclic voltammogram at Pt; v =0.2 V/s; 233 K: (a) complex [3.8]*"
in DMF containing 0.1 M TBAP; (b) complex [3.3)*" in DMF
containing 0.1 M TBAP; (c) complex [3.7]*" in DMF containing

0.1 M TBAP.
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3.2.S Thermodynamic Studies

3.2.5.1 Thermodynamic Investigations of Sulfur Complexes

[3.9)*-[3.12]*

The method of Nicholson and Shain®®® is a useful technique for the determination
of the pseudo-first order rate constant for the reaction of the 38¢” complex, generated in
the electrochemical reduction of a bis(cyclopentadienyliron) complex, with the solvent
(Figure 3.11). Figure 3.14 shows a series of sulfur-bridged bis(cyclopentadienyliron)
complexes for which these rate constants have been determined at various temperatures.
Tables 3.2 - 3.5 (pages 195-196) summarize the determined rate constants of complexes

[3.9]* - [3.12]*" at temperatures ranging from 233-273 K.

[3.10]2+:
Le,, l,e+ [3.11]2+:

! I [3.12]2+:

Figure 3.14: Series of sulfur-containing complexes investigated

BB
hann
Con bW

with respect to their activation parameters
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The electrochemical determination of the rate constant pertaining to the reaction
of an electrochemically generated species with the solvent is related to the properties of
the molecules involved in the reaction. Activated complex theory offers a theoretical
description of chemical kinetics and attempts to identify the principal features governing
the size of the rate constant in terms of a model of events that take place during the
235, 256 The most important feature of this theory is the formation of the

reaction.

“activated complex” which corresponds to the tramsition state of the reaction and

represents the maximum potential energy of the system (Figure 3.15).2%

Activated Transition
complex state
B i)

Potential energy

\ Products

Reaction coordinate

Figure 3.15: A reaction profile indicative of the formation of the activated complex®*’
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In the investigation of chemical kinetics, the temperature at which the reaction is
conducted has been observed to be particularly influential on the rate of reaction.
Empirically, most reaction rates vary with temperature according to the Arrhenius
equation,®*”

k= AeEaRT Equation 3.3

where A is the frequency factor and E, is the activation energy. This relationship
provides a useful procedure for the comparison of systems in which the observed rate
constants on a logarithmic scale are linear versus 1/T.?*’ The plots of In k versus 1/T
used for the determination of E, for complexes [3.9]*" - [3.12]** are shown in Figures
3.16 - 3.19.  This type of analysis allows for the generation of a line with a slope
comresponding to -E./R where the activation energy may be interpreted as a general
measure of the relative ease with which thermally activated processes pass over an
energy barrier.?* 2%

One of the fundamental assumptions of activated complex theory is the
establishment of an equilibrium between the reactants and the activated complex
according to equation 3.4*°

A + B === (AB)* — products Equation 3.4
where the equilibrium constant is given by
K*=[(AB)] . Equation 3.5
[Al(B]

The rate constant of the forward reaction may be related to the equilibrium constant of

the activated complex such that>*

184



+716°€] xa1dwos 105 *F jo uonBUMLIIEP oYy JOF /] SNSIAA j upJo j0ld (91 ¢ Ny

(M) L1

6€00°0 8€00°0 LE00°0 9€00°0

€¥00°0 Z¥00°0

1

L¥00°'0 0¥00°0

}'G-
6v-
LY
GV
ey
Vb~
6°¢-
L'E
Ge-
ge-
e
6¢-
Lé-

3 U



+2I01°€] x91dwoo 105*g jo UONBUIWLISIGP L) 0] 1/1 SNSIOA X U] JO 10[d :£[ "¢ oSy

(M) L/1

€¥00°0 Z¥00°0 1¥00°0 0¥00°0 6£00°0 8€00°0 ZE00'0 9€00°0

0'G-
8P
9'v-
A%
¢
0v-
8¢-
9¢t-
ve-
¢t
0¢-
8¢
9¢

3 U]



[ 11€] X01du100 105 g 3o uonwuIULIP 3y 10 1/1 SSIA ¥ UL JO Joiq i8] g ainBry

(M) 11

Ev00'0 ¢¥00°0 1¥00°0 0¥00'0 6£00°0 8E00°0 Z£00°0 9E00°0

G-
0
L'v-

1 6'¢-

L€
gt
ge-
%
6¢-
L
G-

) Ui



I Tl x91dwoo 105 % jo UOHBUIWLISIP 3y} 10] /1 SnsIoA Y uf jo 1014 ‘61 ¢ 2InGiy

(M) 171

€700°0 2+00'0 L¥00'0 0¥00'0 6€00'0 8€00'0 2£00°0 9€0

00
0

8'¢-
9¢-
ve-
¢€-
0°¢-
8¢-
9¢-
Ve
¢¢e

A U



k=ksT K Equation 3.6
h

where kg is Boltzmann’s constant and h is Planck’s constant. It is the equilibrium
conditions which permit the consideration of the temperature dependence of the rate
constant in terms of the quantities AG*, AH* and AS* as the standard free energy of
activation, enthalpy of activation and entropy of activation. In terms of thermodynamics,
it may be written that*>’

AG* = -RTInK* Equation 3.7

AG* = AH* - TAS*. Equation 3.8
Finally, the rate constant of the forward reaction can be expressed in the same form as

equation 3.3 such that*’

i = kBT o-aG'RT _ kpT o-aH'RT (a8"R .
h h . Equation 3.9

Evaluation of the activation parameters follows from a plot of In (k/T) versus 1/T
resulting in the generation of a line whose slope is -AH*/R. Figures 3.20 - 3.23 show the
plots of In (k/T) versus 1/T for the determination of the enthalpy of activation for
complexes [3.9F" - [3.12)**. Calculation of the entropy of activation follows from

equation 3.10%’

AS:=Rln hk_ . &I Equation 3.10
kgT T

where the rate constant corresponding to 253 K was used. The values of k and T were

selected in the middle of the experimental range since the experimental uncertainty
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Figure 3.20: Plot of In (k/T) versus 1/T for the determination of AH? for complex [3.9)**
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in Ea is the order of RT.**’ Finally, AG* may be calculated from equation 3.8 at 253 K
for comparison. Tables 3.2 - 3.5 summarize the activation parameters corresponding to
complexes [3.9]** - [3.12]*".

In this investigation, the rate constants which have been obtained from the cyclic

voltammetric studies pertain to the reaction of the electrochemically generated 38e

complex with the solvent and is the rate determining step for the process being
considered. With respect to activated-complex theory, E. may be loosely referred to as
the minimum energy required by the reactants to form the corresponding products.
Considering complexes [3.9]** - [3.12]**, E, and AH* were observed to decrease with an
increase in the chain length of the bridging aliphatic sulfur ligand. This observation may
be attributed to the fact that as the chain length increases, the iron metal moieties are
separated by a greater distance making their interaction with the solvent more viable. It
is interesting to note that only a slight decrease in E, and AH* was observed when the
chain length increased from two to four methylene units. However, a more significant
decrease in these two variables was noted when the sulfur bridging chain length increased
beyond four methylene units. If the observed decrease in E, and AH* is indeed due to the
separation of the metal moieties, then perhaps a minimum separation deters reaction
whereas a noticeable increase in the efficiency of the reaction process is evident as the

distance between the metal moieties increases.
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Table 3.2: Kinetic Data and Activation Parameters of Complex [3.9]**

Temperature In k¢ ke Ea AG* AH? AS*
X) 1) (KJmol™) | (Kmol™) | (KImol™) | (Fmol'K™)
233 -5.0360 0.0065
243 -4.4654 0.0115
253 -3.9170 0.0199 28.7 69.9 26.6 -171.0
263 -3.4265 0.0325
273 -2.8404 0.0584
Table 3.3: Kinetic Data and Activation Parameters of Complex [3.10}**
Temperature In k¢ kr Ea AGH AH? AS*
X ) (Jmol™) | (KImol™) | (KJmol™) | (Jmol'K™)
233 -4.8159 0.0081
243 -4.3662 0.0127
253 -3.8585 0.0211 279 69.7 258 -173.7
263 -3.2040 0.0406
273 -2.7551 0.0636
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Table 3.4: Kinetic Data and Activation Parameters of Complex [3.11]**

Temperature In k¢ ke Ea AG* AH? AS?
X) (s (kJmol™) | (kJmol™) | (kJmol™) | (Fmol'K™)
233 -4.3820 0.0125
243 -4.0001 0.0183
253 -3.5899 0.0276 233 69.2 21.2 -189.6
263 -3.1489 0.0429
273 -2.5943 0.0747

Table 3.5: Kinetic Data and Activation Parameters of Complex [3.12]**

Temperature In ke ke Ea AG* AH? AS?
X) sh (Jmol™) | (kKJmol™) | (kKImol™) | Gmol*K™)
233 -3.7381 0.0238
243 -3.4143 0.0329
253 -3.1942 0.041 17.9 68.3 15.8 -207.8
263 -2.7969 0.061
273 -2.3465 0.0957
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In some cases, interpretation of the kinetic data in terms of the thermodynamic
parameters allows a great deal of insight to be gained into the nature of the activated
complex. From Tables 3.2 - 3.5, a definite increasing negative value of the entropy of
activation is evident with increasing chain length of the sulfur bridge. Again, the more
negative entropy of activation of complex [3.12)** as compared to {3.9]*" may be
attributed to the chain length of the sulfur bridge with the transition state of the complex
of shorter chain length being more constrained. The increased negative AS* value with
increasing chain length may also due to the nature of the reactants themselves whose

entropy would increase in an increased chain length.
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3.2.5.2 Thermodynamic Investigation of Oxygen Complexes

[3.13)*" - [3.15]*"

In this investigation, the reduction of a series of oxygen bridged mono- and

bimetallic cyclopentadienyliron complexes, [3.13]%, [3.14]" and [3.15]*", resulted in the
generation of the corresponding 19¢” ([3.13]" and [3.14]") and 38e™ ([3.15]*") species
(Figure 3.24 - 3.26). The cyclic voltammetric study of these complexes was used to
determine the rate constants corresponding to the reaction of the 19¢ and 38e species

with the solvent in a manner similar to that outlined in Figure 3.11. The rate constant for
this reaction, in addition to several thermodynamic parameters, was determined following
the same procedure as described in Section 3.2.5.1 for a series of aliphatic sulfur bridged
bimetallic complexes, [3.9)*" - [3.12]*". The kinetic data and activation parameters
corresponding to complexes [3.13]", [3.14]" and [3.15]*" are summarized in Tables 3.6 -

3.8.

(OO
[3.13]+

Figure 3.24: Naphthol-capped oxygen-containing monometallic complex

investigated with respect to its activation parameters

198



@ ' @ ' @ 3141
@)

Figure 3.25: Symmetrical naphthol-capped oxygen-containing monometallic

complex investigated with respect to its activation parameters

Figure 3.26: Naphthol-capped oxygen-containing bimetallic complex

investigated with respect to its activation parameters
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Table 3.6: Kinetic Data and Activation Parameters of Complex [3.13]"

Temperature In k¢ ke Ea AGH AH? AS*
X) (sH (&Jmol™) | (kImol™) | (Kmol™) | (Jmol'K™)
233 -0.7369 0.4786
243 -0.3091 0.7341 8.2 61.2 6.1 -217.7
253 0.1913 1.2108
263 -0.3941 0.6743
Table 3.7: Kinetic Data and Activation Parameters of Complex [3.14]"
Temperature In ke ke Ea AGH AH? AS?
X) ) (mol™) | (Kmol™) | (Kmol™) | Jmol'K™)
233 -0.6234 0.5361
243 0.0688 1.0712 233 60.8 21.2 -156.4
253 0.3966 1.4868
263 0.7825 2.1870
Table 3.8: Kinetic Data and Activation Parameters of Complex [3.15]2+
Temperature In k¢ ke Ea AGH AH? AS*
X) D (KJmol™) | (kJmol™) | (Jmol?) | (Jmol'K™)
233 -2.2377 0.1067
243 -2.0303 0.1313
253 -1.5502 0.2122 250 64.9 229 -165.9
263 -1.4275 0.2399
273 -0.5221 0.5933
283 0.0730 1.0757
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A significant increase in E, and AH* in the order [3.13]*" < [3.14]*" < [3.15}*" is
evident from Tables 3.6 - 3.8. Based on these observations, it may be generally stated
that combination of the reactants in the formation of the corresponding activated complex
takes place more efficiently in the case of the monometallic species. However, the most

significant change in E, and AH* is observed with respect to monometallic complexes
[3.13]" and [3.14]". Perhaps the 19¢ complex generated from [3.14]" does not react as

readily with the solvent as a result of the bulky naphthol substituents on either side of the
metal moiety. In contrast, the structure of [3.13]" would not be subject to any steric
interference.

In comparing oxygen containing complexes, [3.13]", [3.14]", and [3.15]*" with
respect to the entropy of activation, it is observed that AS* becomes more negative in the
order [3.13]*" < [3.15P*" < [3.14]*". This trend may be explained by the increased
rigidity of the systems with an increased number of aromatic rings. It appears as though
the bulky naphthol substituent has a significant impact on the nature of the transition
state. It is observed that the greater the number of bulky naphthol substituents
incorporated into the molecular structure, the more constrained the activated complex as

compared to the reactants.
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4.0 Scholl Polymerization

4.1 The Scholl Reaction

Section 1.4 of this work describes some methods that have been used in the past and
others that are presently being developed for the preparation of polyethers and
polythioethers. In particular, the Scholl reaction has demonstrated great promise in the
preparation of both polyethers and polythioethers via the incorparation of oxygen and
sulfur linkages as an integral part of the monomeric molecular structure.**'*®* The Scholl
reaction involves the formation of an aryl-aryl bond as a result of the coupling between
two aromatic groups in the presence of a Friedel-Crafts catalyst. A generic representation
of the reaction is illustrated in Figure 4.1 and highlights the elimination of two aromatic

hydrogens during the course of the reaction.

Ar—H — Ar—Ar
-2t

Figure 4.1: Aryl-Aryl bond formation by the Scholl Reaction
The Scholl reaction has been established as a general route to a wide variety of high
molecular weight aromatic polyethers. The driving force behind the development of this

synthetic strategy follows from the initial isolation of low molecular weight
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poly(p-phenylene).”®’ Subsequent synthetic investigations of this methodology have
allowed for the preparation of higher molecular weight species from a variety of
monomeric units. Terminal bis(1-naphthyloxy), bis(2-naphthyloxy), bis(phenoxy), and
bis(phenylthio) monomers containing alkane, diethylene oxide and nonnucleophilic
aromatic central units have all resulted in polymer formation to some degree.'***® The
most thoroughly investigated and successful polymerizations were observed in the case of
bis(1-naphthyloxy) monomers. This was explained with respect to the presence of the
bulky binaphthyl group which increased the solubility of the growing polymer chain
thereby reducing the likelihood of premature precipitation during polymerization. Many
functional groups including ketones, sulfones, sulfones with fluorocarbons, and methylene
groups have been successfully incorporated into the polymers resulting from the Scholl
reaction of bis(1-naphthyloxy) monomers (Figure 4.2)."”” Additionally, high molecular
weight polymers have been obtained from bis(1-naphthyloxy) monomers with totally
aromatic central units.'”’

The reaction is typically conducted under oxidative reaction conditions via a cation-
radical mechanism. Although a variety of oxidizing agents including Bronsted acids,
oxidative Lewis acids, halogens, metal salts, electron-donor-acceptor complexes,
irradiations, zeolite surfaces and anodic electrochemical oxidation have allowed for the

coupling reaction to proceed, a stoichiometric amount of FeClz in dry nitrobenzene

remains the most commonly applied reaction condition.””” The choice of solvent has also
been shown to play an important role in the success of polymerization, since nucleophilic

solvents such as THF and pyridine inhibit the reaction.
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Figure 4.2: Bis(1,1’-binaphthoxy) monomers polymerized by the Scholl reaction

The polymerization of bis(1-naphthyloxy) monomers takes place with coupling at
the C4 position of the 1-naphthyloxy group via a cation-radical mechanism as outlined in
Figure 4.3.1%¢1%% 155 157 The initial step of the reaction involves a single-electron transfer

reaction of the aromatic species resulting in the formation of a cation-radical, 4.3c. The
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Figure 4.3: Mechanism of the Scholl Reaction

reaction proceeds via the dimerization of this species to the corresponding cation-radical

dimer, 4.3f. The eventual formation of dimer 4.3j may now be a result by two distinct
pathways. In one case, 4.3c or FeCl; may act as oxidants in the formation of an

intermediate dimeric species, 4.3g. The subsequent elimination of two protons allows for
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the generation of 4.3j. Another route involves the loss of a proton from 4.3f to give the
corresponding dimeric radical, 4.3h. This species may undergo an oxidation process
yielding 4.3i which, following the elimination of a second proton, gives the desired dimer
4.3j. Subsequent reaction of the larger species following the same process is the essence

of polymer propagation. Abstraction of CI” from FeCly™ by cation-radical 4.3c followed by

oxidation of 4.3d and the loss of a proton results in the generation of a chain end and

termination of the polymerization process.

4.2 Results and Discussion

Based on the discussion in Section 1.4, it is evident that numerous synthetic methods
exist for the preparation of polyethers and polythioethers. However, in many respects the
Scholl reaction represents one of the most attractive routes due to its versatility with
respect to the monomers which may be employed, the availability of those monomeric
units as well as its relatively mild reaction conditions.'**"*” The monomers utilized in the
present study were selected with the intention of investigating the impact that the
incorporation of various functional groups would have on polymerization. Functionalities
incorporated in the monomeric structure included para- linked aromatic spacers, bulky
naphthyl groups or aliphatic bridges. Several reaction conditions including monomer
concentration, monomer:catalyst ratio and time were examined with respect to individual

monomers.
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4.2.1 Monomer Synthesis

4.2.1.1 Preparation of Bimetallic Complexes with Terminal Chlorines

The preparation of five different monomeric units was achieved by a three step
process which exploited the activation of (chloroarene)CpFe” complexes toward
nucleophilic aromatic substitution reactions with various dinucleophiles. The production
of monomers suitable for polymerization using typical Scholl reaction conditions began
with the preparation of bimetallic CpFe" complexes with terminal chlorine substituents in
the para position. Reaction of these complexes in the presence of an excess of 1-naphthol
followed by photolytic demetallation resulted in the isolation of monomers with terminal
naphthyl groups which, as mentioned previously, are ideal for polymerization via the
Scholl reaction. Scheme 4.1 outlines the experimental details utilized in the preparation of
the initial bimetallic complexes and shows the variety of functional groups which were
incorporated into the monomeric units. Preparation of the chlorine terminated bimetallic
CpFe" complexes followed a strategy similar to that used in the preparation of the sulfur
containing bimetallic complexes as outlined in Sections 2.2.2 and 2.2.3 of this work. A
2:1 molar ratio of n°-(1,4-dichlorobenzene)-n’-(cyclopentadienyliron)
hexafluorophosphate and the desired nucleophile are reacted in the presence of an excess
of K,CO; in a THF/DMF solvent mixture under a nitrogen atmosphere resulting in the
generation of the corresponding bimetallic complex, 2.29 and 4.1-4.4 (Scheme 4.1). The

'H and *C NMR spectra of complex 4.3 are shown in Figures 4.4 and 4.5, respectively.

207



The symmetrical nature of bimetallic CpFe™ complexes prepared in the above
mentioned procedure have been discussed previously. It is well recognized then that a
strong resonance representative of the cyclopentadienyl component of these complexes is
a characteristic feature of the NMR spectra. Figure 4.4 illustrates the 'H NMR spectrum
of complex 4.3 and shows the intense peak arising from the Cp protons at 5.13 ppm. The
complexed aromatic protons appear clearly as two doublets at 6.03 and 6.50 ppm, as
would be expected for para substitution of the aromatic ring. The remainder of the
resonances representative of this complex appear further upfield as a result of their
aliphatic character. It is important to note that, in the case of complexes 4.1, 4.2 and 4.4,
'H NMR spectra would differ significantly from that of complex 4.3 due to the aromatic
constituents of their bridges. The spectral features of these complexes are dominated by
resonances downfield from the Cp resonance. Specifically, two distinct aromatic regions
are evident with the peaks of the complexed aromatic protons appearing upfield in
comparison to their uncomplexed counterparts. The C NMR spectrum of complex 4.3 is
shown in Figure 4.5. The spectral separation of the peaks into two distinct regions of the
spectrum characterizes the structural features of complex 4.3. In short, the spectrum is
separated into the aliphatic components of its structure, whose peaks appear between
24.11 to 47.56 ppm. Those resonances representative of the aromatic constituents of
complex 4.3 appear further downfield with the Cp carbons resonating at 77.93 ppm and
the complexed aromatic carbons appearing at 102.17 and 127.33 ppm. The spectral
features of complexes 4.1, 4.2 and 4.4 again differ slightly from those of complex 4.3 due

to the aromatic nature of their linkages. The NMR, IR data and yields of complexes 2.29
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and 4.1-4.4 are summarized in Tables 2.2, 2.3, 4.1 and 4.2 and support the identification

of the respective complexes.
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Scheme 4.1
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Table 4.1: 'H NMR Data of Diiron Complexes 4.1-4.4

O (acetone-ds), ppm

Complex Cp Complexed Uncomplexed Others"
(s, 10H) Aromatic" Aromatic”
4.1 5.42 6.68(d,4H,J=69) | 7.56 (d, 4H, J=8.9)
6.87 (d, 4H,J=6.8) | 8.15(d, 4H, J =8.8)
4.2 5.42 6.65(d,4H,J=6.2) | 7.51(d, 4H, J=8.4)
6.87(d,4H,J=63) | 7.95(d,4H, J=84)
4.3 513 | 6.03(d, 4H,T=72) 1.26-1.38 (m,
6.50(d,4H,1=17.2) 10H, CH,)
1.61-1.63 (m, 2H,
CH)
1.91-1.97 (m, 4H,
CH)
3.05(t,4H, J=
12.5, CHy)
4.01(d,4H, J=
11.9, CH,)
4.4 5.40 6.58 (d, 4H, 1 =6.9) 7.53(dd,2H, I =
6.83 (d, 4H, T = 6.8) 2.4, 8.8)
7.78-7.83 (m, 2H)
7.89-7.90 (m, 2H)
8.00(d, 2H, J=8.7)
8.11(d, 2H, J =8.9)
8.29 (br.s., 2H)
* J values in Hertz.
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Table 4.2: °C NMR and IR Data and Yields of Diiron Complexes 4.1-4.4

S (acetone-ds), ppm

Complex | Yield Cp Complexed Uncomplexed Others Vanax
(%) | (s, 10H) Aromatic Aromatic (cm™)
4.1 93.6 80.56 78.81, 87.69, 121.46, 131.21, 1153
105.23*, 139.22*, 1266
131.59 158.42* (80,)
4.2 80.83 78.43, 88.10, 121.28, 133.55, | 194.16 (CO) | 1655
91.4 105.35%, 136.17*, (CO)
132.67* 157.63*
4.3 77.93 66.67, 86.54, 24.11 (CHy)
102.17%, 32.04 (CHy)
73.5 127.33* 35.24 (CH) | 1255
36.82 (CH) | (CN)
47.56 (CHy)
4.4 81.04 78.10, 88.31, 119.00, 122.30,
105.50%, 127.70, 127.90,
88.6 133.00* 130.63, 132.12,
133.82%,
134.71*,
135.46*,
152.67*
.Quaternary carbon.
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4.2.1.2 1-Naphthol Capped Bimetallic Complexes

The presence of the terminal chlorine substituents in complexes 2.29 and 4.1-4.4
makes them reactive toward further nucleophilic aromatic substitution with excess
1-naphthol, giving the corresponding capped 1-naphthoxy bimetallic CpFe” complexes.
The reaction of complexes 2.29 and 4.1-4.4 with 1-naphthol in the presence of K,COs as
the base in a THE/DMF solvent mixture allowed for the preparation of the desired capped
bimetallic complexes according to Scheme 4.2.

Complexes 4.5-4.9 were isolated as yellow solids in 77.0 - 81.3 % yield via
filtration following their precipitation in 10% HCL. The identity of complexes 4.5-4.9 was
determined using NMR and IR techniques as summarized in Tables 4.3 and 4.4. In
comparing the spectra of complexes 2.29 and 4.1-4.4 with their capped 1-naphthoxy
counterparts, 4.5-4.9, the appearance of an abundance of resonances in the region of the
spectrum characteristic of uncomplexed aromatic peaks is the most outstanding feature.
The 'H NMR spectra of complexes 4.3 and 4.8 are shown in Figures 4.4 and 4.6,
respectively. The obvious change in the spectral pattern is the appearance of several peaks
between 7.3-8.2 ppm attributed to the presence of the uncomplexed aromatic structure
of the terminal naphthyl groups. Considering complex 4.8 specifically, the presence of
the naphthyl groups is easily identified by comparing the spectrum with the spectral
features of complex 4.3. Similar changes in the *C NMR spectra verified the success of
the 1-naphthol capping reaction with a series of peaks appearing above and below the

baseline between 116.15-135.95 ppm.
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In the case of complexes 4.5, 4.6 and 4.9, the presence of the terminal naphthyl groups is
evident by an increase of resonances in the uncomplexed aromatic region of the spectra. It
is important to note that, for these complexes, the identification of the peaks
representative of individual naphthyl protons is complicated by the overlapping of the

uncomplexed aromatic peaks of the bridging ligand.

216



'9p-au03e0e uj gy X9|dwiod Jo wruldads YN H, :9'v inBig

Hdd ¥ e E 4 S 9 L

P.:_::—..-_.-P-b.r.-._-.::..._..:..:P

= \

—-b..-.-._.--..---i-.-._.-—.Pt.P—

[ ——

S Ya TG e



Table 4.3: '"H NMR Data of Capped 1-Naphthol Diiron Complexes 4.5-4.9.

0 (acetone-d¢), ppm

Complex Cp Complexed Uncomplexed Others*
(s, 10H) Aromatic" Aromatic’

4.5 5.37 6.47-6.54 (m, 8H) | 7.44-7.47 (m, 6H)

7.62-7.65 (m, 6H)
793 (d, 2, J=17.7)
8.02-8.08 (m, 8H)

4.6 5.41 6.55 (s, 8H) 7.46-7.65 (m, 12H)
7.93-8.09 (m, 10H)

4.7 5.42 6.46-6.55 (m, 8H) | 7.44-7.48 (m, 2H) | 1.88-2.00 (m, 4H, B-
7.58-7.64 (m, 6H) CH,)
7.92-8.09 (m, 6H) | 3.34-3.37 (m, 4H, o~

CHy)
4.8 517 | 596(d, 4H,J=509) | 734-7.41 (m, 2H) | 1.29-1.50 (m, 10H,
6.23(d, 4H,J=58) | 7.54-7.65 (m, 6H) CH,)
790(d, 2H,J=17.9) 1.62-1.66 (m, 2H,
8.03-8.12 (m, 4H) CH)
1.91-1.98 (m, 4H,
CH,)
2.95-3.09 (m, 4H,
CH,)
3.95-4.00 (m, 4H,
CH,)

4.9 5.38 6.47 (s, 8H) 7.42-7.66 (m, 10H)

7.75-8.09 (m, 14H)
8.23 (br.s., 2H)

2 J values in Hertz.
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Table 4.4: 2C NMR and IR Data and Yields of Capped 1-Naphthol Diiron

Complexes 4.5-4.9.
S (acetone-d¢), ppm
Complex | Yield Cp Complexed Uncomplexed Others Vimax
(%) | (s, 10H) Aromatic Aromatic (cm)
4.5 79.54 | 76.56, 78.38, | 116.52, 121.25,
81.3 126.60%, 121.71, 126.85, 1106
135.93* 127.07, 128.05, 1266
129.12, 129.26*, (S0
131.40, 132.49%,
139.06*, 150.33*,
159.36*
4.6 7829 | 75.57,76.57, | 115.99, 119.74, 193.34 (CO)
125.40%*, 120.82, 126.18,
78.3 134.08* 127.31, 128.33, 1650
128.67*, 130.79*, (CO)
132.40, 134.73%*,
149.42* 157.47*,
4.7 78.29 | 75.61, 8232, | 115.96, 120.38, 26.81 (CHy)
78.3 105.23%, 125.03*, 125.78, | 30.64 (CHy)
131.09* 126.85, 127.94,
134.31*, 148.53*
4.8 76.96 65.72, 75.96, 116.15,121.89, 24.20 (CHy)
129.62%, 125.62* 12642, | 32.30 (CHy) | 1265
135.95* 126.84, 127.71, 35.32 (CH) (CN)
77.0 127.96, 129.07, 36.96 (CHy)
135.95* 151.24* | 47.97 (CHy)
4.9 79.21 76.46, 116.80, 118.13,
96.54*, 121.70, 121.79,
79.2 131.98* 126.65*, 126.82,
126.90, 127.23,
127.39, 127.94,
128.04, 129.12,
129.29, 132.29%*,
134.17*, 134.75%*,
135.97%, 150.50%*,
152.66*
.Quaternary carbon.
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4.2.1.3 Preparation of Scholl Monomers by Photolytic Demetallation

It was mentioned previously that one of the most favorable techniques for the
liberation of modified ligands from their corresponding complexes is photolytic
demetallation. The dissolution of the desired complex in an CH;CN/CH,Cl, solvent
mixture followed by irradiation under a xenon lamp for 4 hours allowed the isolation of
the free organic ligand.*> ™77 Purification by column chromatography or extraction
techniques gave the desired compound as a white or pale yellow solid or oil in good yield.
The structures of the monomers investigated are outlined in Scheme 4.3. Several
techniques including 'H and "C NMR, IR, MS and melting points were utilized in the
characterization of the monomeric units (Tables 4.5 and 4.6).

The preparation of the desired organic species is most clearly indicated by the 'H
and “C NMR spectra. Complexes 4.13 and 4.14 will be discussed in some detail in an
attempt to discern the features of these compounds. The aromatic region of the NMR
spectra is less complicated then the aliphatic component of complex 4.13, and as a result
has been selected to exemplify the distinguishing features of the photolytic process with
respect to 1-naphthol capped monomers. The 'H and C NMR spectra of compound 4.13
are shown in Figures 4.7 and 4.8, respectively. In comparing the 'H NMR spectra of
complexes 4.8 and 4.13 in Figures 4.6 and 4.7, the most significant spectral change is the
disappearance of the resonance at 5.17 ppm, representative of the cyclopentadienyl ring.
A similar observation is made in the case of the *C NMR where the cyclopentadienyl

carbon resonance is originally seen at 79.96 ppm in the complexed species but is absent in
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the spectrum shown in Figure 4.8. A more subtle spectral change which is observed upon
the photolytic cleavage of the pendent metal moiety is the downfield shift of the aromatic
peaks. Figure 4.6 shows the 'H NMR spectrum of complex, 4.8. It is important to note
that the benzenoid protons of this complex appear as two doublets at 5.95 and 6.25 ppm.
Following the exposure of this complex to photolytic demetallation, the resonance
representative of these protons collapsed to a strong singlet located at 6.98 ppm. The
remainder of the peaks in this region are attributed to the presence of the 1-naphthyl
constituents and have been assigned in accordance with previous studies conducted by
Percec.? The structure of compound 4.13 is labeled in Figure 4.7 to simplify the
discussion of peak identity. As illustrated in the figure, the protons labeled H2 in the
figure appear as a doublet and are shifted furthest upfield of all the aromatic protons. The
strong singlet at 6.98 ppm corresponds to those aromatic protons (A and B) which are not
included in the 1-naphthoxy unit of the monomer. The peak representing the H3 protons
typically appears as a triplet, and in the case of compound 4.13, is found at 7.31 ppm.
Finally, a series of multiplets in the regions of 7.47-7.55, 7.82-7.86 and 8.27-8.31 ppm are
attributed to protons H4, H6 and H7, HS and HS, respectively. It is important to take
particular interest in the peaks of protons HS and H8, since these resonances are the most
distinguishing resonances following polymerization.

Figure 4.8 shows the °*C NMR spectrum of compound 4.13 and helps to verify the
isolation of the pure organic compound as a result of the disappearance of the Cp
resonance at 76.96 ppm, as well as a significant downfield shift of the complexed aromatic
carbons from 65.72 and 75.96 ppm to 118.13 and 120.26 ppm, respectively, upon removal

of the pendent metallic moiety. Although the 1-napthoxy rings typically appear as a series
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of seven resonances, *'* in the case of compound 4.13, only six peaks are observed. An

intense peak appears at 122.10 ppm and is attributed to two carbons. On the other hand,
Figure 49 shows the carbon spectrum of compound 4.12 in which the resonances
signifying the presence of the 1-naphthoxy rings are clearly observed as 7 resonances
appearing below the baseline at 113.61, 121.89, 123.54, 125.67, 125.93, 136.55, and
126.68 ppm. The identity of these peaks is further supported by their small intensity as
compared to the only other aromatic rings within this structure which would be expected

to be of greater intensity and appear at 118.87 and 132.19 ppm.
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Table 4.5: "H NMR and IR Data and Yields of Compounds 4.10-4.14.

3 (CDCL), ppm
Complex Yield Aromatic" Others" Vanax
(%) (cm™)
4.10 6.74-7.38 (m, 14H)
7.38(t,2H, J=17.38) 1105
85.6 7.48-7.54 (m, 4H) 1258
7.61-7.65 (d, 2HL, (SO,)
1=72)

7.83-7.87 (m, 6H)
8.16-8.21 (m, 2H)

4.11 6.93-7.11 (m, 12H)
738 (t,2H, T=7.7)

82.5 7.48-7.56 (m, 4H) 1655

7.62 (d, 2H, T=8.2) (CO)

7.76-7.91 (m, 8H)
8.19-8.23 (m, 2H)

4.12 6.94 (d, 6H, J = 8.3) 1.73 (br.s., 4H, B-CH)
7.20-7.40 (m, 6H) 2.85 (br.s., 4H, a-CH>)
75.4 7.45-7.50 (m, 4H)

7.61 (d, 2H, T =8.1)
7.84-7.88 (m, 2H)
8.12-8.16 (m, 2H)

4.13 6.79 (d, 2H, T = 7.5) 1.32-1.37 (br.s, 12H, CH
6.98 (s, 8H) & CHy)
713 731(t, 2H,J=79) | 1.79-1.83 (br.s., 4H, CHy) | 1261
7.47-7.55 (m, 6H) 2.66 (t, 4H, J=9.8, CHy) | (CN)
7.82 -7.86 (m, 2H) 3.59 (d, 4H, T =11.1,
8.27-8.31 (m, 2H) CH.)
4.14 6.94-7.07 (m, 4H)
81.1 7.18-7.49 (m, 8H)

7.51-7.74 (m, 12H)

7.85-7.95 (m, 6H)
8.21-8.25 (m, 2H)

* T values in Hertz.
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Table 4.6: C NMR and MS Data and Melting Points of Compounds 4.10-4.14.

5 (CDCL), ppm

Complex

m.p.

CO)

Aromatic

Others

m/z
(M)

4.10

107-109

113.34, 117.29, 120.00,

121.86, 123.63, 125.74,

126.06, 126.70, 127.82,
128.71, 134.93%, 135.24*,
150.06*, 152.92*, 154.90*

686
(100)

4.11

88-90

112.91, 116.55, 119.93,
121.49, 121.76, 123 .28,
125.61, 125.87, 126.52,
127.64, 131.87*, 13211,
134.75%*, 150.64*, 152.99%,
154.22* 161.58*

193.97 (CO)

650
(100)

4.12

88.5-91

113.61, 118.87, 121.89,
123.54, 125.67, 125.93,
126.55, 126.68*, 127.71,
129.70*, 132.19, 134.83*,
152.60*, 156.77*

28.02 (B- CHy)
34.53 (a-CHa)

558
(12)

4.13

121-124

118.13, 120.26, 122.10,
125.62, 125.73, 126.47,
127.58, 134.76*, 148.56%,
149.87*, 154.53*

23.82 (CHy)
32.39 (CHy)
35.54 (CH)
36.74 (CHy)
50.94 (CH,)

646
(100)

4.14

118-120

112.66, 112.88, 120.16,
120.27, 120.88, 121.94,
123.18, 125.72, 125.93,
126.63, 126.95, 127.19,
127.74, 128.08, 129.46,
129.92*, 132.79*, 133.51%,
134.88* 152.07*, 153.42%,
153.66*, 156.20*

: Quaternary carbon
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4.2.2 Polymerization via the Scholl Reaction

Until recently, the most common routes for the preparation of thermally stable
polyethers and polythioethers focused on the use of nucleophilic and electrophilic
techniques. As the field of polymer chemistry has evolved, a variety of innovative
synthetic strategies have been developed which have proven instrumental in expanding the
repertoire of materials available for a limitless number of applications. One such method
which has been of particular interest to Virgil Percec and his coworkers is the Scholl
reaction.’**"*” These researchers have demonstrated that a variety of factors including
monomer structure and solubility, monomer/catalyst ratio, solution concentration and
reaction time may all play significant roles in the polymerization process. In this work,
investigation of the Scholl reaction follows a similar strategy while utilizing monomeric
species which incorporate either ketone, sulfonyl, thioether or amine bridges as an integral
part of their molecular structure.

Scheme 4.4 illustrates the structure of the polymers which result from the Scholl
polymerization of monomers 4.10 - 4.14. It is important to note that according to the
mechanism presented in Figure 4.3, carbon-carbon bond formation takes place through the
C4 carbon of the naphthyl ring resulting in a linear polymer structure. In all cases,
polymerization was carried out following reaction conditions similar to those established
previously by Percec and coworkers. Typically, the monomer was dissolved in PhNO; in
a round-bottom flask equipped with a stirbar. In some cases, dissolution of the monomer
required the addition of heat. The catalyst solution, prepared in a similar manner in

PhNO,, was then added over a 20 minute period via a syringe penetrating a septum and
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under a nitrogen atmosphere. Slow addition of the catalyst solution was crucial to control
the rate of polymerization. Precipitation of the crude polymer in methanol acidified with
2% HCI followed by filtration allowed for the isolation of the desired polymer. The
polymers were then dissolved in a minimal amount of chloroform and re-precipitated in
acidified acetone. Purification of the polymeric materials was necessary for the removal of
any low molecular weight species which may have formed during the polymerization. This

study, therefore, focuses on the investigation of the purified polymers only.
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NMR analysis proved to be extremely useful in confirming polymerization. Now,
due to the compiexity of some of the monomeric units, especially in the aromatic region of
the spectra, it is extremely difficult to assign each resonance specifically. However,
distinct changes in the NMR spectra have been identified as indicative of polymerization
and are traditionally used to determine the success of the reaction. Perhaps the simplest
manner in which to discuss the spectral characteristics upon polymerization is by
comparison of the '"H and “C spectra of the polymer with that of the monomer from
which it originated. A clear discussion is most easily achieved by the identification of each

of the carbon and hydrogen atoms in the naphthyl ring as shown in Figure 4.10

H, H,
H, @ O—-Ar
e
H; H,

Figure 4.10: Labeling of the naphthyl unit for the Scholl monomers

Several diagnostic spectral changes have been identified as indicative of successful
polymerization. For instance, a downfield shift of protons H2 and HS, in the 'H NMR
spectrum is typically observed, in addition to an upfield shift of the resonance
corresponding to HS upon polymerization. It is important to note that in a majority of
cases it is difficult to measure the chemical shifts of protons H2 and HS as a result of

overlap with other arene resonances. On the other hand, the H8 peak is distinguishable in
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the 'H NMR of both the monomer and polymer and is therefore often considered as
evidence of polymerization. Typically, the H8 resonance of the monomer is represented
by a multiplet. However, following polymerization this peak appears as a doublet at a
position further downfield from that in the monomer and remains distinguishable from all
other arene resonances. Figures 4.11a and 4.11b show the arene portion of the 'H NMR
spectra of monomer 4.10 and its corresponding polymer 4.15, which illustrates the
spectral changes upon polymerization. Perhaps the broadening of the proton resonances
following polymerization is one of the most outstanding features of the "H NMR spectra.
This phenomenon has been attributed to the increase in the size of the molecule and
consequently the number of protons represented by each resonance. As mentioned
previously, the peak corresponding to H8 is generally the most diagnostic resonance in the
determination of successful polymerization. The appearance of the doublet at 8.34 ppm in
the spectrum associated with the polymer, in comparison with the multiplet located upfield
at 8.18-8.21 ppm in the spectrum of the monomer, supports the polymerization of
monomer 4.10. Although the identity of protons H2 and HS has not been established with
any degree of certainty, it is clear that the doublet at 7.62 ppm in the spectrum of the
monomer has shifted upfield in the polymer to a position which overlaps with other
aromatic resonances and as a result cannot be distinguished. It may be possible to
attribute this resonance to HS since previous research has identified this type of shift to
this particular proton in the naphthyl ring. Although the identity of H2 is more difficult to
determine, the change of the aromatic region of the spectrum suggests a shift in other

proton resonances as well.
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Examination of the ®C NMR spectra of the monomers and their corresponding
polymers further supports successful polymerization. Figures 4.12a and 4.12b show the
®C NMR for monomer 4.10 and polymer 4.15, respectively. Although it is difficult to
distinguish the 1-naphthoxy resonances from the other aromatic resonances, it is possible
to identify successful polymerization again by comparing the spectrum of the monomer
with that of the polymer. One of the most outstanding changes in the spectra upon
polymerization is the appearance of the quaternary carbon resonance at 126.50 ppm which
may be attributed to the new quaternary carbon that would be expected at C4 in the
naphthoxy ring. @ With the formation of this new quaternary carbon atom, the
disappearance of the peak at 123.63 ppm in the spectrum of the monomer may be
attributed to C4 in the monomer. These are the most diagnostic changes which were
observed upon polymerization in all cases. A more subtle change is the slight shift of the
resonance which has been attributed to C2 appearing at 113.34 ppm in the monomer and
112.24 ppm in the polymer.

Following the determination of the solubility of each monomer in PhNO,, the
incorporation of various functional groups into the monomeric unit with respect to their
polymerization via the Scholl reaction was examined. Monomers 4.10 - 4.14 were
investigated under a number of reaction conditions, including various monomer:catalyst
ratios, solution concentrations and reaction times, and the molecular weight measurements
of the soluble portion of the resulting materials, as determined by gel permeation
chromatography (GPC), are summarized in Tables 4.7 - 4.10 (pages 244-247).

A variety of reaction conditions were investigated with respect to monomer 4.10 as

outlined in Table 4.7. Entries 1-5 summarize the molecular weight measurements of the
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material obtained at a monomer:catalyst ratio of 1:4 at various reaction times.
Examination of the weight average molecular weight determinations at all temperatures
investigated revealed the preparation of low molecular weight species. Although previous
polymerizations of etheric monomers via the Scholl reaction have predicted an increase in
molecular weight with an increase in reaction time, the reaction of monomer 4.10 under
similar conditions did not exhibit the same trend. As is evident from entries 1-5, reaction
times ranging from 0.5 to 24 hours were not observed to affect the degree of
polymerization or polydispersity of the resulting material. In an attempt to increase the
molecular weight of the polymeric species, the concentration of the reactants was varied
and the results included in Table 4.7 as entries 6-9. The studies represented in entries 1-5
indicate that time was not a factor in determining the molecular weight of the polymeric
species and consequently a reaction time of 3 hours was selected for these concentration
studies. According to previous polymerization studies, it would be expected that a
decrease in solution concentration would result in an increased molecular weight of the
polymeric material, presuming the growing polymer chain remains soluble in the reaction
solvent. Although, entry 6 represents the highest concentration and molecular weight
species, a decrease in molecular weight of polymer 4.15 was not observed with a decrease
in concentration. Several investigations involving a change in the monomer:catalyst ratio
are summarized in entries 2, 10 and 11 in Table 4.7. As is evident from the molecular
weight measurements of the species resulting from these studies, an increase in molecular
weight was not realized and no trend could be identified. One final attempt was made in
increasing the molecular weight of polymer 4.15. Entry 12 shows that the polymerization

was conducted at 65°C in the hope of either increasing the rate of polymerization or the
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solubility of the growing polymer chain in solution. However, it was observed that this
increase in reaction temperature failed to induce the growth of a higher molecular weight
species. However, it is important to note that the increase in temperature did effect an
increase in polymer yield.

Monomer 4.11 was studied using reaction conditions similar to those investigated in
the polymerization of monomer 4.10. The effect of time on the polymerization of
monomer 4.11 at 22°C and 65°C also allowed for an investigation of temperature on the
molecular weight of the corresponding polymers. The molecular weight measurements are
summarized in entries 1-8 in Table 4.18. It was observed that neither changes in reaction
time nor temperature caused an increase in molecular weight. The effect of concentration
and monomer:catalyst ratio was also examined with respect to the potential for increasing
the molecular weight of the polymeric species. It is important to note that although these
conditions did not increase the degree of polymerization of monomer 4.11, they did result
in an increased yield of the isolated materials. Entries 13 and 14 summarize a variation in
reaction conditions which involved the addition of catalyst following a period of time. As
outlined in Table 4.8, additional FeCl; was added to the polymer solution following a 24
hour period and allowed to react further for the following 24 hours. Initially, these
experiments were conducted at 22°C resuiting in a polymeric material with a molecular
weight slightly increased with respect to other reaction conditions. As a result, the same
procedure was followed at 65°C. Although this did not allow for the isolation of a higher
molecular species, it did cause an increase in the yield.

With the limited success experienced in the polymerization of monomers containing

the electron-withdrawing sulfone and carbonyl functionalities, 4.10 and 4.11, monomer
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4.12 was investigated in the preparation of thioether-containing polymers. Based on the
results obtained in the polymerizations of monomers 4.10 and 4.11, monomer 4.12 was
initially examined with respect to reaction temperature. The results of the polymerizations
at 22°C and 65°C are listed in Table 4.9 as entries 1 and 2. It was observed that reaction
temperature had a definite effect on the degree of polymerization of monomer 4.12, with
an increase in molecular weight and decrease in the polydispersity index upon an increased
reaction temperature. Due to these results, the effect of reaction time on polymerization
for 3 and 24 hours was examined at 65°C. Consideration of entries 2 and 3 indicates that
monomer 4.12 exhibits an increase in molecular weight and decrease in polydispersity with
increasing reaction time. Although a trend may not be assumed based on these two
entries, this observation is in agreement with previous studies conducted by Percec and his
coworkers with ether-containing monomers. Entries 4 and 5 in Table 4.9 indicate that
variations in monomer:catalyst ratio failed to effect molecular weight changes. However,
monomer 4.12 was subjected to polymerization involving reaction conditions similar to
those utilized in the study of monomer 4.11. Monomer 4.12 allowed for the isolation of
polymeric materials of increased molecular weight according to the reaction conditions
summarized in entries 6 and 7. FeCl; was added to the polymer solution in 24 hour
intervals and allowed for the isolation of polymer 4.17 with molecular weights of 2506 and
3148 gmol™ at 22°C and 65°C, respectively. It is important to note that, although drastic
increases in the degree of polymerization as compared to monomers 4.10 and 4.11 were
not realized, monomer 4.12 exhibits a decreased polydisperisity.

Table 4.10 summarizes the polymerization attempts of a monomer which

incorporates nitrogen into its molecular structure, 4.13. Regardless of changes in reaction
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temperature, time and concentration, GPC measurements of the soluble portion of the
isolated material indicated low molecular weight products.

Monomer 4.14 was examined with respect to reaction conditions similar to those
applied in the polymerizations of monomers 4.10 - 4.13. Despite various changes in
reaction time and monomer:catalyst ratios, drastic increases in the degree of
polymerization were not achieved. The molecular weight measurements corresponding to
these reaction conditions are summarized as entries 1-5 in Table 4.11. Howeuver, it is
important to note that a significant increase in molecular weight was achieved upon a
change in temperature. Using a reaction time of 6 hours and a 1:4 monomer:catalyst ratio,
monomer 4.14 showed an increase in molecular weight from 1426 to 6350 gmol™ at 22°C
and 65°C, respectively. WUnfortunately, the polymeric material isolated at the higher
reaction temperature also exhibited a higher polydispersity.

The molecular weight measurements by GPC suggest that monomers 4.10-4.14
were not favorable to polymerization using Scholl techniques. However, it is important to
note that due to the large degree of insoluble material in most cases, molecular weight
determinations were conducted on the soluble portion of the polymer only. As a result,
further investigation of the polymeric materials was conducted using thermogravimetric
analysis. The examination of weight loss with increasing temperature indicates the thermal
stability of the polymeric material of interest. Thermogravimetric analysis of polymers
4.15, 4.16 and 4.19 showed no appreciable weight loss below 500°C. The thermal
stability of polymers 4.15, 4.16 and 4.19 is indicated by weight losses of 27%, 35% and
27% at S75°C, 544°C and 533°C, respectively. Polymer 4.17 exhibited a slightly lower

thermal stability with 27% weight loss occurring at 385°C. Although GPC indicates the
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isolation of only low to moderate molecular weight polymeric species, 4.15-4.19,
consideration of the thermogravimetric data with respect to previous studies of these types

of polymers suggests the generation of materials of higher molecular

: 114,125,141,146,147,150
weight.
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Table 4.9: Reaction Conditions and Molecular Weight Measurements for Polymer 4.17

Trial Monomer Solution Catalyst Solution Time Temp. Yield Mn* Mw' | Mw/Mn*
mmol mL mmol mL (hrs) (°C) (%)
monomer _ PhNO, FeCl, PhNO,
1 0.5 0.5 2.0 1.5 240 22 42.5 746 1537 2.059
2 0.5 0.5 2.0 1.5 24,0 65 323 1840 3079 1,673
3 0.5 0.5 2.0 1.5 3.0 65 35.3 883 1921 2,175
4 0.5 0.5 1.0 1.0 18.0 22 45.2 1065 1450 1.361
S 0.5 0.5 2.0 1.0 18.0 22 39.9 878 1496 1.702
6 0.5 0.5 10&1.0 | 05&0.5 48 22 43.3 1264 2506 1,982
7 0.5 0.5 10&10 | 05&0.5 48 65 30.0 2005 3148 1.570

*Soluble portion of polymer was run only,
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Table 4.10: Reaction Conditions and Molecular Weight Measurements for Polymer 4.18

Trial Monomer Solution Catalyst Solution Time Temp. Yield Mn* Mw' | Mw/Mn"
mmol mL mmol mL (hrs) ('C) (%)
monomer _ PhNO, FeCls PhNO,
1 0.5 0.5 1.0 0.5 1.0 65 21.5 - - -
2 0.5 0.5 2.0 1.0 24 22 19.4 327 386 1.179
3 0.5 1.5 20 1.0 24 22 18.9 218 320 1.464
4 0.5 0.5 2.0 1.0 3.0 65 24.0 139 280 2.014
5 0.5 0.5 2.0 1.0 24 65 37.0 190 420 2.178
*Soluble portion of polymer was run only.
Table 4.11: Reaction Conditions and Molecular Weight Measurements for Polymer 4.19
Trial Monomer Solution Catalyst Solution Time Temp. Yield Mn* Mw" | Mw/Mn"
mmol mL mmol mL (hrs) (°C) (%)
monomer _ PhNO, FeCl; PhNO;
1 0.5 1.0 1.0 2.0 3.0 22 57.0 761 1477 1,942
2 0.5 1.0 1.0 2.0 18.0 22 63.0 810 1660 2.050
3 0.5 1.0 1.0 1.0 6.0 22 54.1 967 2209 2.283
4 0.5 1.0 20 1.0 6.0 22 51.4 582 1426 2,451
5 0.5 1.0 3.0 1.0 6.0 22 852 758 1539 2,031
6 0.5 1.0 2.0 1.0 6.0 65 76.4 2119 6350 2,996

*Soluble portion of polymer was run only.
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5.0 Ring-Opening Metathesis Polymerization of Strained Cyclic

Olefins

5.1 Introduction

Ring-opening polymerization has received a great deal of attention in the field of
synthetic polymer chemistry and will be the focus of the following discussion. Although
several factors have been identified as playing a role in the degree of polymerization as
well as the subsequent properties and applications of the polymeric species, the role of
the catalyst in ring-opening polymerizations has been of particular interest. The
development of catalytic systems has advanced to such a degree that the preparation of
polymeric materials with specific structural characteristics has been achieved.

Following the first demonstration of the use of transition metal catalysts for the
ring-opening polymerization of cyclic olefins, Truett and coworkers reported the
preparation of polynorbornene based on the design of Mo and Ti containing catalysts
systems.”®!  Figure 5.1 illustrates the lithium aluminum tetraheptyl and titanium
tetrachloride catalyst system which resulted in the unexpected ring-opening
polymerization of norbornene. It is important to note that this was the first report
describing the addition polymerization of a monomer with only one double bond.
Furthermore, Truett observed that varying the relative amounts of the two components

of his catalyst system had a marked impact on the properties of the
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TiCl4/LiAl(n-C 7Hj5)4
—i

Figure 5.1: Ring-opening polymerization of norbornene using a

titanium catalyst system

resulting polymeric material. Since this initial discovery, a number of classical catalysts
prepared from a transition metal halide complex and an organometallic or Lewis acid co-
catalyst have been found to initiate the ring-opening polymerization of a variety of
monocyclic, bicyclic and polycyclic olefins.262%%7  Active catalyst systems based on
transition metals including Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Re, Ru, Os, Rh, and Ir
reflect the number of systems that have been investigated 22

A crucial discovery in the development of catalytic systems for ring-opening
polymerization reactions was reported by Calderon and his coworkers who showed that
the disproportionation of acyclic olefins and ring-opening polymerization are similar
chemical reactions.”®® The final result of this study was the determination that the
reaction took place by breaking double bonds and exchanging alkylidene units.
Consequently, this type of reaction was labeled olefin metathesis. With this discovery,
interest in the mechanistic aspect of the reaction soared. Ultimately, the conflicting
opinions of several individual research groups regarding the mechanistic intracacies of
the reaction led to the presently accepted mechanism involving the interconversion of
metal carbenes and metallacyclobutanes. Herrison and Chauvin proposed the new

mechanism involving metal carbenes and metallacyclobutanes to justify the observations
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of their studies of cyclic and acyclic olefins (Figure 5.2).>” Further proof for the metal
carbene mechanism was presented by Grubbs and Katz on the basis of isotope labeling

studie S.271.272

R1
LnM=C/
\Rl LM RJ\C R
+ _—— Pj + y:
R2 /R2 R Mgz r?Z ‘R2
C=C
RZ/ “r

Figure 5.2: Isotope labeling scheme used for proof of the metal carbene mechanism

This mechanism may be applied to cyclic monomers where Figure 5.3 illustrates the

formation of the metallacyclobutane intermediate from the corresponding metal carbene.

LyM=CH;
2 LpM CH2
+ — l = ll.‘k + |
ch——'CRz 2 2
R,C=CR;

Figure 5.3: Metal carbene-metallocyclobutane mechanism

Another area of ring-opening polymerization methods which has received
considerable attention recently is that of living ring-opening metathesis polymerization
(ROMP). The interest in living polymerizations stems from the fact that this technique
allows for a maximum degree of control over polymer growth and allows for the

synthesis of polymers with predictable, and well-defined structures.>” Although a
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general definition of a living polymerization is given as a chain polymerization which
takes place in the absence of termination or chain transfer, there are several criteria which
have been identified as diagnostic features of living polymerization. The first criterion
simply expresses the basis of living polymerization conditions and states that polymer
growth must proceed by the continuous addition of the monomeric unit to the
propagating species without chain termination or chain transfer reaction interferences.
Another differentiating aspect of living polymerizations is that the active center of the
polymerization remains intact on the polymer chain even after complete consumption of
all the monomer units. The living nature of the process comes into play upon renewed
monomer addition which promotes continued polymer growth. Finally, it has been
determined that in generating polymeric materials with narrow molecular weight
distributions it is essential that the rate of initiation is comparable to or faster than the rate
of propagation.?”

The development of the ideal catalyst system which fulfills each of these
requirements and allows for the controlled design of polymeric species with specific
properties and applications continues to arouse the curiosity of researchers worldwide.
However, it is the work of Richard Schrock and Robert Grubbs and their development of
well-defined transition metal compounds which catalyze the ring-opening polymerization
of strained cyclic olefins which is often accredited for the strides made in this unique
area.?®®3% Most of the catalytic systems investigated by these researchers incorporate

transition metal compounds of titanium, tungsten, molybdenum or ruthenium.
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5.1.1 Catalyst Systems

5.1.1.1 Organotitanium Catalysts

The development of well-defined transition metal catalysts was initiated in 1986
when Grubbs reported the use of bis(n5-cyclopentadienyl)—titanacyclobutane, derived

from the reaction of the Tebbe reagent with norbornene, in the polymerization of

2% The large ring strain in norbornene and its derivatives

norbornene (Figure 5.4).
coupled with the relatively low reactivity of titanacyclobutanes presented a method which
proceeded without termination or chain transfer resulting in the corresponding polymeric

material with a narrow molecular weight distribution.

,, ﬁb w@bﬂ w

Figure 5.4: Bis(1’-cyclopentadienyl)titanacyclobutane catalyst for the

ring-opening polymerization of norbornene

Kinetic studies suggested a zero-order rate dependence on the monomer based on a
constant rate of monomer consumption following an initial induction period. In short,

this indicates the ring-opening of the titanacycle as the rate-determining step.
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Cp,Ti=CH;

Cp,Ti
Cp,Ti

— »  polymer

Figure 5.5: Ring-opening polymerization mechanism of norbornene using the

bis(n’ -cyclopentadienyl)titanacyclobutane catalyst

These observations in combination with the accepted mechanism of olefin metathesis
involving the interconversion of metal carbenes and metallacyclobutanes led to the
proposal of the mechanism illustrated in Figure 5.5 for the generation of the growing
polymer chain. It was proposed that the metallacycle may cleave to yield a carbene-
olefin complex in one of two ways.””* Cleavage of the titanacycle in a non-productive,
but rapidly reversible manner to form norbornene and the titanium methylene complex
was suggested as an explanation for the inital induction period. The second option
resulted in the formation of an unstable substituted titanacarbene which, when trapped by
norbomnene, formed the a-B-o’-trisubstituted metallacycle. This substituted titanacycle

cleaves exclusively in a productive manner in the generation of the corresponding
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substituted carbene which in turn forms the trisubstituted metallacycle in the presence of
norbornene. Subsequent cleavage allows for the generation of the growing chain
attached to the o’ position of the trisubstituted titanacyclobutane.

Further investigation of the titanacyclobutane catalysts identified
titanacyclobutane, shown in Figure 5.6, as a better initiator for the polymerization of
norbornene than the titanacycle discussed in Figure 5.5 due to the ring-strain in 3,3-
dimethylcyclopropene.?’* It was observed that this initiator opened in an exclusively
productive fashion at lower reaction temperatures. As a result, no induction period was
observed. The polymerization reaction proceeded with initiation being faster than chain
propagation allowing for the synthesis of high molecular weight materials with

polydispersities lower than 1.1.

Figure 5.6: Ring-opening polymerization of norbornene using a

3,3-dimethylcyclopropene based titanacyclobutane catalyst
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The polymerization reaction itself was found to be sensitive to temperature changes to the
degree that the reaction was halted by simply cooling the reaction mixture to room

temperature whereas heating it to 65°C renewed chain growth. In addition to the living

nature of this catalyst, the linear dependence of molecular weight on monomer
consumption allowed for the addition of different cyclic olefins including endo- and exo-
dicyclopentadiene, benzonorbormadiene and 6-methylbenzonorbornadiene in the
preparation of block copolymers with a well-defined composition, microstructure and
molecular weight.**

Following complete consumption of the monomeric units, the polymer chain
contained one titanacyclobutane end group regardless of the initiator employed. A
notable feature of this technique was the capability for storage of the active polymer for
long periods of time.?”* Also, it had been shown that the titanium carbenes generated
from the ring-opening of the titanacyclobutane reacted with a variety of functionalities
such as aldehydes, ketones, esters, amides and imides to give Wittig-type products in
excellent yield.?’® The potential advantage of this end-capping technique included the
efficient removal of the catalyst, modification of the bulk properties of the ROMP-
derived polymer, as well as a facile means of end group analysis. Furthermore, the
incorporation of this active group poses a means for further chemical transformations
and/or polymerizations. Figures 5.7 and 5.8 illustrate the use of titanacyclobutane
terminated polynorbornene in Wittig-type reactions for the production of ABA-triblock

and graft copolymers, respectively.
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5.1.1.2 Tungsten Catalysts

The role of metal-carbenes as initiators in olefin metathesis prompted the
investigation of various tramsition metal based catalytic systems. In 1976, Katz
introduced (diphenylcarbene)pentacarbonyltungsten, which represented the first metal-
carbene prepared without stabilizing heteroatoms attached to the carbene center. Upon
reaction in the presence of cis-cycloalkenes, the resultant polymers were isolated as
highly stereospecific polymers.>’”*" GPC, IR and C NMR were used to verify the
preparation of these highly ordered polymers in which 90% or more of the double bonds
had the cis configuration. Based on the successful titanacyclobutane and metal carbene
ring-opening polymerizations, it became evident that the characteristics of the catalyst
played an invaluable role in the control and ultimate design of the polymer
microstructure. As a result of these findings, a rapid search into the area of generating
novel living polymerization catalysts has been underway.

In 1986, Schrock and coworkers, one of the leading research groups in the
development of ROMP initiators, reported the synthesis of a series of alkylidene
complexes which demonstrated great promise as living polymerization catalysts.””” Their
investigation began with the preparation of tungsten based catalytic systems due to their
higher degree of activity over the previously mentioned titanium complexes as well as for
their enhanced tolerance of polar functional groups. Figure 5.9 shows the use of the
complex W(CH-t-Bu)(NAr)(O-t-Bu), in the polymerization of 50-200 equivalents of
norbornene in toluene at 25°C.?*® Analysis of the isolated polymeric material showed a

molecular weight proportional to the number of equivalents of the norbornene consumed
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Ar = 2,6-diisopropylphenyl
R'=t-Bu

Figure 5.9: Polymerization of norbornene using a tungsten alkylidene complex

and a polydispersity index of 1.05.

More recently, new and unique tungsten alkylidene catalysts, which exhibit the
potential to incorporate various ligands, allowed for great flexibility with respect to
polymer formation. The preparation of these catalysts follows a three step process by
which variation of the metal alkoxide ligand in the final step of the process presented a
route for the synthesis of a variety of catalysts where the alkoxide ligand may possess
either donating properties (O-t-Bu) or highly electron withdrawing capabilities
([OC(CFs),(CF,CF.CF3)]).7%! A further modification of the catalyst by the
replacement of the alkoxide ligands with fluorinated substituents such as -OC(CHj3).CF3
and -OCCH3(CFs): resulted in the isolation of more active, yet less selective, catalysts. 281"
282 The enhanced activity of these catalysts not only allowed for the polymerization of
norbornene at temperatures as low as -60°C but were active initiators for acyclic olefin
metathesis as well. Yet, the practicality of the fluorinated catalysts as initiators for the
polymerization of cyclic olefins was doubtful since the molecular weight of the resulting

polymeric materials were determined to be independent both upon the reaction time and

the amount of monomer employed. A slow initiation rate relative to the rate of
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propagation and secondary metathesis of the double bonds formed along the polymer
chain were two factors suggested for the measured molecular weights. Ultimately, it was
determined that the reactivity of the W(CHR’)(NAr)(OR) complex was highly

dependent on the electron-withdrawing power and size of the alkoxide ligand.*”*%?

5.1.1.3 Molybdenum Alkylidene Catalysts

The investigation for improved regulation over polymer structure via the design
of novel catalytic systems continued with the use of other transition metals in these
alkylidene complexes. This was demonstrated by the preparation of various molybdenum
based systems with structures similar to those of the tungsten analogues.?® #**  The
synthetic utility of the resulting complexes was evident in the generation of virtually
monodisperse polymers, an increased tolerance of functional groups including esters and
nitriles, and the production of products of a highly stereoregular nature. The
polymerization of endo,endo-5,6-dicarbomethoxynorbornadiene with Mo(CH-t-
Bu)(NAr)(O-t-Bu),; (Ar = 2,6-diisopropylphenyl) demonstrated the improved
characteristics of this catalyst system resulting in the preparation of well-behaved living
polymers which were essentially monodisperse with a high degree of stereoregularity
(Figure 5.10).® The stereoregular nature of the polymeric species was explained on the
basis of previous studies which established that this catalyst conforms to a pseudo-
tetrahedral orientation in which the major contributor is such that the alkylidene

substituent points toward the imido nitrogen atom, the syn isomer 2% ?*°
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N
Mo(CHtBu)(NAr)(OtBu) 2 + 1
n

co,Me MeO, CO;Me

Figure 5.10: ROMP of 5,6-dicarbomethoxynorbornadiene

via a molybdenum alkylidene catalyst

The living nature and unique properties of polymers resulting from the ROMP of
a variety of 23-disubstituted norbornadienes in the presence of
Mo(CH-t-Bu)(NAr)(O-t-Bu), (Ar = 2,6-diisopropylphenyl) demonstrates its feasibility in
polymer preparation. It was reported that 200 equivalents of 2,3-
dicarbomethoxynorbornadiene were subjected to ROMP in the presence of
Mo(CH-t-Bu)(NAr)(O-t-Bu), (Ar = 2,6-diisopropylphenyl) to yield the corresponding
ring-opened polymer with molecular weights proportional to the equivalents of monomer
used and polydispersities as low as 1.1.28 Additional features of the molybdenum-based
alkylidene catalysts with respect to the ROMP of 2,3-disubstituted norbornadienes were
the limited stereochemical arrangements of the monomer units. Figure 5.11 shows the
stereochemical conformations of the repeating unit of the polymer based on the
symmetrical nature of the monomers. Ring-opening polymerization resulted in the
generation of a double bond within the polymeric microstructure with either a cis or trans
configuration. Additionally, the chiral allylic carbons of the chain vinylenes were the
determining factor on the formation of meso or racemic dyads where the chiral allylic

carbons with the same configuration yielded syndiotactic material and those with an
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opposite configuration gave an isotactic polymer (Figure 5.11).

The impact of catalyst design on the structural features of the polymeric species
was demonstrated in a comparison study which investigated the ROMP of 23-
bis(trifluoromethyl)norbornadiene in the presence of Mo(CH-t-Bu)(NAr)(O-t-Bu),
(Ar = 2,6-diisopropylphenyl) and a number of traditional initiators.?** *C NMR and Tg

were used to verify the enhanced stereoregularity of the ring-opened polymer resulting

trans syndiotactic trans isotactic

Figure 5.11: Possible stereochemical arrangements of 2,3-disubstituted

norbornadienes
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from initiation by the molybdenum alkylidene complex as compared to the traditional
catalysts listed in Figure 5.12. The resulting trans, syndiotactic microstructure of the
isolated polymer was consistent with the nature of this catalyst to form predominantly
trans polynorbornene. The tolerance of various functionalities and sterecchemical
control achieved by the use of molybdenum based catalysts have rendered them
exceptionally valuable in the molecular engineering of polymers with novel structures
and functionalities. This is exemplified in a report which appeared in 1992 by Schrock
and coworkers who demonstrated the utility of the Mo(CH-t-Bu)(NAr)(O-t-Bu),
(Ar = 2,6-diisopropylphenyl) catalyst in the preparation of Side Chain Liquid Crystalline

Polymers (SCLCP’s). 286282

CF;
Mo(CH¢-Bu)NAr)(Ot-Bu)  + n Mo (tBu)
n
CF3 FSC CF3
Ar =2 6-diisopropylphenyl
Initiator trans % Tg oC
WClg/SnMeq 54 125
RuCl3/SnMe4 70 117
Mo(CHtBu) 98 97

Figure 5.12: Trans stereoregular polymers of 2,3-bis(trifluoromethyl)norbornadiene
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5.1.1.4 Ruthenium Coordination Catalysts

An underlying concern in the development of new catalysts, second only to the
issues of activity and selectivity, is the stability of an active species to impurities such as
air and water.”® In many of the catalytic systems mentioned thus far, the progression of
these catalyst systems from research to full-scale industrial use has often been restricted by
the sensitivity of the organometallic complexes to oxygen, water and heteroatomic
functionalized substrates. This obstacle was overcome in 1988 by Grubbs and coworkers
who described the use of a select group of VIII coordination complexes for the
polymerization of 7-oxanorbornene in aqueous solution under an atmosphere of air to

yield the desired ROMP polymer in quantitative yield.”®® The aqueous polymerization

0.
— n
MeO OMe
0] (n-1) equiv.
Me  Ru(H,O)¢(tos)
n = o +
Me H,O
+
o 2

(II;O)SRW OMe | ¢4,
OMe

Figure 5.13: The Ru(H,0)s(p-toluenesulfonate); catalyst
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of a 7-oxanorbornene derivative via the very active Ru(H;O)s(tos):
(tos = p-toluenesulfonate) salt is illustrated in Figure 5.13. It was discovered that upon
polymerization of the 7-oxanorbornene derivative, a Ru?" mono-olefin adduct complex
was generated in the process.”’'™?  Following polymerization, the metal-olefin
coordination catalyst which was formed in situ was found to be recyclable and
subsequently found to be more active in later polymerizations. Grubbs reported the use of
this Ru?* mono-olefin adduct in the polymerization of less-strained monomers, such as

cyclooctene, which were previously unreactive in aqueous media (Figure 5.14).%*

MeOH
0)c]2t =
Ru(H0)s]2+  + o —E—(Cﬂz)g—c—c-t

EtO,CCHNH

Figure 5.14: Use of a Ru*" mono-olefin adduct complex in the

polymerization of less-strained monomers

In 1992, Grubbs and coworkers reported the preparation of the first well-defined
ruthenium-based olefin catalyst, (PhsP),Cl,Ru=CHCH=CPh, The living properties of this
catalyst were established by the block copolymerization of 2,3-dideuterionorbornene and
norbornene with the generation of a stable active polymer species in which chain
termination and chain transfer were extremely slow relative to propagation (Figure

5.15).®° The features of the ruthenium carbene complex combined unusual stability and
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Figure 5.15: Block polymerization using the first well-defined ruthenium catalyst

functional-group tolerance with the ability for polymerization of highly strained cyclic
olefins in organic media both in the presence and absence of protic/aqueous solvents.
However, the activity of this complex was limited to the metathesis of highly strained
cyclic olefins and was inadequate for the polymerization of low-strain cyclic olefins or
acyclic olefins.

Subsequent research focused on the potential for fine-tuning the reactivity of this
catalyst via ligand modification.®***®> Figure 5.16 shows the synthesis of new catalysts
with high metathesis activity as a result of the substitution of the triphenylphosphine
ligands with better o-donating alkylphosphines. Two isomeric forms of the modified
ruthenium catalysts were generated from the reaction of 2 equivalents of PCy; or P(i-Pr);

with (Ph;P).CLRu=CHCH=CPh, in CH,Cl; where the dominant complex was the
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R=Cy, Pr

Figure 5.16: Modified single-component ruthenium catalysts

one in which the two phosphine ligands are #ans to one another.?**

The promise of these modified catalysts for enhanced activity was exemplified by
the polymerization of not only highly strained monomers such as norbornene and its
derivatives but also the ROMP of less-strained cyclic monomers including cis-cyclooctene,
cyclooctadiene and cyclopentene®” Ligand modification affected the activity of the
catalysts to such a degree that moderate turnover numbers of unstrained acyclic olefins
such as cis-2-pentene were achieved where the robust nature of the catalyst was
demonstrated by a rate of metathesis which was unaffected by either a protic or
coordinating solvent>® Additionally, the use of (CysP),CLLRu=CHCH=CPh, for the
polymerization of cyclooctadiene in the presence of a simple allylic chain transfer agent
was found to yield the corresponding difunctional 1,4-polybutadiene.**

Thus far, the development of various catalytic systems and their impact on the
structural nature of the resulting polymeric material has been the focus of our discussion.
However, it is important to keep in mind that polymeric properties depend significantly on
the functional substituents along the backbone of the polymer chain. As a result, factors
such as monomer structure and reaction conditions must be considered as crucial

components in the synthesis and design of polymeric species with specific properties.
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In 1989, a paper by Lautens and coworkers described the development of novel
monomeric units whose ROMP vyielded new polymeric materials which possessed a
combination of rigidity and strain***** This report focused on the effect of various
solvent mixtures and monomer/catalyst ratios on the polymerization of deltacyclene in the
presence of the ruthenium catalyst, RuCl-H,0 (Figure 5.17). Previous work in the field
has emphasized the robust nature of ruthenium catalysts in an oxygen atmosphere and
aqueous reaction conditions as one of its greatest features. The initial polymerization of

deltacyclene with RuClz-H,O was carried out using ethanol as the solvent and resulted in

the isolation of a low molecular weight material in only moderate yield. Upon the addition
of varying amounts of water, however, a dramatic increase in the rate of reaction was
realized with a 100-fold increase in the molecular weight of the isolated polymers. It is
interesting to note that when water was used exclusively as the solvent of choice,
polymerization was achieved despite the insolubility of the monomer albeit with no
substantial increase in molecular weight or yield *** Additionally, conditions of varying
monomer/catalyst ratios were investigated and it was reported that a decrease in
catalyst/monomer ratio resulted in an increase in molecular weight. Nonetheless, the
efficiency of this catalyst system for the polymerization of deltacyclene, regardless of the
ratios employed, was demonstrated by the constant isolation of materials with molecular
weights of 10°. In spite of the fact that ruthenium catalysts have been observed to
produce polymers containing frans olefins, NMR spectral analysis of these polymers
revealed evidence of a low degree of stereoselectivity with signals corresponding to a

mixture of cis- and zrans olefinic protons.**
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n RuCl33H,0 -

Figure 5.17: The ring-opening metathesis polymerization of deltacyclene

A further modification of the thermal and mechanical properties of the polymer
may be achieved by the synthesis of modified monomers. Lautens and coworkers
investigated the polymerization of S-siloxydeltacyclene in the presence of
Mo(=CHCMe,Ph)(=N-2,6(i-Pr),Ph)(O-t-Bu);, which also possesses a high degree of
tolerance for various functional groups.®®**"” In addition to the polymerization of this
modified monomer, the ROMP of deltacyclene was once again carried out so as to
compare the efficiency of the molybdenum catalyzed reaction with that of the ruthenium
catalyzed reaction. It was observed that the species derived from the molybdenum
catalyst system possessed an increased molecular weight and decreased polydispersity
index in comparison to the RuCl3-H,O catalyst. An extension of the effect of the initiator
on ROMP polymerization was conducted with respect to the copolymerization of
deltacyclene and 5-siloxydeltacyclene with RuCls-H,0, ReCls or Mo(=CH-CMe;Ph)
(=N-2,6(i-Pr);Ph)(O-t-Bu), (Figure 5.18).3" Several interesting observations were noted
with respect to the structural details of the resulting polymeric maternial. A general
increase in molecular weight and decreased polydispersity index of the isolated

polymeric material was evident upon the use of the various catalyst systems in the order

Mo alkylidene > ReCls > RuCl3-H,Q. Additionally, although the traditional RuCl3;-H,O
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and ReCls catalysts resulted in random copolymers, the living nature of the molybdenum
alkylidene catalyst allowed for the synthesis of both random and block copolymers.
Finally, it has been mentioned previously that the choice of the catalyst may play a
crucial role in determining polymer microstructure. Here, it was found that ruthenium
and molybdenum catalysts generated polymeric species with cis and frams olefins

whereas as the highly stereoselective nature of the ReCls catalyst was demonstrated by

the preferential formation of cis olefins.

R R
Ru or Re or Mo
-+ —_—
“n

Figure 5.18: The copolymerization of deitacyclene and siloxydeltacyclene

using Ru, Re or Mo catalysts systems
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5.1.2 Nuclear Magnetic Resonance Spectroscopy

5.1.2.1 Introduction

In the past few decades, such tremendous strides have been made in the
development of nuclear magnetic resonance spectroscopy that chemists worldwide
recognize it as one of the most powerful and influential tools for the elucidation of both
organic and inorganic species.’®® The theoretical basis for nuclear magnetic resonance
spectroscopy existed several years prior to the actual development and use of this
technique for chemical analysis. It was W. Pauli, in 1924, who first established the
theoretical basis of NMR spectroscopy. He suggested the splitting of the energy levels of
certain atomic nuclei upon exposure to a magnetic field as a result of the properties of
spin and magnetic moment that they should possess. Yet, it was two independent
researchers, Bloch and Purcell who have been recognized as the fathers of NMR
spectroscopy for their success in demonstrating that nuclei absorb electromagnetic
radiation in a strong magnetic field due to the energy level splitting induced by the
magnetic field 3®® Subsequent investigation of the absorption properties of atomic nuclei
in a magnetic field resulted in the discovery that molecular environment plays a role in
this behavior and may be correlated with molecular structure **® An NMR spectrum is
generated by a plot of the frequencies of the absorption peaks of certain nuclei in the
sample versus peak intensities. The appearance of a peak at a particular frequency, the
chemical shift, is due to the difference in the magnetic environment of individual nuclei
and is instrumental in the elucidation of molecular structure. Coupling constants, which

result from the interaction between the nuclear spins of the nuclei in a molecule, are also
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an invaluable feature of an NMR spectrum. Since these initial discoveries, the
development of NMR spectroscopy has led to its widespread application in the growth of

organic, inorganic and biochemical fields.

5.1.2.2 One- and Two-Dimensional Nuclear Magnetic Resonance

Spectroscopy

The theoretical basis of NMR spectroscopy stems from the very simple principle
that all nuclei carry charge. The spinning of this charge on the nuclear axis in some
nuclei results in the generation of a magnetic dipole whose angular momentum may be
described in terms of spin numbers, 1.2 3%3!% The values representative of the angular
momentum of the spinning charges may have values of either 0, 1/2, 1, 3/2 and so on,
where the "H and *C nuclei with a spin number of 1/2 are most commonly used. From a
quantum mechanical point of view, the spin number is fundamental in determining the
number of orientations of a nucleus, given by the formula 2I + 1, when exposed to an
external magnetic field. The 'H and ">C nuclei are of importance in this study and both
have a spin number which results in two energy levels. The essence of NMR is the
transfer of enough radio frequency (rf) electromagnetic energy to align magnetic nuclei
with the magnetic field. 2 *®*31° The quantum of energy required for a transition from
one state to another is given by hv where h corresponds to Plank’s constant and v is the
frequency of the electromagnetic radiation. It is important to note that the frequency, v,
of the electromagnetic radiation is specific for a particular nucleus. Following the

promotion of the nuclei to a higher spin state, the nucleus can lose energy to its
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environment via several mechanisms or relaxation processes allowing the return to its
lower energy state.

Although various techniques have been employed in the excitation of nuclei to
higher spin states, the most widely used method results from the development of Fourier
Transform techniques involving the simultaneous excitation of a selected set of nuclei
with a short powerful rf pulse which provides the required frequency range.**> **® The
central frequency in the pulse is slightly off-resonance for all of the nuclei resulting in the
generation of a free induction decay (FID) sine wave for all the nuclei with each
frequency equal to the difference between the applied frequency and the resonance
frequency for a particular nucleus. In a compound with more than one 'H or 1*C nucleus,
the FID display is composed of superimposed sine waves with characteristic frequencies
and interference patterns. With computer technology, the automatic digitization of data
and its subsequent storage allows for a repetition of pulses and subsequent acquisition of
data which results in a build-up of the signal.?®**%®  The available NMR techniques
permit control over rf pulse widths and time intervals which may be used between the
initial magnetization pulse and the onset of signal acquisition resulting in the generation
of either one-dimensional (1-D) or two dimensional (2-D) spectra. Fourier
transformation of the time domain FID spectrum converts the data into the conventional
frequency domain NMR spectrum. The nature of the information required for structure
determination depends on the complexity of the compound of interest and establishes the
technique employed.

Conventional 1-D NMR spectra involve the acquisition of the FID as a function

of time which is subsequently subjected to Fourier transformation with respect to time,
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t1.2%3%  The term one-dimensional NMR can be deceiving considering the spectra are
generated in two dimensions with the frequency of the resonance plotted with respect to
peak intensity. Although they may be rather complex, 2-D experiments consist, in
general, of a variable time interval, t,, in addition to the initial time interval, t,, followed
by the acquisition of the FID as a function of time. The consequence of this procedure is
the generation of a series of FID sine waves which are subsequently submitted to Fourter
transformation in two dimensions with respect to t; and t;. The results of a 2-D NMR
experiment are presented in a spectrum in the form of a contour slice through the peaks
which represent intensities perpendicular to the plane of the paper. Figure 5.19 shows a
series of FID sine waves generated as a result of variable time intervals which are then
subjected to two transformations to yield the corresponding 2-D spectrum (Figure
5.20).2 *®® The NMR spectrum shown in Figure 5.20 is referred to as a correlated
spectroscopy (COSY) spectrum. H-H and C-H COSY or homonuclear correlated
spectroscopy and heteronuclear correlated spectroscopy represent two of the most
commonly used 2-D NMR techniques today.

Several features of 2-D NMR present valuable information for the elucidation of
molecular structure. Figure 5.21 shows a very general representation of an H-H COSY
spectrum where the spectrum is generated along the diagonal and off-diagonal
resonances. These off-diagonal resonances are commonly referred to as crosspeaks
and indicate the relationship between two protons in the compound of interest.’*®
As Figure 5.21 illustrates, coupled protons may be identified by drawing vertical and

horizontal lines from either one of the crosspeaks to the diagonal. It is important to note
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Figure 5.19: Transformation of a series of FID sive waves recorded at
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Figure 5.20: 2-D NMR spectrum following transformation of the FID
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that although this technique allows for complete identification of the structure of interest
CH COSY is more useful for the determination of the connectivities of a proton to a
particular carbon atom.?®**® The relationship of a proton and carbon atom appears as a
crosspeak contour which is intersected by lines drawn from proton and carbon spectra

plotted at 90° to one another.

10 5 15
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Figure 5.21: H-H COSY spectrum illustrating the identification of coupled protons
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5.1.2.3 NMR Studies of Bicyclo[2.2.1]heptenes

Since the development of nuclear magnetic resonance spectroscopy, the use of
this technique in the structural identification of compounds of increasing complexity
continues to arouse the curiosities of NMR spectroscopists worldwide. Specifically, the
generation of two diastereomeric isomers from the Diels-Alder reaction of cyclic dienes
and derivatives of ethylene have been found to be of particular interest due to the
spectroscopic properties they exhibit.>®> *''*# For instance, the determination of the
chemical shifts and coupling constants of these bicylo[2.2.1]- heptane and heptene ring
systems, facilitated by the fixed geometry of these rigid structures, offers enough
stereochemical information to distinguish between the endo and exo isomers. This is by
no means meant to suggest that stereochemical assignments in bicyclo[2.2.1]heptane and
heptene derivatives are straightforward. In fact, the cage-like structure of these species
tends to bring more groups within close enough proximity to one another to complicate
identification by significant long-range shielding effects.’® 3 Nonetheless, due to
numerous NMR studies which have been conducted on various bridged ring systems,
several spectral consistencies have been identified and aid in the stereochemical
determination of the two isomers 3% 31132

Specifically, '"H NMR investigations of bridged ring systems have revealed
characteristic relationships between spin-coupling constants of the ring protons and
stereochemistry, in addition to long-range spin-coupling and the establishment of
substituent configuration by the evaluation of diamagnetic shielding effects of a double

bond or a benzene ring.>'*?*? A study conducted by Musher and coworkers of various
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monohydroxyl derivatives of bicyclo[2.2.1]heptane describes some of the most common
spectral features of these compounds.’?! It has been observed that an exceptionally large
difference in magnetic shielding exists between an exo and endo proton with the exo
proton experiencing larger deshielding. Although the diamagnetic anisotropy of the C-C
bonds in the ring have a role in generating this difference, the substantial inequivalency
of the magnetic shielding of these two protons may also be attributed to other
unidentified factors. Other notable diagnostic characteristics of these species include
distinct Jexo-endo and Jendoendo coupling as well as fairly large long-range coupling.?!
Figure 5.22 summarizes the system which will be used throughout the following

discussion to identify the protons and carbon atoms from one another.

Hrg H7,
H;
H;
X
a/ H3x

Figure 5.22: Labeling of bicyclo[2.2.1]heptenes
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As a result of the numerous NMR studies which have been conducted with
respect to bridged ring systems, several spectral regularities have been reported and
found to be useful in the stereochemical assignment of these species’® 3322 |n
particular, much attention has been focused on the endo-exo isomerism in both
norbornanes and norbornenes as well as the syn-anti isomerism at C-7 in norbornenes.**”
312314.316320.322 15 some instances, it has been established that both vicinal coupling, or
coupling across three bonds, and long-range coupling, coupling separated by more than
three bonds, may be instrumental in assigning the stereochemical nature of these systems.

One spectral consistency which may be extremely useful in distinguishing
between the two isomers of bridged ring systems follows from a generalization regarding
the relative chemical shifts of axial and equatorial protons in six-membered rings. In 2-
substituted norbornanes and many of their derivatives, it has been established that endo
protons resonate upfield from their exo counterparts.’'® *'* 3% 1t should be noted,
however, that a combination of factors in bicyclic compounds may play a role in the
shielding, with particular consideration of other substituents in highly substituted
species.’?!

Early studies involving bicyclic systems centered on the establishment of certain
chemical shifts and explored the relevance of the Karplus relationship involving vicinal
coupling constants and dihedral angles in an attempt to define the species structure and
stereochemistry.*>"® Experimentally speaking, the accuracy of the theoretical predictions
of Karplus, which relate the coupling constants of protons on adjacent carbon atoms with

the dihedral angles between the protons using Equations 5.1 and 5.2, have been found to

depend on the compound of interest.
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J=8.5cos’e - 0.28, 0° < & < 90° Equation 5.1

J=9.5cos’s - 0.28, 90° < & < 180° Equation 5.2

It has been suggested that several factors should be considered which may contribute to
experimentally determined values which depart from theoretical predictions. Structural
aspects including the electronegativities and orientation of substituents, hybridization of
carbon atoms as well as bond lengths and bond angles are all possible contributors to
variations in theoretically based expectations.>® In particular, the magnitudes of the
vicinal coupling constants and the chemical shifts have been shown to exhibit a linear
variation with respect to substituent electronegativities.

As mentioned earlier, endo-protons invariably appear upfield from exo-protons
rendering them an important feature for determining the molecular structure of these
species in terms of the assignment of configuration and chemical shifts.*!® 31> 3% It js
important to note that although double bond anisotropy is considered an important
contributor to this chemical shift difference, it is not the most prominent determinant.®!¢
Variations in the chemical shifts of the bridge protons with respect to neighboring
substituents may also prove beneficial in structural assignment. One study observed the
spectral resonances of the bridge protons with respect to an endo-2-chloro-5-norbornene
and various dichloro-substituted 5-norbornenes.’® It was determined that Hy, is more
sensitive to structural variations than H7 due to the close proximity of H7. to the
substituent chlorine atom. Specifically, an upfield resonance representative of Hy, in the

presence of chlorines in the endo position relative to its downfield appearance upon the

substitution of even one chlorine in the exo position clearly demonstrates the effect
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substituent position has on chemical shifts. Another study suggested that chlorine
substituents may also play a role in determining the resonances of other protons in the'
molecule with the effect decreasing with increasing distance of the protons.’*® One report
concluded that olefinic protons resonate further downfield in the presence of 2-endo
substituents as compared to their exo counterparts.*® However, it is important to note
that this observation was only evident in this study and has not been verified in other
examples in the literature.

Numerous NMR investigations of substituted norbornanes and norbornenes have
also led to the establishment of typical spin-spin coupling constants 3% 311314 318320, 322
The coupling between olefinic protons in norbornene derivatives, Jus.us , is measured in
the range of 5.0-6.0 Hz and is seldom affected by substituents in the 2-position of the
ring. The difference of this coupling with that of the vicinal couplings of the olefinic and
bridgehead protons, Jui1.gs and Jyans, 2.4-3.0 Hz, as well as the magnitude of the Juz-n3«
coupling, 7.5-9.2 Hz, emphasizes the effect of structural variations on the Karplus
equations. For each of these coupling constants, although the dihedral angle of the
hydrogen nuclei is approximately 0°, the coupling constants vary considerably in
magnitude?”®  This difference in coupling constant has been attributed to the
hybridization of the carbon to which the proton is attached, as well as the influence of the
dihedral angle and the ring size.

In the same way that chemical shifts of exo and endo protons have been found to
be useful diagnostic features in the stereochemical assignment of bridged ring species,
exo-exo, endo-endo and exo-endo coupling constants have aiso proven to be beneficial

for this purpose.3'* 3" FExo-exo and exo-endo coupling constants have been observed to
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be highly dependent on substituent electronegativities, yet, generally range from 7.5-9.2
and 2.1-5.8 hertz, respectively. Stereochemical identification may also be verified with
respect to the coupling between endo and exo protons and the adjacent bridgehead
protons with the respective coupling constants being 0 and 3.0-5.0 hertz, and
unmistakably indicate atomic arrangement. A unique trait of norbornene and
norbornadiene derivatives is the inequivalency of the bridge protons’®  This
characteristic is indicated by the difference in the coupling constants of the bridgehead
protons with each of the bridge protons. Again, the value of the coupling constants, Ji7s.
us and Ju7..m4, typically in the range of 1.5-2.0 Hz, are different despite identical dihedral
angles. An explanation for this anomaly has not yet been established.

An interesting phenomenon which has been explored in a variety of norbornane,
norbornene, norbornadiene and 7-oxa derivatives is the magnitude of the long range
couplings characteristic of these compounds.’®*! This observation has been justified as
a direct consequence of the compactness of these species with all of the protons being
within five bonds of one another and in a fixed geometrical arrangement. Several long-
range interactions which have been established as a result of the investigation of isomeric
7-substituted norbornene derivatives is the coupling between the olefinic and anti-7-
protons (Figure 5.23a). Additionally, there is a four bond, long-range coupling between
protons Hz and Hs, of 2.0-3.1 Hz (Figure 5.23b). A smaller allylic coupling has also

been observed in norbornene compounds (Figure 5.23c).
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(a) (b) (c)

Figure 5.23: Long range coupling in norbornene and its derivatives

An alternative approach to the stereochemical assignment of norbornene and its
derivatives involved the hydrogenation of the 5,6-double bond which effected small
changes in the chemical shifts of the endo and exo protons®® The study of several
norbornene derivatives showed that upon the removal of the unsaturated bond in the
molecule, the exo and endo protons shift to higher and lower fields, respectively. It was
suggested that this effect is a result of the appreciable anisotropy of the double bond.

The above may be used as a guideline in the assignment of the chemical shifts of
substituted norbornane and norbornene derivatives. Clearly, several spectral features
may be used to distinguish the two isomers of bicyclic Diels-Alder adducts. In this work,
S-norbornene-2-methanol has been modified via nucleophilic aromatic substitution and
the corresponding isomers identified on the basis of the above mentioned spectral

characteristics.
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5.2 Results and Discussion

In many ways the design of novel polymeric species is defined by the type of
functional groups incorporated into the molecular structure of the macromolecule and its
subsequent effect in determining the properties of the corresponding material.
Traditionally, functionalization of macromolecular species was attempted following
polymerization and often suffered from unforeseen difficulties of the desired chemical
transformations on the polymer substrate. With the development of well-defined ROMP
catalysts and their increasingly high tolerance for various functional groups, the

polymerization of functionalized monomers can be more readily achieved.

5.2.1 Monomer Preparation

5.2.1.1 Preparation of Capped S-norbornene-2-methanol Monomers

It has been mentioned previously that the presence of terminal chloro groups in
(arene)CpFe” complexes provides an ideal route for further functionality. Additionally,
strained cyclic olefins have demonstrated optimal characteristics for polymerization
under ring-opening metathesis conditions. In an attempt to prepare polymeric species
with unique characteristics, n®-(chlorobenzene)-n°-cyclopentadienyliron
hexafluorophosphate was reacted with exo,endo-5-norbornene-2-methanol in the

presence of potassium t-butoxide in a THF/DMF solvent mixture under a nitrogen
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atmosphere (Scheme S5.1). Complex 5.1 was isolated as its hexafluorophosphate salt in
85 % yield. The structural features of this novel monomeric unit renders it a potential
candidate for ROMP. Due to the structural complexity of norbornene derivatives, 1-D
and 2-D NMR analysis was required for its identification and is presented in detail in

Section 5.2.2.1 of this work.

l'e+ THF/DMF

@—.O-—CHZ
+ t-BuO-
———————
l"e+
S.1

Scheme 5.1
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5.2.1.2 Photolytic Demetallation of Capped S-norbornene-2-methanol

Monomers

Photolytic demetallation has been presented as an efficient and convenient
method for the isolation of the modified free arenes. Complex 5.1 was dissolved in a 1:3
v/v acetonitrile-dichloromethane mixture and fitted into a photochemical apparatus
equipped with a Xenon lamp and irradiated for 4 hours under a nitrogen atmosphere
(Scheme 5.2). Purification of the product via column chromatography allowed for the
isolation of the desired organic compound in 83% yield. Mass spectrometry was one of
the techniques used for the structural verification of the isolated compound with a m/z of
200.15 for the molecular ion. Additionally, 1-D and 2-D NMR was used for structural

identification of compound 5.2 and is presented in detail in Section 5.2.2.2 of this work.

Tl O
@

5.1 5.2

Scheme 5.2
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5.2.2 Structural Identification of the Polyether Capped

S-norbornene-2-methanol Monomer

5.2.2.1 NMR Studies of the Modified 5-norbornene-2-methanol

Complex

It was mentioned previously that the preparation of bridged ring species via the
Diels-Alder reaction of cyclic dienes and derivatives of ethylene generally results in the
generation of two diastereomeric isomers. Section 5.2.1.1 described the SyAr reaction of
a  mixture of  S-norbornene-2-methanol with the n°-(chlorobenzene)-n’-
cyclopentadienyliron complex as the initial step in the preparation of compound 5.2. The
diastereomeric nature of the starting material contributed to the complexity of the NMR
spectra of the corresponding products, 5.1 and 5.2, and prompted the use of both 1-D and
2-D NMR for their identification. Several previously established spectral characteristics
inherent to a large majority of bridged bicyclic compounds were crucial in distinguishing
the stereochemical nature of the two isomers.’® *''??? 'H NMR and 2-D HH COSY
allowed for the stereochemical identification of the two isomers by examining the
chemical shifts, coupling constants and connectivities of the protons. The assignment of
the chemical shifts of the bicyclic ring protons were then used to determine the carbon
resonances via CH COSY techniques.

One of the most distinct features of the "H NMR of all cyclopentadienyliron

complexes is the appearance of the strong resonances in the range of 5-6 ppm indicative
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of the cyclopentadienyl protons. In this case, the appearance of two strong and closely
resonating peaks at 5.13 and 5.15 ppm, which were shifted slightly upfield from the
cyclopentadienyl resonance of the n°-chlorobenzene-n’-cyclopentadienyliron starting
complex, suggested the presence of two isomers and prompted a more thorough
examination of the 'H NMR spectrum. Further evidence for the success of the
cyclopentadienyliron activated SnyAr reaction with S5-norbornene-2-methanol was the
complexity of the spectrum in the range of 0.5 to 4.5 ppm indicative of the bridged ring
protons.

Figures 5.24 and 5.25 show the "H NMR and HH COSY spectra of complex 5.1.
A general analysis of the '"H NMR spectrum of complex 5.1 led to the identification of a
series of peaks in the 3.7-4.4 ppm region of the spectrum. The chemical shifts and
spectral pattern of the four resonances appearing in this region were indicative of the
methylene group attached to the ether linkage of the complexed benzene ring. Two of the
four peaks were attributed to the exo isomer and the other two resonances to its endo
counterpart. However, the precise stereochemical identity of the peaks could not be
adequately determined using just one-dimensional 'H NMR and as a result two-
dimensional HH COSY techniques were incorporated so as to investigate the
connectivities and chemical shifts of the bridged ring protons.

The HH COSY is a coupled proton experiment in which each proton resonance is
represented by a peak along the diagonal of the generated spectrum.’®®  The identity of
the peaks in the 1-D 'H NMR spectrum are determined by establishing the connectivities

and subsequent chemical shifts and spin-spin coupling relationships of the protons of the
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bridged ring component of complex S.1. In this case, the peaks at 3.87, 4.02, 4.22 and
4.38 ppm corresponding to the methylene protons attached to the ether linkage are a
useful starting point for the analysis. To determine the chemical shifts of other protons
which are structurally related to these protons, it is necessary to draw vertical and
horizontal lines across the entire spectrum corresponding to each of these chemical shifts.
These lines also intersect other signals located off the diagonal and are referred to as
crosspeaks.?®® It is the intersection of these crosspeaks which indicates the coupling of
two points, or protons, along the diagonal. If vertical and horizontal lines are drawn for
each peak along the diagonal, the connectivities of all the protons in the structure may be
established. The connectivities of other protons in the bridged ring structure will be
discussed relative to the peaks of the ether attached methylene protons of one isomer at
3.87 and 4.02 ppm. Horizontal and vertical lines drawn from these chemical shifts
indicate that these resonances are strongly coupled with one other proton at 2.62-2.63
ppm. According to the labeling of the bridged ring species as outlined in Figure 5.22,
this resonance may be attributed to H; since it is the only proton adjacent to the ether
attached methylene protons. The identification of H., may now be used in the
determination of other protons in the structure. For instance, the intensities of the
crosspeaks at 1.93-1.98 and 0.70 ppm, which intersect with lines drawn from H,, suggest
strong couplings with the corresponding protons. The literature suggests that the
strongest coupling of H; with other protons in the structure would be with those protons
referred to as Hix and Ha, in Figure 5.2231% 319320 [t is important to note that the
interactions or lack of interactions of H,, Hix and Hz, would be instrumental in

determining their stereochemical disposition. It has also been suggested that when H; is
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in the exo position, there is the probability for coupling with H;.>'>??° One of the trends
which has been established as evidence of the stereochemical identity of protons such as
H; in bridged ring systems is that protons in the endo position are not expected to couple
at all. Examination of other interactions of H; suggest a small coupling to a peak at 3.02
ppm. This peak may be tentatively assigned as H;. On the basis of the numerous NMR
studies for various ring systems, a long-range interaction between H; in the endo position
and one of the bridge protons has been found.’*” *® Due to the broadness of the
resonances, there is no indication of such a coupling for this particular isomer. At this
point, it is useful to assume an exo position of H; for the isomer of interest. H, is
normally strongly coupled to Hsx and Hj,, and these two protons are very strongly
coupled to one another as would be expected from their structurally defined geminal
relationship. In considering the identity of the proton at 1.98 ppm and the interactions
which have already been established, vertical and horizontal lines drawn from this
chemical shiﬁ shows one other crosspeak which corresponds to a proton located at 2.85
ppm. The relative chemical shift of this proton in comparison to the proton which has
been assumed as H; suggests that this may be the other bridgehead proton, Hy. If this is
the case, it may be concluded that the proton at 1.98 ppm must be in the exo position and
may be referred to as Hsx. Verification of H; and Hj as the bridgehead protons is
suggested by their relationship with those protons at 6.02 and 6.22 ppm, respectively,
whose chemicals shifts identify them as the vinyl protons, Hg and Hs. The connectivity
of H; and H, with H, and Hi,, respectively, further acknowledges the exo position of Hz
and Hj,. The verification of protons H; and H as the bridgehead protons allows for the

determination of the chemical shifts of the bridge protons. According to the literature,

292



the bridge and bridgehead protons will without a doubt have some association with one
another *!!; 314319320, 32 14 5 observed that, in accordance with the analytical technique
which has been used to determine all of the interactions described up to this point, each
of the bridgehead protons are coupled to each of the bridge protons, Hs; and H7,. At this
point, it is possible to assume that the proton located at 0.70 ppm is in the endo position
and may be defined as Hj,. Its identity is instrumental in distinguishing between the two
bridge protons. It has been suggested that due to the compact and rigid nature of bridged
ring systems a remarkable number of long-range interactions have been estabiished
which may be useful diagnostic features in the structural identification of these
molecules** *'® Long-range coupling across four bonds and involving protons such as
Hj, in the endo position and the bridge proton, Hss, has been observed (Figure 5.23b).
Coupling of Hz, with one of the bridge protons is evident from the interaction at a
crosspeak of vertical and horizontal lines drawn from the respective chemical shift
positions. This proton is then assumed to be Hy,. Verification of its identity is offered by
the fact that the vinylic protons have also been observed to participate in long-range
interactions with the bridge proton which is anti to it. This would suggest that the vinylic
protons would then be coupled to H7, and is spectroscopically evident from the HH
COSY of complex 5.1. The stereochemical nature of the other isomer in this mixture was
determined using the same analytical strategy. Table 5.1 summarizes the chemical shifts
of both the endo and exo isomers of the mixture as established by the HH COSY
experiment. In comparing the data presented in Table 5.1, our study seems to agree with
previous studies of 2-substituted norbornenes and many of their derivatives in which it

has been observed that, typically, endo protons resonate upfield from their exo
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counterparts*'% 332 This is indeed the case when considering the relationship between
His, and Hj, in each isomer. Furthermore, our analysis has shown that in considering the
two isomers, the H; proton in the endo position resonates at 1.90-1.92 ppm compared to
2.62-2.63 ppm when in the exo position. Following the identification of each proton
in the structure as based on their connectivities from the 2-D NMR experiment, this
information may be used in conjunction with the 1-D "H NMR spectrum in the evaluation
of the spin-spin coupling constants of the related protons. Table 5.3 summarizes the spin-
spin coupling constants determined from the '"H NMR spectrum. It is important to note
that in many cases the evaluation of the coupling constants was limited by spectral
overlap and peak broadening. For instance, as expected on the basis of previous studies
of various bridged ring species, the bridgehead protons appear as broad singlets.’?
Clearly, this eliminates the possibility of spin-spin coupling determinations.

Upon assignment of the chemical shifts of the protons of both isomers, the Bc
chemical shifts could be determined and used to verify the structures. The presence of
two diastereomeric isomers complicated the 1-D C NMR spectrum and prompted the
use of CH COSY for the carbon atom identification. Figures 5.26 and 5.27 show the 1-D
13C and 2-D CH COSY NMR spectra of complex 5.1. A CH COSY experiment involves
the generation of a spectrum by plotting the 'H and '*C NMR spectra at a 90°angle to one
another resulting in the appearance of a crosspeak contour to indicate the connectivity of
a proton and carbon in the molecular structure of interest.”***®* The intersection of lines
drawn from the 'H and *C NMR spectra plotted along the x and y axes, respectively,
determines a correlation between a particular proton and the carbon to which it is bonded.

It is useful to outline the method used in the identification of the carbon resonances using
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one of the isomers as an example. It is also important to keep in mind the structure of the
complexes of interest as outlined in Figure 5.22. The 2-endo isomer will be employed in
the following explanation. The analysis is initiated by the intersection of the resonances
of protons H3, and Hacat 0.70 and 1.93-1.98 ppm, respectively, with the carbon resonance
at 28.95 ppm. As suggested by the molecular structure, a horizontal line drawn from this
resonance should be intersected by two proton peaks and therefore defines this resonance
as C;. In a similar manner, the line representative of C; should intersect two crosspeak
contours at the "H chemical shifts corresponding to protons, Hys and Hy, at 1.45 and 1.35
ppm, respectively. This is verified in the 2-D CH COSY spectrum and observed at 45.02
ppm. The carbon atom corresponding to the methylene group attached to the ether
linkage is the other carbon atom whose identity is verified by its relationship to two
proton resonances. The intersection of the crosspeak contours representative of these
protons established the resonance at 73.54 ppm as the ether linked methylene carbon
atom. All the other carbon atoms in the compound are identified by their interaction
relative to the chemical shift of only one proton. Table 5.2 summarizes the carbon atom

chemical shifts of both diastereomeric isomers.
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Table 5.3: Determined Coupling Constants (Hz) for 5-norbornene-2-methanol
Complex, 5.1

endo exo
J(1,6) 2.6 -
J(2,CH) 7.1 6.5
J(3%x,3n) 11.6 -
I(3x,4) 3.8 -
J(3n,7s) 2.6 -
J(@4,5) 3.0 -
1(5,6) 53 -
J(7a,7s) 7.8 -
J(CH>) 9.1 9.2

*Where values are not included, they are not measurable due to
overlap/broadness of lines.
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Figure 5.27: CH COSY spectrum of complex 5.1 in acetone-ds,



5.2.2.2 NMR Studies of the Modified 5-norbornene-2-methanol

Compound

It has been mentioned previously that photolytic demetallation has been shown as
an extremely effective method for the liberation of the modified ligand from its
organometallic counterpart. Upon the photolysis of the diastereomers of the complex,
two isomers were evident in the organic species as well. Again, a combination of 1-D 'H
NMR and HH COSY techniques were used to determine the proton chemical shifts
corresponding to the two isomers of compound 5.2 (Figures 5.28 and 5.29) . In the same
way that the analysis of the complex was initiated by the identification of the methylene
protons attached to the ether linkage, this was a good starting point for the structural
analysis of the isomers of the compound as well. Following the connectivities of the
peaks resonating at 3.57 and 3.73 ppm, allowed for the determination of the
stereochemical nature of one of the isomers. Vertical and horizontal lines drawn from
these chemical shifts led to the identification of the adjacent proton, Hy, at 2.56-2.62 ppm.
Recall, that it is the relationship of this proton with other protons in the structure which is
crucial in establishing the exo and endo arrangement of this proton. It has been stated
that H, should exhibit a strong relationship with protons Hs, and Hs,.* **32°  Indeed,
two large intensity crosspeaks were identified and allowed the protons at 0.66 and 1.91-
1.97 ppm to be associated to Hsx and Hs,. Furthermore, a less intense connectivity to a
proton at 3.07 ppm was evident and tentatively assigned as H; since a small coupling is
expected between the bridgehead proton and H; in the exo position. With this suggestion

in mind, the stereochemical nature of H; may be verified by the identification and
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connectivities of all the other bridged ring protons. Referring back to Hsx and Hjy, it is
clear that these two protons are very strongly coupled as would be expected from their
geminal arrangement to one another (J = 9-12 Hz). In order to determine the exact
identity of each of these protons, their relationships to other protons in the spectrum must
be examined. It is observed that the proron at 1.91-1.97 ppm is associated with the
proton at 2.87 ppm. It is suggested that this proton corresponds to the bridgehead proton,
H., since a proton in the 3-position of the ring would demonstrate a small coupling to the
bridgehead proton if it were in the exo position. The identity of H, and Hy is further
verified by their coupling with the vinylic protons at 5.98 and 6.19 ppm allowing for the
identification of these resonances as Hs and Hs, respectively. The identity of the
bridgehead protons leads to the determination of the bridge protons appearing at 1.33 and
1.51 ppm. A distinction between these two protons can be made by examining the
connectivities of the proton at 0.66 ppm which is suggested to represent Hi,. Other than
the relationship of this proton to H; and Hiy, it is evident that there is also a connection of
this proton to the proton at 1.51 ppm or, in other words, to one of the bridge protons.
Based on long-range coupling which has been observed in other bridged ring systems, the
coupling of Hj, with the bridge proton at 1.51 ppm defines it as the proton anti to Hs, and
therefore identifies it as  Hy,>®?" Additionally, the identity of the proton at 1.33 ppm
as Hy, is established on the basis of its connection with the vinyl protons, Hs and Hs,
since it has been determined that these protons will couple to the bridge proton anti to
them. The connectivities of the protons as described here identifies this isomer as the
one in which H; is in the exo position. A similar strategy was used for the identification

of the other isomer where H; is in the endo position. Table 5.4 summarizes the chemical
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shifts of the two isomers according to the above described analysis. Keep in mind that a
comparison of certain resonances of the two isomers helps to confirm the stereochemical
assignment of the two isomers. In particular, the upfield position of the H, proton at 1.92
ppm when in the endo position compared to its appearance at 2.56-2.62 ppm when in the
€xo position is an established trend in various bridged ring systems.>'® 3" 32 Upon the
determination of the chemical shifts of the protons in each isomer, 'H NMR may be used
to evaluate the coupling constants of the connected protons. As was mentioned
previously, some difficulty was experienced in determining certain coupling constants
due to peak overlap or broadened resonances. However, as shown in Table 5.6, many
spin-spin coupling constants were determined for the diastereomeric compounds. It is
important to note that the coupling constants coincide with the literature values thereby
verifying the stereochemical assignment of the isomers as described above and
summarized in Table 5.6.3%-3!1322

It was mentioned previously that >*C NMR was another technique used to verify
the identity of complex S5.1. The same techniques as described above in the
determination of the chemical shifts of the carbon atoms of the complexed species were
used for the verification of the structure of the corresponding compound. The CH COSY
spectrum of the isomers of compound, 5.2, allowed for the determination of the proton
and carbon connectivities and the identification of the carbon resonances. The *C NMR
and CH COSY spectra shown in Figures 5.30 and 5.31, respectively, and the results of
the analysis corresponding to both isomers are presented in Table 5.5. It is important to
note that in the cases in which two protons are associated with one carbon atom, the

horizontal line representative of the carbon resonance will intersect two crosspeak



contours corresponding to the chemical shifts of the two protons.
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Table 5.4: '"H NMR Chemical Shifts in ppm of 5-norbornene-2-methanol, 5.2

Isomer | H-1 H-2 H-3x H-3n { H44 | H-S | H-6 | H-7s | H-7a CH;0

endo | 3.07)256-2.62 | 191-1.97| 0.66 | 2.87 | 6.19 | 598 | 1.51 | 1.33 | 3.57,3.73

exo | 287} ~192 ~255 ]~0.63]2906.18|6.13 | 1.50 | ~1.29 | 3.87,4.05

Sample run in CDCly (ppm from solvent peak at 7.24 ppm)
Uncomplexed aromatic protons in the 6,7-7.5 ppm region

Table 5.5: *C NMR Chemical Shifts in ppm of 5-norborene-2-methanol, 5.2

Isomer | C-1 C-2 C-3 C4 C-5 C-6 C-7_| CH,0
endo 4396 | 3842 | 2906 | 4223 | 13745 | 13237 | 4941 | 71.38
€X0 4229 | 38.65 | 2972 | 43.78 | 136.47 | 136.78 | 4941 | 72.24
Sample run in CDCl; (ppm from solvent peak at 77.0 ppm)
Uncomplexed aromatic protons in the 110-160 ppm region
Where values are not included, they are not measurable due to overlap of lines




Table 5.6: Determined Coupling Constants (Hz) for 5-norbornene-2-methanol

Compound, 5.2

endo exo
1(1,6) 29 2.9
J(2,3%) 9.4 -
J(2,3n) 43 -
J(2,CH) 6.5 6.2
J(3x,3n) 11.6 -
J(3x,4) 3.8 -
J(3n,7s) 2.6 -
J(4,5) 3.0 -
J(5,6) 5.6 5.6
J(7a,7s) 8.1 -
J(CHz) 9.3 9.1

*Where values are not included, they are not measurable due to
overlap/broadness of lines.
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5.3 Ring-Opening Metathesis Polymerization of Polyether Substituted

Norbornene

Studies of the ring-opening metathesis polymerization of strained cyclic olefins
have reported that a number of factors including the nature of the catalyst, monomer
composition and solvent conditions may play an important role in the structural features
and molecular weight of the resulting polymeric materials. Initially, the degree of
polymerization of 5.2 was investigated with the treatment by 1 mol % RuCl3-H20O in
anhydrous ethanol at 60°C.*** The resulting polymeric material with a weight average
molecular weight of 298 000 g mol?! was isolated as a creamy fibrous solid by
precipitation in methanol. Scheme 5.3 illustrates the methodology employed in the

polymerization of compound 5.2 using RuCls-H;O as the catalyst.

2 RuCl3 3H20

Scheme 5.3
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Grubbs and coworkers have reported that in ROMP studies involving ruthenium
catalysts, an increase in polymeric molecular weight has been noted with increasing
amounts of water in the reaction solvent.”® In keeping with these observations and in an
attempt to increase the molecular weight of the polymeric species, ROMP of compound

5.2 was carried out using RuCls-H;O as a catalyst with varying amounts of water/ethanol.

gel permeation chromatographic analysis versus polystyrene standards was employed for
the molecular weight determination of the isolated polymers and the results are
summarized in Table 5.7. It is important to note that in keeping with previous studies,
molecular weights in the 10° range were consistently obtained.*** It was observed that an
increasing ratio of water in the ethanol/water solvent mixture resulted in polymeric
materials with higher molecular weights. Furthermore, a significant decrease in the
polydispersity index was evident. It is important to note that even though polymerization
was attained when the solvent was pure water, this solvent system did not result in the
highest molecular weight material and produced species with low polydispersity indices.
This observation may be attributed to the lack of solubility of the monomer in this
solvent. As dictated by the solubility of the monomer, an ethanol/THF solvent mixture
was investigated in an attempt to increase the molecular weight of the polymeric material.
Unfortunately, polymerization under these conditions did not prove favorable and

resulted in a drastic decrease in molecular weight.
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Table 5.7: Effect of Increasing Water on the Molecular Weight of the ROMP of

Compound 5.2
Entry | Starting Material/ Solvent Ratio Mw Mn Mw/ | Yield

Catalyst Ratio (mL) Mn (%)
1 100/1 1.0 EtOH 298 000 | 87 000 3.4 32
2 100/1 0.97 EtOH/0.03 H,O | 328 000 | 12 500 2.6 45
3 100/1 0.5 EtOH/0.5 H,O | 535000 | 248000 | 2.2 73
4 100/1 1.0 H,O 397000 | 177000 | 2.2 82
5 100/1 0.5 EtOH/0.5 THF 1530 900 1.7 45

In addition to the determination of high molecular weight species using molecular
weight determination, verification of the polymerization was also confirmed using NMR
techniques. Perhaps the most outstanding feature of the 'H NMR spectrum indicative of
successful polymerization is the broadness of the resonances as compared to the fine
structure evident in the '"H NMR spectra of the corresponding monomeric unit. This
would be attributed to the increased number of protons represented by each resonance
upon polymerization. Further analysis of the 'H NMR spectra showed the disappearance
of the resonances attributed to the double bond of the bridged ring species at 5.98 and
6.19 ppm and at 6.13 and 6.18 ppm, for the 2-endo and 2-exo- isomers of compound 5.2,
respectively. However, upon polymerization a broad resonance at 5.26-5.38 ppm
appeared which was assigned to the olefinic protons with a trams stereochemical
arrangement on the basis of previous studies.’®* This agrees with earlier reports which
have stated that ruthenium catalysts commonly yield polymers containing trans-olefins.>?’
Due to the limited solubility of the polymeric species, analysis via C NMR was

inconclusive.
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6.0 Synthesis of Cyclic and Acyclic Cyclopentadienyliron Complexes

with Ether, Thioether or Amine Bridges

6.1 Polyaromatic Ethers and Thioethers

Polyaromatic ethers and thioethers are representative of a class of polymeric
materials referred to as engineering thermoplastics.''” > '3 Characteristics such as
thermal stability, chemical and flame resistance, high mechanical strength, and the
potential for electrical properties have provoked increased attention from industry. """’
As a result of these attributes, these materials have been found to be useful in a variety of
applications including moldings, coatings and adhesives thereby making the commercial
development of these “high performance plastics” highly profitable.''" ' 12112 The
industrial importance of this type of polymer prompts the continued synthetic exploration
of novel routes for their preparation. Section 1.4 of this work outlines some of the
traditional as well as more recently developed synthetic techniques used in this field.

Several approaches have been explored towards the synthesis of polyaromatic
ethers and thioethers in an attempt to alter their properties for specific applications. In
addition to utilizing different reaction conditions in an attempt to control the molecular
weight and molecular weight distribution of the resulting polymeric materials, monomer
structure variations have been investigated. Changing the nature of the material by the
incorporation of rigid or flexible linkages or various functional groups or side chains have

been explored in the preparation of these materials.'’®"'” 2% Z12* 1n the past few

decades, organometallic polymers with metallic moieties within, or pendent to the
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backbone of the polymer chain have proven to be of importance due to their thermal,
optical and magnetic properties. ' 113 21113

Although the incorporation of metallic moieties into etheric and thioetheric
polymer structures has been investigated previously, a recent resurgence of interest in this
area of study has arisen with respect to CpRu+, Cp‘Rn+ and CpFe' metallic moieties

17, 19, 70, 86, 109-110

pendent to the polymer chain. Segal and his coworkers used metal

activated nucleophilic aromatic substitution of an aryl halide in the preparation of
poly(ether-ether-ketone) with pendent CpRu" moieties.”” Not only was Segal able to

prepare the organometallic polymer, but the subsequent subjection of this material to
photolytic or thermolytic demetallation allowed for the isolation of the purely organic
counterpart.

More recently, Cp‘Ru+ has been used, upon its complexion to 1,4-

dichlorobenzene, in reactions with several hydroxy- and thioxy- aromatic dinucleophiles to
yield the corresponding polyethers and polythioethers." ''° However, Dembek’s attempts
to isolate the organic derivatives resulted in only partial demetallation. The solubility of
the organometallic polymers in acetonitrile, DMF and DMSO demonstrates that the 7-
coordination of polymers with an aromatic backbone to metallic species enhances their
solubility. Despite the success experienced with ruthenium systems for polymer
preparation, drawbacks such as difficulties involved in the synthesis of the starting
ruthenium complexes, high cost and consequent small scale investigations as well as the

inefficiency of the demetallation process limits the practicality of this methodology.
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The success in utilizing transition metal moieties in the activation of aryl halides
towards nucleophilic aromatic substitution reactions in the presence of dinucleophiles for
the synthesis of polymers generated an investigation of CpFe' as a potential activator.
The attraction of this metallic moiety is prompted by the ease of complexation and
decomplexation of the iron moieties, the use of commercially available starting materials,
mild reaction conditions and large scale reaction quantities. It has been demonstrated that

(1,4-dichlorobenzene)CpFe+ hexafluorophosphate reacted in a stepwise manner with

hydroquinone allowed for the preparation of soluble oligomeric aromatic ethers containing
up to 35 metals.”® The subsequent dissolution of these oligomeric species in an
CH;CN/CH.Cl; solvent mixture followed by irradiation using a xenon lamp allowed for
their complete demetallation and the isolation of the purely organic analogues of
controlled molecular weights. Although this methodology offers a great deal of molecular
weight control over the resulting polymeric material, a major obstacle for its application
on an industrial scale is the numerous reaction steps necessary for the preparation of high

molecular weight species.
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6.2 Nitrogen-containing Macrocyles

6.2.1 Introduction

C. J. Pederson is often referred to as the father of supramolecular chemistry due to
his milestone discovery in 1967 that described a systematic approach to the synthesis of

32 This initial report aroused a great deal of

oxygen-containing macrocyclic ligands.
interest in this field of chemistry and subsequent research continues regarding the
fundamental chemical nature and potential applications of this class of compounds. It is
important, however, to acknowledge that this was not the beginning of the era of
macrocycles. Eight decades earlier Baeyer had prepared tetraazaquaterene (Figure 6.1a),

327 Several variations of mitrogen-containing macrocycles

a nitrogen-based macrocycle.
were reported by Alphen in 1937, and Krassig and Greber in 1953 and 1956, and are
illustrated in Figures 6.1b and 6.1c, respectively.

The complex nomenclature associated with the cyclic compounds prepared by
Pederson prompted him to develop a more convenient naming system for their
identification.®?® The basis of his identification system stems from the appearance of these
molecules to crown the cations with which they interacted. The first cyclic polyether

thesized was referred to as a “crown” and the group of compounds came to be known
syn group p

as “crown” compounds.
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6.1c

Figure 6.1: The first nitrogen-based macrocyclic ligands

Several rules were outlined to ensure that the compounds were named systematically.*?

His nomenclature consisted of (1) the number and kind of hydrocarbon rings, (2) the total
number of ring members, (3) the class name, crown, and (4) the number of heteroatoms in
the cyclic ring. This nomenclature has been extended to the identification of macrocyclic
ligands containing heteroatoms other than oxygen, where the position of nitrogen

heteroatoms are indicated by a number.
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6.2.2 Factors Determining Complexation

Metal-ion recognition plays important roles in both chemistry and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>