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Abstract
This study illustrates the versatility of C p ~ activated
e
SN& 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)Cp~e' complexes in

the design of a variety of species with aiiphatic or arornatic oxygen, s u k or aitrogen
bridges. Interest in the chernical behavior of these complexes led to the electrochemical
investigation of selected species. Specificaliy, it was found that the iron centers of
etheric complexes behaved as isolated redox centers whereas a smdl 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 detemination of several activation parameters. It was found that the nature of the
bridging ligand as well as temperature afTected the behavior of these species.
Cyclopentadienyliron activated

nucleophilic aromatic

substitution

was

fùrther

investigated with respect to several polymerization techniques. Monorneric design was
achieved by the preparation of the compiex 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 CpFd 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 bimetaac
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 rnetallic moieties to the 2-electron system of an
aromatic compound has had a substantial impact on the development of transition metal

chemistry.14 It has been well established in organic chemistry that aromatic compounds
readily undergo electrophilic aromatic substitution reaction~.~ It has also been

demonstrated that, under certain circurnstances, 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 wiil 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 rnoieties such as cydopentadienyliron ( c ~ F ~ + ) ,
pentamethylcyd opentadienyhtheniurn (($RU+),
cyclopentadienylmthenium (cpRu+),
chromium tricarbonyl (Cr(CO)p), and manganese tricarbonyl (Mh(c0);). Mechanistic
investigations involving the reactivity of a number of halobemene metal complexes
toward nucleophilic aromatic substitution with the metboxide ion allowed for a
cornparison of the electron-withdrawing capability of the metal moieties with respect

to one an~ther.~*'Figure 1.1 summarizes the relative electron-withdrawing power of
some of the metal moieties mentioned above.' A one-dimensional examination of these

numeric estimation
of the rieactivity

1
very small

Figure 1.1: Relative electron-withdrawing ability of metaliic mokties
upon x-complexation to an aryl halide

metal moieties based on their capacity to activate aromatic compounds toward
nucleophilic reactions suggests M ~ ( c o ) as
~ the metal moiety of choice. Al1 of the
aforementioned metal moieties have been applied to some degree to the activation of
arornatic c ~ m ~ o u n d s . In
~ - spite
~ ~ of the activating ability of sorne of these metal
moieties, the extent of their application is often harnpered by factors such as high cost,
toxicity and limitation with respect to the number of aromatics to which they may be
cornplexed. The moderate electron-withdrawing ability of c ~ F 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 varkty of chemical reactions, the use of C

~ in Fthe ~activation of

aromatic compounds toward nucleophilic aromatic substitution reactions is the primary
focus of this study and will be considered in further detaiL8

1.2

Synthesis and Reactivity of $A.reneq S-~yclopentadienyliron
Complexes

1.2.1 Synthesis

Although Co5eld and coworkers are noted for the preparation of the f ~ s t

q6-arene-q5-cyclopentadienY~ir~n
complex in 1957, the low yield of their procedure
limited its extensive application.20 Nesmeyanov and coworkers are highly regarded in
the field of aromatic organoiron chemistry for their contribution of an alternative

preparation of these mixed sandwich complexes.21-24

Nesmeyanov described the

successful replacement of one of the cyclopentadienyl ligands of ferrocene with an
appropnate arene in the presence of MC13 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 aoichiometric
amount of H20or concentrated H C ~ . *Figure
~
1.2 represents the general scheme of the

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 mked sandwich complexes
of iron via the ligand exchange reaction

Typically, excess arene is added to ferrocene in the presence of A U 3 and Al for 3 to 24
hours at a temperature ranging between 80-165°~.2556
Although the addition of a solvent

is not usuaily necessary since the arene itself may serve as the solvent, one of two options

may be considered in the use of solid armes. The solid arene rnay 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 ~ubstituents.~'These observations are rationaiized by
the electrophilic mechanism which has been suggested for this reaction (Figure 1.3). 38-39
A key step in the proposed mechanism is the formation of a complex involving &Cl3 and

an electron rich cyclopentadienyl rings of ferrocene. This results in a weakening of the
iron-ring bond to form the f?ee CpFet unit which undergoes f i d e r reaction with an

aromatic substrate to yield the desired q6-arene-qs-cyclopentadienylironcation. It is this
species which is then subject to an exchange with the desired arme ligand.
The hindered reaction of the cyclopentadienyl ring substituted with electron
withdrawing groups is then ju&ed

by the decreased electron density of the ring. This

limits atîack by &Cl3 which makes the subdtuted cyclopentadieny1 ring less susceptible
to cleavage. It is important to note that regardless of the features of the cyclopentadienyl

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.25-28.35-37.39
In 1993, a communication appeared which describes the preparation of $-arene$-cyclopentadienyliron complexes in higher yields and employing reaction times of 4
minutes." This attempted improvernent 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 canying 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 considerable 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(cyclopentadieny1iron) complexes.30,32-34.41-45

Figure 1.3: The mechanism of the ligand exchange reaction

1.2.2 Nucleophilic Aromatic Substitution Reactions

The wide variety of chemical reactions that q6-arene-r(5-cyclopentadieny1ir~~
complexes can undergo, including reactions with either of the complexed rings, theû
substituents or the iron itself, thoroughly demonstrates their remarkable reactivity.4647
These complexes are susceptible to photolytic cleavage, oxidation and reduction

reactions and nucleophilic addition and substitution modincations. The reactivity of

these complexzs 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 electronwithdrawing substituents, are equally inclined to act as electron acceptors and undergo
reaction in the presence o f a n u ~ l e o ~ h i l eThe
. ~ ability for an organometallic species such
as c p ~ e to
f act as a strong electron-withdrawing group and activate a complexed arene

toward nucleophiiic 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

+ undergo nucleophilic aromatic substitution in the presence of a
complexed to c ~ F ~will
variety of carbon, oxygen, sulfur and nitrogen nucleophiles under fairly mild reaction
conditions."

Subsequent consideration of q6-arene-q5-cyclopentadienylironcomplexes

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
complexes.
with q6-arene-q5-cyclopentadieny~ir~~
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.

+
have
Specifically, both mono- and disubstituted chlorobenzene c ~ F ~complexes
successfully undergone SNAr reactions in the presence of a number of carbanion
nucleophiles and are recognized as a viable route to carbon-carbon bond formation
(Figure 1S).5047 A notable advantage of this synthetic strategy is the option of preparing

Nu-

Figure 1.4: Nucleophilic substitution of cyclopentadienyliron
activated chforo- and nitro-substituted arenes

Nu-

Nu-=

Figure 1.5: Reaction of various carbanion nucleophiles with
q6-(chloroarene)-q5-qclopentadieny~iron 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 q6-dichloroarene-i15-cyclopentadienyliro
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

zwirtenonic cyd ohewdienyliron complex possessing an exocyclic double bond. The
formation of this electron rich complex results fiom the deprotomtion of an a-XHgroup
(X = C, N, O, S) bonded to the complexed aromatic ring of a ~ p ~ complex
e '
under basic

reaction conditions and renders the complex inactive toward M e r nucleophilic
substitution (Figure 1.6).

Figure 1.6: Zwitterion formation

A similar scenario results fiom the reaction of q6-dichloroarene-$-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

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 ( n i t r o a r e n e ) ~ ~ ~ e +
denvatives have been employed in nucleophilic aromatic substitution reactions with
amines.60

In addition to the above mentioned carbon and nitrogen nucleophiles which have

been demonstrated to readily undergo substitution with (chloroarene)~e?~complexes,
the formation of etheric and thioethenc Iinkages also occurs in the presence of oxygen
and sulfùr n u ~ l e o ~ h i l e sThe
. ~ ' ~double
~
nucleophilic substitution reaction of a varîety of
oxygen, sulfur, andhr nitrogen containing 1,2-dinucleophiles with 1,2-çubstituted
dichloroarenes represents a unique approach to heterocyclic systems (Figure 1.7).64-66
The reaction of (chloroarene)~e*~~
complexes with a variety of aliphatic and
aromatic oxygen dinucleophiles has been studied extensively resulting in the preparation

of mono-, bi- and polymetaliic species.67-70

Figure 1.7: Reaction of 1,Zdinucleophileswith q6-o-dichioroarene-$cyclopentadienyliron complexes in heterocycle formation

Recently, the importance of organometallic reagents in organic synthesis has
becorne increasingly apparent.71-n The influence that the c ~ F moiety
~ + has had on the
modification of chernical species as an exclusive route to some organic compounds is no
exception. It is the ease with which the metaliic moiety may be removed fiom the
backbone of the modined organic Ligand which is often recognized as an important

feature of organoiron chernistry.
Pyrolytic sublimation, elecaolysis, and photolysis ail 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 therrnally stable $-arene-q5cyclopentadienyliron complexes and involves heating the complex to high temp erature
under partial vacuum.45.

74

Electrolytic reduction has been used to remove some

heterocyclic ligands fiom their parent metallated complexes.75 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 korn 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 yieids ranging from 50400%.45,

76-77

I,

addition to the removal of the modified organic species, ferrocene and an i r o n o salt are
generated in the process (Figure 1.8)."

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 fiom the solvent to the c o ~ n ~ l e x . ~ ~

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 tbree two-electron ligands. The solvent dependency of this reaction was suggested by

a çtudy carried out by Gi11 and Mann who concluded that CH3CN was one of the most
efficient solvents.80-82

1.2.4 NMR Studies of q6-~rene-q5-~yclopentadienyliron
Complexes

Nuclear magnetic resonance spectroscopy (NMJX) has become a primary tool in

the identification of q6-arene-qs-cyclopentadienylironcomplexes. It has been suggested
that due to bonding interactions with the metal d orbitals, hybndization of the arene
electrons takes place upon the complexation of the C

~ metal
F rnoiety
~
to uncornplexed

arenes resulting in distinguishing spectroscopie feahires.33,

83-84

The most distinctive

feature of the 'H NMR spectra of Q F ~complexed
+
arenes is the 0.8 to 1.1 ppm

downfield shift of the Cp resonances in cornparison to those representative of f e r r o ~ e n e . ~ ~
A similar downfield shifi of methyl and methylene protons was also noted. Diagnostic

features of the

13cNMR include the downfield shift of 6.0 to 9.0 pprn representative of

the Cp carbons as compared to ferrocene in addition to a 40 ppm upfieid shift of the
complexed arene carbon resonances relative to the free arenef

1.3 Organometallic Polymers

1.3.1 Introduction

The heightened interest in inorganic and organometallic pofymers stems fkom the
need for new specialty materials that meet the rigorous demands of Our technologically
advanced s o ~ i e t Due
~ . ~to~the emphasis on preparing materials with specific properties
for well-defined applications within an economical and environmentally conscious
conte-

polymer chemistry has developed into a highly interdisciplinary field composed

of organic, polymer, physical, inorganic chemistry and chernical engineering.85-90
One of the most direct approaches to controllhg the chernical behavior of the
desired materiai is by the incorporation of different monomer unit structures into the
architecture of the polymer c h a h The incorporation of metaiiic species into the polymer

structure aIlows 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 timited o d y by the chemists own intent and imagination. A case in point is the variety
of materials prepared by traditional polyrner chemists whose repertoire of materials is

composed of a few typical elements such as C, II, N, S, P,Cl,Br, 0, and F.89-90 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 rnetals availabie for possible use
in polymer preparation cm also be present in several oxidation States.89-90
Several unique features contribute to the wealth of potential applications that exist
for transition metal-containing polymers.gOThe ability to regdate the oxîdatim state of
the metal by changing the rnetal ligand is j u s one characteristic which conaibutes to their

value. Changing the ligands also allows control of these highly colored species with
respect to their absorption of visible or UV fight. The ability of the heavy nuclei to
absorb neutrons, X-rays and other types of radiation suggests the potential that the
resulting material rnay provide protection from radiation, or its presence prornote
selective cleavage and degradation of the polymer. Hence, this field has witnessed the
systematic and intelligent design of a wide variety of rnaterials with a diversity of
appiications 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 retard en^^.^'
Regardless of the diversity of the synthetic methods, the combination of several
side-group variations and the possible incorporation of a large number of elernents
presents limitless opportunities for the nature of the resulting metal-containing rnaterials.
Consequently, a distinction may be made between organometallic polymers: (i) which

contain the metal atom in the polyrnenc backbone or (ü) where the metal moiety is
pendent to the backbone of the polymer chain. Although a review of al1 the recent
deveIopments in this diverse field is beyond the scope of this discussion, each

classincation will be mentioned briefly with emphasis on macromolecules with pendent
metai moieties.

1.3.2 Polymers Containhg Metals in the Backbone

One of the main objectives of organornetallic chemists is to prepare stable,
processable, and high molecular weight polymers containing metals as a regular structural
unit of the polymer. They hope t o modi@ the polymeric properties of purely organic
systems by the incorporation of various metal moieties into the poiymer structure.85-90

Coordination and metallocene polymers represent two examples of polymers that
incorporate transition metals into the backbone of the poiymer c h a h
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-containhg polyesters, polyethers, polythioethers and polyamines fiom the
reaction of dicyclopentadienyltitanium dichloride (Cp2TiCIS with diacid salts, diols,
dithiols and diamines are examples.** Similar types of ferrocene-containhg polymers

aç

well as poly 1, l '-ferrocenylenes have been prepared by a variety of coupling reactions.91-95
However, these methods have generaily led to the isolation of low molecular weight
poiymenc 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 @OP) as a new route to polymers containing skeletal
ferrocene units. Ring-opening polymerization generally OCCLUS via chah-growth processes

and represents a unique route to the preparation of metd-containing polymers.

The

restrictive stoichiomeîric and conversion requirements, which often result in low rnolecular
weight species via condensation techniques do not play a role here? Mamers has taken

advantage of previously published investigations of [l]ferrocenophanes which showed that
these compounds possess strained, ring-tiited 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.85* % Figure 1.9 illustrates the thennally induced
ring-opening polymerization of both [l] and [Z] ferrocenophanes developed by Manners
for the preparation of ferrocene-containhg high molecular weight polymers. %-'O3

More

recently, greater control over the chah length of the desired species has been achieved
when Cl] and [2] ferrocenophanes were subjected to ROP in the presence of an anionic
initiator.104-107

The incorporation of ferrocene into the backbone of the polymer chah intially
attracted the attention of the areospace industry in their search for polymers with high

Figure 1.9: Ring-opening polymerization of [11 and [2] ferrocenophanes

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

rnaintained by their intnguing elec&ochemical properties which have shown evidence for

through bridge interactions between the iron centers.97-10 1. 103-104
Integration of transition metals into the backbone of the polyrner chah is dso
observed in the form of coordination polymers as a result of bridging of the metal by abonded organic ligands?

Many transition metals, including the lanthanides and actuiides,

have been incorporated into these types of metal-containhg polymers. The tendency of
some of these materials to exhibit a high degree of non-hear optical activity or electrical
conductivity has spurred extensive synthetic investigation.

The

majonty of these

polyrneric species are insoIubIe, and in combination with their ease of degradation rnakes

them usefid for the controlled release of drugs or growth hormone."

Figure 1.10

iilustrates one example of a coordination polymer which incorporates ruthenium into the
polymer backbone. 'O8

Figure 1 .10: Ruthenium coordination polymer

1.3.3 Organometailîc 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
chernical nature of the resulMg material. A universal feature of all polymeric species and
one which continues to plague polymer chemists alike is the decreased solubility
experienced with increased moledar weight. However, it has been demonstrated that a
slight modification of the polymer structure in the form of a side g o u p addition can
increase the solubility of the polymenc material. Relative to its organic counterpart, a
marked increase in polymer solubiiity may be observed upon n-complexation of a metal

moieîy.lg
Perhaps the most readily applied route to the synthesis of met al-containing

polymers originated in the 1960's with the discovery that vinyi ferrocene and other vinyiic
transition metd x-complexes undergo polyrnerization under the same conditions as
conventional monomers to form the corresponding polymeric mat erial. 'Og

VmyI-

organornetallic polymers are formed from the addition of the Wiyl units where either or
both X and Y may be metal-containing moieties and rewlt in the synthesis of
homopolymers (when X=Y)and copolymers (when X H ) (Figure 1.11 ).86
Figure 1.11 illustrates the diversity of rnetals that may be appended to the
backbone of the polymer chah employing just one synthetic approach. It would be fiitile
then to attempt a comprehensive review of polymenc materials of this type in any detail
here. Consequently, the foilowing discussion will be limited to those reports in which the

rnetallic species is pendent to polymeric chaùis with etheric and thioetheric Mages.

As of late, nithenium 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 SN&

reactions in the

preparation of poly(ether-ether-ketone) with pendent C ~ R U +metal moieties.l7

The

liberation of the metallic moiety via photolytic dernetailation 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 complexed

polymer in DMSO and acetonitrile relative to the insoluble nature of the pureiy organic
analogue.

Figure 1.11 : Fomatioa of polymers with pendent metallic

moieties fkom the addition of vinyl units

.
The reaction of the (1,4-dichlorobenzene)~u+~p'complex with various aromatic
ether and thioether dinucleophiles allows for the isolation of the corresponding metallated
polymeric materials. 19,

110

Acetonitrile, DMF and DMSO soluble metallated

poly(pheny1ene sulfide) and poly@henylene 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 fiee organic
polymers were hindered by premature precipitation resulting in incornplete removal of the
RU+C; moiety.

Figure 1.12: The preparation of poly(pheny1ene sulfide) and
poly@henylene oxide) with pendent C~*RU+

More recently, Abd-El-Aziz and coworkers have described the use of c ~ F ~ +
activated chloroarenes in the stepwise preparation of oligomenc species with etheric

~inkages.'~ This methodology involves the successive reaction of p-dichloro- and pdihydroxy- temiinated poly(cyclopentadienyiiron) cations under very rnild reaction

conditions that dowed for the preparation of metdated oligomeric species with up to 35
pendent metaiiic moieties.

Furthemore, photolytic demetailation 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 controiled design of these oligomeric systerns.

Figure 1.13a: Preparation of startkg matend for the stepwise synthesis of
oligomenc polyethers with pendent CpFe' m~ieties'~

Figure 1.13 b : The stepwise design of oligomeric aromatic ethers via
C p ~ e 'activated nucleophilic aromatic substitution reacti~ns'~

1.4 Polyarylethers and Polyarylthioethers

1.4.1 Engineering Thermoplastics

Thermal stability, chemical resistance, flame retardancy, high mechanical strength
and potential electncal properties are some of the characteristics inherent to polymeric

materials that incorporate aryl ether and thioether linkages as a fundamental component
These attributes provide the basis for a family of

of their molecular

polymenc materials referred to as "high performance plastics" or "engineering plasticsy'.
The commercial development of these materials has given rise to a class of highperformance plastics that are recognized for their superior performance in a number of
demanding applications. 111.

113. 121-123

Engineering plastics continually enter industriai

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 fiom their
attractive balance of properties in addition to their cost e ~ c i e n c ~ The
. ' ~ value
~
of these
types of polymers is rnagnified by the incorporation of various chemical functionalities
into the polymer structure in an attempt to design matenals with specific qualities.116-1 17,
120. 123-124

Several industnally sigmficant high performance engineering thermoplastics

are represented in Figure 1.14, and combine ether, thioether, carbonyl, sulfone and amine
linkages within the backbone of the polyrner c h a h

UDEL PolysuMone

Rade 1Polyethers d o n e

Vïtrex PolyethexsuEone

Wxex Polyetheretherketone

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 matenal itself and its intended purpose.123-124

Several of the most

commonly applied methods and recently developed methods used in the synthesis of
polyaxylethers and polyarylthioethers wii1 be mentioned bnefly in the following
discussion.

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 seiection plays an
important role in detemiining the success of any polymerization reaction. For instance,
dthough other sources have been noted, electron deficient species such as sulfonium
(-SO~+),acylium (-CO+),
and carbenium @&+) ions are predominantly generated fiom

their correspondhg acid halides or the fiee acid.lZ4In 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 stnicture.
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 alumuium chloride resuiting in the synthesis cf poly(pheny1ene sulfide)
(Figure 1.15). 123, 125-126 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.

Figure 1.15: Preparation of poly@henylenesulfide) in the
presence of Friedel-Crafts catalysts

Further development of electrophilic techniques acknowledged the unique
catalytic nature of Friedel-Crafts catalysts. AIuminurn chloride, femc chloride, antimony
pentachioride,

molybdenum

pentachionde,

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. 123-124,
127-131

FeCb and AlC13 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.127 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, stoichiometnc amounts of AlCl3 are required to promote the successfûl
polymerization of polyetherketones. This poses difnculties in po lymer isolation and
More recent innovations in AC& based electrophilic
lz7
promotes bra~chin~.'~~~

processes have employed the use of Lewis bases in conjunction with Lewis acid catalysts
in an attempt to control polymerization, especialiy with regard to possible side reactions

(Figure 1.16).'~~

ALClp
DMF
mm2

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 processibiïity of the
corresponding materials. Essentially, linear polymers yield the toughest polymers. 128. 13013 1

The formation of ortho structures during chain growth a d o r chain branches by post

reaction on polymer repeat d t s represent sorne of the most cornmon defects generated
as a result of electrophilic processes and tend to change a tough polymer into brittie
material. The preparation of linear polymers is inherent via electrophilic reaction where a
single monomer such as 1,4-phenoxybenzenedonyl chloride is employed (Figure
1.17).128*130

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 ethenc linkages, introduces a

higher potential for structural defects. This stems eom the fact that the sulfonylation of
diphenyl ether directly allows for the possibility of a substantial amount of orthosubstituted products to be formed as a result of the absence of the directionally
~ * & the reaction proceeds, branching
moderathg sulfone groups (Figure 1 . 1 7 ) . ' ~ 130

occurs causing a decrease in the concentrdtion of the phenoxy end groups. Although
electrophilic methods may be used effectively for polymer synthesis, these routes
generally result in more structurai flaws as compared to nucleophilic routes.

Figure 1.17: Structural characteristics of polymeric species resulting

f?om one and two monorner processes

1.4.3 Nucleophilic Methods

In the past few decades, nucleophiiic displacement techniques have been
exploited as a viable route to the preparation of commercially important engineering
thermoplastics.

This is ironic because tbe 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
unactivateci nitro- or haioarenes with alkali metal phenolates and t h i ~ ~ h e n o l a t e s . ' ~ ~

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 foilowed by loss of the leaving group. When the
aromatic ring b ears strong electron-withdrawing substiiuents in addition to a good
laving group, nucleophilic displacements take place under mild reaction conditions."2

Figure 1.18: Two-step nucleophilic substitution mechanism
via the highfy reactive Meisenheimer complex

The reaction of a number of di- and poly- haloaromatics with various metal
d d e s , which were either added unreacted or formed in situ fkom sulfiir and the metal
oxide or carbonate, was investigated by Macallum in the formation of poly@henylene
sufide)- 125, 133-138 In particular, he focused on the reaction of 1,4dichlorobenzene with
sodium carbonate and çulfûr in a sealed coiitainer at 275-360°C as illustrated in Figure
1.19. The commercial utilkation of this process was hindered by its highly exothermic
nature which made it dacult

to control. Additionally, the composition and physical

properties of the polymers were hîghly sensitive to the reactant ratios employed.136

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

materials123,

134

Poly(pheny1ene sulfide) is induçtnally produced by the reaction of

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

Figure 1.19: Preparation of poly@henylene sulfide) by the
Macaiium polymerization process

+

Na2S

heat
soivent

Figure 1.20: Industrial process used for the preparation of poly@henylene çulfïde)

Generally, the preparation of high molecular weight polymers via nucleophiiic
substitution resuits fiom the reaction of bisphenates or bisthiophenates with arornatic
dihaîides and is a prime representative of step-growth or condensation polymerization.'24
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).123-124.

139-145

Figure 1.21: Nucleophilic substitution reaction using the carbonate process

Figure 1.22: Nucleophilic substitution using the caustic process

Regardless of the methodology applied, several factors play a crucial role in the
production of polyrners with usefûl properties. The reactivity of the aromatic dihalide is
dependent upon both the acfivating groups and the halide to be displaced. The reported
order of ease of displacement in activated aromatic halides is usually F»Cl>Br>I.
140

124, 139-

Consideration of the nucleophilicity and thermal stability of the bisphenate during

polyrnenzation 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 detnmental to the phenate
monomer.12"

'*

Whereas electron-donating substituents para to the phenate group

enhance its nucleophilicity; the elecâron-withdrawing capability of certain chemical
functiondities render the bisphenol more acidic and its conesponding phenoxide less
reactive.

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.'"'~~

AS a result, it is crucial to attain high p k t y 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). 125. 139,142

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 r a d s 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 resuits in
termination of the polymerization process. It is important to note then that in this case,
the use of stoichiomeîric amounts of sodium hydroxide are crucial to avoid side reactions.
This is one of the buidamental reasons why allrali metal carbonate processes have been

favored in nucleophilic substitution reactions. It has been observed that small excesses of
inorganic carbonate c m be tolerated in the reaction and is not detrimental to the resulting
molecuiar weight of the isolated polymenc material.

'"

Furthemore, whereas the caustic

process requires the generation of the bisphenate salt nom 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
The

£kaaep in this rnethodology involves the nucleophilic reaction of difluorodiphenyl

sulfoxide with hydroquinone or 4,4'-diphenol in the presence of &CO3 using a mixture of
NMPftoluene as the solvent. Further reductioa of the sulfoxide in the presence of a
stoichiometric arnount

of

oxalyl

chlonde

and

two

molar

equivalents

of

tetrabutylamrnonium iodide aliowed for the preparation of the corresponding sulfide
containhg polymer (Figure 1.24).

The use of anhydrous sodium suifide in the incorporation o f suifide linkages has
recently witnessed a rejuvenation in the preparation of poly(suEde d o n e ) . Maita and
Dutta demonstrated the use of the activated nucleophilic displacement reaction of bis(4-

nitropheny1)sulfone and Na2S at 200°C in NMP in the preparation of the corresponding

suifide contaking polymer as fiustrated in Figure 1.25.

H3c

O-R-O
n
Tetrachloroethane
(Bu)qN+ 1- (2.5 eq.)
Oxalyl chloride (1.2e q.)

Figure 1.24: Synthesis of poly(ary1ene ether ether suifides)

Figure 1-25: Preparation of poIy(sulfide sulfone) by the reaction of
activated nitro monomers with anhydrous sodium sulfide

1.4.4 Scholl Polymerization

In the pst 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 resulthg in the formation of

an aryl-aryl bond in the presence of Friedel-Crafts catalysts.148-157 Extensive investigation
has shown that the reaction proceeds most successklly when dinaphthoxy containhg

monomers are subjected to polymerization in the presence of femc chloride as the
catalyst. The polymerizations can be run in nitrobenzene at room temperature. Figure
1.26 shows an example of the Schoil reaction for the preparation of an aromatic

polyetherd o n e .
The reaction is believed to proceed via a cation-radical rnechanisrn where a radical-

cation is generated at one of the naphthoxy groups due to the one electron oxidation of
the monomer by FeCG. 151-152,

155,157

It is the ease of oxidizability of the napthoxy groups in

this initial step that rnakes these monorners most appropriate for Scholl polymerization.
Chain growth then continues as a result of either electrophilic or radical propagation steps

Figure 1.26: Preparation of a polyethersulfone via the Scholl reaction

with terrnination 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 terrninated
monomers as exernplified in Figure 1.27, only low molecular weight materials were
isolated. 149, 154-155,

157

Details of the Scholl reaction will be considered more extensively in

Section 4.1 of this work.

Figure 1.27: Low molecular weight polyethers with diphenyl tennuiated monomers

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 lmown nucleophilic

and electrophilic processes which have been employed commercially in the synthesis of
many engineering thermoplastics. The Ullmann reaction is best recognjzed as a method

for the preparation of polyaromatic ethers involving the reaction of alkdi metal
phenoxides with aryl halides where the halogen containhg rnonomer is not activated by an
ef ectron-withdrawing group.158-160 Figure 1.28 iilustrates the reaction of the s o h sait of

Bisphenol A with a dibromo momomer under Ullmann reaction conditions. Copper based

species such as copper halides, copper oxides and rnetallic copper are used to catalyze the
reaction. Copper oxides demonstrated the greatest reactivity.161 Mechanistic studies
concluded that the cuprous ion is the active species which coordinates with the pi system
of the aromatic haiide making the resulting complex more susceptible t o carbon halogen

Figure 12 8 : Preparation of poly(l,4-phenylene oxide)
using ULlmann reaction conditions

cleavage.162-165The proposed mechanism for the Ullmann reaction is illustrated in Figure

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

the potassium phenoxide is favored over the sodium counterprts. lsg

An interesting

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 fiom activated halides or in short decreases in the order
I>B~CI»F. 161-165 The effect of the haloaromatic is most obviously iilustrated by the

ciramatic decrease in yield, fiom 70% to IO%, experienced in utilinng iodobenzene or

chiorobenzene, respectively, under identical reaction conditions. Despite the high yields of

Figure 1.29: Mechanism of the Ullmann reaction

product isolated with the use of iodobenzene starting materiais, the expense of these
compounds ofien encourages the use of their bromlliated 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 reactio~'~~

Another aspect of the reaction conditions which has been demonstrated as

influentid in determinhg the success of product formation is the choice of the solvent.
Although a varïety of solvents including DMF, HMPq DMSO, collidine, pyridine and
nitrobenzene bave been investigated as potential solvents for the U L L n m reaction,
cuprous chloride in pyridine has been determined to be the preferred catalyst/solvent
system.l"

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 rea~tion."~Aithough the above reaction canied out in pyridine alone
resulted in the isolation of 1,3-diphenoxybenzene and 1,3-phenylphenol in 72 and 15%
yields, respecfvely, 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 demomtrated

as a viable route to the preparation of polyarylethers, its potential for industrial application
is hindered by the low to moderate produa yields resulting nom possible side reactions

such as the Ullmann coupling process, reductive dehalogenation and halogen exchange
between the catalyst and aryl halide

Figure 1-30: Two products resulting nom 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).'684s9 The polymerization takes place most effectively under

an inert atmosphere in a dry aprotic solvent in which zero valent nickel is generated fkom
a three component mixture of a nickel salt, triphenylphosphine and a reducing metal such

as Mg, ~ nor, ~

n

.

~

~

~

Figure 1.3 1: Nickel catalyzed preparation of a polyethersullone

More specifically, optimal reagent mixtures are composed of a less than 2% mole
ratio of nickel based on the amount of aryl dichloride, high triphenylphosphineJnicke1
ratios and an excess of zinc which are subjected to moderate reaction temperatures. 169-171
Monomer units must be chosen wefully to ensure that any functional groups present are
inert toward the zinclnickel 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.16'

Side reactions

are a concem when the staaing reagents include electron-donating groups as part of their
structure.168-169 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 1.32 outlines the proposed rnechanisrn of the nickel-catalyzed
polymerization process.16g It is postulated that the initial step in the process involves the

generation of the active zero valent NI complex by the reduaion of the nickel M d e
fiom Ni(lI) to Ni(0). The subsequent oxidative addition of the aryl chlonde results in the
preparation of the correspondhg Ni@) intermediate which, following reduction in the
presence of Zn, undergoes a second oxidative addition of aryl chloride in the formation of
a diaryl NiCm) complex Liberation of the biaryl product involves a rapid reductive
elhination process yieldhg a Ni@ complex which is reduced further and may re-enter
the cycle. At the same t h e , the Ni@) species may react with arylchloride by oxidative
addition to yield an arylnickel@I) intermediate which is reduced to aryInickelO and may
re-enter the cycle in this form.

Figure 1.32: The nickel catalyzed mechanism

1.4.7 Palladium-catalyzed Cross-Coupling of Th Reagents

The coupling reaction of bfinctionai tin reagents with dihalides in the presence
172-173

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-butylstanny1)diphenyl ether

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

Figure 1-33 : Palladium catalyzed polymerization of 4,4' -bis(tn-n-butylstanny1)dipheny1
ether with 4,4'-dibromodiphenyl sulfone

A 2:1 tripheny1phosphine:palladium chloride catalyst system in DMAc at 16S0Chas been
detemilned 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 fkom the tolerance of pendent functional groups which

may be included on the monomer unit yet &ers fkom low reaction yields. 172-173

1.4.8 Temporary Complexation to a Metal Moiety

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

( ~ 0 ) ~ M complexed
n'
chloroarenes toward

reactivity with various nucleophiles, it is no surprise that these complexes have been
investigated as a possible route to ether ~ ~ n t h e s i sl . Figure
~ ' ~ 1.34 illustrates the reaction
complex
'
with the sodium salt of phenol in the preparation of the
of a ( ~ 0 ) ~ M n
correspondhg diphenyl ether. Pearson employed this methodology in the preparation of
various diaryl ether and trïaryl diethers which may be used m e r as precursors in

natural product syntheses. Despite the success experienced in using the complexation of
this metaliic rnoiety for the incorporation of etheric linkages, the inability to prepare
1,2, 1,3, and 1,4-dichloroarene complexes restricts M e r use of this process for this
polymer synthesis.l0
It was mentioned previously that in comparison to other metal moieties that have
been used to activate haloarenes toward nucleophilic aromatic substitution, the Cr(C0)3
complexes have been shown to be the least reactive.

The reaction of

(1,4-dich1orobenzene)-Cr(CO):, with mono- or diphenoxides has resulted in the
preparation of aryl ethers.16, 175 The disadvantage of this reaction was the inability to
obtain the desired disubstituted product without having to separate it &om the mixture of
products that results eom the reaction (Figure 1.35). l6

NaOPh
acetone, OoC

I

70-80 %

I

Figure 1.34: Complexation of the (CO),Mn' in the promotion of chioroarene
toward &Ar reactions in the preparation of ether linkages

Double nucleophilic substitution of (1,4-dichlorobenzene)-Cr(CO)3 with the potassium
salt of bisphenol A was dso successfully attained and presents the potentid 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(C0)3 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 metai moieties have attracted
considerable attention as possible routes to ether and thioether containing compounds.

Figure 1.35 : Nucleophilic aromatic substitution of (1y4-dichlorobenzene)Cr(C0)3
with the potassium salt of phenol

The moderate activation capabilities in cornparison with the chrornium and rnanganese

metal moieties in addition to the number of chloroarenes to which they can be
complexed, the ease of liberation of their modifïed ligands fiom the cornplex, and their
environmentally safe CO-ligandsepitomize the appealing quaiities of iron and ruthenium
complexes. Severai reports have appeared which outline the use of Cp~u':

cpku'

and

C p ~ e +(chloroarene) metal complexes for the incorporation of aliphatic a d o r aromatic

'"'"

ether and thioether iinkages in a variety of cornpounds.

67-70* 1°* 176-178

Figure 1.36: Double nucleophilic substitution reaction resulting
in the preparation of bimetallic Cr(CO)3 complexes

In particular, two different approaches have been investigated in the use of C p ~ e +
and C p ~ u '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 f?om their corresponding organometallic counterparts.
This has allowed for the preparation of unique organic monomenc units which are
suitable for polyesterification or the Scholl reaction in the synthesis of polyrners. For
example, Pearson and coworkers have used the polyesterification of monomers generated
ushg this organometailic route to produce poly(ether-esters).176-177
Segal reported the preliminary research conceming 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)

with pendent C p ~ u moieties
'
(Figure 1-37).
" Fuxthermore, Segal was able to isolate the

organic polymer species simply by photochernical or thermal arene displacement.
Unfortunately, the organornetallic poly@henylene oxide) and poly@henylene sulfide)

materials

produced

by

Dembek

and

coworkers

by

the

reaction

of

(1,4-dichlorobenzene)~~*~u~
with various dihydroxy- and dithioxy- arornatic
nucleophiles were not çuccessfully isolated as their organic counterparts (Figure 1.12) .1819- ''O

Nonetheless, the preparation of these acetonitrïle, D m , and DMSO soluble

organorneta.Uk polymers exemplifies the synthetic utility of this technique.

Figure 1.37: Preparation of poly(ether-ether-ketone) with pendent C p ~ u 'metal moieties

Until recently, the use of the ligand exchange reaction of a polyarornatic
compound with excess ferrocene was the primary route for obtaining high molecular
r n ~ i e t i e s - The
~ l ~nucleophilic
~
aromatic substitution
weight species with pendent C p ~ e +
of a 2:l rnolar ratio of mono- or dichloroarene C

~ complexes
F ~
with aliphatic or
6749

aromatic diols has aliowed the isolation of a variety of dikon complexes.

Detailed

investigation of this technique utilizing aromatic diols has demonstrated that employing
either a one- or two- step reaction strategy offers the oppominity 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 rnetal~.'~ The
general reaction scheme for this synthetic strategy is based on the structure of monomers
generated fkom the reaction of (1,4-dich1orobenzene)~e'Cphexafluorophosphate and
hydroquinone and is schematically represented in Figure 1.13.
Essentially, the chah length of the oligomeric species increases via successive
nucleophilic arornatic substitution reactions of chloro- and hydroxy- terminated metailic
species. The ixtilization of a 2:1 molar ratio of a complex containing two terminal
hydroxy substituents with (1,4-dich1orobenzene)~e'Cp allowed for disubstitution of the
chlorine substituents and resulted in the isolation of a higher molecular weight species
with terminal hydroxy groups.

Altematively, the reaction of a dichloro-terminated

oligomeric species with hydroquinone in a 2:l ratio generated the corresponding
dichioro-terminated complex with the appropriate number of metallic moieties.
Successive reaction of the terminal dihydroxy or dichloro substituents of the resulting
oligomeric polymetaiiic complexes allowed for control over the nature and molecular
weight of the resuitant product. This methodology presents a unique strategy in the

preparation of polyaromatic ethers.

This synthetic strategy presents an efficient alternative to aromatic ether synthesis
under very mild reaction conditions. Photolytic dernetdation of the organometaliic
oligomers also allowed for the isolation of the pureiy organic analogues in good yield.6769

One drawback of this synthetic stnitegy is the numerous reaction steps which must be

emptoyed 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.

2.0 Synthesis of Bis(cyclopentadieny1iron) Arene Complexes with Sulfur

and Nitrogen Bridges

2.1 Synthetic Routes to the Preparation of Thioether Linkages
Interest in the preparation of &de

containing compounds originates nom their

importance as intermediates in organic synthesis as weU as their potential use as

phamaceutical agents. 179-183 Their high thermal stability and their potentid as conducting
materials M e r warrants an investigation of these ~ o r n ~ o u n d Although
s . ~ ~ ~ there are
limited publications describing the synthesis of aryl aryl bis-sulfides,

184I87

numerous

studies report successful efforts in the preparation of alkyl alkyl and alkyl aryl mono- and
bis-suifides. 188-198 Routes for the synthesis of aryl aryl sulfides, in particular, often s a e r
f?om harsh a d o r 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 alky1 aryl and aryl aryl &des

is

the reaction of a l e l and aryl halides with the sodium and potassium salt of thiols (Figure

RX

+ R'S-

-

RSR'

Figure 2.1: Preparation of sulfide linkages by displacement reactions

55

Analogous to the Wfiamson reaction, the most cornmon method used for the preparation
of a variety of symmetric and asymmetric diethers, aikyl haiides are generaily used as the

reagent of choice due to the availabiiity of these species and the faa that halides are
relatively good leaving groups. However, sulfiinc and sulfonic esters may be used in place

of halides.lg9It has been demonstrated that the rnobility of the halide in these displacement
reactions is greatly affected by the nature of the starting material. It has been determined
that the miction is especially favorable with primary halides, with secondary halides
resulîing 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 appropnate 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
haiides react in the presence of an aiyl thioxide anion albeit in low yields and under harsh
reaction conditions-lg9
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. Hemott and Picker reported the syntheses of
sulndes and dithioacetals according to Figure 2.2a and 2.2b, respectively.200

Figure 2.2a: The use of a phase transfer catalyst in the
synthesis of alkyl-alkyl and WI-aryl sulfïdes

Figure 2.2b: The preparation of dithioacetals via phase transfer
catalyzed anionic substitution reactions
Several aspunetrical sulfides were isolated in yields of greater than 90% fiom the

reaction of the desired thioi with an -1

bromide or iodide in the presence of

tricapqlmethylammonium 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 fkom dichloromethane took place resulting in the
generation of the corresponding symxnetrical thioacetals (Figure 2.2b).200 As in the
previous reaction, the symmetrical tbioacetals were isolated in excellent yield following
stimng of the appropriate reagents for 15 minutes at room temperature. Akhough several

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 SNAïreactions of
aromatic substrates. Rolla and coworkers described the use of &Ar reactions of 1,2- and

1,3-dichlorobenzenewith thiolates under Iiquid-liquid phase transfer catalyst conditions.201
A heterogeneous mixture of the substrate, dicyclohexano-18-crown-6 as a catalyst, and

solution of the thiol in aqueous concentrated KOH were stkred at 110°C under a nitrogen
atmosphere according to Figure 2.3.

Figure 2.3: Dicyclohexano- 1 8-crown-6as a phase tnuisfer catalyst

in the preparation of aryl-aryl suifides

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,
signincantly 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 firom 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 t h i o l ~ The
. ~ ~mobility
~
of the first chlorine in the
displacement proceeded as expected and foilowed the order 1,2- > 1,3- > 1,4dichlorobenzene with the thiolates reacting according to primary alkyl> secondary aikyl>
tertiary a b 1 >> aryl. The relative reduced reactivity of aryl thiolates in cornparison to
thei. aliphatic counterparts is clearly demonstrated by the study of thiophenol. Only a

21% conversion of the correspondhg aromatic products was observed which emphasizes
the use of this technique in the preparation of -1

aryl thioethers rather than wholiy

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). 18C185

ArSK

+ M X

amide
solvent

AsAr'

+ ICrC

Figure 2.4: The Preparation of Bis-Suifides in the Presence of an Amide Solvent

Initial investigations applied Uilmann-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 fùnction of the amide solvent had not been determined, it seemed to have a
significant impact on the birnolecular nucleophilic substitution reaction. 184185

Several

factors which hinder the generality of this reaction include the use of a weak thiolate
nucleophile made unreactive through electron-withdrawing groups or, altematively, an
unreactive halide containing strong electron donon 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 ailq1.-aryl and aryl-aryl bis-sulfides that were isolated.

amide

solvent

Figure 2.5 : Bimolecular nucleophilic substitution in the preparation

of various allcy1-aryl and aryl-aryl bis-sulfides

Modifïed displacement reactions have also been applied successfully in the
preparation of aromatic mono- and di-suifides. Bunnett and Creary report the synthesis of

di@ s a d e s via the photochernical stimulation of an aryl halide and an arenethiolate ion
in refluxing liquid ammonia under a nitrogen atmosphere (Figure 2.6). 185-186 In spite of the

low solubiiity of many aryl iodides in liquid ammonia, the reaction was observed to
proceed accordingly with the desired arenethiolate ion.
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Figure 2.6: The photochemically induced synthesis of diaryl s a d e s

The obvious advantage of this synthetic strategy is the successfûl preparation of aryl
sulfides in relatively high yields. However, the reaction suffers nom the fact that in many
cases the desired products could be isolated only in the presence of a srnail amount of
s t d g material or impurities. The flexibiiity of this methodology is exernplied 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-sulflde, 1,3-di(thiophenoxy)benzene in 91% yield

accompanied by a mere trace of 1,3-chlorophenyl phenyl suEde is shown in Figure 2.7.

It is suggested in Figure 2.7 that the monosubstitution product is not an
intermediate in the formation of the bis-suIfide. This was determined by several kinetic
siudies which showed that 1,3-chloroiodobenzene was 17.4 times more reacfve than the

corresponding monosubstitution prod~~t.18S-186
These relative reactivity measurements
support the notion that the monosubstitution product is too meactive to participate as a
major reaction intemediate. Table 2.1 summarizes the specifk reaction conditions applied
in the production of some of the bis-sulfides. Generally, chloroiodobenzene substrates

yielded the best results whiie fluoro-containing starting materials allowed for substitution
of the iodine substituent exclusiveiy and resulted in the isolation of the corresponding
monosubstituted product.

electron source
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Figure 2.7 : Reaction of 1,3-chloroiodobenzene with thiophenoxide in liquid ammonia

Table 2.1: Reaction Conditions and Resulting Products in the
Production of Aryl Aryl DisuKdes
Substrate
19-(=1C6a4-r
l,&ClC&LJ
1,3-BrC&I.J3r
1,3-CiC-r
1,4-BrC&Br

l&ClCa
1,3=FC&&I

Reaction time
(min.)
150
120
190
180
300
90
100

Sulfide Product

% Yield

1,3-PhSC&SPh
1,4-PhSCaSPh
1,3-PhSCsHjSPh
1,3-PhSCs&aSPh
1,4-PhSCaSPh
192-PhSC&&Ph
1 , S F C a S Ph

91
89
92
55
64

77
96

Although displacement reactions represent the most readily applied routes to the
preparation of sulfur containing compounds, reductive techniques have also been
successfuiiy 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 L

a is the most extensively investigated reagent

in the formation of the co~~esponding
sulfides. However, several other reagents have been
stu~iied.'~~
One method which has been studied and ailows for the deoxygenation of both
aliphatic and aromatic sulfoxides to the correspondhg suEdes takes place in the presence

of tnchloromethylsilane/sodium iodide in acetonitriie solution.2o2Detailed exploration of

this rnethodology indicated that one equivalent of tichloromethylsilane 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 tnchlorornethylsilane were important in the conversion of the suIfoxide

to the sulfide according to Figure 2.8.202The attraction of this methodology stems from
the mild reaction conditions and the instantaneous nature of the reactionThe conversion of sulfones to &des

is widely recognized as a difficdt 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 s ~ d f ~ d e s .However,
'~~
for the

most part, there is no general method for the reduction of sulfones and doXides.
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Figure 2.8: Mechanistic investigations of the reduction of sulfoxides to sulfides in the
presence of trichloromethylsilane/sodium iodide in acetonitrile

2.2.2.1

Reactions of q6-~hloroarene-q5-~yclopentadienyliron
Hexafluorophosphate Complexes with Aliphatic Disulfides

Several reports have appeared which describe the reaction of q6-(ch1oroarene)-<cyclopentadienyliron complexes with a variety of oxygen dinucleophiles in the preparation

of the corresponding bimetallic complexes wÏth etheric Mages. 67-70

The synthetic

versatility of this methodology was observed in the highiy 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.

TypicaiIy, r16-chloroarene-q5-cyclopentadienyliron
complexes are reacted with a
dihydroxy aliphatic or aromatic compound in the presence of an appropnate base and
stirred in a polar aprotic solvent system Figure 2.9 illustrates the reaction of the q6chlorobenzene 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 &CO3 are s k e d for 17
hours at room temperanire in a mixture of THF/DMF under a ninogen atmosphere.6768.70
However, attempts to incorporate aliphatic ether lînkages using the same reaction
conditions resulted in the isolation of the starting complex exclusiveiy. The rationale
behind this observation was the lower acidity and nucleophilicity of aliphatic diols in
cornparison to their aromatic counterparts as indicated by their higher pKa values.69
Consequently, a slight modification involvhg the use of potassium tert-butoxide, a

Figure 2.9: Reaction of ti6-chlorobenzene-~-cyclopentadienylin
hexafluorophosphate with hydroquhone

stronger base, was ideal for generating aliphatic dioxide ions -0(CH2)J3-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 utilinng reaction conditions
similar to those employed in the generation of bïmetallic complexes with aromatic ether

linkages. Bis(cyclopentadieny1iron) arene complexes containing aliphatic sulfide bridges
were prepared by the reaction of a 2:l rnolar ratio of an tf-(chlor~arene)-~~(cyclopentadienyliron) hexafluorophosphate cornplex 2.1-2.8 with the desired aliphatic

dithiol 2.9-2.12 in the presence of an excess of K2C03. These reagents were stirred in a
mixture of THF/DMF (4:l) at room temperature for 16 hours under a nitrogen

atmosphere (Scheme 2.1). AU reactions proceeded smoothly and allowed for the isolation
of the desired diiron complexes with thioether linkages as yellow solids in yields ranghg

fiom 60-93% as summarized in Table 2.3.

Scheme 2.1

The 'H and 13cCdata of complexes 2.13-2.33 showed al1 the expected peaks,

as reported in Tables 2.2 and 2.3 (pages 76-79). It is important to note that unless
otherwise noted, aii NMR spectra of the CpFe' complexes were obtained using acetone-&
as the solvent with chernicals shifts being referenced with respect to the quintet at 2.04

pprn and septet at 29.8 pprn appearing in the 'H and 13cNMR 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 -30ppm and 78.65-81.89 ppm in the 'H and "C

NMR spectra, respectively. Figure 2.10

depicts the 'H N M R spectnun for complex 2.15 and outlines the expected chemical shift
regions for the aliphatic and complexed arornatic protons. The Cp resonance appears as a

singlet at S.16 ppm whde the complexed aromatic protons appear as a group of peaks at
6.44-6.56 ppm.

The aliphatic protons are upfield fkom the aromatic protons and are

located at 3.29, 1.81 and 1.61 ppm representative of the a-,P- and y- protons,
respectively. The 13cNMR spectnirn 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 bzt~eline.~~~
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. Anaiogous to the signals of the aliphatic resonances in the
L

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-,8- and y- carbon resonances, respectively. A

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 spectnim by the presence of two cyclopentadienyi 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 iliustrates two possible diastereomers

of complex 2.17. These complexes can be designated as K R or S,S (enantiomenc pairs)

for one diastereomer and

KS and

S,R (enantiomeric pairs) for the other diastereomer.

The observation of tn.0 methyl resonances at 2.60 and 2.62 ppm hrther supports the
identification of the diastereomers of this compound. The ratios of these two isomers
were measured nom the 'HNMEt spectnim and appeared to be approximately equal. The
'H NMR spectnim for complex 2.17 is shown in Figure 2.13.
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Figure 2.12: Two possible diastereomers of complex 2.17

The preparation of bimetallic complexes with linkages of varying chain iength was
expfored 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 M e r
nucleophilic aromatic substitution reacti~n.~' Changing the chah length offers the
potential for varying the properties of the redting materials in ternis of solubility a d o r
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
dinucleophiies incorporating nom two to eight methylene groups.

Table 2.2: 'H NMR Data of Alkyl-AUcyl Disuifide Complexes 2.13-2.33.

6 (acetone-ds), ppm
Complexed

6.44-6.56 (III, 10H)

6.35-6.56

(III,

1OH)

4H)
6.30-6.40 (III,
6.65 (d, 2H, J = 6.2)
6.29 (t, 2H, J = 5.9)
6.40 (t, 2H, J = 6.0)
6.48 (d, 2H, J = 5.9)
6.62 (d, 2H, J = 6.3)
6.27 (t, 2H, J = 6.0)
6.38 (t, 2% J = 6.2)
6.47 (d, 2 8 J = 6.2)
6.57 (d, 2H, J = 6.2)
6.30 (d, 2% J = 6.1)
6.40 (t, 2H, J = 6.2)
6.51 (d, 2H, J = 6.6)
6.56 {s, 2H)
6.28 (d, 2H, J = 6.0)
6.40 (t, 2H, J = 6.0)
6.43-6.49 (m,2H)
6.52 (s, 2H)
6.27 (d, ZH, J = 5.9)
6.35-6.45 (ni, 4H)
6.49 (s, 2H)
6.41 (d, 4H, J = 6.4)
6.54 (d, 4H, J = 6.4)

Othersa

3.37 (t, 4H, J = 7.2, a-CH2)
1.61 (IQ4- y-CH2)
1.81 (XI, 4H, B-CH2)
3.29 (t, 4H, J = 6.9, a-CH2)
1.27-1.48 (m, 4 y 6-CH2)

3.27 (t, 4H, J = 7.2, CC-CE)
2.60 (s, 3H, CH3)
3-66 (m,4H, CH2)
2.03 (Q 4H, P - c H ~ ) ~
2.59 (s, 6H, CH3)
3 -38 (m, 4- a-CH2)
1-64 (IQ 4l3,y-CH2)
1.84 (m, 4l3,P-CH2)
2-58 (% 6Y cH3)
3.30 (t, 4H, J = 6.4, a-CH2)
2.55 (s, 6y CH3)
3-66 (s, 4H, CH2)

1-52 (m, 4H, y-CH2)
1.78 (IQ 4H, P-CH2)
2.56 (s, 6y CH3)
3.28 (t, 4H, J = 7.3, a-CH2)
2.49 (s, 6H, CH3)
3 -63 (s, 4H, C&)

5-20

5.27

5.3 O
5.28

5 -27

5 .O7

5.O9

" J values in Hertz.

b

6.44-6.48 (III, 4M)
6.75-6.79 (m, 2H)
6.88-6.92 (Q 2H)
6.50-6.57 (III, 4H)
6.59 (d,2H, J = 5.8)
6.96 (s, 2H)
6.74 (d, 4H,J = 6.8)
6.85 (d, 4I.i J = 6.8)
6.65 (d, 4H,J = 6.8)
6.83 (4 4H, J = 6.8)
6.64 (d, 4H, J = 6.8)
6.82 (d, 4H, J = 6.8)

6.37 (t, 2& J = 6.9)
6.48 (d, 4H, J = 5.8)
6.30-6.41 (44H)
2I.f)
6.48-6.52 (m.,

Signai obscured by solvent peak.

1.98 (m, 4H, P-CH2)
2.50 (s, 6y CH3)
3 . 3 8 (t, 4H, J = 7.2,a-CH2)
1 -60(a4H, y-CH2)
1.79 (III, 4H, P-CH2)
2.48 (s, 6H,CH3)
3-26 (m, 4H, a-CH2)
1-68 ( 4 4H, 'f-m2)
1.88 (III, 4H, P-CH2)
3.37 (t, 4H, J = 6.6, a-CH2)
1.98 (m 4H, B-CH2)
3-44 (m,4H, a-CHz)

1.97-2.02 (III, 4H,P-CH2)
3 -34 (m, 4H, a-CH2)
1.58 (III,4H, y-CH2)
1.78 (III., 4- B-CH2)
3-28 (t, 4H, J = 7.3, a-CH2)
1.29 (a8H, 6 & y-CHz)
4 6 B-CH2)
165-1.80 (III,
3.26 (t, 4H, at-CH2)
2.78(s, 12H, CH3)
3.1 8 (s, 4w CH2)
1-40(XII, 4H, ./-CH2)
1.64 (III, 4- P-CH2)
2.83 (s, 12% CH3)
2.87 (t, 4H, J = 7.4,a-CH2)

Diastereoisomers present-

Table 2-3:

I

13cNMR

Data ofAlkyl-Aryl Disuifide Complexes 2.13-2.33.
5 (acetone-ds), ppm
Complexed
Aromatic

i
Others

I

2.2.1.2 Reactions of q6-~hloroarene-q5-cyclopentadienyliron
Hexafluorophosphate Complexes with Aromatic Disulndes

In

the

course

of

investigations

involving

the

preparation

of

bis(cyc1opentadienyiiron) arene complexes with etheric and thioetheric linkages, the
synthesis

of

isomenc

(q6-phenylenedithiobis(benzene))bis(~

hexafiuorophosphates was dso achieved.

These complexes were prepared by the

combination of chloroarene complexes 2.1-2.8, isomenc dithiols 2.34-2.36, and potassium
carbonate in a THFDMF (4: 1) mixture for 2 6 hours at room temperature under a nitrogen
atmosphere (Scheme 2.2). AU the reactions proceeded in an efficient mamer with the
correspondhg diiron complexes being isolated as yellow solids in yields ranging fiom 7095%.

Due to the activation of the chloroarene ring toward nucleophilic aromatic

substitution by the complexation of the C p F e 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 thi~ethers.~~"
191-192.195

The successful preparation of complexes 2.37-2.47 were verified using 'H and

13c

NMR and the data surnmarized 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 N M R
for the cyclopentadienyl (Cp) protons, a strong singlet representative of the Cp protons is

also observed in the case when aromatic sulfur hkages are incorporated. As was
mentioned previously, this is a consequence of the syrnmetrical nature of these complexes.

Scheme 2.2

Figures 2.14 and 2.15 show the 'H and

NMR spectra representative of complex 2.47,

13c

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 fiom 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.203
The symmetry of these complexes is clearly exemplified by the 'H

of this particdzr

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

f?om the uncomplexed aromatic protons in the form of a tripiet at 6.48 ppm and a doublet

at 6.56 ppm as expected. The symmeby of this complex is M e r verified by the
simplicity of the

13cNlMR spectnim where the Cp,

rnethyl and uncomplexed aromatic

protons are represented by single resonances below the basehe 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 quatemary carbon atoms with the resonance of the uncomplexed quatemary carbon
atom appearing furthest downfield.
The synthetic value of this methodology in the preparation of complexes
containing thioethenc M a g e s has been thoroughiy 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

iUustration 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 aU
atfected by its stencaily crowded environment. The 'H and

I3cNMR

spectra of complex

2.45 are shown in Figures 2.16 and 2.17, respectively, with the chernical shifts appearing

in the expected regions as mentioned above for complex 2.47.

Tab e 2.4: 'H NMR Data of Aryl-Aryl Disulfide Complexes 2.37-2.47.

Complex

6 acetoaeComplexed
Aromatica

6.32-6.46
,II( 6HJ
6.50 (s, 2H)

6.3 1 (s, 2H)

6.39 (d, 4H, J = 5.9)
6.53 (d. 4 H J = 6-11
6.55(m,2H)
6.64 (m,4H)
6.50-6.60
,II( 6H)
6.48 (t, 2H, J = 6.0)
6.56 (d. 2H J = 6.0)
8

J values in Hertz.

Diastereoisomerspresent

7.82 (s, 4H)
7.68-7.75(m 2H)
7.82-7.87(Q 4H)
7.92-7.93(a2H)
7.48-7.69(m, 3H)
7.85 (d, lH, J = 7.3)
7-73-7.94
(m 4m

7.62 (s, 4H)
2.64 (s,

6H,C&)

Table 2.5 :

I

I3cCData and ndelds of Aryl-Aryl Disulfide Complexes 2.37-2.47
6 (acetone-ds), ppm
Complered
Uncomplexed
Aromatic
Aromatic

Others

2.2.1.3 Reaction of 6-~hloroareneqs-~yclopentadienYiiron
Hexafluorophosphate Complexes with CHydroxythiophenol

With the success achieved in the design of &on complexes with etheric and
thioetheric linkages, a naturd extension of this synthetic route involved the application of
this strategy in the preparation of bis(cyclopentadienyiiron) complexes of arenes with
rnixed ethedthioether bridges. The reactions of chioroarene 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 &on complexes with aliphatic and aromatic
thioether bridges and resulted in the isolation of complexes 2.49-2.54.
details are represented in Scheme 2.3.

Scheme 2.3

The synthetic

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
symmetrïc complexes described in Section 2.2.3.

The asymmetxy 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 compIexed 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 asymrnetric design of
complex 2.50. This same rationale is used to explain the doublets at 7.52 and 7.89 ppm
representative of the inequivafent uncomplexed aromatic protons. The methyl substituents
appear as two singiets at 2.50 and 2.52 ppm. The asymmetric nature of complex 2.50 is
fûrther 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 arornatic resonances are found in
the same region of the spectmrn as the Cp resonances at 77.86, 85.19, 87.67 and 88.52
ppm with the uncomplexed aromatic resonances appearing further d o d e i d at 122.91

and 138.46 ppm. The quatemary carbon resonances are easily identified as the only six
resonances that appear above the baseline in the spectnim.

The NMR spectra of cornplex 2.53 cIearIy exhibited the presence of two diastereomers.

Figures 2.20a and 2.20b show the 'Hand *C NMR spectra of complex 2.53. The region
of the 'H NMR spectnim ranghg fiom 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 smder peaks
for the protons of the Cp rings. The region of the

I3cETlMR

representative of the Cp

carbon atoms veri6ed the presence of diastereomers for complex 2.53 due to the
obsenmtion of four different peaks in the range of 77.0-81.0 pprn.
The flexibility of tbis synthetic strategy has been clearly illustrated by the variety of
symmetnc 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.

Figure 2.20a: 'H NMR spectrum of wmplex 2.53 in acetone-&.

Figure 2.20b: 13cNMR spectrum of complex 2.53 in acet one-&.

Table 2.6: 'H NMR Data ofMked Ethericfïhioetheric Bridged Complexes 2.49-254.

Cornpler

1

6 (acetone-ds), ppm

(s,%

Complexed
Aromatica

Uncomplexed
Aromatica

6.36-6.52 (III, 10H)

7.57 (d, 2H, J = 8.7)
7.94 (d, 2H, J = 8.7)
7.52(d,2H, J=8.7)
7.89 (d, 2H, J = 8.7)

6.33 (d,2I.I, J=6.8)
6.39 (d, 2H, J = 7.0)
6.41 (d, 2H, J = 6.7)
6.47 (d, 2E J = 7.0)
6.15-6.65(111,6H)
7.00(t72H,J=7.2)

7.71(d,2H,J=8.8)
8.04(d,2EE, J=8.7)

-

6.37-6.47 (n4I.I)
6.64 (d, 2H, J = 6.8)
6-81 (d, 2H, J = 5.9)
6.14-6.28 (q2H)
6.38 &.S., 2H)
6.49 (d, 2H, J = 5.6)
630-6.42 (m,4H)
6.53 (t, 2H, J = 6.6)
a

J vaiues in Hertz

b

Diastereoisomers present.

7.57 (d, 2K, J = 8.5)
7.93 (4 2H, J = 8.5)
7.43 (d, 2H, J = 8.4)
7.79 (d, 2 6 J = 8.1)

6.80 (d, 2H, J = 8.7)
7.18 (d, 2H, J = 8.7)

Others

Table 2.7:

NMR Data and Yields of Mixed Etheric/Thïoetheric Bridged

13c

Complexes 2.49-2.54.

Complex

Yield
(%)

2.49

6 (acetone-ds), pp,
Complexed

Uncomplered
Aromatic

Others

83

2.50

2-51.

2.52

2.53a

19.28(CH3),
19.84 (CH3),
19.91

(a),

19.97 (CH3)

2.54

2.2.1.4

Photolytic Demetdation of Thioether Containhg Diiron
Complexes

There are three main routes that have been applied for the removal of the modified
organic ligand fiom their CpFe' counterparts: pyrolytic sublimation, electroreductive
techniques and photolytic demetdation."*

'"

demetallation is the most

method applied in the

popular

It has been established that photolytic
degradation of

cyclopentadienyliron complexes to yield theû fiee organic counteqarts. Nesmeyanov and
coworkers established that in a variety of solvents, photolysis liberated the fiee arene,
)
It was found that solvents with a-donor ligands were the
ferrocene, and an iron (IIsalt."

most effective for this degradation process. Gill and Mann have made similar studies on
the photolyîic behavior of complexed

This is a crucial s e p in the preparation of monomeric and oligomenc 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 thioethenc compounds successfÛLly isolated via the

photolytic demetallation of their corresponding cyclopentadienylironcomplexes.
The desired thioetheric compounds 2.55-2.85

were isolated by column

chromatography as white or pale yelIow solids or clear ods in yields ranging fiom 70-96%.
The identities of these disulndes were confkmed by

and "C

elemental analysis,

Scheme 2.4

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 ver@ the
liberation of the compound fiom 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 s h o w in

Figure 2.21 illustrate the

Scheme 2.5

Scheme 2.6

99

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 CDCl3 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, verifkation of the
successfid isolation of the pure organic compound is found in the disappearance of the
resonance at S. I l ppm in Figure 2.21a which represents the Cp protons of the metafic
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 senes of doublets and triplets, as expected,

in the range of 6.28-6.52ppm. Similar obsemations are made in the case of the

13cN M R

speanim of these compounds. For instance, Figures 2.22a and 2.22b show the

13cNMR

spectra of complex 2.21 and compound 2.62, respectively, in which the disappearance of
the cyclopentadienyl resonance at 79.16 pprn and the downfield shift of the four arene

resonances appearing in the range of 83.88-87.56 ppm to 126.01-129.78 pprn fbrther
supports the successful isolation of cornpound 2.62.
Figures 2.23a and 2.23b show the 'H NMR spectra of complex 2.46 and
compound 2.82, respectively. These species dfler slightly fiom the previously discussed
derivatives because the thioether Linkage is aromatic rather than aliphatic in nature and
therefore results in rnany of the peaks possessing chernical shifts in similar regions of the

spectra.

Nonetheless, characteristic features such as the disappearance of the Cp

resonance at 5.17 pprn in Figure 2.23a indicates successful demetallation. However, in

LOO

this partidar example the change of the chernical 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 2.23% the complexed and uncomplexed
aromatic protons are separated into two separate regions in the spectmm with the

uncomplexed aromatic resonances appearing m e r d o d e l d at 6.50-6.60 ppm in
cornparison to their complexed counterparts. Indeed a generai d o d e l d shift of a

majority of the arornaîic resonances is observed, with the exception of the singlet found at
6.23 ppm which has shifted upfield signincantly. FoUowing integration, this resonance

was attributed to the single highlighted proton in the structure correspondhg to Figure
2.23b.

Figure 2.2 1a and 2.2 1b : 'HNMR spectra of cornplex 2.21 in acetone-& and compound
2.62 in CDC13, respectively.

Figure 2.22a and 2.22b: *C NMR spectra of cornplex 2.21 in acetone-& and compound
2.62 in cDCI3, respectively.

Figure 2.23a and 2.23b: 'H NMR spectra of complex 2.46 in acetone-& and compound
2.82 in CDC13,respectively.

Table 2.8: 'H NMR Data, Yields and Melting Points of Disuifide Compounds 2.55-2.73.
Others'

1

2.57

93

oil

7.14-7.33 (m,10H)

2.60

86

oil

7.09-7.29 (m, 8H)

2.62

83

0il

6.95-6.98 (Q 6H)
7.08-7.20 (a2H)

2.64

1

83

1

oil

1

7.07 (d, 4H, J = 8.1)
7.20 (d, 4 ~J ,= 8.1j
7.07 (d, 4H, J = 8.0)
7.22 (d, 4% J = 7.7)

2.65

77

oil

2.66

80

52.5-54.5

7.07 (d, 4% J = 7.2)
7.22 (d, 4H, J = 7.0)

2.67

96

oil

7.06-7.36 (m, 8H)

3 .O5 (s, 4l3,CH9
1.68-1.72 (m4H, P-CH2)
2.82-2.85 (m, 4H, a-CH2)
1.40-1-62(38H, B & y CH2)
2.89 (t, 4H, J = 7.1, a-CH2)
2.47 (s, 6H,CH3)
3.16 (s, 4H, CH2)
1.91 (quintet, 4 5 J = 6.7,
P-CH21
2.45 (s, 6H, CH3)
3.00 (t, 4H, 1 = 6.7, a-CH2)
1.47-1.53 (m, 4w y-CH2)
1.67-1.73 (m4H, P-CH2)
2.38 (s, 6H, CH3)
2.91 (t, 4H, J = 7.0, a-CH2)
2.42 (s, 6y CHî)
3.19 (s, 4- CH2)
1.73-1.80 (m, 4 y P-CH2)
2.3 1 (s, 6H,CH3)
2.86-2.93 (m,4H,a-CH2)
1.39-1.46 (q4H, y-CH2)
1.56-1.65 (T 4H, P-CH2)
2.30 (s, OH, CH3)
2.88 (t, 4H, J = 7.2, a-CH2)
2.3 1 (s, 6H,CH3)
2 -99 (4w CH2)
1-72(quintet, 4H, J = 6.5,
P-CH2)
2.30 (s, 6H,CH3)
2.85 (t, 4H, J = 6.9, U-CE&)
1.39-1.40 (m,4K, y-CH2)
1.54-1-61 (m,4H,P-CH2)
2.29 (s, 6H,CH3)
2.83 (t, 4H, J = 6.5, a-CH2)
1.45-1.54 (m, 4H, g-CH2)
1.66-1-72 (m 4H, B-CH2)
2.91 (t, 4H, J = 7.0, a-CH2)

r

a

2.68

73

oil

7.09-7.26 (m,8H)

2.69
2.70

90
76

78.5-80
oil

7.24 (brs., 8H)
7.24 (brs., 8H)

2.71

75

69-7 1

7.22 (br-S.,8H)

2.72

93

oil

7.24 (brs., 8H)

2.73

82

oil

7.24

J values in Hertz.

ors.,6H)

1.74-1 -79(m, 4 8 J3-CH2)
2.88-2.95 (m,4Y a-CH2)
3.03 (s, 4H, CH2)

1.75 (br-S.,4H, P-CH2)
2.89 (br-S.,4EX, a-CH2)
1.40- 1.44 (m,4H, y-Cs)
1.56-1-63 (Q 4?3, B-CH2)
2.86 (t, 4H, J = 7.1, a-CI&)
1.3 1-1.39 (m.8H, 6 & y-CH2)
1.56-1.66 (m 4H,'P-CH2)
2.88 (t, 4H, J = 7.2, a-CH2)
2.60 (s, Z2H, CH9
2.88 (s, 4H, CH2)

Table 2.9:

Complex

13c
NMR

M/z
(M+,%' O)

and MS Data of Disulfide Compounds 2.55-2.73.
6 (CDCb), ppm
Aromatic

Others

Table 2.10: 'H NMR Data, Yields and Meltiog Points of Disuifide Cornpounds 2.74-2.82.

Complex

1

1

m.p.

1

6 (CDCb), ppm
Aroxnatic'

Othersa

2.30 Cs, 6H, CH3)
2.35 (s, 6H, CH3)

2.74
2.75

72
90

0i1
oil

2.76
2.77

95

oil
61-5-63

'7.08-7.10 (a4H)
7.12-7.18 (q 8H)
7.33-7.36 (m6H)
7.08 - 7.17 (12H)
7.04 (s, 4H)

71-5-73

7.30 (d, 4H, J = 8.2)
6.94-7.05 (III, 4H)

87

81

2.78

2.79

75

0il

2.80

74

oil

2.81

2.82

a

Yield

1
1

78
93

J values in Hertz

1
1

oil
87-89

1
1

7.24 (d, 4fi J = 8.0)
7.09-7.19 (q6H)
7.30-7.40 (m,6H)
7.00 (br-S.,2H)
7.05 (s, 4H)
7.12 (d, 4% J = 7.1)
6.42-6.46 (III, 2H)
6.80-6.84 (m,2H)
7.18-7.26 (ID,6H)
6.23 (brs., 1H)
6.69 (dd, 2H,
J = 7.7, J = 1.8)
6.95-7.20 (P7H)

2.3 1 (s,

1
1

CH4

2 .25 (s, 6H, CH3)
2-30 (s, 6Y CH3)

2.45 (s, 12H, CE)

2.29 (5, 12H, CH3)

Table 2.11: "C NMR and MS Data of Disulfide Compounds 2.74-2.82

Table 2.12: 'HNMR Data, Yields and Melting Points of Mixed Ethed'ïhioether Bridged

COIIIPOU~~S
2.83-2.85.

I
Complex

Yield

m.p.

(N)

cc)
oil

2.83

a

2-84

94

oil

2.85

76

0i.I

J values in Hertz.

6 (CDCh),ppm
Aromatica

Othersa

6.94 (d, 2H, J = 7.6)
7.02 (ci, 2H, J = 7.6)

7.11-7.19,III( 2H)
7.24-7.38 (m 8H)
6.89 (d, 2H, J = 8.6)
6.91 (d, 2H, J =8S)
7.11 (m, 4H)
7.20 (d, 2H, J = 8.3)
7.29 (d, 2H, J = 8.4)
6.72-6.95 (m,6H)

2.31 (s, 3H, C&)

2.14 (s, 3% CH3)

Table 2.13:

13cNMR and MS Data ofMixed Ethermiioether Bridged
Compounds 2.83-2.85.

--

cornp i e =

5 (CDCb), ppm
Aromatic

Others

2.2.2 Synthesis of Diaryl Alkyl and Diaryl Aryl Disulfones

2.2.2.1 Fuctionalization of Bis(cyclopentadieny1iron) Arene Complexes

with Sulfone Linkages

Although it has been demonstrated that one route appiied in the functionalization
of &on arene complexes is the reaction of terminal chlorine substituted complexes in a
second nucleophilic arornatic 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 functioaalization
via the oxidation of the sulfïdes 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 sulnde cornpounds and the oxidizing agents
used in these r e a ~ t i o n s .The
~ ~ focus
~
of the present shidy was the oxidation of the &des

to their sulfone counterparts due to the potential use of these compounds in material
science, organic synthesis and the pharmaceutical industry. 179.

183, 189. 209-212

Although

hydrogen peroxide in glacial acetic acid, potassium p emanganate and rn-ch10 roperbenzoic
acid (m-CPBA) have been found to be very useful oltidants, sulfide containing
cyclopentadienyliron arene complexes are most readily oxidized to their corresponding
sulfones in the presence of hydrogen perolride (H20z/TiCb) or m-CPBA in
dichloromethane.206-213

Schemes 2.7-2.9 illustrate the synthetic stnitegy undertaken in the preparation of
bis(cyc1opentadienyliron) arene complexes with sulfone linkages fiom their disdiide

precursors. The parent sulfide containhg complex was reacted in the presence of a 10fold excess of m-chloroperbenzoic acid and heated for 8 hows at 60°C in a DMF/CH2C12

solvent mixture.31 Generaily, the oxidation of the bis-suifide &on complexes proceeded

with the corresponding sulfones being isolated as yeliow soiids in yields ranging nom 7096%. Even in the case of the sterically crowded cornplex 2.32, oxidation to its sulfone

counterpart, 2.101, was achieved under mifd reaction conditions and the complex isolated
in 85% yield. However, it is believed that stenc hindrance did play a role in the inability to

isolate the corresponding disulfone of the parent sulfide complex 2.41, 1,2-bis([$-4d i e n ~ l ] hate.
~
methylthioph e n ~ x ~ - ~ ~ - c ~ c l o ~ e n t ahexafluorophosp

'8 13c 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 N M R and IR
data possess distinctive features to ver*

the conversion of the s&de to the sulfone.

Two characteristic infi-ared absorbantes in the range of 1160-1090 cm-' and 1350-1275

cm-'indicative of the d o n e functionality were present. Due to the lower solubility of
several of the sulfones, some of the N M R studies were camied out using DMSO-& as a
solvent rather than acetone-&.
A typical 'H NMR spectrurn 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 suIfide
cornplex 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 suifide complexes. This is clearly evident in the
downfield

Scheme 2.7

shift h m 5.16 to 5.40 ppm of the singlet representative of the cyclopentadienyl protons
in Figure 2.24. Additiondy, the strong electron-withdrawing infiuence of the sulfonyl
groups also affects the chemical shifts of the complexed aromatic protons which appear

approximately one-half ppm downfield fiom their original position in the sulfide cornplex.
The aliphatic components are af5ected less dramatically wïth the greatest influence being
on the protons a to the sulfone fhctionalities.

The conversion of the thioether hkage to its sulfonyl counterpart is clearly evident

in the case of those complexes which possess mixed thioetherfether Linkages as a result of
the reaction of chloroarene complexes with 4-hydroxythiophenol For instance, Figure
2.25 shows portions of the 'HNMR spectra of complex 2.52 and its d o n e containing

counterpart, 2.105. Even disregardhg the dramatic chemical shifts of both the complexed

and uncomplexed aromatic protons in comparing these two spect&, the increased
chemical shift merence between the two strong singlets representative of the Cp protons
in Figure 2.25b, following oxidation, clearly indicates the presence of the strong electronwithdrawing fonctionality.

Scheme 2.8

Scheme 2.9

Figure 2.25a and 2.25b: 'HNMR spectra of complex 2.52 and 2.105,
respectively, in acetone-&.

Table 2.14: 'HNMR and IR Data ofDüron Sulfone Complexes 2.86-2.10 1.

Compb

6 (acetone-d6),

1

Compiexed

L

2.88

5.36

6.64-6.77 (m6H)
6.93 (m,2H)

6.71 (d, 4H, J = 6.6)
6.88 (d, 46.70 (d, 4-

J = 7.3)
J = 7.3)

5 -35

6.70 (d, 4 K J = 6.7)
6.89 (d, 4H, J = 6.7)

2.95

5.50

6.78 (t, 2H, J = 5.7)
6.95 (t, 2Y J = 5.6)
7.06 (d, 2H, J = 6.3)
7.14 (d, 2H, J = 6.2)

2.96

5.52

6.90-6.96(m, 4H)
7.14-7.26 (Q 4H)

2.94

pm

1

Others'

1.45-1-46 (m, 4- y-CH2)
1.74-1-81 (m,4H, P-CH2)
3.50 (t, 4H, J = 7.8, a-CH2)
2.78-2.81 (Q 4- j3-CH2)
2.83 (s, OH, CH3)
3.60-3.68 (m, 4H, a-CH2)
2.65 (s, 6H, CH3)
4.09 (s, 4 y CH2)
1.99-2.05 (m, 4H, P-CH2)
2.83 (s, 6f3,CH3)
3.58-3.59 (Q 4H, U-CH2)
1.38-1.52 (m, 4H, y-CHL)
1.69-1.85 (m, 4H, P-CH2)
2.68 (s,
CE&)
3-48 (t, 4H, J = 7.7, a-CH2)
2.66 (s, 6H, CH3)
4.1 1 (s, 4H, CH4
1-97(br-s, 4H, CH2)
2.67 (s, 6y CH3)
3.59 (br-s, 4- CH2)
1.44-1.49 (a4- y-CH2)
1.72-1.77 (m, 4R P-CH2)
3.49 (t, 4H, J = 7.8, a-CH2)
1.51-1.57 (Q 4H, y-CH2)
1.86-1.97 (Q 4x B-CH2)
3.67 (t, 4H, J = 7.5, a-CI&)

1.95-2.06(a4H, P-CH2)
3.64-3.68 (m, 4H, a-CH2)
--

6.91-6.98(44H)
7.16 (d, 2- J = 6.1)
7.27 (s, 2H)

120

-

1.45-1.48 (Q 4H, y-CHÎ)
1.83-1.86 (Q 4K P-CH2)
3.58 (t, 4H, J = 7.8,a-CH2)

2.9~~

5 -40

2.99

5.52

2.100

5.52

1

6.95 (d, 4H, J = 5.9)
7.11 (d, 4H, J = 6.1)
7.11 (4 4H, J = 7.0)

1

2.10 1

I

a

5.36

J values in H e m

8H)

6.62 (d, 4H, J = 5.9)
6.73-6.79(ID, 2E-f)

Solvent used was D M S W .

1

1160
1335
11 55

3.53 (t, 4H J = 7.9,a-CH2)
1.29-1.39 (m, 8E3,

1

7.11@.S.,

1.72 (br-S.,4H, P-CH2)
3.63 (br-S.,4H, a-CH2)
1 -44- 1-45 (III,
4l3,y-CH2)

1

3 -45 (t, 4H, a-CHz)
2.83 (s, 12H, CH3)
4.25 (s, 4H, CH2)

1

1 160
1335

Table 2.15:
Complex

13c
NMR Data and

Yield
(%)

Cp
(10H)

Yields ofDüron Sulfone Complexes 2.86-2.101.

6 (acetone-ds), ppm
Complexed
Aromatic

Others

Table 2.16: 'H NMR Data of Diiron Sulfone Complexes 2.U

-

6)9

a

Uncomplexed
Aromatic"

Complexed
Aromatica

5.45

ppm

Others'

8.00 (t, lH, J = 7.8)
8.50 (d, 2H, J = 7.9)
8.74 (s, IH)
%O0
(t, lH, J = 7.6)
6.68 (d, 4H, J = 6.7)
7.09 (d, 4H,J = 6.6) 8.51 (d, 2H, J = 7.9)
8.73 (s, 1H)

J values in Hertz.

Table 2.17:

NMR and IR Data and Yields of Diiron Sulfone Complexes 2.102-2.103.

13c

Cornplex

S (acetone-d
Complexed
Aromatic

9

PPm

Uacomplexed
Aromatic

Others

Vmax

(cm-')
so2

Quatemaxy carbons.

Table 2.18: 'H NMR Data ofMUred EthedSulfone Diiron Complexes 2.104-2.105.

S (acetone-ds), ppm
Cornplex

CP
(s, 10H)

2.105

a

1

1

5.41
5.39
5.59

1

Complexed
Aromatic'

Uncomplexed
Aromatica

Others'

6.25-6.69(III,
6H)
6.67 (d, 2H, J = 6.8)
6.85 (d, 2y J = 6.6)
7.11 (d, 2% J=6.8)

8.23 (&2H, J=7.4)
7.59 (4 2H, J = 8.0)
8.26 (4 2 6 J = 7.9)

2.65(s,3H,CH3)

J values in Hertz

Table 2.19: "C N M R and IR Data and Yields of Mured EthedSulfone
Complexes 2.104-2.105.

6 (acetone-d, ppm
9

Complex

Yield
(%)

Complexed
Aromatic

Uncomplexed
Aromatic

Vmar

(cm")
so2

2.104

2.105

1105
1275

2.2.2.2 Photolytic DemetaNation of Sulfonyl Containhg Dillon

Complexes

The use of photolytic demetallation for the removal of the modified organic ligand
f?om its cyclopentadienyliron parent complex has been discussed previously in Section
2.2.5 of this work. The same experimental procedure was applied

compounds

2.106-2.121.

The bimetallic complexes were

in the isolation of
dissolved

in

an

acetonitrile/dichloromethanesolvent rnixiure, subjected to intense visible light radiation for
a period of 4 hours under a nitrogen atmosphere and isolated via column chromatography
in yields ranging fkom 70-94%.

Schemes 2.10-2.12 show the sulfonyl containing

compounds that were isolated using this methodology.
1

H and

NA&

elernental analysis, mass spectrometry (MS) and infiared

13c

spectrophotometry were used to ver@ the isolation of compounds 2.106-2.121 and the
r e d t s swnmarized 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 fiom 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

NMR spectra. This observation is

13c

accornpanied by a dramatic downfield chernical 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

NMR spectra of compound 2.119 which was isolated as a light

13c

yellow oil in 84% yield.

Verifïcation of the i d e n t i ~of the desired compound was

Scheme 2-10

Scheme 2.11

Scheme 2.12

supported by the absence of a cyclopentadienyl resonance in the range of 5.00-5.50 pprn

and the appearance of the expected couphg pattern for the molecular structure of
interest. The molenilar 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 pprn are
representative of protons 1 and 2, respectively, with the resonance appearing furthest

downfield attributed to those protons adjacent to the nùfonyl fûnctionality. Protons 4 and
6 appear at 7.59 and 8.45 pprn as a triplet and singlet, respectively, as expected. The

intereshg feature of this spectral pattern is the appearance of a doublet at 8.03 pprn
representative of protons 3 and 5 . Figure 2.27 shows the

NkR spectnim of complex

13c

2.119 with five resonances appearing below the baseline in the range of 126.3 1-13 1.58

pprn indicative of the aromatic carbons. Additionally, a single peak at 21.58 pprn verines
the presence of the methyl substituent with the three srnail peaks above the baseline at
137.26, 143.65 and 144.98 ppm attributed to the quatemary carbons.

Table 2.20: 'HNMR and IR Data, Yields and Melting Points of Aliphatic Bridged
Sulfone Compounds 2.106-2.117.

i

I
Vmas

(cm-')

7.53-7.71 (q6HJ

1

so2
3.43 (s, CH2)

1150
13 10
1150
1320

7.46-7.54 (III, 2H)
7.91 (d, 2H, J = 7.9)

1140
1320
1155
1320
7.44 (brs., 4H)
7.67 (br.s.,4H)

2.84 (br.s., 4H, a-CH2)
1.33-1.34 (ID, 4H,
y-CH2)
1.62-1.67 (m, 4H,
p-CH2)
2.43 (s, 6H, CH3)
3 .O1 (t, 4- J = 7.7,

1150
1325

a-CHA
7.36 (d, 4H, J = 7.9)
7.72 (d, 4H, J = 8.1)
7.34 (d, 4H, J = 8.0)
7.74 (d, 4H, J = 8.2)

2.45 (s, 6H, CH3)
3.38 (s, 4H, CH2)
1.32-1.36 (III,
4H,

1150
1320
1155
1325

y-cm
1.65-1.68 (XII,4 y
p-CH2)
2.43 (s, dy CH3)
3.00 (t, 4H, J = 7.7,

U-CH21
1.30-1.49 (III, IH,
y-CH2)
1.59-1.69 (RI, 4H,
p-CH2)
3.04 (t, 4H, J = 7.4,
a-CHt)

1155
1320

ir

7.53 (d, 4H, J = 8.7)
7.80(d, 4W, J = 8.8)

1.86 (m. 4II, P-CH2)
3.08(t, 4H, J = 7.3,
CC-CH2)
1.81-1.88(m,4H,p-

CH21
3.02-3.05(m, 4H,a-

CH21
7.53 (d, 4H, J = 8.7)
7.82 (d, 4w J = 8.7)

1.18-1.23 (III,
8H, 6 &
y-Cl%)
1.55&.S., 4H, P-CH2)
3.03 (t, 4& J = 8.0,a-

CH21
7-16 (d, 4H, J = 7.4)
7.36 (d, 4H, J = 7.6)
values

Hertz

Table 2.21:13c
NMR and MS Data of Aliphatic Bridged Sulfone Compounds 2.106-2.1 17.

Complex

d z

(M+,%)

6 (CDCb), ppm
Aromatic

Others

Table 2.22: 'H NMR and IR Data, Yields and Melting Points of Aromatic Bridged
Sulfone Compounds 2.1 18-2.1 19.
6 (CDCIî), ppm
Aromatica

--

Cornpler

Yield

Others'

V max

(cm-')

(%)
--

oil

a

so2

-

7.37-7.40(XII, 4H)
7.62 (t, lH, J = 7.9)
7.72 (brs., 4H)
8.06 (d, IH, J = 7.9)
8.07(d, lH, J = 7.9)
8.48 (s, 1H)
7.27 (d, 4H,J = 8.1)
7.59 (t, lH, J = 7.9)
7.80(d, 4H,J = 8.1)
8.03 (d, lH, J = 7.9)
8.04(d, lH, J = 7.9)
8.45 (s, 1 H )

1155
1335

J values in Hertz.

Table 2.23:

13cNMR and MS Data of Aromatic Bndged Sulfone
Compounds 2.1 18-2.119.

6 (CDCb), ppm
Aromatic

Others

Table 2.24: 'H NMR and IR Data, Yields and Melting Points of Mked EtherISulfone

Bridged Compounds 2.120-2.121.

6 (CDCb), ppm
Aromatica

Complex

oil

2.120

Others'

6.83 @r.s.,2H)
(m 3H)
7.20-7.37 (m, 3H)
7.72 (bu.,
7.85 (d, 2H, J = 8.9)
6.95 (d, ZH,J = 6.9)
7.00 (d, 2% J = 7.0)
7.33 (d, 2E&J = 8.8)
7.45 (d, 2H, J = 8.5)
7.84 (d, 2- J = 8.5)
7.85 (d, 2H,J = 8.5)
6.96-7.02

oil

2.121

a

J values in Hertz.

Table 2.25: "C NMR and MS Data of Mixed Ether/Sulfone Bridged
Compounds 2.120-2.121.
.-

--

~~~~~

Complex

d z

@r,
Oh)

6 (CDCls), ppm
Aromatic

-

Others

2.2.3 Synthesis of Diaryl Akyl and Diaryl Aryl Nitrogen Containing
Complexes

2.2.3.1 Preparation of Bis(cyclopentadieny1iron) Arene Complexes with
Aliphatic Amine Bridges

In an attempt to expand the versatility of our syntheîic strategy, the use of
diamines as nucleophiles in the search for bis(cyclopentadieny1iron) 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 yield~.~'A case in point was the isolation of $diphenylamine-q5-cyclopentadienylir~nhexafiuorophosphate

in

only

6%

yield?

Interestingly, reactions of aromatic amines with ~f'-(arene)-~~-c~clo~entadien~liron
complexes proceeded to give the diphenylamine only if nitroarene complexes were used as

a starting materials, as opposed to the chloroarene complexes.58,

65

Nucleophilic

substitution has also been employed in the synthesis of a number of complexes with amine
groups including heterocyclic complexes.58.60.65

In the present study, the reaction of the chloroarenes 2.1 and 2.6 with 1,6hexanediamhe, 2.122, in a 2:1 molar ratio in the presence of &CO3 in THF was
investigated and resulted in the formation of the desired &on species, 2.123 and 1.124, in
28 and 17% yield, respectively (Scheme 2.13). These resuits reflected similar behavior

observed by Sutherland and coworkers in the nucleophilic aromatic substitution reactions

of

ethylenediamine

with

(chlorobenzene)-

or

isomeric

(chloroto1uene)-

cyclopentadienyliron complexes in which long reaction times resulted in poor yields and

impure p r o d u ~ t s . ~ '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 eariier study, it was proposed

that under basic experimental conditions, the monosubstituted product with the diamine
wouid deprotonate to give the *tterion-cyclohexadienyl

complex, as illustrated in Figure

2.28.*14The zwitterion is electron nch and prevents further substitution of the second
chlorine group. The addition of glacial acetic acid prevented the deprotonation, dowing
for the second substitution to occur.

Scheme 2.13
138

Figure 2.28: Formation of a zwittenon-cyclohexadienyl complex

As a result of the tow yields obtained upon the nucleophilic aromatic substitution
reaction of (chloroarene)cyclopentadienyiiron complexes with diamine nucleophiies,
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 $-nitroarene-$cyclopentadienyliron complexes have been prepared due to their potentiai use in the
synthesis of compounds with biological applications or possible use in materials
science.57* ln* 41'

The synthesis of a variety of starting nitroarene complexes has been

thoroughly investigated and established as a two-step process. 215,216 The generai reaaion
of the initial step is iiiustrated in Figure 2.29 and involves the preparation of the desired
alkyianiline complex via the ligand exchange of akyfanilines with ferrocene in the presence
of AlC4 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 hexafiuorophosphate salts in good
yield. The subsequent oxidation of the aikylaniüne complexes in the presence of HzOz in

CF3COOHailowed for the preparation of the corresponding aUryInitrobenzene complexes
according to Figure 2.3

Figure 2.29: Preparation of allcylanilùie CpFe complexes

via the ligand exchange reaction

Figure 2.30: Preparation of r16-nitro-q5-cyclopentadienYliron
complexes
via oxidation of the corresponding aniline complex in the
and trifluoroacetic acid
presence of H202

Scheme 2.14 outlines the synthetic methodoiogy 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

q6-nitroarene-q5-cyclopentadienyliron

hexduorophosphate complexes were cornbined with the desired aliphatic diamine in a 2: 1
molar ratio in the presence of &CO3 in a TH[F/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 fiom 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 2,6dimethylnitrobenzene complex as a starting material.

The yields of these reactions

dropped dramaticdy due to the presence of these two methyl groups ortho to the nitro
group.
The yields and spectroscopie information were coileaed and are presented in
Tables 2.26 and 2.27. Figures 2.3 1-2-33 show the 'H and

N M R spectra of complex

13c

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

doublets at 5.85 and 6.10 ppm representative of the complexed aromatic protons. One
very distinctive feature of the 'H NMR spectnim 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 D20to the sample, as shown in Figure 2.32, verifies its identity as the
proton associated to the amine hctionality. The expected peaks in the

spectrum further support the successful preparation of complex 2.142.

Scheme 2.14

13c

Figure 2.32: 'H NMR spectrum of complex 2.142 in acetone-d6and 40.

Table 2.26: 'H NMEk Data of Diiron Amine Complexes 2.134-2.147.

I

8 (acetone-ds), p
Complexed
Aromatic8

Complex
2,134

2.135

5.92 (d, 4H, J = 6.6)
6.07-6.10(III,
4H)
6.18 (t, 2 y J = 6.4)
5.85 (d, 4- J = 6.4)
6.03 (t, 4H,J = 5.8)
6.16 (t, 2H, J = 5.5)

3.74(d, 4H, J = 5.3, a-CH2)
6.05 @r.s., SH, NH)

2,123

2.136~

2,137

5.92(t, 4 8 J = 6.5)
6.10 (d, 2- J = 6.5)
6.15(d, 2- J = 5.9)

2,138

2.139

2,140

2.141

5.73-5.81(III, 2H)
5.94(d, 2H, J = 5.9)
6.06 (t, 2- J = 6.3)
5.73-5.83 (III,
4H)
5.94(d, 2- J = 5.9)
6.05 (t, 2- J = 6.1)
-

2,142

5.85 (d, 4H,J = 6.9)
6.10(d, 4H,J = 6.7)

3.69 (m4H, CH2)
5.95 (br-S.,2H, NH)S
1-87(quintet, 4K 1 = 6.8,P-CH2)
2.45 (s, 6H, CH3)
5.84 (br-S., 2H, NH)'
1.53 (m,4H, y-CH2)
1.74(III, 4H, B-CH2)
2.45 (s, 6H, C&)
3 -28-3-37 (m,2H, a-CH2)

6.05 (d, 4H, J = 6.9)

1.70-1.79(a4H, B-CH2)
2.40 (s, OH, CHs)
3.61(t, 4H, J = 7.0, a-CH2)

1.82(m, 4H, P-CH*)
2.36 (s, 6H, CH3)
2.46 (s, 6H, CH3)
3.41 (m, 4H, a-CHz)
5.45 (br-S.,2% NH)
2. 14Sd
4.90
5.96 (t, 2l3,J = 6.2)
2.57 (s, 12H, CH3)
6.20 (ci, 4H, J = 6.0)
3.66 (s, 4H, C&)
2. 14dd
4-87
5.91 (t, 2H, J = 6.0)
1.74 (quintet, 433, J = 7.3, B-CI&)
6.14(cl, 4H, J = 6.0)
2.55 (s, 12H, CH3)
3.42 (t, 4H, J = 65,a-CH2)
2.147~
4.88
5.90 (t, 2H, J = 5.9)
1 -42(m,4H,y-CH2)
6.13 (44H, T = 6.0)
1.65 (m, 4% PX&)
2.56 (s, Z2H, CH3)
3.37 (t, 4H, J = 7.0, a-CH2)
'J values in H e m Diastereoisomers present. N H overlaps with aromatic. NH unobseiwd

Table 2.27:

13c
NMR

and IR Data and Yields ofAliphatic Bridged Amine
Complexes 2.134-2.147

I
Complexed
Aromatic

Others
vw, cm-'

2.2.3.2 Preparation of Bis(cyc1opentadienyliron) 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. Akhough these reactions proceeded to
produce the &on

complexes with aromatic diamine bridges, the reaction with 1,2-

phenylenediamine f d e d to give the desired product but rather yielded a mixture of

productS.

Scheme 2.15

'Hand "C NMR spectroscopy and IR spectrophotometry were used to v e w the
identity of the complexes and the data are summarized in Tables 2.28 and 2.29. Figures
2.34 and 2.3 5 show the 'H and

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 sipifkant spectral chernical shift separation is characteristicaily observed

in the case of complexes composed of both complexed and mwmplexed aromatic
protons. This is indeed a spectral feature evident with complexes 2.150-2.154. Ln Figure
2.34, the complexed aromatic protons appear upfield at 6.14-6.36 ppm in cornparison to
the uncomplexed aromatic proton resonances appearing at 7-20-7.3
7 and 7.59 pprn.
Integration techniques which identified the singiet at 8.11 ppm as representative of two
protons in addition to the disappearance of this peak upon the addition of DzO to the 'H

NMR identified this resonance as that of the amine finctionaiity.

The incorporation of

the amine functionality into the molecular structure of complexes 2.150-2.154 was M e r
supported by absorbances in the region of 3395-3420 cm-'of the infiared spactra.
The "C NMR spectnim 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 basehe 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
M e r 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 correspondhg to
complex 2.150 and are atüibuted to the quatemary carbon atoms of the complexed and

uncomplexed arene rings, respectively. With the exception of reactions in the presence of

1,2-phenylenediamine,the desired products were Obtained in yields ranging f?om 5466%
as summarized in Table 2.29.

Table 2.28: 'H N M R ~ a t of
a Aromatic Bridged Amine Complexes 2.150-2.154.
6 (aceton
Complexed

6.25 (d, 4H,

J = 6.1)
6.3 Z (s, 2I.f)
6.42 (t, 2H,
J = 6.1)
6.26 (d, 4J = 6.9)

6.41 (d, 4H,
J = 6.8)

7.33-7.34 (ln,2l3j l 2-52 (s, 6K CH9
7.58-7.64 (IXI,
2H) 8.03 (br-S., 2)1 NH)
7.82(d, 1H, J = 7.5) 2.53 (s, 6H,
CH3)
7.90(d, lw J = 7.5)
7.94 (d, H, J = 7.5 )
8.06 (d, lH, J = 7.5)

Table 2.29:

ETlMR and IR Data and Yields of Aromatic Bridged Amine

13c

Complexes 2.150-2.154.

r
1

-

Complex

2.150
2.151
2.152

2.153

2.154

Yield

('w

Complexed
Aromatic

Uncomplexed
Aromatic

Others

3.0 Kinetic and Thermodynamic Investigations of q 6 - ~ r e n e q S - ~ p ~ e +
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
improved understanding of the electron transfer reactions of these systems.99, 103.217-220 In
particular, many of these species are noted for their ability or their potential to act as
electron-reservoirsl*

22 "l'

and to exhibit mixed-valen~~'~*
"*
226-U0 and c o n d u ~ t i v i t ~ . ~ ~

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

investigated with respect to a variety of potential applications.232-238

3.1.1

q 6 - ~ r e n e - q 5 - ~ pComplexes
~e+

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
mechanisrns 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 q6-arene-r15-cyclopentadienyliron

systems.25. 221, 232-234,

239-242

Preliminary studies suggeaed that the reduction of the 18-

electron C p ~ e 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 neutrd and chemically reversible 19-electron complex.
However, the electrochemical behavior of the highly reactive 20-electron complex
fomed by means of the subsequent electron transfer depends on the nature of the
complex of interest and on the experùnental conditions employed (Figure 3.1). 221, 233-234.
242

The ha-wave potentials of a variety of (arene)CpFe' complexes bearïng 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, H20, or H20/EtOH (1 :1)
demonstrated a definite solvent dependence on the corresponding half-wave
potentiais.242-246

-

18 electmn

complex

-

19 eiectmn
compiex

20 - elecbon
compiex

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

reduction of q6-(arene)-qs-(cyclopentadienyl)iron complexes

Specincally, 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 wmpared to compounds with electron-withdrawing s~bstituents.~~"
242 247 Studies
invoIving (substituted arene)~pFe' and (arene)(substituted C p ) ~ e +complexes have also

shown a correlation between the E n potentials and Hammett's 4 parameter.242
Furthemore, the ability of the substituent's polar effect to influence both the magnitude

of the reduction potential and the chernical reactivity of the complex was demonstrated in

a shidy involving a wide range of monosubstituted and 1,2-disubstituted benzene
cyclopentadienyliron ~ o r n ~ l e x e sThe
. ~ ~ reduction potentials of several complexed
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 M e r demonstrated with respect to 2- and 3- ring polycyclic ~ ~ e c i e s . ~ ~
Figure 3.2 shows the derivatives of indane, fluorene and anthracene, dong 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 < CH2 < 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 affecteci the

reduction potentiai. An increase in the reduction potential was observed in the order NH
< CR2 < direct bond < O < S c

S01.

It is important to note that the observations

mentioned above apply to the En of the e s t one-electron reduction, with the reduction
potentials correspondhg 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

texms of electrons, protons and radicals has been demonstrated to be of importance in
many chemicai processes including bioiogical redox reactions and cycles, catalysis for

radical transfer reactions, trampon of metal ions across membranes, and transport of
oxygen by hemoglobinM 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 19ë
species which arouses particular interest for this p~rpose.241-242
One report appeared
which describes the generation of an extremely unstable 2 1 e dianionic system based on
the (naphthalene)FeCp ~ ~ s t e r n . ~ ~ ~
Electrolysis is one of several techniques which has been investigated for the
removal of the pendent metal moiety nom its Ligands. It has been observed that the
cathodic reduction of the [(arene)cp~en]' 18-electron complexes results in the
decomplexation of

the metal

moiety

to yield

quantitative

amounts of

~ e ~cyclopentadiene,
+ ,
and b e n ~ e n e . ~ The
~ ~ efficiency of this process was found to be

highiy dependent on the nature of the ligand, where arene ligands bearing less than three

x = CO;

E 112 (VI

-1.21
X=S;
-1.63
X = O; -1.70
X = (332; -1.74
X=N]3[; -1.78

i X=S;
j X=O;

-1.54
-1.62
k X = d k c t bond; -1.63
1 X=CH2;
-1.69

m X=S02;

-1.39
n X=S;
-1.62
O X=O;
-1.68
p X = direct bond; -1.70
q X=CMet;
-1.75

Figure 3.2: Half-wave potentials for the first reduction step of ~ p ~ complexes
e '

of derivatives of indane, fluorene and anthracene.

methyl groups were the most readily susceptible to reacti~n?~Figure 3.3 illustrates the
electrocaalytic 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

B."'
generation of the correspondhg ~ e species,
'

It is this species that effectively

reduces the cationic ~ e 'starting complex and liberates the other Ligands. It has been
suggested that donor ligands promote liberation of the metal moieîy by polyhapto ligand

e~chan~eA
. ' ~distinct
~
solvent effect has been observed with the rate of decoordination
increasing in the order Me2C0 < CH2C12< DMF < MeCN. Regardless of the chosen
solvent, individual hapticity changes remain unidentified.
Due to the interesthg electrochemical behavior exhibited by the monometallic
complexes, Mamers and ~ard"*'O3*

'18* 232* 249

extended the investigation of these species

to their bi- and polymetallic counterparts. It has been established that in the case of
polymetailic complexes there is potential for interaction between metal centers where the
probability and degree of interaction is highly dependent on the nature of the metai of
interest and the bndging ligands. Figure 3.4 shows the cyclic voltammogram of a

bis(cyclopentadieny1iron)

phenanthroline complex which showed that there is

electrochemical communication between the two metals via the backbone of the
coordinathg ligand.218 A measurement of the separation of the forrnal potentials (AE4
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 tenter."' 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 ofien
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Figure 3.3 : Electrocatalytic decomplexation of llelectron complexes

applied as a means of establishing the number of isolated redox centers in a polymetallic
systern by measuring the number of electrons involved in the electron transfer process.z2'
2s4

During his investigation of the birnetallic phenanthroline complex, Bard not only

demolzstrated the potential for interaction between the two metals in bimeîailic
complexes but also showed that the chemicai reversibility noted in these systems may be
dependent on the scan

In this case, low s w i rates showed evidence for an

irreversible dectrochemical system which became cornpletely 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 s u k linkages using cyclic voltammetry as a means of determining some
thermodynamic and kuietic characteristics of selected complexes.

Figure 3-4: Cyclic Voltammogram of a bimetallic ~

p phenanthrohe
~ d

complex showing electrochemical communication between
the two metal centers2I8

3.2

Results and Discussion

3.2.1 Electrochemical Behavior of Cyclopentadienyliron Complexes

In this study, the chernical reversibility and the heterogeneous electron transfer

rate constants of selected complexes were examined using cyclic voltarnmetry. Initial
studies of the monoiron cyclopentadienyliron complexes have established that the
reduction process of this class of compounds proceeds in two successive reduction
steps.233'214 With a hanging mercury drop eIectrode (HMDE) as a working electrode, it
was generally observed that the first reduction was chemically reversible at ali
temperatures studied. In the case of complexes containhg sulfides as substituents on the
benzene, it was typicalfy noted that the merence in potential between the anodic and
cathodic peaks for the second reduction was greater than that for the first.

This

observation was attnbuted to a slower rate of electron transfer in the second reduction
step than in the f i r ~ t 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 fiom 233 to 293K in the
presence of TBAP as the supporting electrolyte.

Figure 3.5 : Complexes studied by cyclic voltammetry and
controlled potential electrolysis

3.2.2.1 Cyclic Voltammetric Investigations of Monometallie Complexes
with Oxygen and Sulfur Substitutents

The rnonometaliic complexes examined here were observed to exhibit
electrochemical behavior which was consistent with analogous complexes studied
previousiy."4 The chernical reversibility of the first reductïon step of the monometallic
complexes, [3.1]+and [3.2]+,resulting in the generation of the neutral 19e- cornpiex, 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 18ei19e- couple was

determined to be chemicaily reversible at 253 K for both monometallic complexes, [3.1]+

and [3.2]+ (Table 3.1). However, the eEect of the substituent on the electrochemical
behavior of the complexed arene species was evident upon the tramfer of the second
electron at room temperature. It was observed that the thioether complex, (3.2~'~was
considerably more stable than its ether counterpart, [3.11°,which decomposed rapidly.
Although a wave correspondhg to the 19&/20e- couple was evident for both complexes
when using a glassy carbon working electrode, the second reduction process of complex
13.21" was found to be chemically reversible (Ein = -2.48 V vs FcEc') at room
temperature.

Table 3.1 : CV Parameters for Complexes [3.l]+ - [3.812+at T = 253 K.,
v = 0.2 V/s, Pt working electrode, in DMF with E Üvs
~ FeCp2.

3.2.2.2 Cyclic Voltammetric Investigations of Bimetailic Complexes

with Oxygen and Sulfur Bridges

The electrochemical behavior of cyclopentadienyliron complexes was M e r
extended to the cyclic voltarnmetnc investigation of isometic sulfwibridged aromatic
bimetaiiic CpFe' complexes, [3.312+ - [3.8]". Interest in this senes of complexes stems
fiom earlier work of Bard and coworkersU2* 2" who showed that, in the case of similar
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 electroq the presence
of the sulfur bridge allows the increased electron density of the fira iron moiety to be
dispersed across to the second metal moiety, making reduction more ditficuit. Two
closely spaced, yet distinguishable, waves were observed for the 36</38e reduction

process for the 1,2- and l+substituted disufide complexes [3.412+ and [3.qH. The
explanation for the observed cyclic voltammograms corresponding to [3.41f4and [3.q*
is that, due to the presence of the suüûr bridge, a small degree of electronic interaction
between the two metals is detected. In the case of complexes [3.412+ and [3.q2+, severe
overlap of the individual 36ee/37e- and 37en se- reductions prornpted the use of digital
simulation of the CV wave shapes to extract the bEO values. Figure 3.6 shows the
experimental cyclic voltammogram and corresponding digital simulation, obtained as
outiined in the experimental section of this work ushg the Digisim simulation prognun
version 2.0 fiom Bioaoalytical Systems Incorporated, for complex [3.q2+. 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 fomal potential separation

of ca 70-80 mV. By contrast, the CV of the 1,3-substituted analogue [3.512+ showed no
measurable dserence between formal potentials of its 36e"Me- and 37e-138e- couples,
probably due to electronic effects, and this cornplex 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. Cornplex [3.312+allowed the cornparison 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 [3.312+was discovered to

be highly dependent on temperature. For instance, the generation of the 38e- complex

4.8

E v ~ F~/FC+
.
M

.f2

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

was found to be partially chemically reversible at 293 K with the second reduction
process being chemically irreversible. Cornparison 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 £irt electron transfer process being represented as a single

-

chemically reversible wave at EIn = 1.75 V vs. F&c+ (Figure 3.7). Following the first
reduction step, the chernical 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 fiames (0.05

- 1.O V/s)

stu&ed.

Based on the similarities of the cyclic voltammograms of complexes [3.1]+ and [3.312+,it
is proposed that the iron centers of the bimetdic complex are isolated. Electron transfer
processes similar to those pertaining to the reduction of complexes [3.412+and [3.q2+
and involving a two step process are also believed to hold for complexes such as [3.3."1
In the case of complexes [3.412+ and [3.6J2+,which contain

nifi

bridges, it was

demonstrated that it was possible to distinguish between the generation of the 3 7 8 and
3 8 ê products. However, it is proposed that the noninteracting metal centers of the

oxygen bridged complex [3.312+are reduced by two rapid and successive one-electron
transfer meps at each iron site. Thar is, two electron transfer waves representative of the
36e-/38e- and 38e-/40e- processes are observed in the cyclic voltammograrn.

The

mechanism proposed here is in accordance with previous studies of complexes with
noninteracting centers (Figure 3.8).25 1,258-259

E vs FGC+

(V)

Figure 3.7: Cyclic Voltammogram at glassy carbon of 2.0 m M complex [3.312+in
DMF containing 0.1 TBAP at 233 K:v = 0.2 V/s.

36-electron complex

40-electron complex

Figure 3.8: Formation of neutral and anionic species of complex [3.312+in two

steps with the addition of two electrons in each step

3.2.2 Controlled Potential Couiometric Studies

In the case of complex [3.312+,controlled potential coulornetry of a solution

containing 0.149 mm01 of complex at a large platinum mesh electrode was employed to
provide indisputable evidence for the transfer of two electrons in the fkst reduction step.
Plateau currents measured kom stirred solution voltarnmograms recorded before and
&er a partial electrolysis at an applied voltage of -1.93 V vs. FcfFc' 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
determhed (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. Coulometnc determinations with higher conversions were
hindered by the formation of decomposition produas which irreversibly adsorbed and
passivated al1 electrode surfaces. This was especially evident in the case of glassy carbon
electrode sufaces.

Figure 3-9:Stirred solution voltammograms of 3.O mM of complex 13.31" at 243 K

in DMFAI.1 M TBAPfi recorded (a) before and (b) after partial
electrolysis (Q = 5.05 C) at an applied potential of -1.93 V vs FdFc'.

3.2.3 Cornparison of the Stability of Oxygen and Sulfur
Containhg Complexes

The electrochernical processes described previously were iovestigated using DMF

as the solvent at various temperatures. Although the first reduction step of complex
[3.312+was observed to be partially chernically reversible at 293 K at various CV scan

rates (0.05-1.0V/s), a substantial increase in the chemicai reversibility was evident with a
decrease in temperature to 253 K due to an increase in the stability of the complex This
follows f?om the fate of the 38e complex involving either a second reduction or a
decornposition process with the solvent. Employing the method of Nicholson and

the pseudo fist-order rate constant for the reaction of the 38e complex with the

solvent was determined at a variety of scan rates (0.05-1.0V/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 chernical reaction of an
electrochemical process involves the determination of the ratio of the anodic and cathodic
peak currents accordhg to equation 3.1.260

is
IPC

where: (i,),

=

&,&

+

lpc

0.485 (il)

+ 0.086

Equation 3.1

IPC

is the uncorrected anodic peak current, (i,,) is the cathodic peak current,

and (iA)is the current at the switching current. Tau (r), a variable which is a rneasure of

the time spent between the switching potential (El) and Ela, is calculated using equation
3.2 and is crucial in the determination of the rate constant.

Equation 3.2

The theoretical relationship between i,&

and (kf r), as determined by Nicholson and

Shain, is illustrated in Figure 3.10 where the calcuiated value of ipa/ipcmay be used to
obtain the value of log&?) fiom the graph. The value of the rate constant may then be
obtained following manipulation of the log (kft) equation with respect to r.

Figure 3.10: Theoreticdy determllied relationship between the current ratio

and (br) 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 3 8 e complex with the solvent. This
foUowing chernical reaction results in decornposition to yield neutrai ferrocene and a
decomplexed iron species.233-234

Figure 3.1 1 illustrates the proposed decomposition

process with respect to the [3.312+'0 couple where the identity of these products has been
determined using 'Hand "C NMR

2 [S,(F'exp)] 2

fast

FelI(Cp) 2

+ Fe0 +

2nS

Figure 3.1 1: Decomposition process with respect to [3.3l2+''

The thioether bridged complexes (3.412+- [3.q2+exhibited instability as a result of
solvent substitution in the same manner as that observed for the 38e- species of the
oxygen bridged complex [3.3tf, albeit to a much smailer degree. As illustrated in Figure
3.12, cornparison of the rate constants for complexes [3.31° and

stabiüty of the sulfbr containkg complex,

[3.q0 at

[3.q0shows enhanced

a l l temperatures studied.

The

ciifference between the oxygen and sulfur bndged species is especially prominent at room
temperature where the latter complex survives approximately five times longer than the
former species.

Temperature (K)

Figure 3.12: Plot of temperature vs. the rate constant of the reaction

of the electrochemically generated 3 8ewcomplexes,
[3.31° and [3.5J2+,
with the solvent @MF)

3.2.4 Electrochemical Behavior of Bimetallic SuIfone Complexes

In addition to the ether and thioether bridged bimetallic complexes, a senes of
suKone containing complexes, [3.712+ and [3.812+ was examined.

The representative

voltammograms of complexes [3312+,[3.712+and [3.81* recorded in DMF at 23 3 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
analog~es."~A Limited degree of interaction between the iron centers of [3.81W was
indicated by a small separation between the 366/37e and 37&/38e- processes. Complex

[3.712+M e r s in a fundamental way from complexes [3.312+ and [3.812+ in that it
incorporates a mixed oxygen/sulfone arûmatic bridge uito its molecular structure.

In

considenng the cyclic voitammogram of complex [3.712+,a large formal separation,
nearly 200 mV, between the 36e-13 7e- and 37en 8 e couples was determined. However,
it is important to note that this phenornenon 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 metai centers. The evidence presented here of two one-electron
reductions in the mixed oxygedsuifur complex supports the suggested mechanism for the
aforementioned bimetallic complexes in which reduction was proposed to take place via

an overd two-electron process in the generation of the corresponding 38ë complex.

Figure 3.13 : Cyclic voltammogram at Pt; v = 0.2 V/s; 233 K: (a) complex [3.812+

in DMF containing 0.1 M TBAP; (b) complex [3.3 12+ in DMF
containing 0.1 MTBAP; (c) complex [3.7lZf in DMF containing
O. 1 M TBAP.

3.2.5 Thermodynamic Studies

Thermodynamic Investigations of Sulfur Complexes

3.2.5.1

[3.912"-[3.12j2+

The method of Nicholson and shainz60is a useful technique for the determination
of the pseudo-fust order rate constant for the reaction of the 3 8 é cornplex, generated in
the electrochernical reduction of a bis(cyclopentadieny1iron) cornplex with the solvent

e

3.1 1

Figure 3.14 shows a senes of suIfiir-bndged bis(cyclopentadieny1iron)

complexes for which these rate constants have been determined at various temperatmes.

-

Tables 3.2 3.5 (pages 195-196) summarïze the determined rate constants of complexes

-

[3.9r+ (3.1212+at temperatures ranging from 233-273 K.

Figure 3.14: Series of sulfur-containhg complexes investigated

with respect to their activation parameters

The electrochemicd 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 theoraical
description of chernical kinetics and attempts to idente the principal features governing

the size of the rate constant in ternis of a mode1 of events that take place during the
reaction-25s*

The most important feature of this theory is the formation of the

"activated complex" which corresponds to the transition state of the reaction and
represents the maximum potential energy of the system (Figure 3.1 5). 255

Transition
State

,
'

L
Products

Figure 3. 15: A reaction profile indicative of the formation of the activated c ~ r n ~ l e ~ ~

183

In the investigation of chernical kinetics, the temperature at which the reaction is
conducted has been observed to be particularly influentid on the rate of reaction
Empirically, most reaction rates Vary with temperature according to the Arrhenius
equation,255

k =~

~ - E a m

Equation 3 -3

where A is the &equency factor and E, is the activation energy. This relationship
provides a useful procedure for the cornparison of systems in which the observed rate
constants on a logarithmic scale are iinear versus 1/T.257 The plots of In k vernis 1/T
used for the determination of E, for complexes 13.91" - [3.1212+are shown in Figures
3.16 - 3.19.

This type of analysis allows for the generation of a line with a slope

correspondhg to -Ea/R where the activation energy may be interpreted as a general
measure of the relative ease with which thermaily activated processes pass over an
energy barrier.255.256
One of the fundamental assurnptions of activated complex theory is the
establishment of an equilibrium between the reactants and the activated complex
according to equaîion 3 .4256

where the equilibrium constant is given by
Equation 3.5

The rate constant of the forward reaction may be related to the equilibnum constant of
the activated complex such that256

00
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Equation 3.6

where k~ 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 tems of the quantities AG$, AH$ and AS$ as the standard fiee energy of
activation, enthdpy of activation and entropy of activation In terms of thennodynamics,
it rnay be written thatZs7
AG$ = -RT&

Equation 3.7

AGI = AH$ - TAS?

Equation 3.8

Finally, the rate constant of the forward reaction can be expressed in the same form as
equation 3-3such thatZ5'

Equation 3 -9

Evaluation of the activation parameters follows from a plot of in (WT) versus 1/T
resulting in the generation of a line whose dope is -AHf/R. Figures 3-20- 3.23 show the
plots of In (k/T) versus 1/T for the detedation of the enthdpy of activation for
complexes [3.912+ - [3.12]".

Calculation of the entropy of activation follows nom

equation 3.1o~~~
Equation 3.10

where the rate constant correspondhg to 253 K was used. The values of k and T were
selected in the middle of the experimental range since the experimental uncertainty

Figure 3.20: Plot of In (k/T) versus 1IT for the determination of AH$ for complex 13.9~'~
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in Ea is the order of RT.'"

F d l y , AG$ rnay be calculated fiom equation 3.8 at 253 K

for comparison. Tables 3.2 - 3.5 summarize the activation parameters corresponding to
complexes [3.912+- [3.1212.
In this investigation, the rate constants which have been obtained fkom the cyclic
voltammetnc studies pertain to the reactîon of the electrochemically generated 38ecomplex with the solvent and is the rate determining step for the process being
considered. W h respect to activated-complex theory, Ea rnay be loosely referred to as
the minimum energy required by the reactants to form the corresponding products.

Considering complexes [3.912+- [3.1212+,E
. and AHt were observed to decrease with an
increase in the chah length of the bridging aliphatic sulfur ligand. This observation may
be attributed to the fact that as the chah length increases, the iron metal moieties are

separated by a greater distance making their interaction with the solvent more viable. It
is interesthg to note that only a slight decrease in Ea and AHz was observed when the
chah length increased fkom two to four methylene units. However, a more significant
decrease in these two variables was noted when the sulfur bridging chah length increased
beyond four methylene units. If the observed decrease in Eaand AHtis 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.

Table 3 -2: Kinetic Data and Activation Parameters of Complex [3.912+

Table 3.3: Kinetic Data and Activation Parameters of Complex [3.1012+

Table 3.4: Kinetic Data and Activation Parameters of Cornp
- .

~p

Temperature
(K)

-- -

kr

--

- -

--

kf
(sml)

-

-

Ea
( k h o1-')

Table 3.5 : Kinetic Data and Activation Parameters of Complex [3.1212+
Temperature

ln kf

6)
233
243
253
263
273

-3.7381
-3-4143
-3.1942
-2.7969
-2.3465

kf
(8)
0.0238
0.0329
0.042
0.061
0.0957

Ea

AG$

(wmol-')

(k~mol-')

i 7.9

68-3

In some cases, interpretation of the kinetic data in tems 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 entrupy of

activation is evident with increasing chah le@

of the suIfiir bridge. Again, the more

negative entropy of activation of cornplex [3.1212+ as compared to 1 3 . 9 1 ~may
~ be
amibuted to the chah length of the sulfur bridge with the transition state of the complex

of shorter chah length being more constrained. The increased negative AS$ value with

increasing chah Iength may also due to the nature of the reactants themselves whose
entropy wodd increase in an increased chah length.

3.2.5.2 Thermodynamic Investigation of Oxygen Complexes

-

[3.13]*+ [3.1512+

In this investigation, the reduction of a series of oxygen bridged mono- and
bimetallic cyclopentadienyliron complexes, [3.ls]', [3.14]+ and [3.1g2+,resulted in the
generation of the corresponding 19e- ([3.13]+ and [3.14]+) and 38e' ([3.15j23 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 1 9 e and 38e- species
with the solvent in a manner similar to that outlined in Figure 3.1 1. 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, [3.912+- [3.1212+. The kinetic data and activation parameters
corresponding to complexes [3.131f, [3.14]+ and [3.1q2+are summarized in Tables 3.6
3-8.

Figure 3.24: Naphthol-capped oxygen-containing monometallic complex
investigated with respect to its activation parameters

-

Figure 3 -25: Symmetncal naphthol-capped oxygen-containing monometaliic
complex investigated with respect to its activation parameters

Figure 3.26: Naphthol-capped oxygen-containing bimetallic complex
investigated with respect to its activation parameters

Table 3 -6: Kinetic Data and Activation Parameters of Complex [3.13]+

Table 3.7: Kinetic Data and Activation Parameters of Complex [3.14]+
Temperature
(KI
233
243
253
263

Ea

ln kf

kf
(s-l)

mol-')

-0.6234
0.0688
0.3966
0-7825

0.5361
1.0712

23 -3

AH3
AG*
AS:
(kJmol-') (kJrnofL) (~rnolk-')
60.8

21 -2

-156.4

1.4868
2-1870

Table 3.8: Kinetic Data and Activation Parameters of Complex [3.1512+
-

Temperature

m

kr

kf
(s-l)

A significant increase in E
. and AHf in the order [3.1312+< [3.1412+ c [3.1q2+is

evident fiom 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
sigaificant change in E. and AHSis observed with respect to monometallic complexes
[3.13]+ and [3.14]+. Perhaps the 19e- complex generated fiom [3.14]+ does not react as

readily with the solvent as a result of the b u Q naphthol substituents on either side of the
metal moiety. In contrast, the structure of (3.131~
would not be subject to any steric
interference.
In cornparhg oxygen containing complexes, [3.1314, [3.14]+, and [3.1512+ with

respect to the entropy of activation, it is observed that AS$ becomes more negative in the
order [3.1312+< [3.1512+ c [3.14]'+.

This trend may be explained by the increased

rigidity of the systems with an hcreased number of aromatic rings. It appears as though
the bullcy naphthol substituent has a ~ i ~ c a impact
n t 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 comtrained the activated complex as
compared to the reactants.

4.0 Scholl Polymerization

4.1 The Scholl Reaction

Section 1.4 ofthis 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
nilfur linkages as au integral part of the monomenc molecular struct~re.'~'~~
The Schoil

reaction involves the formation of an q1-aryl bond as a result of the coupling between
two aromatic groups in the presence of a Friedel-Crafls catalyst. A genenc representation

of the reacfion is illustrated in Figure 4.1 and highlights the elimination of two aromatic
hydrogens during the course of the reaction.

Ar-H

le-2~'

+Ar

Figure 4.1 : Aryl-Aryl bond formation by the Scholl Reaction

The SchoU reaction has been established as a general route to a wide variety of hi&
molecular weight aromatic polyethers. The driving force behind the developrnent of this
synthetic çtrategy follows fiom the initial isolation of low molecular weight

poly@-phenylene).261 Subsequent synthetic investigations of this methodology have
aüowed for the preparation of higher rnolecular weight species from a variety of
monomeric units. Terminal bis(l-naphthyloxy), bis(2-naphthyloxy), bisbhenoq), and
bis(pheny1thio) monomers containing alkane, diethylene olride and nonnucleophilic
aromatic central units have ail resulted in polymer formation to some degree. 148-156 The
most thoroughly investigated and successfùl polymerizations were observed in the case of
bis(1-naphthyloxy) monomers. This was explained with respect to the presence of the

bullq binaphthyl group which increased the solubility of the growing polymer chairi
thereby reducing the likeiihood of premature precipitation during polymerization. Many
funaional groups including ketones, sulfones, sulfones with fluorocarbons, and methylene
groups have been successfdly incorporated into the polymers resulting fiom the Scholl
reaction of bis(1-naphthyloq) monomers (Figure 4.2).15' Additionally, high rnolecular
weight polymers have been obtained &om bis(1-naphthylolcy) monomers with t o t d y
aromatic central units.'"
The reaction is typicdy conducted under oxidative reaction conditions via a cationradical mechanism. Afthough a variety of oxidiang agents including Bronsted acids,
oxidative Lewis acids, halogens, metal salts, electron-donor-acceptor complexes,
irradiations, zeolite d a c e s and anodic electrochemical oxidation have allowed for the
coupling reaction to proceed, a stoichiometric amount of FeC13 in dry nitrobenzene
remains the most commonly applied reaction condition."' The choice of solvent has also
been shown to play an important roie in the success of polymerization, since nucleophilic
solvents such as THF and pyridine inhibit the reaction.

Tbe foiiowing have been used as Ar Gioups:

Figure 4.2: Bis( 1, 1'-binaphthoxy) monomers polymerized by the Scholl reaction

The polymerization of bis(l-naphthyloxy) monomers takes place with coupling at
the C4 position of the 1-naphthyloxy group via a cation-radical mechanism as outlined in

Figure 4.3.152-153,

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 . 3 ~ . The

Figure 4.3: Mechanism of the Schoii Reaction

reaction proceeds via the dimerization of this species to the correspondhg cation-radical
dimer, 4.3f. The eventuai formation of dimer 4.3j may now be a resuit by two distinct
pathways. In one case, 4 . 3 ~or FeC13 may act as oxidants in the formation of an

intermediate dimenc species, 4.3g. The subsequent eIimination of two protons aiiows for

the generation of 4.3j. Another route involves the loss of a proton fiom 4.3f to give the
corresponding dimeric radical, 4.3h. This species may ucdergo an oxidation process
yielding 4.3i wbich, following the eiunination 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 Cr f?om FeCb- by cation-radical 4 . 3 ~followed by
oxidation of 4.3d and the loss of a proton results in the generation of a chah end and
termination of the polyrnerization process.

4.2

Results and Discussion

Based on the discussion in Section 1.4, it is evident that numerous synthetic methods

exia 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 weil as its relatively mild reaction conditi~ns.'~"~' The monomers utilized in the

present çtudy were selected with the intention of investigating the impact that the
incorporation of various fiinctional groups would have on polymerization. Functionalities
incorporated in the monomeric structure included para- Iinked arornatic 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.

Monomer Synthesis

4.2.1

4.2.1.1

Preparation of Bimetailic Complexes with Terminal Chlorines

The preparation of five dEerent 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 nibstituents in

the para position. Reaction of these complexes in the presence of an excess of 1-naphthol

followed by photolytic demetdation redted in the isolation of monomers with terminal
naphthyl groups which, as mentioned previously, are ideal for polymerization via the
Schofi reaction. Scheme 4.1 outluies the experimental details utilized in the preparation of

the initial birnetallic complexes and shows the variety of hctional 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 sulfùr
containing bimetallic complexes as outlined in Sections 2.2.2 and 2.2.3 of this work. A
2: 1

rnolar

ratio

of

t16-(1,4-dichlorobenzene)-~(cyclopentadienylir~n)

hexafluorophosphate and the desired nucleophile are reacted in the presence of an excess
of &COs in a Tfl[F/DMF solvent muchire under a nitrogen atmosphere resdting in the

generation of the corresponding bimetallic complex, 2.29 and 4.1-4.4 (Scheme 4.1). The

'Hand 13cCspectra of complex 4.3 are shown in Figures 4.4 and 4.5, respectively.

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 N M R spectra. Figure 4.4 illustrates the 'HNMR spectrum
of complex 4.3 and shows the intense peak arising fiom 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 arornatic ring. The remainder of the
resonances representative of this complex appear M e r 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,
1

H NMR spectni would m e r significantly fiom that of complex 4.3 due to the aromatic

constituents of their bridges. The spectral features of these complexes are dominated by
resonances downfield fiom the Cp resonance. Specifically, two distinct aromatic regions
are evident with the peaks of the complexed aromatic protons appearing upfield in

cornparison to their uncomplexed counterparts. The I3cCspectmm of complex 4.3 is

shown in Figure 4.5. The spectral separation of the peaks into two distinct regions of the

spectnim characterizes the stmctural features of complex 4.3. In short, the spectnim 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 fixther 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

IR data and yields of complexes 2.29

and 4.1-4.4 are summarized in Tables 2.2, 2.3, 4.1 and 4.2 and support the identification
ofthe respective complexes.

Scheme 4.1

Table 4.1 : 'HNMR Data o f Diiron Complexes 4.1-4.4
6 (acetone-ds), ppm
Complexed
1 Uncomplexed
6.68 (ci, 4H, J = 6.9)
6.87(d,4H,J=6.8)
6.65(&4H,J=6.2)
6.87 (d, 4H, J = 6.3)
6.03 (d, 4H, J = 7.2)
6.50 (d, 4H, J = 7.2)

Others'

7.56 (d, 4H, J = 8.9)
8.15(d74H,J 4 3 . 8 )
7.51(d,4H,J=8.4)
7.95 (ci7 4H, J = 8.4)

1.26-1.38(a
10K CH2)
1.61-1.63(III,233,

CH)

1.91-1.97(a4H,
CS)
3.05 (t, 4H, J =
12.5, CH2)
4.01 (d, 4H,J =
11.9, CE)

6.83 (d, 4H, J = 6.8)

2.4, 8.8)

7.78-7.83(IL, 2H)
7.89-7.90(m, 2H)
8.00 (d, 2H, J = 8.7)
8.11 (d, 2H, J = 8.9)
8.29 (brs., 2H)
a

J values in Hertz.

Table 4.2: "C NMR and IR Data and Yields ofDiiron Complexes 4.1-4.4

S (acetone-c
CP 1 Complexed
(Va) (s, 10H)
Aromatic

Yield

Uncomplexed
Aromatic

1

Others

Vmu

(cm")

194.16 (CO)

24.1 1 (CH2)
32.04 (Cs)

35.24 (CH)
36.82 (C-)
47.56 (Cl&)

4.2.1.2

1-Naphthol Capped Bimetailic Complexes

The presence of the temiinal chlorine nibstituents in complexes 2.29 and 4.1-4.4
makes them reactive toward m e r nucleophilic aromaàc substitution with excess

1-naphthol, giving the corresponding capped 1-naphthoxy birnetallic ~ p ~ complexes.
e +
The reaction of complexes 2.29 and 4.1-4.4 with l-naphthol in the presence of &CO3 as
the base in a THF/DMF solvent mixture dowed 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 sunimarized 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
spectnim charactenstic 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 specincally, the presence of
the naphthyl groups is easily identified by comparing the spectrum with the specaal

feahues of complex 4.3. Similar changes in the

13cN M R spectra verified the success of

the 1-naphthol capping reaction with a series of peaks appearing above and below the
baseluie between 116.15-135.95 pprn.

Scheme 4.2

In the case of complexes 4.5,4.6 and 4.9, the presence of the t e r d naphthyl groups is

evident by an increase of resonances in the uncomplexed arornatic 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.

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

t

6 (acetoi cds), ppm
Compiexed
Uncomplexed
Aromatic'
Aromatic'
--

7.44-7.47(m,6H)
7.62-7.65(a6H)
7.93 (d, 2 y J = 7.7)
8.02-8.08(KQ8H)
7.46-7.65(III., 12HJ
7.93-8.09(a 1OH)
7.44-7.48(III, 2H)
7.58-7.64(III, 6H)
7.92-8.09(q6;H)

4.5

4.6
4.7

4.8

-

5.96-(d,4H, J = 5.9)
6.23 (d, 4H, J = 5.8)

1.88-2.00 (III, 4 6

B-

CH2)
3.34-3.37 (m, 4H, a-

CH21
1.29-1.50(m,10Y
CH2)
1.62-1.66(IQ2%

CH)

1.91-1.98(m 4CH21
2.95-3.09(ID,4H,
CH2)
3.95-4.00(III,
4H,
CH21
4.9

a

J values in Hertz.

6.47(s, 8H)

Table 4.4:

13cNMR

and IR Data and Yklds of Capped 1-Naphthol Diiron
Complexes 4.5-4.9.

I

--

Cornplex Yield

(Yo)

Complexed
Aromatic

Uncomplexed
Aromatic

Others

4.5

81.3

4.6

193.34 (CO)

4.7

4.8

4.9

1

quateniaryda

24.20 (CH2)
32.30 (CH2)
35.32 (CH)
36.96 (CH2)
47.97 (CH2)

4.2.1.3

Preparation of Schoil Monomers by Photolytic DemetaHation

It was mentioned previously that one of the moa favorable techniques for the
iiberation of modified ligands fiom their correspondhg complexes is photolytic
demetallation. The dissolution of the desired complex in an CH3CN/CH2C12solvent
mixture foliowed by irradiation under a xenon lamp for 4 hours dowed the isolation of

the free organic ligand.45,

76-77

Purification by colum chromatography or extraction

techniques gave the desired compound as a white or pale yeilow soiid or oil in good yieid.
The structures of the monomers investigated are outlined in Scheme 4.3.
techniques including 'H and

')c

Several

MS and melting points were utilized in the

characterization of the rnonomeric units (Tables 4.5 and 4.6).
The preparation of the desired organic species is moa clearly indicated by the 'H

and

13cNMR

spectra. Complexes 4.13 and 4.14 WUbe discussed in some detail in an

attempt to discem 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 exemple the disthguishing features of the photolytic process with
respect to 1-naphthol capped monorners. The 'H and

NMR spectra of compound 4.13

13c

are shown in Figures 4.7 and 4.8, respectively. In cornparhg 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 where the cyclopentadienyl

carbon resonance is origindy seen at 79.96 ppm in the complexed species but is absent in

Scheme 4.3

the spectnim 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

spectrum of compleq 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 tbis complex to photolytic demetdation, 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
~ e r c e c . " ~The structure of compound 4.13 is labeled in Figure 4.7 to simpli@ the
discussion of peak identity. As iUustrated in the figure, the protons labeled HZ in the
figure appear as a doublet and are shifted fiirthest upfield of ail the aromatic protons. The
strong singlet at 6.98 pprn corresponds to those aromatic protons (A and B) which are not
included in the I-naphthoxy unit of the monomer. The peak representing the H3 protons
typically appears as a tiplet, and in the case of compound 4.13, is found at 7.31 ppm.
FinalIy, a series of multiplets in the regions of 7.47-7.55, 7.82-7.86 and 8.27-8.3 1 ppm are

attributed to protons H4,H6 and H7, H5 and H8,respectively. It is important to take
particuiar interest in the peaks of protons H5 and H8, since these resonances are the most

distinguishing resonances following polymerization.
Figure 4.8 shows the 13cN M R spectnim of compound 4.13 and helps to ve*

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 signifïcant downfield shifk of the complexed aromatic
carbons fiom 65 -72and 75.96 ppm to 118.13 and 120.26ppm, respectively, upon removal
of the pendent metallic moiety. Although the 1-napthoxy rings typically appear as a series

of seven resonances,148-156 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 han&
Figure 4.9 shows the carbon spectnim of compound 4.12 in which the resonances
s i m g 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 M e r supported by their small intensity as

wmpared to the only other aromatic rings within this structure which would be expected
to be of greater intensity and appear at 118.87and 132.19ppm.

Table 4.5: 'H NMR and IR Data and Yields of Compounds 4.10-4.14.

Others'

Vmu

(cm-')

6-747.38 (m, 14H)
7.38 (t, SH,J = 7.8)
7.48-7.54 (a4H)
7.61-7.65 (d, 2H,
J = 7.2)
7.83-7.87 (aaH)
8.16-8.21 (m,2H)
22H)
6.93-7.1 1 (III,
7.38 (t, 2H, J = 7.7)
7.48-7.56 (III,
4H)
7-62 (d, 2H, J = 8.2)
7.76-7.91 (III,
8H)

7.20-7.40 (m, 6H)
7.45-7.50 (m4H)
7.61 (d, 2l3,J = 8.1)
7.84-7.88 (a2HJ
8.12-8.16 (m 2H)
6.79 (d, 2H, J = 7.5)
6.98 (s, 8H)
7.3 1 (t, 2 y J = 7.9)
7.47-7.55 (III,
6H)
7.82 -7.86 (m 2H)
8.27-8.3 1 (KQ2H)
6.94-7.07 (Q 4H)
7.18-7.49 (m,8H)
7.51-7.74 (III,
12H)
7.85-7.95 (m,6K)

1105
1258
W 2 )

1655
(CO)

1.32-1.37 @rs, 12H, CH
CH21
1.79-1.83 @m.,4H, CH2)
2.66 (t, 4H, J = 9.8, CH2)
3.59 (d, 4H, J = 11.1,
CH2)

Table 4.6: "C NMR and MS Data and Melting Points of Compounds 0.10-4.14.
6 (CDCi31, P P ~
Complex

m.p.

Aromatic

Others

ec,
4.10

4.11

193.97(CO)

4.12

4.13

L

4.14

Il

Quaternaxy carbon

23.82 (CH2)
32.39 (CH2)
35.54 (CH)
3 6.74 (CH2)
50.94 (CH2)

4.2.2

Polymerization via the Scholl Reaction

Untii recently, the most common routes for the preparation of t h e d y 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 avdable for a limitless number of applications. One such method
which has been of particdar interest to Vigil Percec and his coworkers is the Scholl
reaction 148-157 These researchers have demonstrated that a variety of factors including

monomer structure and solubility, monomedcatalyst ratio, solution concentration and
reaction tune may al1 play sigm.ficant roles in the polymerization process. In this work,
investigation of the Scholl reaction follows a similar strategy whiie utilizing monomenc
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 f?om 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 h e a r polymer structure.

In ail cases,

polymerization was carried out following reaction conditions similar t O those established
previously by Percec and coworkers. Typicdy, the monomer was dissolved in PhN02 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

PbN02, was then added over a 20 minute period via a syringe penetrating a septum and

under a nitrogen atmosphere. Slow addition of the catdysî solution was crucial to control
the rate of polymeriration. Precipitation of the crude polymer in methanol acidified with
2% HCI foiiowed by filtration aiiowed 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 purined polymers only.

NMR analysis proved to be extremely usefid in confirmuig polymerization. Now,
due to the complexity of some of the monomeric units, e s p e d y in the aromatic region of

the spectra, it is extremely d i f n d t to assign each resonance specifidy.

However,

distinct changes in the NMR spectra have been idenaed 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
cornparison of the 'H and

U~

spectra of the polyrner with that of the monomer nom

which it onginated. 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

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

Several diagnostic spectral changes have been identified as indicative of successfid
polymerization For instance, a d o d e l d SMof protons H2 and H8,in the 'H NMEL
spectnun is typically observed, in addition to an upfield shifi of the resonance
corresponding to HS upon polymerization. It is important to note that in a majority of
cases it is ciifficuit to measure the chernical shifts of protons HZ and H5 as a result of
overlap with other arene resonances. On the other hand, the H8 peak is distinguishable in

the 'Et MUR 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 M e r downtield nom that in the monomer and remains distinguishable fiom d
other arene resonances. Figures 4.1 la and 4.1 1b show the arene portion of the 'HNMR

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 phenornenon has been attributed to the increase in the size of the molecule and
consequently the number of protons represented by each resonance.

As rnentioned

previously, the peak corresponding to H8 is generdy 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 spectmm of the monomer, supports the polymerization of
monomer 4.10. Although the identiv of protons H2 and H5 has not been established with
any degree of certainty, it is clear that the doublet at 7.62 ppm in the s p e c t m of the
monomer has shifted upfield in the polymer to a position which overlaps with other
aromatic resonances and as a result canoot be disthguished. It may be possible to
ataibute this resonance to H5 since previous research has identified this type of shift to
this particular proton in the naphthyl ring. Although the identity of II2 is more difiicuit to
determine, the change of the aromatic region of the spectmm suggests a shift in other
proton resonances as weil.

ccO

Examination of the "C NMR spectra of the monomers and their correspondhg
polymers M e r supports successful polymerization. Figures 4.12a and 4.12b show the
13

C NMR for monomer 4.10 and polymer 4.15, respectively. Although it is difncult to

distinguish the 1-naphthoxy resonances from the other aromatic resonances, it is possible
to identw successfbl polymerization again by comparing the spectnim of the monomer
with that of the polymer. One of the most outstanding changes in the spectra upon
polymerization is the appearance ofthe quatemary carbon resonance at 126.50 ppm which
may be attributed to the new quaternary w b o n that would be expected at C4 in the
naphthoxy ring.

W1th the formation of this new quate-

carbon atom, the

disappearance of the peak at 123.63 ppm in the spectnim 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 pprn in the monomer and
112.24pprn in the polymer.

Following the determination of the solubility of each monomer in PWO2, the
incorporation of various functional groups into the monomeric unit with respect to their
polymerkation via the Scholl reaction was examined.

Monomers 4.10

-

4.14 were

investigated under a number of reaaion conditions, including various monorner:catalyst
ratios, solution concentrations and reaction times, and the molecular weight measurements
of the soluble portion of the resulting materials, as detennined 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 surnmarize the molecular weight measurements of the

material obtained at a monorner:catalyst ratio of 1:4 at varîous reaction times.
Examination of the weight average moledar weight determinations at al1 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 fiom 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 matenal. In an attempt to increase the
molecular weight of the polymerîc 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 determinhg the molecular weight of the polyrnenc
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 chah remains soluble in the reaction
solvent. Aithough, e n w 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 I 1 in Table 4.7. As is evident f?om the molecuiar
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 6S°C in the hope of either increasing the rate of polymerization or the

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 t h e on the polymerization of
monomer 4.11 at 22"C and 65°C also aiiowed 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 obsemd that neither changes in reaction
time nor temperature caused an increase in molecuiar 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 yieId of the isoiated 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 FeClt was added to the polymer solution following a 24
hour period and allowed to react fûrther for the following 24 hours. Initially, these

experirnents were conducted at 22°C resulting in a polyrneric matenal 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.
W1t.hthe

lunited success experienced in the polymerization of monomers containhg

the electron-withdrawing sulfone and carbonyl fknctionalities, 4-10 and 4.11, monomer

4.12 was investigated in the preparation of tbioether-containing polymers. Based on the
results obtained in the polymerizations of monomers 4.10 and 4.11, monomer 4.12 was
initiaily examined with respect to reaction temperature. The results of the polymerizations

at 22°C and 65°C are iisted 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 resdts, the effect of reaction t h e on polymerization
for 3 and 24 hours was examined at 6S°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 tirne. Although a trend may not be assumed based on these two
entries, this observation is in agreement ~ 4 t h
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 faiied 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
polymenc materials of increased molecular weight according to the reaction conditions
summarked in entries 6 and 7. FeCb 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
3 148 gmol-' at 22OC 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 poiymerization attempts of a monomer which
incorporates nitrogen into its molecular structure, 4.13. Regardless of changes in reaction

temperature, time and concentration, GPC measurements of the soluble portion of the
isolated material indicated low rnolecular weight product S.
Monomer 4.14 was examined with respect to reaction conditions similar to those
appiied 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 rneasurements correspondhg to
these reaction conditions are summarized as entries 1-5 in Table 4.1 1. However, it is
important to note that a significant increase in molecula. 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 22OC

and 6S°C, respectjwly. lLTnfominately, the polymenc 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 materid in most cases, rnolecular weight
determinations were conducted on the soluble portion of the polymer ody. As a result,
M e r investigation of the polyrnenc materials was conducted using thermogravimetric
analysis. The examination of weight loss with increasing temperature indicates the themial
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 t h e d

stability of polymers 4.15, 4.16 and 4.19 is indicated by weight losses of 27%, 35% and
27% at 57S°C, 544°C and 533"C, respectively. Polymer 4.17 exhibited a slightly lower

thermal stability with 27% weight loss occumhg at 385°C. Although GPC indicates the

isolation of only low to rnoderate molecular weight polymeric species, 4.15-4.19,
consideration of the thermogravimetric data with respect to previous studies of these types

of

polymers

suggeas

weight .l14,125,141,146,I47,150

the

generation

of

materials

of

higher

molecular

Table 4.9: Reaction Conditions and Molecular Weight Measurements for Polymer 4.17
Trial

1
2
3
4
5

Monomer Solution

m mol
monomer
O.5

OS
O.5

OS

r n ~
PhN02
O,5
O.5
0.5
0.5
O.5

Catalyst Solution

Time

Temp.

Y ield

mm01
FeCl3
3.0
2.0
2.0

(W

(OC)

(%)

24.0
24,O
3.O

22

42.5

65
65
22

32,3
35.3
45.2
39.9

1.O
2.0

r n ~
PhN02
1.5
1.5
1.5
1 .O

1 .O
0.5
I.0&1.0 0.5&0.5
6
O. 5
O.5
1.0&1.0 0.5&0.5
O. 5
O.5
7
'Soluble portion of polymer was run only.

I

18.0
18.0

48
48

22
22
65

43.3
30.0

Mn"

Mwa

Mw/Mna

746
1840
883
1065

1537
3079
1921
1450

2,059

878

1496

1,361
1.702

1264
2005

2506

1.982

3 148

1,570

1.673

2.175

Table 4.10: Reaction Conditions and Molecular Weight Measurements for Polymer 4.18
Trial

Monomer Solution
mm01
monomer

1
2
3

4
5

O. 5
O. 5
0.5

O.5

Catalyst Solution

mL

mmol

mL

PhNO2

FeCl3

PhNOr
0.5
1.O
1.O
1.O

O. 5
0.5

1.5
0.5

1.O
2.0
2.0

2.0
0.5
0,s
2.0
'Soluble portion of polymer was mn only.

1 .O

Time

Temp.

Y ield

(W

CC)

('w

Mna

Mwa

-

Mw/Mn'

-

65
21.5
386
22
24
19.4
327
1.179
22
18.9
320
218
24
3,464
24.0 65
280
139
2.014
3.0 65
37.0
190
420
2.178
24
1 .O

Table 4.1 1: Reaction Conditions and Molecular Weight Measurements for Polymer 4.19
-

Trial

1
2
3
4
5
6

Monomer Solution

Catalyst Solution

mmol

mL

mm01

mL

monorner

PhNOz

O.5

1.O
1.O
1.O
1.O
1 .O
1.O

FeCIJ
1.O
1.O
1.O
2.0
3.O
2.0

PhN02
2.0
2.0
1.O
1.O
1.O

O. 5
O. 5
O. 5

0.5
O.5

aSolubleportion of polymer was mn only.

1 .O

Time

Temp.

Y ield

(hW

(OC)

(%)

3.O

22
22

57.0

18.0

6.0
6.0

6.0
6.0

22
22
22
65

63,O
54.1
51.4

85.2
76.4

Mn"

MW"

Mw/Mna

76 1
810
967
582
758
21 19

1477
1660
2209
1426
1539
6350

1.942
2,050
2,283
2,45 1
2.03 1
2,996

5.0 Ring-Opening Metathesis Polymerization of Strained Cyclic

Olefins

5.1 Introduction

Ring-opening polymerization has received a great deai of atîention 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 polyrnerization as
weu as the ~bsequentproperties and applications of the polymenc species, the role of
the catalyst in ring-opening polymerizations has been of particular interest.

The

development of catdytic systems has advanced to such a degree that the preparation of
polymeric materials with specific structural characteristics has been achieved.
Following the k s i demonstration of the use of transition metal catalysts for the
ring-opening polymerization of cyclic olehs, Truett and coworkers reported the

preparation of polynorbomene based on the design of Mo and Ti containing catalysts

stems.^^^

Figure 5.1 illustrates the lithium aluminum tetrahep~land titanium

tetracMoride cataiyst system which resulted

in the unexpected ring-opening

polymerization of norbomene. It is important to note that this was the first report

describing the addition polymerization of a monomer with oniy one double bond.
Furthemore, Truett observed that varying the relative amounts of the two components
of his catalyst system had a marked impact on the properties of the

Figure 5.1 : Ring-opening polymerization of norbomene using a
titanium catalyst system

resulting polymeric material. Since this initial discovery, a number of classical catalysts
prepared fiom a transition metal halide complex and an organometallic or Lewis acid COcatalyst have been found to initiate the ring-openhg polymerization of a variety of
monocyclic, bicyclic and polycyclic 0 1 e h s . ~ ~ "Active
~ ~ catalyst systems based on
transition metals including Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Re, Ru, Os, Rb, and Ir
reflect the nurnber of syçtems that have been i n v e ~ t i ~ a t e d . ~ ~ ~

A crucial discovery in the developrnent of catalytic systems for ring-opening
polymerization reactions was reported by Calderon and his coworkers who showed that
the disproportionation of acyclic o l e k s and ring-opening polymerization are similar
chernical r e a ~ t i o n s . ~The
~ ~ final rewlt of this study was the determination that the
reaction took place by breakhg double bonds and exchanging alkylidene units.
Consequently, this type of reaction was iabeled 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 metallacyclobutaneç.

Herrison and Chauvin proposed the new

mechanism involving metal carbenes and metaLlacyclobutanes to justm the observations

of their studies of cyclic and acyclic olefins (Figure 5.2).270 Further proof for the metal
carbene mechanism was presented by Grubbs and Katz on the basis of isotope labeling
studies.271-272

Figure 5.2: Isotope labeling scheme used for proof of the rnetal 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.

Figure 5.3 : Metal wbene-metallocyclo butane 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 poiymerizations stems fiom 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-de£ined structures.273 Although a

general definition of a living poiymerhtion is given as a chain polymerization which
takes place in the absence of termination or chain transfer, there are several cnteria which
have been identified as diagnostic fatures of Living polymerization. The first cnterion
simply expresses the basis of living polymerization conditions and States that polymer

growth must proceed by the continuous addition of the monomenc unit to the
propagating species without chah termination or chah transfer reaction interferences.
Another Merentiating aspect of living polymerizations is that the active center of the
polymerization remains intact on the polymer c f i even after complete consumption of
all the monomer units. The living nature of the process cornes into play upon renewed

monomer addition which promotes continued polymer growth.

Finally, it has been

determined that in generating polymenc materials with narrow molecular weight
distributions it is essential that the rate of initiation is comparable to or faster than the rate
of propagation.2n
The development of the ideal catalyst system which fulnlls each of these
requirements and ailows 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 Gmbbs and their development of
well-defined transition rnetal compounds which catalyze the ring-opening polymerization
of strained cyclic o l e h s which is often accredited for the strides made in this unique
area.280-303Most of the catalytic systems investigated by these researchers incorporate

transition metal compounds of titanium, hingsten, molybdenum or ruthenium.

5.1.1

Catalyst Systems

The development of weli-dehed transition metal catdysts was initiated in 1986
when Grubbs reported the use of bi~qs-cyclopentadienyl)-titanacyclobutae,derived
from the reaction of the Tebbe reagent with norbomene, in the polymerization of

norbornene (Figure ~ . 4 ) . ~ "The large ring strain in norbornene and its denvatives
coupled with the relatively low reaaivity of titanacyclobutanes presented a method which
proceeded without termination or chain transfer resulting in the correspondhg polymeric
material with a narrow molecular weight distribution.

Figure 5.4: B is(q5-cyclopentadienyl)titanacyclobuta catalyst for the

ring-opening polymerization of norbomene

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-deterrnining s e p .

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

bi~(~~-c~clo~entadien~l)titanac~clobutae
catalya
These observations in combination with the accepted mechanism of olefin metathesis
involving the interconversion of rnetal carbenes and metailacyclobutanes led to the
proposal of the mechanism illustrated in Figure 5.5 for the generation of the growing
polymer c h a h It was proposed that the metallacycie may cleave to yield a carbeneolefin cornplex in one of two ways.274 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
norbomene, fonned the a-P-a'-trisubstituted metallacycle. This substituted titanacycle
cleaves exclusively in a productive manner in the generation of the corresponding

substituted carbene which in turn foms the trisubstituted metallacycle in the presence of
norbomene.

Subsequent cleavage aliows for the generation of the growing chah

atîached to the or' position of the uisubstituted titanacyclobutane.
Further

investigation

of

the

titanacyclobutane

catalysts

identined

titanacyclobutane, shown in Figure 5.6, as a better initiator for the polymerization of
norbomene than the titanacycle discussed in Figwe 5.5 due to the ring-strain in 3,3-

dimethylcyclopropene.274 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 polymerkation reaction proceeded with initiation being faster than chah
propagation allowing for the synthesis of high molecuiar weight materials with
polydispersities lower than 1.1.

Figure 5.6: Ring-opening polymerization of norbomene using a

3,3-dimethylcyclopropenebased titaaacyclobutane catalyst

The polymerization reaction itself was found to be sensitive to temperature changes to the
degree that the reaction was halted by simply cooiing the reaction mixture to room
temperature whereas heating it to 6 5 ' ~ 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 exodicyclopentadiene, benzonorbomadiene and

6-methylbenzonorbomadiene in the

preparation of block copoiymers with a well-defked composition, microstnicture and
molecular weightmn4
Following complete consumption of the monomeric units, the polymer chah
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

Also, it had been shown that the titanium carbenes generated

fiom the ring-openhg of the titanacyclobutane reacted with a variety of fùnctionalities
such as aldehydes, ketones, esters, amides and imides to give Wittig-type products in
excellent yield.276 The potential advantage of this end-capping technique included the
efficient removal of the catalyst, modification of the bulk properties of the ROMPderived polymer, as weU as a facile means of end group analysis. Furthemore, the
incorporation of this active group poses a means for fùither chernical transformations

andior polymerizations. Figures 5.7 and 5.8 illustrate the use of titanacyclobutane
tenninated polynorbomene in Wittig-type reactions for the production of AB A-triblock

and gr& copolymers, respectively.

5.1.1.2

Tungsten Catalysts

The role of metal-carbenes as initiators in oiefin metathesis prompted the
investigation of various transition rnetal based catalytic systems.

In 1976, Katz

introduced (diphenylcarbene)pentacarbonyltungsten, which represented the ikst metalcarbene 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.2

n m

GPC, IR and

I3cNMR were used to ver@

the

preparation of these highly ordered polymers in which 90% or more of the double bonds
had the cis configuration. Based on the successfui titanacyclobutane and rnetai 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 ~ a t a l ~ s t s Their
investigation began with the preparation oftungsten 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 fùnctional groups. Figure 5.9 shows the use of the
complex W(CH-~-BU)(NA~)(O-~-BU)~
in the polymerization of 50-200 equivalents of

norbornene in toluene at ~ S ~ C .Analysis
~"
of the isolated polymeric material showed a
molecular weight proportional to the number of equivalents of the norbornene consumed

Figure 5.9: Polymerization of norbomene using a tungsten allcylidene complex

and a polydispersity index of 1.O5.
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 foiiows a three aep 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
279-281

([OC(CF~)~(CFZCF~CF~)
1).

A m e r modification of the catalyst by the

replacement of the aikoxide ligands with fiuorinated subçtituents such as -OC(CH&CK

''"

and -OCCH3(CF3)2 resulted in the isolation of more active, yet less selective, catalysts.
282

The enhanced activity of these catalysts not only allowed for the polymerization of

norbomene at temperatures as low as -60°C but were active initiators for acyclic olefin
metathesis as well. Yet, the practicality of the fiuorinated catalysts as initiators for the
polymerization of cyclic olefms 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

propagation and secondary metathesis of the double bonds formed d o n g the polymer
chab were two factors suggested for the measured molecular weights. Ultimately, it was
determined that the reactivity of the W(CHR')(NAr)(OR)2 complex was highly
dependent on the electron-withdrawing power and size of the allcoxide Ligand.279-282

5.1.1.3

Molybdenum Alkylidene Catalysts
The investigation for improved regdation over polymer structure via the design

of novel cataiytic 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.283,

284

The

synthetic utility of the resulting complexes was evident in the generation of vktually
monodisperse polymers, an increased tolerance of functional groups including esters and
nitriles, and the production of produas of a highly stereoregular nature.
polymerization

of

Bu)(NAr)(O-t- BU)^

endo,endo-5,6-dicarbomethoxynorbornadiene with

(Ar

=

2,6-diiso pro pylpheny1)

demonstrated

the

The

Mo(CH-timproved

characteristics of this cataiyst 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 polymenc species was explained on the
basis of previous studies which established that this catalyst conforms to a pseudotetrahedral orientation in which the

major contributor is such that the alkyiidene

subsîituent points toward the imido nitrogen atom, the syn isomer.284.285

Figure 5.10: ROMP of 5,6-dïcarbomethoxynorbomadiene
via a molybdenum alkylidene catalyst

The living nature and unique properties of polymers resulting nom the ROMP of

a

variety

of

2,3-disubstituted

norbomadienes

in

the

presence

of

Mo(CH-~-BU)(NA~)(O-~-BU)~
(Ar = 2,6-diisopropylphenyl) dernonstrates its feasibility in
polymer

p reparation.

It

was

reported

that

200

equivaients

of

2,3-

dicarbomethoxynorbomadiene were subjected to ROMP in the presence of

Mo(CH-t-Bu)(NAr)(O-t-Buh (Ar

= 2,6-düsopropylphenyl) to yield the corresponding

ring-opened polymer with molecular weights proportional to the equivalents of monomer

.'"

used and polydispersities as low as 1.1

Additional f-es

of the molybdenum-based

allqlidene 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 repeathg unit of the polymer based on the
symmetrical nature of the monomers.

Ring-openhg 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 chah 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 a .

opposite configuration gave an isotactic polymer (Figure 5.11).

The impact of catalyst design on the structural features of the polymeric species
was demonstnited in a cornparison study which investigated the ROMP of 2,3-

bis(trifluoromethy1)norboniadiene

in the presence of Mo(cH-t-Bu)(NAr)(0-t-B~)~

(Ar = 2,6-düsopropylphenyl) and a number of traditional initiator~.~*~
"C N M R and Tg

were used to ver@ the enhanced stereoregularity of the ring-opened potymer resulting

cis isotactic

trans isotactic

Figure 5.1 1: Possible stereochemical arrangements of 2,3-disubstituted
norbornadienes

h m initiation by the molybdenum alkylidene complex as compared to the traditional
catalysts Iisted in Figure 5.12. The resulting tram, syndiotactic microstructure of the
isolated polymer was consistent with the nature of this catalyst to form predominantly

trans polynorbomene.

The tolerance of various fùnctionalities and stereochernical

control achieved by the use of molybdenrun based catalysts have rendered them
exceptionally valuable in the molemlar engineering of polymers with novel structures

and functionalities. This is exemplined 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)z
(Ar = 2,6-diisopropylphenyl) catalyst in the preparation of Side Chain Liquid C r y s t a h e

Polymers (SCLCP' s).286-288

Figure 5.12: Tram stereoregular polymers of 2,3-bis(trifiuoromethy1)norbornadiene

5.1.1.4

Ruthenium Coordination Catalysts
An underlying concem in the development of new catalysts, second only to the

issues of activity and selectivity, is the stability of an active species to hpurities such as

air and ~ a t e r . " ~In many of the catalytic systems mentioned thus far, the progression of

these catdyst systems fiom research to fidl-scale industriai use has often been restricted by
the sensitivity of the organometallic complexes to oxygen, water and heteroatomic
bctionalized substrates. This obstacle was overcome in 1988 by Gmbbs and coworkers

who descnbed the use of a select group of Vm coordination complexes for the
polymerization of 7-oxanorbomene in aqueous solution under an atmosphere of air to

yield the desired ROMP polymer in quantitative yield?

The aqueous polymerization

Me0

OMe

OMe

Figure 5.13 : The Ru(H20)s@-toluenesuifo~te)2 catdyst

264

of

a

7-oxanorbornene

derivative

via

the

vexy

active

Ru(HzO)s(tos)z

(tos = p-toluenesulfonate) salt is iilustrated in Figure 5.13. It was discovered that upon
polymerization of the toxanorbornene derivative, a RU" mono-olefin adduct complex

was generated in the process. w1a93

Following polymerization, the metal-oleh

coordination catalyst which was formed in situ was found to be recyclable and
subsequentiy found to be more active in later polymerizations. Grubbs reported the use of

this @ mono-olefin adduct in the polymerization of less-strained monomers, such as
cyclooctene, which were previously unreactive in aqueous media (Figure 5. 14).294

Figure 5-14: Use of a RuZ' mono-olefh adduct complex in the
polymerization of less-strained monomers

In 1992, Gmbbs and coworkers reported the preparation of the fist well-defined
ruthenium-based olefin catalyst, (Ph$)2Cm=CHCH=CPhr

The living properties of this

catalyst were established by the block copolymerization of 2,3-dideuterionorbomene and
norbomene with the generation of a stable active polymer species in which chain
termination and chah transfer were extremely slow relative to propagation (Figure
5 . 1 5 ) ~ ~ The
' ~ f-es

of the ruthenium carbene complex combined unusual stability and

Figure 5.15: Block polymerization using the first weil-defined nithenium catalyst

hctional-group tolerance with the ability for polymerization of highly strained cyclic
olefuis in organic media both in the presence and absence of proticlaqueous solvents.
However, the activity of this complex was limited to the metathesis of highly strained
cyclic olefins and was inadequate for the polyrnerization of low-strain cyclic o l e h s or
acyclic o l e h .

Subsequent research focused on the potential for fine-tuning the reactivity of this
cataiyst via ligand modification.

296-302

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 allcylphosphines. Two isomeric forms of the modified

rutheniun catalysts were generated fiom the reaction of 2 equivalents of PCy3 or P(i-Pr13
with (Ph$)2ClzRu=CHCH=CPh2 in CHzC12where the dominant cornplex was the

R = Cg,bPr
Figure 5.16 : Modified single-component rutheniun catalyas

one in which the two phosphine ligands are trans to one a n ~ t h e r . ~ ~ ~

The promise of these modified cataiysts for enhanced activity was exernplitied by
the polymerization of not oniy highly strained monomers such as norbomene and its

denvatives but also the ROMP of lest-strained cyclic monomers including cis-cyclooctene,
cyclooctadiene and ~ ~ c l o ~ e n t e nLigand
e . ~ ~ modification
~
affected the activity of the
catalysts ro such a degree that moderate turnover numbers of unstrained acyclic o l e h
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 s ~ l v e n t . ' ~Additionally,
~
the use of (Cy~P)2C12Ru=CHCH=CPh2
for the
polymerization of cyclooctadiene in the presence of a simple allylic chah transfer agent

was found to yield the correspondhg difunctional1,4-p01~butadiene.~~~

Thus far, the development of various catalytic systems and their impact on the
structural nahue of the resulting polymxic material has been the focus of Our discussion.
However, it is important to keep in mind that polyrnerk properties depend sigmficantly on
the £ùnctional substituents dong the backbone of the polymer chah 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.

In 1989, a paper by Lauteos and coworkers described the development of novel
rnonomeric units whose ROMP yielded new polymenc materials which possessed a
combination of rigidity and strain.30430SThis 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, RuC13-HzO(Figure 5.17). Previous work in the field
has emphasized the robust nature of ruthenium cataiysts in an oxygen atmosphere and
aqueous reaction conditions as one of its greatest feaîures. The initial polymerization of
deltacyclene with RuCla*H2Owas canied 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
interesthg to note that when water was used exclusively as the solvent of choice,
polymerization was achieved despite the insolubility of the monomer dbeit with no
substantial increase in molecular weight or yield.304 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 106. In spite of the fact that ruthenium catalysts have been observed to
produce polymers containhg hms olefins, NMR spectral analysis of these polymers
revealed evidence of a low degree of stereoselectivity with signals corresponding to a
mixture of czs- and trm olennic protons.304

Figure 5.17: The ring-opening metathesis polymerization of deltacyclene

A further modification of the thermal and mechanicd properties of the polymer

may be achieved by the synthesis of modified monomers. Lautens and coworkers
investigated the

polymerization of 5-siloxydeltacyclene

in the

presence

of

which also possesses a high degree of
Mo(=CHCM~~~)(=N-Z,~(~-PI-)~P~)(O-~-BU)~,

tolerance for various fiinctiod g r o ~ ~ s .In~ addition
~ " ~ ~to ~the poIymenzation 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 nrtheniurn
cataiyzed reaction. It was observed that the species derived from the molybdenum
catalyst system possessed an increased rnoleailar weight and decreased polydispersity
index in cumparison to the RuC13*H20catalyst. An extension of the effect of the initiator
on ROMP polymerization was conducted with respect to the copolymerization of
deltacyclene and

5-siloxydeltacyclene with RuCl3-&O, ReCls or Mo(=CH-CMezPh)

(=N-2,6(i-Pr)2Ph)(O-t-B~)2
(Figure 5.18).307 Several interesthg observations were noted
with respect to the structural detaiis of the resulting polymeric matenal. A general

increase in molecular weight and decreased polydispersity index of the isolated
polymeric matenal was evident upon the use of the various catalyst systems in the order
Mo allcylidene > ReCIS > R.C13*H20.Additionally, although the traditional RuC13-Hz0

and ReC15 catalysts resulted in random copolymers, the living nature of the molybdenum
Wlidene catalyst ailowed for the synthesis of both random and block copolymers.
Findy, it has been mentioned previously that the choice of the catalyst may play a
crucial role in determinhg polymer microstructure. Here, it was found that mthenium

and molybdenum catalysts generated polymeric species with cis and

frm

olehs

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

the preferential formation of ci.olefms.

Figure 5.18: The copolymerization of deltacyclene and siloxydeltacyclene
using Ru, Re or Mo catalysts systems

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 moa powemil and influentid tools for the elucidation of both
organic and inorganic ~pecies."~The theoretical basis for nuclear rnagnetic resonance
spectroscopy existed several years prior to the a m a l 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
rnagnetic field.308 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 s t n i c t ~ r e .An
~ ~N~M R spectrum is
generated by a plot of the fiequencies of the absorption peaks of certain nuclei in the
sample versus peak intensities. The appearance of a peak at a particular eequency, the
chemical shift, is due to the ciifference in the magnetic environment of individual nuclei
and is instrumental in the elucidation of molecular structure. Coupling constants, which

result nom the interaction between the nuclear spins of the nuclei in a molecule, are also

an invaluable featwe of an NMR s p e c t m .

Since these initial discoveries, the

development of NMR spectroscopy has led to its widespread application in the growth of
organic, inorganic and biochemicai fields.

5.1.2.2

O n e and Two-Dimensional Nuclear Magnetic Resonance
Spectroscopy

The theoretical basis of NMR spectroscopy stems nom the very simple principle
that all nuclei cany 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 nurnbers, 1.203, 308-310 The values representative of the angular

momentum of the spinning charges rnay 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 detennining the

number of orientations of a nucleus, given by the formula 21 + 1, when exposed to an
extemal magnetic field. The 'Hand "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 fiequency (rf) electromagnetic energy to align magnetic nuclei
with the magnetic field.203, 308-310 The quantum of energy required for a transition fiom

one state to another is given by hv where h corresponds to Plank's constant and v is the
fiequency of the electromagnetic radiation. It is important to note that the fkequency, 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

environment via several mechanisms or relaxation processes aliowing 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 fiom the development of Fourier
Transform techniques involGn8 the simultrmeous excitation of a selected set of nuclei
with a short powerfûl r f pulse which provides the required fiequency range.203, 308 The

central fiequency in the pulse is slightly off-resonance for al1 of the nuclei resulting in the
generation of a fiee induction decay

m) sine wave for dl the nuclei with each

fiequency equal to the daerence between the applied frequency and the resonance
frequency for a particular nucleus. In a compound with more than one 'H or I3cnucleus,
the RD display is composed of superimposed sine waves with characteristic fkequencies

and interference pattern. With cornputer technology, the automatic digitization of data

and its subsequent storage d o w s for a repetition of pulses and subsequent acquisition of
data which results in a build-up of the signal.203.

308

The available NMR techniques

permit controi 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 tirne domain FID spectmm converts the data into the conventional
fkequency domain NMlX spectmm. 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,

b 2 0 3 *308

The term one-dimensional NMIZ can be deceiving considering the spectra are

generated in two dimensions with the fiequency of the resonance plotted with respect to

peak ïntensity. Although they may be rather cornplex, 2-D experiments consist, in
general, of a variable time interval, t2, in addition to the initial t h e interval, tl, foliowed
by the acquisition of the FID as a fiinction o;"time. The consequence of this procedure is
the generation of a series of FID sine waves which are subsequently submitted to Fourier
transformation in two dimensions with respect to tl and tz. The results of a 2-D NMR
experiment are presented in a spectmm in the f o m 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 t h e intervals which are then
subjected to two transformations to yield the corresponding 2-D spectrum (Figure
~ . 2 û ) .308
~ ~ The
~*

NMR s p e c t m shown in Figure 5.20 is referred to as a correlatecl

spectroscopy (COSY) spectnim. 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 feahires 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
s p e c t m where the spectrurn is generated dong 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 intere~t.~O*
As Figure 5.21 illustrates, coupled protons may be identified by drawing vertical and

horizontal lines fiom either one of the crosspeaks to the diagonal. It is important to note

Figure 5.19: Transformation of a series of FID sive waves recorded at
variable t h e intervais.

Figure 5.20: 2-D NMR spectrum following transformation of the FID

that although this technique d o w s for complete identification of the structure of interest

CH COSY is more usefiil for the determination of the comectivities of a proton to a
particular carbon atom.203v308
The relationship of a proton and carbon atom appears as a
crosspeak contour which is intersected by h e s drawn &om proton and carbon spectra
plotted at 90"to one another.

Figure 5.21: H-H COSY spectnim illustrahg 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 resonaace spectroscopy, the use of

this technique in the structural identification of compounds of increasing complelaty

continues to arouse the Niosities of NMR spectroscopists woddwide. Specifically, the
generation of two diastereomeric isomers fiom the Diels-Alder reaction of cyclic dienes
and derivatives of ethylene have been found to be of particular interest due to the
spectroscopie properties they exhibit.309,

311-322

For instance, the detennination of the

chexnical shifts and coupling constants of these bicylo[2.2.1]- heptane and heptene ring
systems, facilitated by the k e d geometry of these ngid 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. Ilheptane 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 e f f e c t ~ . 319
~ ~ ~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
detennination of the two isomers.309,311-322
Specifically, 'H N M R investigations of bridged ring systems have revealed

characteristic relationships between spin-coupling constants of the ring protons and
stereochemisûy, 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

A study conducted by Musher and coworkers of various

monohydroxyl derivatives of bicyclo [2-2.1]heptane describes some of the moa cornmon
spectral features of these ~ o r n ~ o u n d s It
. ' ~has
~ been observed that an exceptionally large

merence in magnetic shielding exists between an exo and endo proton with the ex0
proton experiencing larger deshielding. Although the diamagnetic anisotropy of the C-C
bonds in the ring have a role in generating this clifference, 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 Jemendo and Jmdwnh coupling as well as fairly large long-range
Figure 5.22 summarizes the system which will be used throughout the following
discussion to identify the protons and carbon atoms fiom one another.

Figure 5 -22: Labeling of bicyclo[2.2. llheptenes

As a result of the numerous NMR studies wbich 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.309.

311-322

In

particular, much attention has been focused on the endosxo isomerism in both
norbornanes and norbornenes as well as the 3ydntiisomerism at C-7 in n o r b o r n e n e ~ . ~ ~ ~ *
312-314. 3 16-320,322

In some instances, it has been established that both vicinal coupling, or

couphg across three bonds, and long-range coupling, couphg separated by more than
three bonds, may be instrumental in assigning the stereochemical nature of these syaems.
One spectral consistency which may be extremely usefùl in dkinguishing
between the two isomers of bridged ring systems follows fkom a generalization regarding
the relative chemicai shifts of axial and equatonal protons in six-membered rings. In 2substituted norbornanes and many of their derivatives, it has been established that endo
protons resonate upfield fiom their exo counterparts.316, 319. 323 It should be note&
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
~~ecies.~~~
Early studies involving bicyclic systems centered on the establishment of certa h
chernical shifts and explored the relevance of the Karplus relationship involving vicinal
coupling constants and dihedral angles in an attempt to d e h e the species structure and
s t e r e ~ c h e r n i s t r ~~xperimentaii~
.~~~
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 f o n d to
depend on the compound of interest.

J = 8.5cos20- 0.28,

O0 ( 0 1 90'

J = 9.5cos20- 0.28, 90° IB

180'

Equation 5.1
Equation 5.2

It has been suggested that severai factors should be considered which may contribute to
experimentally detemiined values which depart fiom theoretical predictions. Structural
aspects including the electronegativities and orientation of substituents, hybridization of
carbon atoms as well as bond lengths and bond angles are ail possible contributors to
variations in theoretically based e ~ ~ e c t a t i o n s . 'In
~ ~particular, the magnitudes of the
vicinal c o u p h g constants and the chernical shifts have been shown to exhibit a linear
variation with respect to substituent electronegativities.
As mentioned earlier, endo-protons invariably appear upfield firom exo-protons
rendering them an important f i e for determinhg the molecular structure of these
species in terms of the assignment of configuration and chemical shifts.316, 319, 323 It is
important to note that dthough double bond anisotropy is considered an important
contributor to this chemical shift derence, it is not the most prominent detem~inant.~'~
Variations Ui the chemical shifts of the bridge protons with respect to neighboring
substituents may aiso prove beneficial in structural assignment. One study observed the
spectral resonances of the bridge protons with respect to an endo-2-chloro-Snorbomene
and various dichloro-subsîituted ~-norbornenes.~~~
It was detemiined that Ht. is more

sensitive to structural variations than HyS due to the close proximity of Hia to the
substituent chlorine atom. Specifically, an upfieid resonance representative of H7a in the
presence of chlorines in the endo position relative to its downfieid appearance upon the

substitution of even one chlorine in the exo position clearly demonstrates the effect

substituent position has on chemical shifts.

Another study suggeaed 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.320 One report
conchded that olefinic protons resonate M e r d o d e l d in the presence of 2-endo
substituents as compared to their exo counlerpart~.~'~
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 norbomenes have
also led to the establishment of typical spin-spin coupling constants.309,

311-314, 318-320, 322

The coupling between olefinic protons in norbomene derivatives, J H I > - ~ ,is
5 , measured in
the range of 5.0-6.0E3z and is seldom afZected by substituents in the 2-position of the

ring. The difference of this couplhg with that of the vicinal couplings of the olefuuc and
bndgehead protons, JHImH6
and JH4=, 2.4-3.0 Hz, as well as the magnitude of the J=-mx
coupling, 7.5-9.2Hq 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 approximateiy 0°, the coupling constants Vary considerably in
magnitude.319

This merence in coupling constant has been attributed to the

hybridization of the carbon to which the proton is aîtached, as well as the influence of the
dihedral angle and the ring size.

In the same way that chemical shifis of exo and endo protons have been found to

s the stereochemical assignment of bridged ring species,
be useful diagnostic f e a ~ e in
exo-exo, endo-endo and exo-endo coupling constants have also proven to be beneficial
for this purpose.313,319 f i o - e x o and exwndo coupling constants have been observed to

be highly dependent on substituent electronegativities, yet, generaily range fkom 7.5-9 -2

and 2.1-5.8 h e m respectively. Stereochemicd identification may also be verified with
respect to the coupling between endo and exo protons and the adjacent bndgehead
protons with the respective coupling constants being O 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.319

This

characteristic is indicated by the ciifference in the coupling constants of the bridgehead
protons with each of the bridge protons. Again, the value of the couphg constants, J H ~ +
~4

and IH7a-H4,
typicaily 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 interesthg phenomenon which has been explored in a variety of norbomane,

norbornene, norbomadiene and 7-oxa derivatives is the magnitude of the long range
couplings charactenstic of these compounds.309.3 19 This observation has been justified as

a direct consequeme of the compactness of these species with all of the protons being
within five bonds of one another and in a fked geometncal arrangement. Several longrange 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-7protons (Figure 5.23a). Additionally, there is a four bond, long-range couphg between
protons & and H3* of 2.0-3.1 Hz (Figure 5.23b). A smaller allylic coupling has also
been observed in norbomene compounds (Figure 5 -23c).

Figure 5.23: Long range coupling in norbomene and its denvatives

An alternative approach to the stereochemical assignment of norbomene and its
denvatives involved the hydrogenation of the 5,6-double bond which effected small
changes in the chemical shifts of the endo and exo protons.316 The study of several
norbomene derivatives showed that upon the removal of the unsaîurated 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 shifis of

substituted norbomane and norbomene derivatives. Clearly, several spectral features
may be used to distuiguish the two isomers of bicyclic Diels-Alder adducts. In this work,

5-norbomene-2-methanol has been modined via nucleophilic arornatic substitution and
the correspondhg isomers identified on the basis of the above mentioned spectral
characteristics.

5.2

Results and Discussion

In many ways the design of novel polymeric species is d e h e d 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 rnacromoledar species was attempted followiog
polymerization and often suffered nom unforeseen difnculties 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 fùnctionalized monomers can be more readiiy achieved.

5.2.1 Monomer Preparation

5.2.I. 1 Preparation of Capped 5-norboniene-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 ole£ins have demonstrated optimal characteristics for polymerization
under ring-Opening met athesis conditions. In an attempt to prep are polymenc species
with

unique

characteristics,

q6-(chlorobenzene)-$-cyc10pentadienyliron

hexafluorophosphate was reacted with exo.endo-5-norbomene-2-methanol in the
presence of potassium t-butoxide in a THF/DMF solvent mixture under a nitrogen

atmosphere (Scheme 5.1). Complex 5.1 was isolated as its hexafiuorophosphate salt in
85 % yield. The stnictural features of this novel monomeric unit renders it a potential

candidate for ROMP. Due to the structural complexity of norbomene derivatives, 1-D
and 2-DNMR analysis was required for its identification and is presented in detail in

Section 5.2.2.1 of this work

Scheme 5.1

5.2.1.2

Photolytic Demetanation of Capped 5-norbomene-2-methanol
Monomers

Photolytic demetdation has been presented as an efficient and convenient
method for the isolation of the modined fiee arenes. Complex 5.1 was dissolved in a 1:3

vlv acetonitrile-dichloromethane mixture and fitîed into a photochernical 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 detaii in Section 5.2.2.2 of this work.

Scheme 5.2

5.2.2 Structural Identification of the Polyether Capped

5-norbornene-2-methad Monomer

5.2.2.1

NlMR Studies of the Modified 5~norbomene-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 5-2.1.1described the SN& reacîion of
a

mixture

of

5-norbornene-2-rnethanol

withthe

q6-(chiorobenzene)-q5-

cyclopentadienyliron complex as the initial step in the preparation of compound 5.2. The
diastereomeric nature of the starting material contnbuted to the complexity of the NMR
spectra of the colresponding products, 5.1 and 5.2, and prompted the use of both 1-D and

2-DNMR for their identification. Several previously established spectral characteristics
inherent to a large rnajority of bridged bicyclic compounds were crucial in distinguishing
the stereochernical nature of the two isomers.309, 3Ll-322 LH NMR and 2-43 HH COSY
ailowed for the stereochernical identification of the two isomers by examinhg the
chemical shifts, coupling constants and comectivities 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 ail cyclopentadienyliron
complexes is the appearance of the strong resonances in the range of 5 6 ppm indicative

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 &om the
cyclopentadienyl resonance of the q6-chlorobenzene-q5-cyclopentadienylir~n
starting
complex, çuggested the presence of two isomers and prompted a more thorough
examination of the 'H NMR spectnim.
cyclopentadienyliron activated SN&

Further evidence for the çuccess of the

reaction with 5-norbomene-2-methand 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 spe-

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 j u s one-dimensional 'H NMR and as a result twodimensional HH COSY techniques were incorporated so as to investigate the
connectivities and chemical shifis of the bridged ring protons.

The HH COSY is a coupled proton experiment in which each proton resonance is
represented by a peak dong the diagonal of the generated ~ ~ e c t n i r n .The
~ ~ *identity of
the peaks in the 1-D 'H NMR spectrum are determined by establishing the comectivities

and subsequent chemical shifts and spin-spin coupling relationships of the protons of the

bridged ring component of complex 5.1. In this case, the peaks at 3.87, 4.02, 4.22 and
4.38 ppm corresponding to the methyiene protons attached to the ether iinkage are a

usefûl starting point for the analysis. To determine the chemical shifts of other protons
which are stmcnirally related to these protons, it is necessary to draw vertical and
horizontal lines across the entire spectmm corresponding to each of these chemical shifts.
These lines also intersect other signals located off the diagonal and are referred to âs
c r o s ~ ~ e a k Its .is~ the
~ ~ intersection of these crosspeaks which indicates the coupikg of
two points, or protons, dong the diagonal. If vertical and horizontal lines are drawn for
each peak dong the diagonal, the comectivities of al1 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 nom these chemical shifts

indicate that these resonances are strongly coupled with one other proton at 2.62-2.63
pprn. Accordhg to the labeling of the bridged ring species as outlined in Figure 5.22,

this resonance may be attributed to Hz since it is the only proton adjacent to the ether
attached methylene protons.

The identification of HI may now be used in the

determination of other protons in the structure. For instance, the intensitiec of the
crosspeaks at 1.93-1.98and 0.70ppm, which intersect with iines drawn from Hz,
suggest
strong couplings with the corresponding protons.

The literature suggests that the

strongest coupling of Hzwith other protons in the structure would be with those protons
referred to as H3, and H3. in Figure 5.22.313,

319-320

It is important to note that the

interactions or lack of interactions of H2,H3x and Hjn would be instrumental in
determining their stereochemical disposition. It has also been suggested that when H2 is

in the exo position, there is the probability for coupling with Hl.3 19-320 One of the trends
.which has been established as evidence of the stereochemical identity of protons such as

Hzin bridged ring systerns is that protons in the endo position are not expeaed to couple
at all. Examination of other interactions of HZsuggest a small coupkg to a peak at 3.02
ppm This peak may be tentatively assigneci as Hl. On the basis of the numerous NMR
studies for various ring systems, a long-range interaction between Hz in the endo position

and one of the bridge protons has been fourid.309.

319

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 Hz for the isomer of interest. HÎ is
normaily mongly coupled to H3,and &,

and these two protons are very strongly

coupled to one another as would be expected fiom their stnicturally defhed 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 fkom this

chemical shifi shows one other crosspeak which corresponds to a proton located at 2.85

ppm. The relative chemical shift of d i s proton in cornparison to the proton which has
been assumed as Hl suggests that this may be the other bridgehead proton, &. Etbis is
the case, it may be concluded that the proton at 1.98 pprn must be in the exo position and
may be referred to as

H3,.

Verifkation of Hi and

as the bridgehead protons is

suggeaed by their relationship with those protons at 6.02 and 6.22 ppm, respectively,
whose chernicals shifts identa them as the vinyl protons, l& and HS. The connectivity
respectively, fùrther acknowledges the au, position of H2
of Hi and & with Hz and gX,
and Kx.The verification of protons H
l and & as the bndgehead protons aflows for the
determination of the chemical shifts of the bridge protons. According to the Literature,

the bridge and bridgehead protons will without a doubt have some association with one
another.3 11, 3 14,319-320,322 It is observed that,in accordance with the analytical technique
which has been used to determine ali of the interactions described up to this point, each
of the bridgehead protons are coupled to each of the bridge protons, H Tand
~ H7*At this
point, it is possible to assume that the protm located at 0.70 ppm is in the endo position
and may be defined as HSo. 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 syçtems a remarkable number of long-range interactions have been establiskd
which may be useful diagnostic features in the structural identification of these
molecules.309,319 Long-range coupling across four bonds and involving protons such as
in the endo position and the bridge proton, H7$has been observed (Figure 5.23b).

Coupling of Hg, with one of the bridge protons is evident fiom the interaction at a
crosspeak of vertical and horizontal lines drawn Grom the respective chemical shift
positions. This proton is then assumed to be H7p. Verifkation 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 wodd suggest that the vinylic
protons would then be coupled to H7a 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 Zsubstituted norbomenes and many of their derivatives in which it
has been observed that, typically, endo protons resonate upfield nom their exo

counterparts.316.3 19.323 This is indeed the case when considering the relationship between
H3xand H3n

in each isomer. Furthemore, our analysis has shown that in considering the

two isomers, the HÎ proton in the enclo position resonates at 1.90-1.92ppm compared to

2.62-2.63ppm when in the exo position.

Following the identifkation of each proton

in the structure as based on their comectivities fkom the 2-DNMR experiment, this
information may be used in conjunction with the 1-D'H NMR spectnim in the evaluation

of the spin-spin coupling constants of the related protons. Table 5.3 summarizes the spinspin coupling constants detennined fiom the 'HNMR spectnim. 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 ~ i n ~ l e t s . ~ ~ '
Cleariy, this eliminates the possibility of spin-spin coupling determinations.
Upon assignment of the chemical shifts of the protons of both isomers, the "C
chemical shifts could be determined and used to verfi the structures. The presence of
two diastereomeric isomers complicated the 1-D

13cNMR

spectrum and prompted the

use of CH COSY for the carbon atom identification. Figures 5-26 and 5-27 show the 1-33
13

C and 2-D CH COSY NMR spectra of complex 5.1. A CH COSY experiment involves

the generation of a spectruIn by plotting the 'Hand

I3cNMR spectra at a 90'

angle to one

another resulting in the appearance of a crosspeak contour to indicate the comectivity of
a proton and carbon in the molecular structure of i n t e r e ~ t . ~ ~The
~ *intersection
"~
of Iines
drawn fiom the 'H and

NMR spectra plotted dong the x and y axes, respectively,

13c

determines a correlation between a particular proton and the carbon to which it is bonded.
It is usefil to outline the method used in the identification of the carbon resonances using

one of the isomers as an exampie. It is also important to keep in mind the structure of the
complexes of interest as outlined in Figure 5.22. The Zendo isomer will be employed in
the foiIowing explanation. The anaiysis is initiated by the intersection of the resonances
of protons H3, and H3*at 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 f?om this
resonance should be intersected by two proton peaks and therefore d e h e s this resonance

as C3. In a similar manner, the line representative of C7 should intersect two crosspeak
contours at the 'H chemical shifts conesponding to protons, H2 and H7, at 1.45 and 1.35
ppm, respectively. This is verified in the 2-D CH COSY spectnim and observed at 45.02
ppm. The carbon atom correspondhg 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. Ali the other carbon atorns in the compound are identified by their interaction
relative to the chemical shüt of only one proton. Table 5.2 s r n a r i z e s the carbon atom
chemicd shifts of both diastereomeric isomers.

Table 5.3 : Determined Coupling Constants (Hz) for 5-norbomene-2-methanol
Compleq 5.1

*Where values are not included, they are not measurable due to
overlap/broadness of lines.

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 diastereornen of the cornplex,
two isomers were evident in the organic species as weil. 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 stnichird
analysis of the isomers of the compound as well. Following the comectivities of the
peaks resonating at 3.57 and 3.73 ppm, dowed for the determination of the
stereochemical nature of one of the isomers. Vertical and horizontal iines & a m from
these chernical shifts led to the idenacation of the adjacent protoq H2,
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 Hz should exhibit a strong relationship with protons Bxand H3n. 313,319-320

Indeed,

two large intensity crosspeaks were identified and allowed the protons at 0.66 and 1.911-97ppm to be associated to H3xand H3.. Furthexmore, a less intense comectivity to a

proton at 3.07 ppm was evident and tentative$ assigned as H
l since a small coupling is
expected between the bridgehead proton and Hzin the exo position. With this suggestion
in niind, the stereochemical nature of & may be verified by the identification and

co~ectivitiesof ali the other bridged ring protons. Referring back to H3rand

it is

clear that these two protons are very strongly coupled as would be expected fkom their
g e d 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 spectnim must
be examined. It is observed that the proton at 1.91-1.97 ppm is associated with the
proton at 2.87 ppm It is suggested that this proton corresponds to the bndgehead proton,

E&, since a proton in the 3-position of the ring wouid demonstrate a smdl coupling to the
brîdgehead proton if it were in the exo position. The identity of Hl and fi is fwther
verified by their coupling with the vinylic protons at 5.98 and 6.19 ppm allowing for the
identification of these resonances as Hg and H5,respectively.

The identity of the

bridgehead protons l a d s to the determination of the bridge protons appearing at 1.33 and
1.5 1 ppm. A distinction between these two protons can be made by examining the
comectivities of the proton at 0.66 ppm which is suggested to represent &,. ûther than
the relationship of this proton to H2and & , it is evident that there is also a wnnection of
this proton to the proton at 1.51 pprn or, in other words, to one of the bridge protons.
Based on long-range coupling which has been obsemed in other bndged ring systems, the
coupling of H3, with the bridge proton at 1.51 ppm defines it as the proton anti to H3. and
therefore identifies it as

309.3 19
H7=.
Additionally, the identity of the proton at 1.33 ppm

as fi. is established on the basis of its connection with the Wiyl protons, HSand Hg,
since it has been determined that these protons will couple to the bridge proton anti to
them The comectivities of the protons as described here identifies this isomer as the

one in which Hzis in the exo position. A similar strategy was used for the identification
of the other isomer where Hzis in the endo position. Table 5.4 summarizes the chernical

shifts of the two isomers according to the above described analysis. Keep in mind that a
cornparison of certain resonances of the two isomers helps to c o d k m the stereochemical
assignment of the two isomers. In particular, the upfield position of the Hz proton at 1-92
ppm when in the endo position compared to its appearance at 2.56-2.62ppm when in the
exo position is an established trend in various bridged ring systems.316, 319. 323 Upon the
detemination of the chemical shifts of the protons in each isorner, 'H NMR may be used
to evaluate the coupling constants of the connected protons.

As was mentioned

previously, some dficulty was expenenced in determinhg 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
v e e i n g the stereochemical assignment of the isomers as described above and

summarized in Table 5.6.309.3 11-322
It was mentioned previously that
the identity of complex 5.1.

13cNMR was another technique used to ve*

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 verifkation 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 comectivities and the identification of the carbon resonances. The 13cNMR

and CH COSY spectra shown in Figures 5.30 and 5.3 1, 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 correspondhg to the chemical shifis of the two protons.

Table 5.4: 'HNlMR Chemical Shifts in pprn of 5-norbomene-2-methanol,5.2

H-2

A-31
A-3n 8 - 4 H-5 H-6 H-7s H-7a
endo 3.07 2.56-2.62 1.91-1.97 0.66 2.87 6.19 5.98 1.51 1.33
4 . 6 3 2.90 6.18 6.13 1.50 -1.29
-2.55
-1.92
237
exo
Sample run in CDC13 (ppm fiom solvent peak at 7.24 ppm)
Uncomplexed aromatic protons in the 6.7-7.5 pprn region
lsomer

,

Fi4

CH20
3.57,3.73
3.87,4.05

Table 5.5: "C NMR Chemical Shifts in pprn of 5-norbomene-2-methanol,5.2
C-6
C-4
C-7
C-2
C-3
C-5
C-1
Isomer
38.42 29.06 42.23 137.45 132.37 49.41
43.96
endo
38.65 29.72 43.78 136.47 136,78 49.41
42.29
exo
sarnple ÏÜn in CDC13 (pprn h m solvent peak at 77.0 ppm)
Uncomplexed aromatic protons in the 110-160 pprn region
Where values are not included, they are not measurable due to overlap of lines

CH20
71,38
72,24

Table 5.6: Deterrnuied Couphg Constants (Eh) for 5-norbomene-2-methanol
Compound, 5.2

*Where values are not included, they are not measurabie due to
overlap/broadnessof lines.

5.3

Ring-Opening Metathesis Polymerization of Polyether Substituted
Norbornene

Shidies of the ring-opening metathesis polymerization of strained cyclic o l e h s

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 stnictural feanires

and moledar weight of the resulting polymeric materials.

Initially, the degree of

polymerization of 5.2 was investigated with the treatment by 1 mol % RuC13-H20in
anhydrous ethanol at 60'~~" 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 RuC13-H20as the catalyst.

Scheme 5.3

GF~bbsand coworkers have reported that in ROMP studies involving rutheniun
cataiysts, an increase in polymeric moledar weight has been noted with increasing
amounts of water in the reaction ~ o i v e n t In
. ~ keeping
~~
with these observations and in an
attempt to increase the molecular weight of the polyxneric species, ROMP of compound
5.2 was carried out using RuCl,-H20 as a catalyst with varying amounts of waterkthanol.

gel pemeation chromatographie rnaiysis 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 106range were consistently ~ b t a i n e d . ' It
~ ~was observed that an
increasing ratio of water in the ethanoVwater solvent mixture resulted in polymeric
materials with higher moledar weights. Furthemiore, a ~ i ~ c a decrease
n t
in the
polydispersity index was evident. It is impoaant 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 ethanoVTHF solvent mixture
was investigated in an attempt to increase the molecular weight of the polyrneric material.
Unfortunately, polymerization under these conditions did not prove favorable and
resulted in a drastic decrease in molecular weight.

Table 5.7: Effect of Increasing Water on the Molecular Weight of the ROMP of
Compound 5.2

MW/ Yield
Mn
Solvent Ratio
MW
Starting Material/
Mn
Catalyst Ratio
(mt)
(%)
1
298 O00
87 O00
100/1
1.O EtOH
3.4
32
45
0.97
EtOH/0.03
H20
328
O00
2.6
2
12 500
100/1
3
0.5 EtOW0.5 Hz0
535 000 248 000
2.2
73
100/1
4
1.0 H20
82
397 O00 177 O00 , 2.2
100/1
11
5 1
100/1
Entry

In addition to the determination of high molecular weight species using molecular
weight determination, verification of the polymerization was also confïrmed using NMR
techniques. Perhaps the most outstanding feahve of the 'H NMR spectnim indicative of
successfil polymerization is the broadness of the resonances as compared to the fine
structure evident in the '£3 NMR spectra of the correspondhg monomeric unit. This
would be attributed to the increased number of protons represented by each resonance
upon polymerization. Further analysis of the 'HNMR spectra showed the disappearance
of the resonances amibuted 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 - e d o and 2-exo- isomers of compound 5.2,

respecîively.

However, upon polymerization a broad resonance at 5.26-5.38 ppm

appeared which was assigned to the olefinic protons with a trolls stereochemical

arrangement on the basis of previous ~tudies.'~~
This agrees with earlier reports which
have stated that ruthenium catalysts commonly yield polymers containing trans-01efins.'~~

Due to the fimited solubility of the polymeric species, analysis via "C NMR was
inconclusive.

Synthesis of Cyclic and Acyclic Cyclopentadienyliron Complexes
with Ether, Thioether or Amine Bridges
Polyaromatic Ethers and Thioethers

Polyaromatic ethers and thioethers are representative of a class of polymenc

materiais referred to as engineering thermopiastics. 111,

113, 121-123

Characteristics such as

thermal stability, chernical and £lame resistance, high mechanical strength, and the
potential for elecaical properties have provoked increased attention frorn indusw. 111-1 19
As a result of these attnbutes, these materials have been found to be usefid in a variety of

applications including moidings, coatings and adhesives thereby making the commercial
development of these "high performance plastics" highly profitable.111.

113, 121-123

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 weU 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 theû properties for spe&c 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 fimetional groups or side c h a h have
been explored in the preparation of these matenais. 116-117,

120. 123-124

In the past few

decades, organometallic polymers with metallic moieties withh, or pendent to the

backbone of the polymer chain have proven to be of importance due to their themal,
optical and magnetic properties. 111,113.

121-123

ALthough the incorporation of metallic moieties into ethenc and thioetheric
polymer structures has been investigated previously, a recent resurgence of interest in this

area of study has &sen with respect to c ~ R ~C~*RU+
>
and C~F; metallic moieties
pendent to the polymer chain.17,

19, 70. 86, 109410

Segal and his coworkers used metal

activated nucleophilic aromatic substitution of an aryl halide in the preparation of
poly(etheraher-ketone) with pendent

cph+moieties."

Not only was Segai able to

prepare the organometallic polymer, but the subsequent abjection of this material to
photolytic or thermolytic demetdation allowed for the isolation of the purely organic

More recently, C~*RU+has been use& upon its complexion to

1,4-

dichlorobenzene, in reactions with several hydroxy- and thioxy- aromatic dinucleophiles to
yield the corresponding polyethers and polythioethers.w* 'Io However, Dembek' s attempts

to isolate the organic derivatives resulted in only partial dernetdation. The solubility of
the organometallic polymers in acetonitrile, DMF and DMSO demonstrates that the xcoordination of polymers with an aromatic backbone to metallic species enhances their
s~lubility~ Despite the success experienced with ruthenium systems for polymer
preparation, drawbacks such as Wculties involved in the synthesis of the aarting
rutheniun complexes, high cost and consequent srnall scale investigations as weil as the
inefficiency of the demetallation process limits the practicality of this methodology.

The success in utilinng transition metal moieties in the activation of aryl halides
towards nucleophilic aromatic substitution reactions in the presence of duiucleophiles for

the synthesis of polyrners generated an investigation of C

~ as Fa potentiai
~
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 rnaterials,
mild reaction conditions and large scale reaction quatities. It has been demonstrated that

(1,4-dichlorobeazene)~~~e+
hexduorophosphat e reacted in a stepwise rnanner with
hydroquinone allowed for the preparation of soluble oligomenc aromatic ethers containing
up to 35 metals."

The subsequent dissoiution of these oligomenc species in an

CH3CN/CH2C12solvent mixture foUowed by irradiation using a xenon lamp allowed for
their cornpiete demetallation and the isolation of the purdy organic analogues of

controiied molecular weights. Although this methodology offers a great deal of rnolecular
weight control over the resulting polymenc material, a major obstacle for its application
on an industriai scale is the numerous reaction steps necessary for the preparation of high
molecular weight species.

6.2

Nitrogen-containing Macrocyles

6.2.1 Introduction
C. J. Pederson is often referred to as the father of supramolecuiar chemistry due to

his milestone discovery in 1967 that described a systematic approach to the synthesis of
oxygen-containing macrocyclic ligands.326 6 s initial report aroused a great deal of
interest in this field of chemistry and subsequent research continues regarding the
fundamental chernical 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
rnacrocycles. Eight decades eariier Baeyer had prepared tetraazaquaterene (Figure 6 .la),
a nitrogen-based m a c r ~ c ~ c l eSeveral
. ~ ~ ~ variations of nitrogen-containing macrocycles
were reported by Alphen in 1937, and Krasig and Greber in 1953 and 1956, and are
iliustrated in Figures 6.1 b and 6.1c, respectively.
The complex nomenclature associated with the cyclic compounds prepared by
Pederson prompted hirn to develop a more convenient mmbg system for their
identifi~ation."~The basis of his identincation system stems fkom the appearance of these
molecules to crown the cations with which they interacted. The first cyclic polyether
synthesized was referred to as a "crownyyand the group of compounds came to be known
as "crown" compounds.

Figure 6.1 : The first nitrogen-based macrocyclic ligands
Several rules were outlined to ensure that the compounds were named ~ ~ s t e m a t i c a l l ~ . ~ ~ ~
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 containkg heteroatoms other than oxygen, where the position of nitrogen
heteroatoms are indicated by a number.

6.2.2

Factors Determinhg Complexation

Metd-ion recognition plays important roles in both chernistry and biochemistry.
Specificallyymacrocyclic ligands have demonstrated the potential t o act as metal-ion
selective reagents."

Cwrent synthetic efforts focus on the design of macrocycles which

are able to discriminate among different cations.

cavity

dimensions,

shape

and

topology,

Several factors including macrocycle
substituent

effeas,

conformational

flexibility/rigidity and donor atom Speynumber and arrangement have been identified as

influences on the selectivity of the macrocyclic species for specific cations.329-332
The ability of oxygen and nitrogen containing macrocycles to form complexes with
cations, anions and neutral organic molecules has been reviewed.329-331 Although bi- and
trinuclear complexes in which two or three metal ions form a complex with one
macrocycle e h , nitrogen crown macrocycles mainly form 1 :1 complexes with metal ions

in which the ion is located in the central cavity of the macrocycle.
A crucial factor in determining the maximum stability in complex formation is the

identification of a macrocyclic ligand for which the cavity size best matches the radius of
the ion.)" However, it is important to keep in mind that in many cases this lock-key
relationship is overcome by other influences. The number, kind and arrangement of donor

atoms also play an important role in macrocycle selectivities. Past investigations have
shown that oxygen donor atoms have the greatest affinity for allcali, alkaline-earth and
lanthanide cations.333 When affinty values of an alkali metal ion such as K+ in the

presence of oxygen and nitrogen containing macrocyclic ligands are considered, this
complexation trend is apparent. Generally, it was observed that log K values decrease in

the order of decreasing electronegativity of the heteroatom, with O > N (containing an

alkyl substituent) > N (containing a proton).334Conversely, replacing oxygen donor atoms
with nkogen results in increased &ties

for transition-metal cations.

Figure 6.2

illustrates this observation by c o m p a ~ gthe log K values in water of 12- and 18
membered macrocycles for pb2+interactions.33'

log K

log K
a.) A-D = O

b.) A=NH; B-D = O

c)A,C=NH;B,D=O
d.) A-C=NH;D=O
e.) A- D = EJH

2.0
4.1

f.) A-F= O

6.3

B,C,E,F=O
ho) A, D = 0;
B,C,E,F=NH
i.) A-F=NH

10.5
159

g.) A,

4.4

= NH;

6.9
9.0
14.1

Figure 6.2: AfEnity values of 12- and 18-rnembered macrocycles for pb2+
The details gathered in relation to the changing macrocycle-metal relationship

based on variations in the macrocycle cavity size, donor atom type and substituents
justifies the great interest in these compounds. Research of this type has allowed for great

strides in the design and synthesis of macrocycles possessing selectivity for a desired

cation or group cf cations.

6.2.3

Applications of Macrocyclic Ligands
Achieving selective complexation of macrocyclic ligands with various cations,

anions and neutd organic molecules has resulted in the use of these interactions in a
336-3'
remarkable number of applications.33G33'.

An area of chernistry in which metd ion-

Ligand interactions are particularly prominent is in biological processes.339-350 It has been
discovered that certain mrtal ion-ligand interactions are of particdar importance in the
prevention of undesirable biological processes.
Specifically, several macrocyclic ligands have been investigated for their potential
antitumor activity. For instance, the nitrogen-containing macrocycle shown in Figure 6.3
when complexed to copper, gold and silver has been tested for their antitumor a c t i ~ i t y . ~ ~ '

The localization and treatment of tumors using a ligand-radioisotope complex attached to
an antibody represents some of the more recent investigations in metal ion-ligand
applications.342-348 With the knowledge that radioactive metal ions c m damage fiver and
bone marrow, it is necessary that ligands which form very strong complexes with the
appropnate cations are identified. It has been determined that several cyclic nitrogencontainhg ligands are ideal for this purpose because they may be attached to the antibody
and form strong complexes with the suitable radioactive metal ions.342-348 The value of
these cyclic nitrogen-containing ligands is their ability to fonn complexes with radioactive
metd ions which do not dissociate in the presence of either the pH of body fluids or react
with cornmon metal ions in body fluids.

Figure 6.3: Niaogen-based macrocycle which exhibits antitumor activity
when complexed to copper, gold and silver

Recently, macrocyclic Ligands have also demonstrated their potential as chelating
agents in the immobilization of toxic metals.349-350 For instance, Figure 6.4 iilustrates an

oxygen and nitrogen based macrocycle that enhances the urinary excretion o f nickel,
whose presence can be lethal, and corrects the levels of other necessary trace metal ions
including cu2+, zn2+and Fe3+ .350

Figure 6.4: Macroheterocyclic ligand which enhances the excretion
of toxic metal ions fiom the body
In addition to their biologicaily significant applications, certain nitrogen-containing

macrocycles have been used as catalysts in nucleophilic substitution and oxidation
reactions as well as in the chromatographic separation of metal cations.327 Strides in
chemical analysis have also benefited fiom nitmgen-contauiing macrocycle-metal ion
interactions. Several of these complexes have been discovered as effective proton
relaxation enhancement agents in aqueous solution in which the degree of enhancement is
valuable in the development of clinical nuclear magnetic resonance (NMEt.) imagers.326.351

Synthetic Methods in Macrocyclic Chemistry

6.2.4

6.2.4.1

Cyclization Versus PoIymerization

Since Pederson' s ground-breakhg report presenting a systematic strategy to the
synthesis of oxygen-based macrocyclic ligands, a vast array of macrocycles with mked
donor atom sets have been prepared.326 The procedures which have been developed for

their preparation are as nurnerous and varied as the compounds themseives, and a
comprehensive review of ail the techniques is beyond the scope of this presentation.327.359
Consequently, the following discussion will focus on the most promishg and successfùl
methodologies which have been employed in the preparation of nitrogen-based
macrocyclic compounds.

In many cases, the reactants for both cyclization and polyrnerization are similar,

and as a result one of the greatest challenges encountered in the synthesis of macrocycles
is the production of macrocyclic products over their linear counterparts.326, 352-357 It is
therefore important that the strategies designed for the synthesis of macrocyclic ligands
favor the cyclization process and inhibit the cornpethg linear reaction.

It has been

determined that one of the most important factors iduencing the formation of
macrocyclic compounds over polymenc materials is reactant c~ncentration.~"Typically,
relatively low concentrations of the reactants favor the cycbtion process. Other factors
that must be considered in the formation of cyclic products over acyclic products include

reaction t h e and temperature, type of solvent and rate of stirring. Another important

contributor to macrocyclic formation is the number of macroring members.

It has

generally been determined that smaller sized rings incorporating 11 to 13 members are
more difncdt to prepare thao larger sized
Generdy, the most successtùl methodologies which have been applied in the
preparation of macrocyclic ligands may be classified as variations of two principle
techniques: (1) production of the cyclic product in the presence of a metal '%emplate7'ion
and (2) production of the cyclic product via high dilution techniques without a metal

"template

Y7

359
.

The influence of a meta! ion on the generation of cyclic produas has been
recognized for a long time. The fiindamentai concept of this method of synthesis is that
the coordination sphere of the metai ion ultimately orients the reactive groups of the

starting materials in such a way to promote the cyclization reaction3" That is to Say, that
the metal ion acts as a "template". Macrocyclic formation in the presence of a metal ion
has been determined to be highly dependent on the geornetry of the ligand relative to the
metal ion used, and in many cases the stability of the macrocycle itself depends on its
coordination with the metal ion.
The second most commonly used route to the synthesis of macrocyclic ligands is
the use of hi&-dilution techniques. The principle on which this technique is based is that
the bctional groups of the two reactants will initially react together to form a linear
chain. The remaining reactants WU be present in such low concentrations that the two

unreacted hctiooal groups on either end of this initial linear chah are more likely to react
It is often assumed that in
togeîher to form the cyclic produa over the acyclic produ~t.~~'
applying high-dilution techniques that large amounts of solvent are required. However,

the volume of solvent used may be decreased upon the precise addition of the two

reactants relative to one another.

By using syringe pumps, for example, the ideal

concentration of the reactants may be maintained in the solvent in order to favor the
cyclization process.3m 17 addition to carefid control over reactant concentration, hi&dilution strategies are norrndy perforrned at room temperature or lower with very
vigorous sfimng. It has been determined that cyclization reactions are uaiaüy slow in
cornparison to polymer formation and that each of these factors may innuence the
likelihood of cyclization Atthough a variety of methodologies outlining the synthesis of
macrocyclic ligands have been reported, two routes in particular have been identified as
common approaches applied in the preparation of these compounds with mixed donor
atom sets.327.359
A common method of preparation for macrocyclic products utiiizes a basic

condensation reaction. These condensation reactions may occur between two different
substrates (Figure 6.5) or between two equwalents of the same reactant (Figure 6.6).327

Figure 6.5 illustrates a [1 :i] condensation in which two reactants each containing two

terminal functional groups, which ciiffer from each other, combine to yield the desired
product. The [1:1] condensation reaction shown in Figure 6.6 demonstrates a reaction

which occurs between two identical reactants, with two dSerent tenninal fiinctional
groups.

X = Ci, Br, OTs

Figure 6.5: Macrocyclic formation by the [l :11 condensation reaction

of two different substrates

Figure 6.6: Macrocyclic formation by the [l :11condensation of a substrate

with two Werent terminal functional groups

Another approach used in the preparation of ninogen-based monocyclic products

is the reaçtion of two substrate molecules with two other substrate molecules commonly
referred to as a [2:2]cyclization process.327,359 In order to innuence the generation of the
[2:2]products over the [l :11 products, higher reactant concentrations are usually required.

However, although increased reactant concentrations favor the [2:2] cyclization process,
the likelihood for the formation of the corresponding p o l y b c species also increases.
Figure 6.7 presents an example of the [2:2]cyclization process Ui the preparation of a

nitrogen-based macrocyclic Ligand.

X = OH or OTs
Z=CiorOH

Figure 6.7: Use of the [2:2] cyckation process in the preparation
of the correspondkg macrocyclic ligand.

The field of macrocyclic chemistry has developed extensively since the initial
discovery of macrocyclic compounds. An extensive number of crown compounds have

been synthesized and found to be usenil in a broad variety of applications. The design of
new and inexpensive routes for the preparaîion of macrocyclic compounds is continualiy
behg investigated due to the extreme expense of those that are presently commercidy
available and the promishg applications for which they have been shown to be usefil.

6.3

Results and Discussion

Preparation of Polyaromatic Ethers and Thioethers

6.3.1

As a result of the initial success experienced in the stepwise preparation of dimenc

and oligomenc complexes with c ~ F ~
moieties,
+
it was of interest to examine similar
techniques in the direct synthesis of polyethers and polythioethers. Using the sarne types
of starting matends employed in the preparation of dimeric and oligomenc ether and
thioether ~

p complexes,
~
e the one step synthesis of the corresponding soluble polymers

with pendent cationic cyclopentadienyliron moieties has been achieved.

6.3.1.1

Soluble Polyaromatic Ethers and Thioethers with Pendent
Cationic Cyclopentadienyliron Moieties

The preparation of polyarornatic ethers and thioethers via the reaction of
1,4-dichlorobenzene c ~ F ~complexes
+
with oxygen and sulfùr dinucleophiles are
presented in Schemes 6.1 and 6.2.

Scheme 6.1 outlines the reaction of

i16-(1,4-dichlorobe~ene)-rl5-(cycloPentadienYlir~n)hexafhorophosphate,

2.6,

with

bisphenol-A, 6.1, in the presence of excess K2C03 in DMF resulting in the preparation of
the corresponding polyether with pendent metallic moieties.

Isolation of a beige solid,

Scheme 6.1

6.2, in 83% yield was achieved by precipitation in 10% HCl. Identification of the polymer

was verified using 'H and

13cNMR data shown in Tables 6.1 and 6.2, respectively.

An extension of this methodology involves the synthesis of a series of polyaromatic
thioethers with aliphatic Iinkages. Reaction of the l,4-dichlorobenzene complex, 2.6, with
1,2-, 1,4-, 1,6- and 1,8- terminated aliphatic dithiols, 2.9-2.12, dowed for the isolation
of the corresponding organornetallic polythioethers, 6.3-6.5, as shown in Scheme 6.2.
The efficiency of this methodology is demomtrated by the preparation of the desired
polymers in yields ranging fiom 51-92%. It is important to note that although 1,2ethanedithiol was explored as a potential bridge in the polymeric chah, 6.3, these attempts
resulted in the isolation of oligomeric chahs in moderate yield rather than the desired
polymeric species. 'Hand "C NMR were used to determine the identiq of the polymeric
materials and the data are summarized, dong with their respective yields, in Tables 6.1 and
6.2.

The ease and cost-efficient preparative nature of q6-(1,4-dichlorobenzene)-t15 -

(cyclopentadienyliron) hexafluorophosphate in large quantities and the commercial
availabilif~of the dinucleophiles renders this novel synthetic strategy conducive to m e r
investigation.
Cornparison of the 'H NMR of the starting dichlorobenzene complex and the
organornetallic polymer indicates that the desired compounds were formed. The 'HNMR

spectrum of the starting arene complex shows a distinctive resonance representative of the
cyclopentadienyl ring protons at 5.47 ppm with the four complexed aromatic protons

HS(CB2)xSH

K2m3
DMF

Scheme 6.2

appearing as a strong singlet at 7.00 ppm. The 'H N M R spectrum of the metailated
polymeric material with a 1,8-octanedithiol bridge is represented in Figures 6.8 and is
useful in representing several of the spectral feanires which were typically observed upon
the successful formation of the metdated polymenc species. The polyrnerization of the

q6-(1,4-dichlorobenzene)-q5-cyclopen~oncornplex with 1,8-octanedithiol was

found to effect an upfield shift of both the cyclopentadienyl and complexed aromatic
protons to 5.01 pprn and 6.44 ppm, respectively. The presence of several peaks between
I -28 and 3.14 ppm, representative of the aliphatic bridging ligand provided additional
evidence for the success of the reaction. With the knowledge that the same reactants have
been used in the preparation of the corresponding bimetallic species, 2.31, cornparison of

these spectra with that of the corresponding polymer is useful to ver@ the generation of a
matenal with a greater number of repeat units. Althaugh the broad nature of the peaks in
the 'H NMR spectra suggest polymer formation, a more indicative characteristic is the

appearance of the complexed aromatic protons as a singlet in the polymer as compared to
the doublet observed in the spectra of the bimetallic species.
Comparison of the

13cNMR

spectra of the polymeric materials with that of the

starting 1,4-dichlorobemene complex and the corresponding bimetallic complex is also

useful in determining the success of the polymerization reaction. The 13cNMR spectnim
of the metallated polymer, 6.6, is shown in Figure 6.9. Several spectral changes which
indicate the success of the reaction include a shii3 of the cydopentadienyl and complexed

aromatic carbons fiom 89-13and 82.02 ppm in the starting complex to 79.06 and 83-19
ppm in the polymenc species. Four resonances between 27.9 and 38.7 ppm representative
of the 1,8-octanedithid bridge are M e r evidence for the preparation of the polymer.
DifEerences in the

13cNMR

spectnim of the bimetallic complex as compared to the

polymric species M e r supports polymer formation. The most distinctive feahires of
the

NlMR spectnim of the bimetallic complex are the presence of two complexed

13c

aromatic resonances at 84.64 and 88.44 ppm and two quatemary carbon peaks at 105.97
and 108.60 ppm.

Conversely, polymer formation is represented by one complexed

aromatic and one quatemary carbon resonance at 83.19 and 106.75 ppm, respectively.

Similar spectral changes were noted as evidence for the formation of polymers 6.2, 6.4
and 6.5.

Table 6.1: 'H NMR Data of Complexed Polymers 6.2,6.4-6.6.

6 (DMSO-d& ppm
Complexed
Uncomplexed
Aromatic'
Aromatica
1

Complex

CP
(s, 5H)

6.2

5.02

6.25 (s, 4H)

6.4

5.01

6.45(br-S.,4H)

6.5

5.01

6.41(s, 4H)

6.6

5.02

6.44(s, 4H)

0thers8

7.22 (d, 4H,J = 8.2)
7.40 (d, 4H,J = 8.4)

1.87 (br-s, 4% P-CH2)
3.44-3.45 (brs., 4H,

a-CH2)
1.42 @r.s., 4% y-CH2)
1-71(br-S.,4% B-CH2)
3.26 (br-S.,4- a-CH2)
1.28 (m,4H, &CH2)
1.59 (T 4- y-CH2)
2.66 (IQ4- P-CH*)
3.14 (br.t., 4H, a-CH2)

" J values in Efertz.

Table 6.2: "C NMR Data of Complexed Polymers 6.2, 6.4-6.6.
-

- -

-

- --

6 (DMSO-d6), ppm
Cornplex

6.2

Uncomplexed
Aromatic

Others

(s, IOC)

Complexed
Aromatic

77.93

75.00, 130.19*

120.01, 128.83,
147.80". 151.45'

30.62 (CH3)

Yield

CP

(%)

83

Quatemary carbon, "Obselvaaceof many peaks due to the formation of oligomers.

isolation of Organic Polymers by Photolytic Demetallation

6.3.1.2

Segal and Dembek have shown that the determination of the degree of
polymeRzation of this class of organometallic polymers using Gel Permeation
Chrornatography (GPC)is dificult due to the tendency of the cationic metallic moieties
pendent to the polymeric chains to interact with the GPC column. W.

110

In light of this

observation, successfiü cleavage of the iron moieties fiom the backbone of these materials
enabled the detemination of the degree of polymerization.
The metaliated polymeric matenaIs, 6.2, 6.4-6.6, were stirred in DMF for several
hours and upon their complete dissolution were irradiated under a xenon lamp for 6 hours

with stimng. Following the appropriate work-up procedure, as outlined in Section 8.6.3,
the corresponding organic polymers, 6.7-6.10, were isoiated in 42-85 % yield (Schemes
6.3 and 6.4). It is important to note that upon demetdation, the resulthg purely organic

polymers were found to be much less soluble in cornparison to their corresponding
metallated materials.
i

H and

NMR were used to venfy the isolation of the organic polymers fiom

13c

the corresponding metaliated species (Tables 6.3 and 6.4). Figures 6.10 and 6.11 show
the 'H and

13cNMR

spectra of polymer 6.10 and illustrate the typical spectral changes

observed upon liberation of the modified organic ligand fiom its metalIic counterpart. The
most outstanding spectral change noted upon demetallation is the disappearance of the
cyclopentadienyl resonances at 5.02 ppm and 79.01 ppm in the *Hand

respectively.

Additionally, a singlet at 6.44 ppm in the

representative of the

I3cN M R spectra,

'H NMR spectrum

Scheme 6.3

Scheme 6.4

complexed arornatic protons shifted dowdïeld to 7.22 ppm in the organic spectrum.
A downfield shift of the resonances representative of the complexed aromatic carbon

atoms from 83-19 to 129.57 ppm and quateppm, respectively, in the

carbon resonance fiom 106.75 to 134.3 1

13

C NMR spectnun of polymer 6.10 M e r supports the

successful isolation of the purely organic polymer.

Table 6.3: 'H NMR Data of Polymers 6.7-6.10

6 (CDC13), ppm
Complex

Uncompiexed
Arornatic8
6.97 (s, 4H)
6.93 (d, 4H, J = 8.1)
7.17 (d, 4- J = 8.3)

6.7

a CH9

1 -66 (s,

6.8=
6.9

-

--

7.20 (s, 4H)

6.10

7.21 (s, 4H)

1.40 (br-S., 4H, y-CH2)
2.66 (ùr.~.,4% j3-CI&)
2.88 (br-S., 4H, a-C&)
1.30,II( 4H, &CH2)
1.65(III, 4H, y-CH2)
2.63 (III,
4H, P-Ce)
2.89 (III,
4H, CC-CHz)

-

a

Others'

-

J values in Hertz "Observance of many peaks due to the formation of oligomers.

Table 6.4: 13cNlMR Data and Yield of Polymers 6.7-6.10

5 (CDC13), ppm
Complex

Yield
(%)

Uncomplexed
Aromatic

Others

I

29.03 (y-CH2)
33-87@-CH2)
39.05 (a-Cl&)
C

Quateniary carbon. "Observance of many peaks due to the formation of oïigomers.

6.3.1.3

Molecuùir Weight Determination of PolymerÎc Species 6.2-6.5
and 6.7-6.10

Gel Perrneation Chromatography was used for the determination of the weight
average molecular weights (MW)and number average molecular weights (MQ) of
demetallated polymers, 6.7-6.10, and dowed for the prediction of the molecular weights

of the organometallic polymers, 6.2 and 6.4-6.6, using the ratio of the molecdar weight of
the repeat unit of the organometallic polymer to that of its organic counterpart. In the

investigation of the molecular weights of polymers 6.8-6.10, an increase in molecular
weight was observed with increasing aliphatic chah length. In the case of the organic
counterpart of species 6.3, a MW of 800 and Mn of 700 indicates the formation of
oligomers rather than the polyxneric material. However, polyrners 6.8, 6.9 and 6.10 were
measured as having MW's of 2 100, 13 500 and 21 400 gmol-', respectively, and Mn's
equal to 700, 5 900 and 6 300 gmol-' thereby verifjing polymer formation and clearly

demonstrating an increase in molecular weight with increasing aliphatic chah length. By
relating the molecular weight of the repeat unit of the organic polymer with that of its
organometallic counterpart, it was possible to estimate the molecular weight of the
polymenc materials with pendent CpFe' rnoieties. These data are listed is Table 6.5.
This is the first exampie detailing the one-step synthesis of polyaromatic ethers and

thioethers with pendent cyclopentadienyliron moieties. The introduction of the metallic
species into the backbone of these polymers dows for the increase in their solubility. The
ease of decomplexation of the iron moieties and the use of commercidy available starting

materials makes this method quite desirable.

Table 6.5: GPC of Polymers 6.7-6.10 in CHCG
L

-a
Polymer
6.7
6.8
6.9
6.10

MW*
11 O00
2 100
13 500
21 400

Mn*
5 500
700
5 900
6 300

1

MwMn
2.0
3 .O
2.3

3 -4
*Molecuiarweight determinations of the soluble portion of the polymer using GPC.
'Calculated m01ecda.rweight of the corresponding metailated polymer.

MW'

1

20 500
3 500
29 500
44 500

Synthesis of Nitrogen-based Macrocycles via

6.3.2

Cyclopentadienyliron Activated SNArReactions

It has been mentioned that several synthetic methods have been developed for the
preparation of macrocyclic ligands.2. 33 However, it is important to note that in many
cases, poor yields and harsh reaction conditions limit the practicaliq of these techniques.
As a result, the search continues for more efficient and generai routes to the preparation of

these compounds.
Several metallic moieties including

and Cr(CO)3 have been hvestigated and

have exhibited their potential as an alternative strategy to the preparation of macrocyciic

ligands.360-361

The successful use

of q6-(dichloroarene)-q5-cyclopentadienyln

hexafluorophosphate complexes in the design of bimetallic and polyrnetallic species
prompted the investigation of C

~ activated
F ~ macrocyclic preparation.

A sdar

stepwise strategy using $-(l,3 -dichlorobemene)-qs-~Ycl~PentadienYk~n
cornpiexes
ailowed for the design of bimetallic complexes with structural compositions that dowed
for ring closure in the presence of various nucleophiles. The subsequent removal of the
pendent

c ~ Fmetallic
~ + moieties via photolytic demetdation allowed for the isolation of

the corresponding organic macrocycles.

6.3.2.1

Reactions of q '-(l,3-dichloro benzene)-r\S-(cyclopentadienYlir~n)
Complexes with Dinucleophiles

The number, nature and positional organhtion of donor atoms in addition to
cavity size have been mentioned as cruciai factors in detennining the resuiting composition
of metal ion-ligand complexes. The stepwise strategy presented in this work emphasizes
the importance of designhg stmcturai units with compositions conducive to ring closure.
These units must also contain spacers with the desired donor atoms and d o w for the
generation of cavities appropriate for metal ion interactions.
The initial framework of the desired macrocycle is established by the preparation
of bimetallic complexes with terminal chlorine groups. It has been thoroughly established
that the reaction of chloro- and nitro- (arene)cp~e+complexes in the presence of various

dinucleophiles in a 2:l molar ratio using K2C03 as a base and a THWDMF solvent
mixture generated the corresporiding bimetallic complexes in high yield. In a similar

marner, q6-(1,3-dichlorobe~ene)-q5-(cyclopentaenyon) hexafluorophosphate, 6.11,
was reacted with di01 and diamine nucleophiles resulting in the corresponding diiron
complexes as outlined in Schemes 6.5 and 6.6. The anaiytical data corresponding to
complexes 6.12-6.14 are summarized in Tables 6.6 - 6.7.

Scheme 6.5

K2m3
DMF

Scheme 6.6

Figures 6.12 and 6.13 show the 'H and

I3cNMR

spectra corresponding to

complex 6.12. The distinguishing feahires of the 'H NMR speanim are similar to those
mentioned for the bimetallic complexes featured in Section 2.2 of this work and reflect the
symmetrical nature of these complexes. A strong singiet at 5.13 ppm appears as expected

and represents the cyclopentadienylll-on protons of the pendent metallic moiety. A series
of two doublets, a tiplet and a singlet appear in the range of 5.97-6.52ppm and reflects

the pattern expected for a 1,3-disubstituted aromatic ring. However, the appearance of
the resonances representative of the BiLrogen based spacer is the most distinctive feahire

indicative of a successfùl reaction. These peaks are located upfieid with respect to the
cyclopentadienyl resonance and appear in the range of 1.29-4.15 ppm.

Verincation of complex 6.12 is found in examinhg the

U~

NMR spectnim. A

strong peak representative of the cyclopentadienyl carbons appears below the baseluie at
77.21 ppm wMe the complexed aromatics appear as four peaks in the region between

65.91

- 85.04 ppm and reflects the substitution pattern expected for complex 6.12.

Five

peaks appear between 23.44 - 46.98 ppm representing the aiiphatic portion of the nitrogen

linkage with four of the peaks of the CH2groups appearing above the baseline and the CH
resonance appearing below the baseline. The analysis of complex 6.12 is completed by the
appearance of two quatemary carbon resonances at 106.58 and127.35 ppm with the peak
correspondhg to the carbon attached to the chlorine atom identined as the peak furthest

upfield. The 'H and

NMR spectra of complexes 6.13 and 6.14 would be similar with

13c

respect to the complexed atoms to that described for complex 6.12. It can be generaliy
stated that, for complexes 6.13 and 6.14, the uncomplexed aromatic protons are
distinguishable f?om their complexed counterparts in that they resonate sigmficantly
downfield.

8 (acett
Complexed
Aromatic8

5.97-6.00 (d, 2H,
J = 6.9)
6.25-6.31 (t, ZH,
J = 6.9)
6.37 (s, 2H)
6.47-6.52 (d, 2H,
J = 6.2)

CH21
6.53-6.75 (m,6H) 7.57 (d, 4H, J = 8.8)
8.02(d, 4H, J = 8.8)
7.03 (s, 2H)
7.53-7.62(m,4H)
6.56 (d, 2 s
8.10-8.18 (m, 4H)
J = 5.8)
6.64 (t, 2H,

J = 6.1)
6.73 (d, 2H,
J = 5.9)
7.06 (s, SH)
a

J values in Hertz.

Table 6.7: 13cN M R and IR Data and Yields ofDiiron Complexes 6.12-6.14

~

Complexed
:Oam;z*d6/

Uncomplered
P Aromatic
P ~

Others
-

-

23 -44 (CH2)
3 1 -42 (Cl&)
34.69 (CH)

36-17(CH2)
46.98 (CH2)

1
I

76.98,78.08, 120.05,132.35, 193-29(CO)
78.98,85-78,
134.3 1*,
156.62"
105.65',
130.95*
77.80,79.76, 120.59,130.33,
86.03,105.65*,
137.66*,
130.00'
157.76*

An initial communication has appeared describing the use of c p ~ e C
activated

nucleophilic a r o d c substitution in the synthesis of macrocyclic aryl etherse3" This
report emphasiied the design of an initial unit such that the terminal chlorine substituents
were onented in such a way as to allow for facile ring closure. Schemes 6.7 and 6.8
illustrate the use of a similar strategy in the preparation of niaogen-containhg macrocyclic
Ligands. Although the strategies applied in Schemes 6.7 and 6.8 are concephidy identical,
the versatility of the technique is demonstrated by the fact that the formation of the ring
may be achieved using various dinucleophiles. In one case, ring closure resulted fkom the

reaction of the nitrogen-based bimetallic cornplex, 6.12, with 4,4'-biphenol in the presence
of &CO3 and DMF. Although similarly structured macrocycles are generated by the
route employed in Scheme 6.7, cychtion was achieved by the reaction of bimeta.Uk
complexes 6.13 and 6.14 with the nitrogen dinudeophile, 4,4'-bimethylenedipipendine.

'H and

I3cNMR were used for the identification of the complexeci macrocycies, 6.15-

6.17, and the data summarized in Tables 6.8.and 6.9.

Scheme 6.7

k2c03
I

DMF

i

Scheme 6.8

Spectral features typical of the macrocycles represented in Schemes 6.7 and 6.8
may be identified by examining the 'H NMR s p e c t m of macrocycle, 6.15 (Figure 6.14).
The most characteristic spectral feature of c ~ F complexes
~ +
is the strong singlet between
5 and 6 pprn representative of the cyclopentadienyl protons. In this case, the appearance

of a strong singlet does not necessarily confirm the formation of a macrocycle since the
same structural feature would also appear as a result of the presence of the birnetallic
starting complex.

However, a shift in the cyclopentadienyl resonance does suggea

complex formation. In the case of complex 6.15, the Cp peak appears at 5.12 ppm which
is shated slightly upfield fiom its position of 5.13 ppm in the starhg bimetallic complex,
6.12. In cornparhg the 'H NMR spectra of macrocycle 6.15 and the birnetallic complex,
6.12, changes in the region corresponding to the complexed aromatic protons can indicate
ring closure. The spectrai pattern of the complexed aromatic protons of the aarting

bimetallic complex, 6.12, appear distinctly as a singlet, two doublets and a triplet in the
region between 5-976.52ppm whereas the complexed aromatic region corresponding to
complex 6.15 appear in the range of 5.91-6.23ppm as a doublet and a multiplet. The
appearance of two doublets at 7.40 and 7.85 ppm are perhaps the most striking
characteristics of the 'H NMR spectnim of cornplex 6.15, indicative of ring closure.
These resonances correspond to the uncomplexed aromatic protons of the 4,4'-biphenol

unit and are evidence of its incorporation into the macrocyclic structure. In considering
the formation of macrocycles 6.16 and 6.17, successful ring closure would be suggested
by the appearance of those resonances corresponding to the 4,4'-trimethylenedipipendine
unit.

The I3cNMR also verifles the formation of complexes 6.15-6.17. The 13cN M R

of complex 6.15 is shown in Figure 6.15 and demonstrates some characteristic features of
the complexed macrocycles. In comparing the spectnim of complexed macrocycle, 6.15,

and that of the corresponding starting bimetallic compleq 6.12, several distinguishuig
f e a ~ e indicate
s
ring closure. The appearance of the peaks at 121-88, 130.88,134.48 and
155.55 ppm represent the aromatic carbons of the 4,4'-biphenol unit and indicate its

incorporation into the rnacrocyclic stnicture. Additionaily, the nucleophilic displacement
of chlorine by the cxygen dinucleophüe results in a significant chernical shift of the
adjacent complexed quatemq carbon atom fkom 106.59 ppm in the startirig bimetallic
complex, 6.12, to 133 -56ppm in the macrocyclic ligand, 6.15. For complexes 6.16 and

-

6.17, the presence of several peaks in the range of 24.92 48.79 ppm representing the

methylene and methine carbons of the 4,4'-trimethylenedipipendine nucleophile are
evidence of ring closure.

Table 6.8: 'HNMR Data of Complexed Microcycles 6.156.17
Complex

CP
(s, 10H)

~

1

6 (acetone-d6), ppm
Uncomplexed
Complexed
Aromatic"
Aromatic'

1

6.15

6.17

5.12

5.12

5.91(d,2H,J=6.3)
6.08-6.23 (m., 6HJ

5.91-6.19@r.s.,2H)

6.24-6.27
,I(I

a

J values in Hertz.

6H)

7.4O(dy4H,J=8.4)
7.85 (d, 4H, J = 8.3)

7.02(d,2H,J=8.4)
7.34-7.38 (m 2H)
7.84 (d, 2H, J = 8.6)
7.97-8.02 (III,2H)

1.27-1.38 (III, 1OH)
).2
1.51-1.67 (br.~.,
1.94-2.00 (m, 4H)
3-10 (t, 4H, J = 9.3)

4.11 (t, 4H, J = 12.8)
1.35-1.36 (III, 1OH)
1.59-1.65 &.S., 2H)
1.84-1.91 @r.s.,4H)
2.98-3.18 (m,4H)
3 -96-4.01 (t, 4H,

Table 6.9: 13cNMR and IR Data and Yields of Cornplexed Macrocycles 6.15617

CP
(s, 1oH)

1

6 (acetone-ds), ppm
Complexed
Uncomplexed
Aromatic
Aromatic

1

1

Others

Vmax

(cm-')
24.89 (CH2)

1212

32.78 (CH2)

(W

35.97 (CH)
37.48.(CH9
48.32 (CH2)
24.22 (CH2)
32.27 (CH2)
35.44 (CH)

36.97 (CH2)
47.85 (CHî)
194.00 (CO)

24.92 (CH2)
33.33 (CI&)
36.02 (CH)
37.61 (CH2)
48.79 (CH2)

6.3.2.3

Photolytic Liberation of the Organic Macrocyclic Ligand

Photolytic demetailation is the most commonly employed method for the isolation
cornplexed
+
counterparts. The rnacrocyclic
of purely organic ligands i5om their c ~ F ~
complexes, 6.15-6.17, were dissolved in a solvent mixture of MeCN/CH2Chand irradiated
under a xenon lamp for 5 hours. Scheme 6.9 summarizes the photolytic methodology
applied in the isolation of organic macrocycles 6.18-6.20.
macrocycfîc systems using 'Hand

13c

Aaalysis of the organic

IR and MS verified their identity. The data

dong with the yields are recorded in Tables 6.10 and 6.11.

Scheme 6.9

The 'Hand "C NMR spectra of the macrocyclic ligand, 6.18, are shown in Figures
6.16 and 6.17, respectively, and are usefiil in demonstraîing the spectral changes noted

upon demetallation of 6.16 and subsequent isolation of the organic macrocycles. The

moa distinct change in the 'H and

13cNMR

spectra are the disappearances of the

resonances representative of the cyclopentadienyl protons and carbons, respectively. In
the case of rnacrocycle 6.18, the disappearance of the strong sin&$ at 5.14 ppm in the 'H
NMR spectnim and of the peak at 76.66 ppm in the

the success of the demetalkition reaction.

U~

NMR spectnun are evidence for

Furthemore, the shZt in the complexed

aromatic resonances to positions M e r downfield are noted in both the 'H and

13cNMR

spectra upon decomplexation. Cornparison of the 'H NMR spectrum of the macrocyclic
complex 6.16 in which the complexed aromatic protons appear at 5.91-5.95 and 6.19-6.23
ppm with its organic analogue, 6.18, whose aromatic protons al1 resonate in the region
between 6.48-7.78 ppm demonstrate the expected spectral changes upon the isolation of
the purely organic ligand. Additional evidence for successful demetallation is obtained
fkom the

13cNMR

s p e c t m which shows a similar downfield shifl of the complexed

aromatic carbons upon cleavage of the metal moiety f?om 61.95-84.34 ppm to 107.95132.63 ppm.

Table 6.10: 'HNMR and MS Data and Yields ofMacrocycles 6.18-6.20
Yield
(%)

40.5

Uncomplexed
Aromatic'

6.5 (d, 2H, T = 7.3)
6.64 (s, 2H)
6.76 (d, 2H,J = 7.2)
6.90-6.91(42H)
7.0 (d, W ,J = 8.7)
2H)
7.18-7.22(III,
7.74 (t, 4H, J = 8.4)
6.45-6.46(Q 2H)
6.58 (s, 2H)
6.75-6.79(ID, 2H)
6.99 (d, 4H, J = 8.4)
7.17-7.23(IQ2H)
6.46(d,ZH, J = 8.4)
6.64-6.71(ID,4H)
7.03 (d, 4H, J = 8.3)
7.18 (t, 2H, J = 7.7)

a

J values inHertz.

1.22-1.41(m., 12H)
1.70-1.78(Q 4H)
2.68 (t, 4H,J = 10.0)
3 -60-3
-66(d, 4H, J 9.2)

-

Table 6.11: "C NMR and IR Data ofMacrocycles 6.18- 6.20
6 (CD(

Cornplex

Uncompiexed
Aromatic

Vmar

(cm")
23.65(CH2), 3 1.99 (CH2)
35.61 (CH), 36.62 (CH2)
49.66 (CH*),195.84 (CO)

23 -66(CH2), 3 1.96 (Cl&)
35.58 (CH),36.63 (CH2),
49.56 (CH2)

23.71 (CH2), 32.04 (CH2)
35.63 (CH), 36.65 (CH2),
49.8 1 (CH21

7.0 Conclusions

The use of cyclopentadienyliron rnediated nucleophilic aromatic substitution has
been used in the preparation of a variety of birnetallic, polymetallic and macrocyclic
species.

The versatility of CpFe' mediated aromatic nucleophilic substitution in the
preparation of various bimetallic complexes has been demonstrated by the incorporation o f
oxygen, sulfur and nitrogen containing linkages. Both aliphatic and aromatic dithiols were
reacted with cyclopentadienyliron complexes of chloroarenes to yield the corresponding

bis(cyc1opentadienyliron) arene dicaîions. Diiron complexes with mixed ethedthioether
bridges were prepared using the same methodology. A slight variation of this synthetic
strategy involving the reaction of starting nitroarene complexes with aliphatic or aromatic

diamines ailowed for the incorporation of nitrogen into these bimetallic systems. The
enhanced reactivity of the nitroarene complexes resulted in shorter reaction times,
minimiziog the decomposition process and allowing for the isolation of the desired diiron
complexes in good yield. Functionalization of the thioether complexes was achieved in the
presence of H202
and CF3COOH giving the corresponding sulfone bridged species. The
efficient liberation of the metallic moieties via photolytic demetallation ailowed for the
isolation of the organic compounds under very mild conditions.

This methodology

provides one of the most general and lest expensive routes to a variety of complexes and

wmpounds which may be of great importance in material science.

Selected mono- and bimetalIic complexes were investigated with respect to their
electrochemical behavior. It was found that although the oxygen bridged species, [3.312+,

exhibited isolated redox centers whereas isomeric thioether analogues, [3.4f4 and [3.4",
demonstrated a s m d degree of electronic interaction between the two metai centers. This
interaction was established on the basis of the rneasured Merence in formal potentials of
the 36 e737e- and 37 eY38e- reduction steps. Furthemore, the rate of reaction of the 19 eand 38 e reduction species of the monomeric and birnetallic complexes, respectively, with
the solvent was determined to not only increase with increasing temperature but to take
place more readily in the presence of the o>srgen-based species. The use of controlIed
potential c o u l o m e ~of complex [3.212+ provided evidence for the transfer of two
electrons in the initial reduction step. A large AEO of 200 mV between the two reduction
waves of complex [3.312+ leading to the 38 e- M e r supports the transfer of two
electrons. The investigation of the rate of reaction of the 38 e- species with the solvent of
a series of aliphatic sulfûr bridged complexes, [3.9]2+-[3.12]2', at various temperatures
was extended to the determination of several activation parameters using the activated

complex theory. It was observed that the activation energy corresponding to the 38 especies with the solvent decreased with increasing chain length.
A three-step process involving the synthesis of a bimetallic species with terminal

chlorine substituents, reaction of this species with an excess of 1-naphthol and its
subsequent photolytic demetdation dowed for the isolation of monomers with structural
features which make them suitable for Scholl polymerization. Several monomeric units
incorporating sulfone, ketone, sulfùr or nitrogen bridges were subjected to Scholl
polymerization under a variety of reaction conditions. Reactions of these monomers with
respect to t h e , temperature, concentration and monomer:catalyst ratio showed no

concrete trends in their polymerization 'H and "C NMR and GPC were used in the

characterization of the isolated materials where verification of polymerization was

i n d i ~ t e dby distinct spectral changes. It is suggested that due to the Iow solubility of the
polymeric materials obtained, the molecular weight detenninations using GPC are not
indicative of the actual molecular weights of these species. Thermogravimetric studies
suggested the isolation of polymeric materials with molecular weights greater than that
caiculated using GPC.

Reaction of the ( 1 1 6 - c o r o e ) ~ p compfex
~e
with 5-norbomene-2-methan01
followed by photolytic demetdation also allowed for the generation of a monomer, 5.2,
suitable for ROMP polymerization. A detailed NMR investigation using a varïety of 1-

and 2-dimensional experiments was necessary for the positive identification of the
complexed and organic monornenc units.

Polymerization of compound 5.2 in the

presence of RuCi3-H20allowed for the isolation of the corresponding high molecular
weight material as measured by GPC. An increase in molecdar weight and reaction yield

was observed with increasing amounts of water in the reaction solvent. Furthemore,
despite a Limited degree of solubiiity in water, polymerization was successfbl when water

was used as the only solvent. However, no substantial increase in the molecular weight of
the isolated polymeric material was observed.

The nnal polymerization technique allowed for the generation of metdated
polyethers and polythioethers in a one-pot reaction.

The combination of

(1,4-dichlorobenzene)CpFe with various diols and dithiols yielded the corresponding
metafiated polymers.

Identification of the polyzneric materials was indicated by

cornparison of their 'H and

birnetallic analogues.

13cC spectra

with those of the starting material and

Furthemore, removd of the metallic moiety via photolytic

demetallation allowed for the molecular weight determination of the organic species ushg

GPC which was then used to caldate the molecular weight of the organometallic
materials.
The synthetic utility of cyclopentadienyliron activated aromatic nucleophilic

substitution is fùrther demonstrated by the preparation of macrocyclic compounds. The
preparation of bimetallic species with terminal chlorine substituents in the meta position
dowed a second nucleophilic aromatic substitution step to be used in the formation of the
desired cyciic structure. Cornparison of the 'H and

NMR spectra of the complexed

13c

macrocycles with those of their correspondhg starting materials indicated successfbl ring
closure. Photolytic demetallation was an efficient means for the isolation of the organic
macrocycles whose structures were verified using 'Hand U~ NMR and MS.

8.0 Experimental

8.1

General Methods

1

H and

NMR spectra were recorded at 200MHz and 50 MHz (Gemini 2001,

respectively, while HH COSY and CH COSY were recorded on a Bruker 500 NMR
spectrometer (W. T. Wolowiec, technician), with chemical shifts measured nom the
solvent signals. Coupling constants are reported in Hz. IR spectra were measured on a
Perkin-Elmer Model 78 1 or FT-IRBomen MB 102 Spectrophotorneters. Positive ion EI
(electron impact) spectra were obtained on a Hewlett-Pakard 5970 Series Mass Selective
Detector, by use of a direct insertion probe (70eV). Signals are given in d z units. GPC
measurements were performed using a BL-gel mixed column (Phenomenex) equipped
with a CH-30 column heater (Eppendorf), a PL-DCU (Polymer Laboratones) and a

Gilson Model 302 pump and Gilson Model 131 refiactive index detector. AU poIymer
molecular weights were estimateci versus polystyrene standards at 35°C with CHCb as
the eluent at a fiow rate of 0.7 ml min". An EG&G Princeton Applied Research Model
263A potentiostat, interfaced with a microcomputer was used in al1 experiments. CV

simulations were nxn using the Digisim simulation program, version 2.0, nom
Bioanalytical Sy stems Incorporated. AU coulometry and voltammetry associated with
bulk-electrolysis experiments (conducted at the Chemistry Department, University of
North Dakota with the aid of Dr. D. Pierce) was performed with a three-electrode cell
that was controlled by an EG&G Princeton Applied Research mode1 273 potentiostat.

Thermogravimetric analysis were d e d out using a Mettler Toledo TGAISDTA85 lC

instrument and the data collected via the use of Mettler Toledo STAE system software,

STARe SW V1.5~. Elemental analyses were perfonned

at the University of

Saskatchewan and Guelph Chemical Laborataries Ltd.

8.2

Chernicals

Anhydrous aluminum chloride, aluminum powder, ferrocene, ammonium
hexafluorophosphate, 3-chloroperbenzoic acid,

chloroarenes,

anilines,

hydrogen

peroxide, trif luoroacetic acid, and all oxygen, sulfur and nitrogen-containing
nucleophiles,

t etra-N-butylammonium

perchlorate

and

tetra-N-buty lammoniurn

hexafluorophosphate are commercially available and were used without M e r
purification. THF was purifïed by distillation over sodium metal under nitrogen. High
quality N,N '-dimethy lfomamide @MF, Aldrich; Burdick and Jackson Brand, Baxter

Scientific), used for ail electrochemical investigations, was purged with purified
dinitrogen and stored over Linde molecdar sieves 4A (Strem Chernicds). Al1 other
solvents (reagent grade) were used without purification.

8.3

Ligand Exchange Reactions

8.3.1 Synthesis of Chloroarene Cyclopentadienyliron Complexes

A typical reaction is the combination of 27.9 g (150 mmol) ferrocene, 40.0 g (330
m o l ) aluminum trichloride, 4.2 g (150 mmol) aluminum powder, and a 4-fold excess of
the appropriate arene in a 500 rnL 3-necked round bottom flask. The reaction mixture is

then heated at 135-140°C for 5 h under a nitrogen atmosphere. Upon cooling the greenblack mixture to approximately 50°C, it is slowly poured into 200 mL of a n ice-water
slurry. It is crucial that this step is performed very carefully since this is an extremely
exothermic reaction The resulting aqueous mumire is filtered through rough sand and
the filtrate extracted with petroleum ether (3 x 50 mL) and diethyl ether (1 x 50 mL) to

remove any unreacted materials. Adding 13.9 g (75 mmol) of =F6

to the aqueous

layer results in the generation of a yellow-green precipitate. This material is dissolved in

a dichlorornethane/acetone mixture (4:l) and the water layer extracted with
dichloromethane until it is vimially colorless. The resulting dichloromethiine/acetone
solution is dried over MgSOA filtered, and concentrated by rotary evaporation to
approximately 25 mL. Diethyl ether is then added to precipitate the desired product as a
yellow-green solid which is collected by suction filtration, rinsed with diethyl ether, and
dried prior to anaiysis.

8.3.2

Synthesis of Anüine Cyclopentadienyliron Complexes

A similar reaction procedure to that described for the preparation of the

chloroarene cyclopentadienyliron complexes was employed. That is, 27.9 g (150 rnmol)
ferrocene, 40.0 g (330 mmol) aluminum trichloride, 4.2 g (150 m o l ) alurninum powder,
and a 4-fold excess of the appropriate arene were placed in a 500 mL 3-necked round
bottom flask

In the case of the preparation of the aniiine cyclopentadienyliron

complexes, the reaction mumire was stirred at 145460°C for 5 h under a nitrogen
atmosphere. The aniline complexes were isolated as brownish-yeilow solids following
the same workup procedure as described for the isolation of the chloroarene

cyclopentadienyliron complexes.

8.4 Oxidation Reactions

8.4.1 Preparation of the Nitroarene Cyclopentadienyliron Complexes

Typically, 5-0mmol of the d i n e cyclopentadienyliron complex was dissolved in
50 mL of a 1 : l mixture of 30% H2U2and CF3COOK and heated at 60°C for 20 minutes.

The mixture was then cooled to room temperature and extracted with a 4:l

dichloromethane/ni~omethanesolvent mixture. This organic solvent mixture was then
dried over MgSOA filtered and concentrated by rotary evaporation to approximately 25

mL. The addition of a concentrated aqueous solution of W&PF6 resulted in the

precipitation of a yellow-brown solid. This solid was rinsed with diethyl ether and dned
pnor to nnalysis.

8.4.2 Preparation of Bis(cyclopentadienyliron) Arene Sulfone
Complexes

Complexes 2.86-2.105 were prepared by the dissolution of the corresponding
disulfide complex (1 mmol) in 2 mL of DMF in a 50 mL round-bottom flask equipped
with a stir bar. To this solution, a ten-fold ratio of m-chloroperbenzoic (m-CPBA) acid
(10 mrnol, 1.73 g) dissolved in 1 mL of DMF was added. Finally, CHzClzwas added

until the complex just began to precipitate out of solution This reaction mixture was

then refiuxed at 60°C for 8 hours. The resulting yellow solution was allowed to cool to
room temperature, at which time the CH2C12 was removed under reduced pressure at
X ° C using rotary evaporation. DiethyI ether was added resulting in a thick yeilow oil. A
2:3 chlorofonn/diethyl ether mixture (5 x 10 mL) was prepared and used to rime the

resulting oil to remove excess m-CPBA Finally, the oil was dissolved in a minimal
amount of acetone and upon the addition of diethyl ether yellow-brown oils or yeiiow
solids were obtained and dried under vacuum pnor to analysis.
4.

.-

8.5 Nucleophilic Substitution Reactions

8.5.1 Preparation of Bis(cyc1opentadienyliron) Arene Sulfur Complexes

Typically, complexes 2.13-2.33, 2.37-2.47 and 2.49-2.54 were prepared by the
combination of 1.0 mm01 of the appropnate (~6-chloroarene)(q5-cyclopentadienyl)iro
hexafluorophosphate cornplex with 0.5 mm01 of the dinudeophile in a 50 mL roundbottom flask containing 2.5 mm01 (0.345 g) of &CO3 and 10 ml of a 4:l THFDMF
mixture. The resulting green-gold solution was stirred under a nitrogen atmosphere for
16 h at room temperature, while its color changed to a yellow-brown. A standard workup

procedure was fobwed, in which the reaction mixture was filtered through a sintered
glass crucible into a 10% (vlv) HC1 solution, causing the formation of a granular
precipitate. Acetone washings were added to the filtrate, causing the dissolution of the
product.

This solution was then concentrated by evaporation of the acetone under

reduced pressure, and the desired diiron complex precipitated as a yellow granular solid
upon the addition of a concentrated aqueous solution of Nl&PFs. At this point, the
product was recovered by filtration and washed with severai portions of cold distiued
water. M e r drying for severai hours under vacuum, the product was washed with srnall
amounts of diethyl ether and M e r dried. The resulting products (fine yellow powders)
did not require additional purification in most cases.

8.5.2 Preparation of Bis(cyc1opentadienyliron) Arene Nitrogen

Complexes 2.123 - 2.124

Complexes 2.123 and 2.124 were prepared by the combination of 1 mm01 of the
appropriate (q6-chloroarene)(q5-cyclopentadienyl)in hexafiuorophosphate cornplex

with 0.5 m o l of l,6-hexanediamine in a 50 mL round-bottom flask containkg 30 mL of

THF. The reaction mixture was refluxed for 12 h under a nitrogen atmosphere. The
solution was then allowed to cool and the solvent concentrated to approximately 5 mL
under reduced pressure.

The resulting orange residue was redissolved in

dichloromethane, and to this solution was added 1.0 m o l of NH4PF6 in 20 mL of
distilled water. The product was washed once with distilled water and dned over
anhydrous rnagnesiurn sulfate, and the solvent was removed under reduced pressure to
yield an orange solid. This solid was collected by suction filtration, washed with diethyl
ether, and then dried under vacuum for severai hours.

8.5.3 Preparation of CyclopentadienyiironArene Nitrogen

Cornplex 2.125

One millimole (0.413 g) of (q6-dichlorobenzene)(~-cyclopentadienyl)iron
hexa£luorophosphate was combined with a large excess (1.39 g 12 mmol) of 1,6hexanediamine in a 50 mL round-bottom flask containing 10 mL of a 1:l mumire of

THFDMF and 4 mC of glacial acetic acid. The reaction mixture was then refluxed for

12 h under a nitrogen atmosphere. The resuiting disubstituted monoiron complex was

isolated by extracting the product with dichIoromethane and adding a concentrated
aqueous solution of V F 6 . The product was washed several t h e s with distilled water
to remove the reaction solvents and worked up in the same marner as complexes 2.123
and 2.124.

8.5.4

Preparation of Bis(cyc1opentadienyliron) Arene Nitrogen

-

Complexes 2.134 2.147

Complexes 2.134

- 2.147

were prepared by the combination of 1 mm01 of the

appropriate (q6-nitroarene)(q5-cyclopentadienyl)iron hexafluorophosphate cornplex with
0.5 mm01 of an aliphatic diamine in a 50 mL round-bottom flask containing 2.5 m o l
(0.345 g) of &CO3 and 10 mL of a 1:1 THF/DMF mixture. The resulting solution was

then heated at 60°C under a nitrogen atmosphere for 5h. The reaction mixture was
aiiowed to cool and was filtered into 10 mL of 10% (vfv) HC1; the reaction flask was

washed with dichloromethane, and the washings were filtered. To this was added a
concentrated aqueous solution of NH@F6.

The produa was then extracted with

dichloromethane, and the extract was washed several times with distilled water. Mer
drying over anhydrous magnesium suEate, the solvent was removed under reduced

pressure to yield a brownish-orange oil. The oil was rinsed with diethyl ether and
aiiowed to dry under vacuum for several hours.

8.4.5 Preparation of Bis(cyclopentadieny1iron) Arene Nitrogen

Complexes 2.150 - 2.154

Complexes 2.150- 2.154 were prepared by the combination of 1.0 mm01 of the
appropriate (q6-nitroarene)(q5-cyclopentadienyl)iron hexafluorophosphate complex wit h
0.5 mm01 of an aromatic diamine, and the mixture was added to a 50 mL round-bottom
flask containing 2.5 m o l (0.345 g) of &CO3 and 10 mL of DMF. The redting
solution was then heated at 60°C under a nitrogen atmosphere for 3 b The final diiron

-

complexes were isolated as oils in the same manner used for complexes 2.134 2.147.

8.4.6 Preparation of Bis(cyc1opentadienyliron) Arene Complexes
4.1, 4.2,4.4, 6.13 and 6.14

A typical reaction involved the combination of 2.0 mm01 of 7$-(1,3dich1orobenzene)- or .rl5-(l,4-dichlorobenzene)-q6-cyclopentadienylironhexafluorophosphate with 1.O mm01 of the dinucleophile in a 50 mL round-bottom flask containing
2.5 mm01 (0.245 g) of &CO3 and 10 mL of DMF. The resulting red-yellow solutions

were stirred under a nitrogen atmosphere for 16 h at room temperature. A standard
workup procedure as outlined for the isolation of the bis(cyclopentadieny1iron) arene

sulfur complexes in section 8.5.1. The resulting products were isolated as yellow
powders and did not require M e r purification.

8.4.7 Preparation of Bis(cyclopentadienyliron) Nitrogen

Complexes 4.3 and 6.12

Complexes 4.3 and 6.12 were prepared by the reaction of 2.0 m o l of $-(1,3dichIorobenzene)-

or 1S-(1,4-dichlorobenzene)-l16-cyclopentadienYliron hexafluoro-

phosphate with 1.0 mmol of the 4,4'-trimethylenedipiperidine in a 50 mL. round-bottom

flask containing 2.5 m o l (0.245 g) of &COo and 10 ml of a 1:1 THF/DMF mixture.
The resulting orange-red solution was stirred at 65OC for 6 hours under a nitrogen
atmosphere. A standard workup procedure as outlined in section 8.5.1 for the isolation of
the bis(cyclopentadieny1iron) arene sulfûr complexes allowed for the desired products as
orange soiids.

8.4.8 Preparation of Capped 1-Naphthol Complexes 4.5-4.7 and 4.9

The generation of complexes 4.5-4.7 and 4.9 involved the reaction of complexes
2.29, 4.1-4.2 and 4.4 (1.0 m o l ) with 2.5 mmol (0.260 g) of 1-naphthol in the presence

of 2.5 mm01 (0.245 g) of &CO3 and 10 mL of DMF. Dark red-orange solutions resulted
which were stirred for 8 hours at room temperature under a nitrogen amiosphere. The
desired complexes were then isolated according to the typical procedure as outlined in
section 8S.1.

8.4.9 Preparation of Capped 1-Naphthol Complex, 4.8

Complex 4.8 was prepared by the combination of 1.0 mm01 of complex 4.3 with
2.5 mm01 (0.260 g) of 1-naphthol, 2.5 mm01 (0.245 g) ofKtC03 and 10 mL ofDMF in a
10 mL round-bottom flask equipped with a stirbar. These substrates were stirred at 6S°C

for 7 hours under a nitrogen atmosphere and isolated as a dull yellow solid foilowing the
workup procedure described in section 8.5.1.

8.4.10

Synthesis of Complexed Macrocycles

The complexed macrocycles 6.15-6.17 were prepared by the reaction of 0.3 mm01
of the appropnate bimetallic complex with 0.3 mm01 of a suitable nucleophile in the
presence of an excess of &CO3 and 5 mL of DMF. These reagents were stirred for 24 h
at 65°C under a nitrogen atmosphere. The red-yellow solutions were filtered through a
sintered glass crucible into a 10% (v/v) HCI solution resulting in the formation of a
yellow precipitate. The reaction flask and crucible were rinsed with acetone which
allowed for the dissolution of the precipitate. Upon the concentration of this solution by

rotary evaporation, a concentrated aqueous solution of m F 6 was added causing the
precipitation of the desired product. The yellow solid was isolation by filtration and
washed with several portions of distilled water. The precipitate was allowed in dry under

vacuum for several hours and rinsed with diethyl ether and further dried.

8.4.11 Synthesis of the rnodified 5-norbonene-tmethanol cornplex, S. 1

2.1 mm01 (0.25 mL) of 5-norbomene-2-methano1 2.5 mm01 (0.2806 g) of
potassium tert-butoxide and 3 mL of fkeshly distiiled THF were placed in a 50 mL roundbottom flask and stirred at room temperature for 1 h under a nitrogen atmosphere. To the
resulting pale yeUow solution was added 3 mL of DMF and 1 mL of fkeshiy distilled THF
and this solution stirred at room temperature under a nitrogen atmosphere for an addition

20 minutes.

At this point,

1.0 mm01 (0.378 g) of tf-(ch1orobenzene)-$-

(cyclopentadienyliron) hexafluorophospate was added and the solution mixture stirred for
16 h at room temperature under a nitrogen atrnosphere. The resulting orange solution

was then filtered through a sintered glass crucible into a 10% (v/v) HCl solution resulting
in the generation of a yellow solution. The reaction flask and crucible were rinsed with a
srnail amount of CHzClz and a concentrated aqueous solution of W F 6 added. This
solution was then transferred to a separatory fùnnel and extracted with CH2Clz (4 x 50

mL). The organic layer was then washed with distilled water (3 x 50 mL) and dried over
MgS04 filtered and the solvent removed by rotary evaporation. An orange oil renilted
which was rinsed with several portions of diethyl ether and dried under vacuum.

8.5 Photolytic DemetaIiation Reactions

8.5.1 Isolation of S a u r , Nitrogen and Sulfone Compounds

Compounds 2.55-2.85,

2.106-2.121,

5.2, 6.18-6.20 were prepared by the

dissolution of the corresponding diiron or macrocyclic complex in a CH2CldCH3CN (30
WlO mL) solvent mixture in a Pyrex tube. The solution was then deoxygenated by

bubbling nitrogen through it, fitted into a photochernical chamber and irradiated for 5
hours, using a wide wavelength range of visible light supplied by a Xenon lamp. The
solvent was then concentrated to a volume of 1-2 ml, using rotary evaporation. The
residue was applied to a silica gel colurnn and washed with hexane and eluted with
chloroform. It is important to note that in the case of the sulfone compounds, the
produas were eluted using ethyl acetate. Removal of the solvent yielded the expected
liberated arenes.

8.5.2 Isolation of Capped 1-Nathphyl Compounds, 4.10-4.14

0.5 m o l of complexes 4.10-4.14 were dissoived in a CHÎC12fCH3CN (3 0 mWlO
mL) solvent mixture in a Pyrex tube, the resulting solution deoxygenated with nitrogen

for 30 minutes and subjected to irradiation in the presence of a Xenon lamp for 5 h. This
dark colored solution was then evaporated to m e s s by rotary evaporation and the

resulting residue dissolved in chloroform. The solution was transfer to a separatory

funne1 and washed with distilled water (3 x 20 mL). The chloroform was dried over
MgSOA fltered and concentrated under reduced pressure. This concentrared solution
was then added dropwise with swirling to cold hexane resulting in the isolation of the
desired compounds as white or cream colored solids.

8.5.2 Isolation of Polyethers and Polythioethers

0.5 mm01 of complexes 6.2, 6.4-6.6 were dissolved in a DMF (SQmL) in a Pyrex

tube, the solution deoxygenated with nitrogen for 30 minutes and subjected to irradiation
in the presence of a Xenon lamp for 5 h. This dark colored solution was then evaporated
to

dryness

under

vacuum

and

the

chloroform/nitromethane solvent mixture.

resulting

residue

dissolved

in

a

The solution was transfer to a separatory

funnel and washed with distilled water (3 x 20 mL). The chloroform/nitrornethane
solvent mixture was dried over MgSO4 fütered and concentrated under reduced pressure
resulting in the isolation of the desired compounds as white or cream colored solids.

8.6.1

ROMP of monomer 5.2

Generally, a 1 mol % solution of RuC13-H20was prepared in the- solvent of
choice and the mixture stirred for 2-3 b The monomer was then added via syringe and
the mixture heated at 60°C for a 24 h period which resuited in a dark brown viscous
solution or solid mass. Regardless of the state of the product, it was dissolved in
chloroform and then precipitated by the slow addition of methanol with vigorous stimng.
A fibrous, cream colored solid was obtained following this purification process.

8.6.2

Scholl Polymerizations

Each Scholl polymerization involved the initial preparation of the monomer
solution separate nom that of the catalyst solution. The monomer solution was generally
generated by dissolving 0.5 mm01 of a suitable monomer in PhNo* in a 10 mL round
bottom flask under a nitrogen atmosphere. Next, a solution of FeC13 is prepared by its
dissolution in PhNo2 and subsequently added dropwise to the monomer solution over 20
minutes via a syringe penetrating the rubber septum. This reaction misture was stirred
either at room temperature or 6S°C for the desired period of time. Isolation of the solid

crude polymeric material was achieved by pouring the viscous dark brown-black solution
into methanol (150 m.)acidifïed with 2% HCl. Finally, the polymeric matenal was

collected ushg suction filtration, ~ s e with
d methanol and dned under vacuum. Prior to
purification of this material, its identity was verined using 'H and

13cCand

GPC.

Purification of the polyrner involved its dissolution in a minimal amount of CHC13 (5-10

mL) foilowed by the slow addition of this solution into acetone (150 mL) acidified with
2% HCl. Finally, the polymenc material was isolated by suction filtration, rinsed with

acetone and dned under vacuum in preparation for its analysis.

8.6.3 Polymerization by c p ~ eactivated
+
Aromatic Nucleophilic

Substitution

Polymers 6.2-6.6 were prepared by the combination of 0.5 mm01 of $-(1,4-

dichIorobenzene)-r15-cyclopentadienylirnhexafiuorophosphate with 0.5 mm01 of the
desired oxygen or sulfir-containing dinudeophile in a 25 mL round-bottom flask
containing 2.5 mm01 (0.245 g) K2C03 and 0.5 mL of D m . The resulting solution was
&ed

under a nitrogen atmosphere for 16 h at 65°C. The reaction mixture was then

added to a 10% (v/v) HCl solution resulting in the formation of a granular precipitate or

gummy solid. The flask was then rinsed with acetone and added to the HCl solution.
Further precipitation of the product was achieved upon the addition of a concentrated
aqueous solution of NH9F6. At

this point the product was recovered by filtration and

wahed with several portions of cold distilled water. After drying for several hours under
vaccuum, the produa was washed with srnall amounts of diethyl ether and further dried.

8.7

Instrumental Methods

8.7.1 Cyclic Voltammetic Studies

Al1 cyclic voltammograms were obtained using an EG&G Princeton Applied
Research Model 263A potentiostat, interfaced with a microcornputer.

Cyclic

voltammetric experiments were performed using a conventional three- electrode cell.
The working electrode was either a platinum disk electrode (ca. 2 mm diam.) or a glassy
carbon disk electrode (ca. 3 mm diam.). A quasi-reference electrode (Ag/AgCI) was
utiked. However, ferrocene was added at the end of each expenment and served as the
reference redox couple. The a d i a r y eisctrode in these studies was a Pt wire. The
cyclic voltammetric behavior of selected complexes was investigated at various scan
rates of 0.2-1.0V/s. Temperatures ranging fkom 293 to 233 K were obtained by means of

a dry ice-acetone slush bath in a Dewar flask. The concentration of the complex was 2.0
nM, while that of the supporting electrode was 0.1 M Before measurements, solutions

were deaerated by passing high-purity nitrogen through them and the experiment was nui
under a blanket of purified nitrogen.

8.7.2 Digital Simulations

CV simulations were nui using the Digisirn simulation program, version 2.0, f?om
Bioanalyticaï Systems kicorporated. Simulations were performed to fit experimentdy

determined cyclic voltammograms of a 2.0 mM solution in DMF using a 0.1 mM of
TBAP as the supporting electrolyte. The simulations were performed over a potential

range of 4 . 3 - -1.9 V at 233 K assuming a cylindrical electrode geometry with a 1 cm2

area. Scan rates of 0.2- 2.0 V/s were used in the simulation and E,and E,varied to fit
the experimental data. The difference in the formal potentials of the two 1-electron
transfer steps was taken as an average value of hE" detemiined fiom these applied scan
rates-

8.7.3 Controlled Potential Coulometry

Al1 coulornetry and voltammetry associated with bulk-electrolysis experiments

were performed with the aid of Dr. D. Pierce at the chemistry department, University of
North Dakota using a three-electrode ce11 that was conaolled by an EG&G Princeton
Applied Research mode1 273 potentiostat. Electrolysis currents were recorded for a userspecified applied potential and were acquired over more then 300 s with a time interval of
less then 0.5 S. The current-time set for each electrolysis was digitdly integrated to yield

total charge passed to within less than +1.0% of comparable, electronically integrated
cwents. Stirred solution voltammograms were recorded before and after electrolysis to
analyze for solution composition and were performed with a potential sweep rate of 0.02
v/s.
Buk-scale electrolysis experiments were performed with the analyte at 3 mM
concentration in 50 mL of DMF/û. 1M TBAPF6. Solutions were contained within a
sealed electrochemicai ceU that was constantiy purged with pwified nitrogen and was
cooled by partial immersion in a dry ice-acetone slush bath.

Rapid stirring during

electrolysis and voltammetry irnmediately before and after electrolysis was perfomed
with a magnetic stir bar that was rotated at a constant rate at the ce11 bottom. The

working electrodes used for controlled-potential coulometry were high surface area
cylinders and were composed of either platinum mesh or reticulated vitreous carbon. A
small platinum disk electrode 9ca.2 mm diam.) or a larger glassy carbon disk elemode
(ca.3 mm diam.) was used as the working electrode for al1 voltammetry. The counter

electrode in ail cases was a platinum-mesh cylinder that was contained within a large,
separate compartment containing DW/O. 1 TBAPF6 '6 ionic contact with the andyte
solution through a medium porosity glass fiit. A ssilver wire coared with solver chloride
acted as a quasi-reference electrode in D W . 1 TBAPfi and was separated fiom
solution within a smaller fiitted compartment. At the conclusion of each experiment, the
quasi-reference potential was correlated to the potential of the ferrocene/ferrocinium
couple (Fc/Fc'> by addition of ferrocene to the solution.

8.7.4 Gel Permeation Chromatography

GPC measurements were performed using a BL-gel mixed column (Phenomenex)
equipped with a CH-30column heater (Eppendorf), a PL-DCU(Polymer Laboratones)

and a Gilson Model 302 pump and Gilson Model 131 refkactive index detector. AU
polymer rnolecular weights were determined versus polystyrene standards, using the

method of narrow standards, at 3S°C with CHC13 as the eluent at a flow rate of 0.7 ml
min-'.

.

Thermogravimetnc analysis were performed using a Mettler Toledo

TGNSDTA851c instrument at a heating rate of 30°C/min. in a nitrogen atmosphere.
Typically, samples ranging fkom 5-8 mg were subjected to analysis in a 70 pL alumina

crucible and the data collected via the use of Mettler Toledo STSTARcSW V 1 . 5 ~ .

system software,
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