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Abstract 

Silicon-bridged [I]- and [Z]fem~xnopbaws with trimethyIsiIyl substituents on the 

cyclopentadienyl rings have been synthesized The 1- compound was studied by single 
crystal X-ray diffi.action and was found to possess a larger tilt angle (5.4(6)') than the 
analogous non-substituted species. No ring-pening polymerization BOP) was observed even 
at elevated temperatures. The [l]ferrocenophane did polymerize readily and yielded very 
soluble, high molecular weight poly(fermceny1slane). 

A series of high molecular weight poly(femreny1germanes) was synthesized via the 
thermal ROP of germaaium-bridged, Nfemcenophanes. Po~y(ferrocenyIdimethyIsi[ane)- 
poly(fermceny1dimethyIgermnae) random copolymers could be synthesized via ROP both 
thermally and in the presence of a transition metal catalyst. The thermal transition and 
electrochemical behaviour, and morphology of the resultant polymers were examined by 
differential scanning calorimetry @SC), cyclic voltammetry and wide-mgle X-ray scattering 
and were found to be similar to the analogous poly(femcenylsilanes). 

The first stable phosphonium-bridged [Uferrocenophane was synthesized and was 
found to undergo both thermal and transition metal-catalyzed ROP. The resultant ionomeric 

polymer was soluble in highly polar solvents (e-g. acetone) but displayed only limited stability. 
A DSC study of the glass transition temperatures of a sen& of methylated poly(femceny1- 
phenylphosphines) of known molecular weight suggested that the molecular weight of the 

transition metal-catalyzed ROP product was greater than 46 000 and the thermaily produced 
polymer was of even higher molecular weight. 

The first living anionic ROP of phosphorus-bridged [l]ferrocenophanes was achieved, 
allowing access to poly(ferroceny1phosphine) homopolymers and block copolymers with 

controlled architectures. The aggregation behaviour of poly(ferrocenylpheny1phosphine)-6- 
poly(dimethy1siloxane) in a non-solvent (hexane) for the poly(fermceny1phosphine) block was 
examined by dynamic light scattering and by transmission electron microscopy and atomic 
force microscopy after solvent evaporation. The most commonly observed morphology was 
spheres although other morphologies were also observed. Preliminary metal coordination 
studies were also conducted- 

Spirocyclic [l]zirconocenophanes were synthesized and found to undergo transition 
metal-catalyzed ROP, 
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Chapter 1 Introduction 

1.1 Inorganic Polymer Science 

One of the major driving forces in chemistry today is the search for new materials 

which exhibit properties that are not possessed by natural substances such as wood, stone and 

metals. During the twentieth century, polymers in particular have assumed a dominant role in 

our lives as plastics and similar products have occupied a niche in the modem world ranging 

from simple plastic shopping bags to components for automobiles and aircraft. The vast 

majority of these polymers are organic and thus primady based on carbon which is partially a 

result of the fact that many organic monomers are derived h m  the petrochemical industry. 

Inclusion of inorganic elements into a polymer backbone allows for the possibility of 

variations in oxidation states, coordination number and geometries as well as new pathways for 

electron delocalization. This allows for the creation of new materials with potentially 

interesting properties (e.g. magnetic? catalytic, optical) that are not readily achieved with 

organic-based polymer systems and has been one of the major driving forces behind research 

in this area.14 

The area of inorganic and transition metal-containing polymers is large and thus cannot 

be discussed at length within the confines of this Thesis. Brief mention will be made of the 

three well-characterized inorganic polymer systems: poly siloxanes, polyphosphazenes and 

polysilanes. As the major focus of the research comprising this Thesis was on transition metal- 

containing po!ymers, these systems will be examined in greater detail as regards to synthesis, 

properties and, wherever possible, potential or actual applications. Emphasis will be placed on 

the more recent developments in this field. Relevant background material for the Thesis project 

in the areas of metal-based polymers in catalysis and block copolymer micelles is also 

discussed. 



1.2 Well-Characterized Polymers Based on Main Group Elements 

The three major classes of inorganic polymers are illustrated in Figure I. 1. Of these, 

polysiloxanes (1) are the most welldeveloped, having been intensively investigated since the 

1940's and now comprise a billion d o h  indu~try-?~~ These polymers were formerly 

synthesized via the Rochow-Miiller Process7 but now are primarily made via the ring-opening 

polymerization (ROP) of orgawsiloxane trimers and tetramers using ionic iniators. 

Figure 1.1 The Three Major Inorganic Polymer Systems 

The flexibility of the siloxane polymer backbone has been the feature of greatest interest 

in the case of this polymer system and has Led to some of the lowest known glass transition 

temperatures (e-g. for (Me2SiO),, T, = - 123 OC).' A number of factors contribute to this 

property. Firstly, the longer Si-0 bond length of 1.64 A (cf. C-C bond length is 1.54 A) 
reduces steric hindrance and intramolecular congestion. Secondly, the skeletal oxygen atoms 

are unencumbered by any side groups. Finally, the Si-0-Si bond angle of ca. 143" is more 

open than found for tetrahedral carbon (ca, 1 10°) and thus torsional rotation can occur more 

easily. 

Thousands of different materials based on polysiloxanes have been made. Other than 

low temperature flexibility, these polymers also possess high thermal stability (up to 300 to 

350 OC) and resistance to ozone, W light and organic oils and solvents, very high oxygen 

permeability, excellent biocompatibility and high hydrophobicity. The major applications of 



polysiloxanes have been as low temperature rubbers, sedants, surfactants and in biomedical 

devices.' 

In contrast to polysiloxanes, both polyphosphazenes (2) and polysilanes (3) are still in 

earlier stages of development although they have found a number of commerical 

 application^.^** 

Polyphosphazenes possess highly flexible backbones, are thermally and oxidatively 

stable, flame retardant. They are primarily synthesized via the thermal ROP of the cyclic 

trimer, m C l & ,  followed by subsequent substitution of the c h l o ~ e  atoms by various 

nucleophiles. In addition to ROP, there are several other methods including 

polyconden~ation~-~~ and anionic polymerizatiod2 routes. Most recently, the synthesis of 

poly(dichlorophosphazene) has been achieved at ambient temperature via the PCIJ-catalyzed 

condensation of N-silylphosphoranimine, C13P=NSiMe3 which also allows for molecular 

weight contr01.~~*~* 

Although a wide variety of polyphosphazenes have been made, applications have been 

limited to date to hydrocarbon-resistant devices (e.g. he1 Lines, O-rings and gaskets), heat and 

sound-insulating rubber tubes, and flame-retardant textiles, Potential applications for these 

polymers as components in polymeric electrolytes for batteries, biomaterials, hydrogels and 

membranes are currently under inve~tigation.~ 

Polysilanes have attracted a great deal of interest due to the unique electronic and optical 

properties resulting fcom delocalization of CT electrons along the polymer backbone. The major 

synthetic route to polysilanes has been the Wurtz coupling of dichlorosilanes. In attempts to 

circumvent the harsh nature of these reaction conditions, alternative syntheses based on 

dehydrocoupling1S'18 and anionic p o l y m e r i z a t i ~ n ~ ~ ~ ~ ~  have been used with limited success 

though these routes do allow for the formation of polymers with more sensitive side-groups. 

Research into potential applications for these materials include their use as hole 

transport layers in electroluminescent devices, in microlithographic applications and as 



polymerization They have also been investigated as thermal precursors to 

silicon carbide fibers. 

1.3 Transition Metal-Based Polymer Science 

Complexes and solid state materials containing transition metals display a wide variety 

of interesting and useful redox, magnetic, optical, electrical and catalytic propeaies?4*25 

Inclusion of transition metals in a polymer, therefore, offers the potential of combining these 

properties with the processability commonly found for organic polymer systems?G28 

Due in part to the excellent thermal stability, interesting physical properties (e.g. 

redox), ease of synthesis and relatively low cost of f e m n e ,  extensive efforts bave been made 

to include this moiety in a polymer both as a side chain and also a part of the polymer 

backbone. As ferrocene and other rnetallocene-containing polymers form the bulk of known 

transition metal-containing polymers, these will be dealt with in Sections 1.4 and 1.5. Other 

systems will be discussed briefly within this section. 

Poly(metallynes) (e.g. 4) which are based on conjugated C=C and transition metal 

repeat units remain one of the best characterized transition metalcontaining polymers to date. 

These were first synthesized in 1977 (Reaction 1.1) and have a rigid-rod backbone 

~tructure.*~-~~ Initially, only platinum or palladium could be incorporated as the transition 

element, 



PBu3 I 
CI-M - Ct 

I 
P8u3 

M=Pt, Pd 
Y = nothing, phenylene 

Reaction 1.1 Synthesis of PoIy(metaUynes) 

More recently, an improved synthetic route meaction 1.2) has allowed access to 

poly(metaUynes) that incorporate other transition elements such as ir0n.3~ rhodium.3s and 

into the polymer main chain. 

?Bus 
I 

CI- Pt - CI + 
I 
PBu3 

Reaction 1.2 A More Recent Synthetic Route to Poly(metallynes) 



A number of interesting properties have been found for these poly(metallynes) due to 

their novel rigid-rod stnxctures and their conjugated backbones. includhg the formation of 

lyotropic liquid crystalline phases and third-ordernonlinear optical properties. 

A rather novel cIass of n-conjugated organometallic polymers has been reported 

recently (Figures 1.2 and 1.3) containing metallocyclopentadiene units. These were first 

synthesized by Nishihara et al but the products were found to be in~oluble?~ More recently. 

Endo et al. were able to synthesize soluble polymers (e.g. 5) by incorporating flexible aliphatic 

spacers in the main chain, Thermal rearrangement led to the formation of the new polymer 

6-38-41 

Figure 1.2 Poly(cobaltocyc1opentadienes) and Thermal Rearrangement Products 

T i e y  et a1 have also synthesized analogous poly(zirconacyc1opentadienes) (7) via the 

coupling of diynes to zirconocene. These compounds were reported to possess molecular 



weights (Mw) of 37 000. Related polymers derived from zirconocene coupling with silicon- 

containing d i p s  have also been synthesizedP2 

Figure 1.3 A PoIy(zirconacyc1opentadiene) 

Other recent examples of non-metalocene, transition metakontaioing polymer systems 

include other rigid-rod polymers (B), polymers with metal-metal bonds in the main chain (9) 

and coordination polymers (10). Dendritic coordination polymers based on Ru- or Pt- 

polypyridyl systems have also been reported.4345 



Figure 1.4 Some Other Transition Metal-Containing Polymem 

1.4. Side Chain Metallocene-Containing Polymers 

Only a few years after the discovery of ferrocene in the early 1950's. 

poly(viny1ferrocene) (11) was synthesized via radical-initiated polymerization of 

vinylferrocene (Reaction 1.3) with non-oxidizing initiators such as AIBN.-*~ Molecular 

weights are generally less than 10 000 but values as high as Mw = 382 000 (PDI = 1.33) have 

been reported but with multimodal weight distributions? In subseqent years, it has also been 

found that cationic. Ziegler-Natta and even living anionic polymerization (at low temperatures) 

may be used to obtain p~l~(vin~lferrocene)?~* 



AIBN 

Reaction 1.3 Synthesis of PoIy(vinyIferr0cene) 

Poly(viny1ferrocene) is a yellow powder soluble in most common organic solvents. 

Much of the interest in poly(vinylfermcene) is due to the presence of redox active iron sites 

attached to the polymer chain. Cyclic voltammetry experinrentsssJ6 have revealed that the iron 

sites are non-interacting and only one reversible oxidation wave is observed for which the 

intensity of the current is directly proportional to the molecular weight of ths polymer 

sample? This is in contrast to polymers in which the ferrocene units are in close proximity in 

the polymer backbone, such as poly(ferrocenylsilanes) (see Section 1.5.1). For these materials 

there is evidence for communication between iron centres as shown by the presence of two 

reversible oxidation waves. The redox behaviour of poly(viny1fewcene) (PVFC+/O) has been 

utilized in the construction of a microchemical diode along with an N, N'-dibenyl-4,4'- 

bi~~ridinim-based polymer @PQ~+'+)~ which was found to possess long switching times in 

comparison with conventional solid state diodes.s7 

Poly(viny1ferrocene) is an insulator in its pristine state (i.e. when all iron centres 

present as Fen) with conductivities in the region of 10-14 S ~rn-1:~ Oxidation with e.g. I2 

yields mixed valent systems in which both  en and Fem sites are present. These materials 

display much higher conductivities with values within the semiconductor range (10-8 to 10-7 S 

cm-1). 58 Based on studies of femenium and mixed-valent bifemene corn pound^^^*^ and 



Mossbauer spectroscopic analyses of vinyLfe~~~~ene-containing c o p o l y m e f ~ ~ ~ * ~ ~  charge has 

been found to be mainly localized on iron. An electronAopping model has been suggested as 

the mode for electron transfep as the a l l - n  backbone of the polymer is insulating. 

A variety of other organic polymers with metallocen~ontaining side p u p s  have been 

synthesized. However, few are as well-studied as poly(vinyKerr0cene). A few notable, more 

recent examples (12 - 15) are shown in Figure 1.5 

Copolymer 12 was synthesized via a random, radically-initiated copolymerization 

between methyl methacrylate and a ferrocene-containing methacrylate in a 9 5 5  ratio 

respectively, and was found to possess thermal properties virtually identical to those of 

poly(methy1 methacrylate). After poling, the material was analyzed for second4rder nonlinear 

optical properties and was found to possess a second harmonic generation efficiency 

approximately four times that of a quartz standard. 

Ferrocene-substituted norbornenes have allowed access to polymers such as 13 via 

ring-opening metathesis p~lymerization.~~*~* As this is a living polymerization, block 

copolymers could also be made and molecular weights could be controlled from Mn = 5090 - 
9030 with PDI = 1.13 or less. Consistent with a polymer containing non-interacting iron 

sites, only one reversible oxidation wave was found in cyclic voltammetric experiments. 

Polymers end-capped with pyrene were found to quench the emission of the pyrene unit by a 

factor of 30 in comparison with 1-vinylpyrene. This was believed to be due to the presence of 

the neighbouring ferrocene moieties. 

Well-defined poly(ethynyImetaU0cenes) (14)- with controlled molecular weights 

(where M = Fe, Ru) have been synthesized. The living polymers could be terminated with 



Figure 1.5 Some Organic Polymers with Ferrocene Substituents 

pyridinecarboxaldehyde and the tertiary nitrogen subsequently quarternized with methyl iodide. 

The charged systems were found to exhibit a more intense, red-shifted absorption in the 

Uvlvisible spectrum than the corresponding uncharged systems. 

Ruthenium and osmium analogues of poly(vinyIferr0cene) have been reported in the 

past but characterization was limited* They were tested as preheat shields for targets in inertial- 

confinement nuclear f u s i ~ n . ~ ~ * ~ ~  Recently, a conjugated polymer with ferrocene substituents, 



poly(anilinemethyEerr0cene) (19, was employed as  an eIectrode mediator and could be used 

as sensor for peroxides in organic media73 

Very few example of metallocenecontaining polymers with inorganic backbones exist 

Not surprisingly, they are based on a poly(phosphazene) (16 - 18). poly(si1ane) (19) or 

poly(si1oxane) (20) £kamework as can be seen in Figure 1.6. These will all be discussed 

briefly. 

Thermal ROP of ferrocene- or ruthenocene-substituted cyclic triphosphazene monomers 

is a facile route to polymers 16 and 17 with molecular weights (Mw) in excess of 2 x 106?4v75 

In general, cyclotriphosphazenes with less than three halogen substituents do not undergo 

thermal ring-opening polymerization. However, a range of cyclic phosphazenes without any 

halogen side groups have been found to polymerize provided transannular ferrocenyl 

substituents are present.76*.n In most cases, the presence of a small amount of an initiator such 

as FTpC1,], is necessary for polymerization to occur. X-ray crystallographic studies of several 

of these strained fermcenylorganocyc1otriphosphazenes have shown that the phosphazene ring 

is forced into a high energy, non-planar c~nfo rma t ion .~~  By contrast, in most 

cyclotriphosphazenes, the phosphorus-nitrogen ring is virtually planv. 

Polymers 16 and 17 (as well as copolymers bearing both ferrocene and ruthenocene 

moieties) have been partially oxidized with iodine resulting in weakly semiconducting 

materials. These materials have also been deposited on an electrode surface where the 

polymers act as electrode mediator coatings which can aid electron transfer between the 

electrode and redox active species in solution? 

Polyphosphazenes with ferrocenyl substituents have also been synthesized via 

functionalization of poly(methy1pheaylphosphazene) to yield the random copolymer 1 8 . ~ ~  

Substitution was not complete with a degree of substitution of 45 % and 36 % for polymers 

18a and 18b, respectively. Molecular weights for these polymers were Mw = 2.0 x 10' and 

1.5 x 10' respectively (typically PDI = 1.4 - 2.0). The glass transition temperatures increased 



13 

in comparison with the lmglbstituted polymers with values of 92 "C and 87 OC for 18a and 

18b respectively. 

The synthesis of polysilanes m g  low loadings of ferrocene substituents (19) has 

16a (M: = Fe) 
lab (h4 = Ru) 

17a (M = Fe) 
17b (M = Ru) 

Figure 1.6 Inorganic Polymers with Ferrocene Substituents 



been reported via Wurtz coupling.81 Random copolymers with weights (Mw) up to 390 000 

were isolated fiom mixtures of high and low m o l d a r  weight fkctions. The ratio of methyl- 

phenylsilane to methyKerrocenylsilane segments ranged fiPm 6A to 27:l. In common with 

other polysilanes, these materiais were photosensitive and depolymerized uponexposure to U V  

light. However, the copolymers did display greater stability than a corresponding sample of 

poIy(methylpheny1silane) indicating that ferrocene moieties bound to the polymer chain 

provided a degree of stabilization for the polysilane backbone towards photodegradation. 

Cyclic voltammetry experiments82 reveaIed two oxidation waves for the polymers The first 

wave, which was reversible due to oxidation of iron sites whereas the second, irreversible 

oxidation at higher potential was assigned to oxidation of the polysilane backbone. No 

electrochemical interaction was observed between neighbouring iron sites or between iron sites 

and the polymer backbone. 

Polysiloxane random copolymers (with molecular weights of 5000 to 10 000) with 

pendant ferrocene groups have recently been synthesized (20) via hydrosilylation of 

vinylferrocene or 9-ferrocenyl-1-nonene with a poly(methylhydrosiloxane)- 

poly(dimethy1siloxane) random copolymerf These materials were used as amperometric 

biosensors for the detection of The polymers effectively mediated electron transfer 

between reduced glucose oxidase and a conventional carbon paste electrode. The response of 

the sensor to glucose was dependent upon the nature of the polymeric backbone. The optimal 

response was a compromise between increased polymer flexibility and decreased spacing 

between individual relay (i.e. ferrocene) sites. 

1.5 Main Chain Metallocene-Containing Polymers 

The synthesis of main chain ferrocene-containing polymers in which the metal atoms 

are separated by a considerable distance is relatively well developed as the extensive organic 

chemistry of ferrocene has allowed easy access to difunctional monomers which can be used 



in controlled polycondensaton reactions to yield well-defined, high molecular weight products. 

In contrast, well&aracterized, high molecular weight materials in which the femene Mits are 

in close proximity to one another are rare and, in general, cannot be obtained via 

polycondensation reactions since suitable reactants (e.g- dilithioferrocene) often cannot be 

obtained in a pure enough form for exact reaction stoichiometries. 

Polymers with short spacer units and with long spacer units separating the ferrocene 

moieties will be dealt with separately with the concentration being on the former as this formed 

the major focus of this Thesis. Main chain metallocene-containing polymers other than those 

involving ferrocene are quite rare and will only be mentioned briefly within the appropriate 

sections. Some rather interesting star-shaped 84-86 and d e n d r i t i ~ ~ ~ * * ~  ferrocene-containing 

macromolecules have also been synthesized but these will not be discussed- 

1.5.1 With Short Spacer Units 

Poly(femceny1ene)s (21), with no bridging units between ferrocene centres, have 

been synthesized with varying degrees of success since the 1960's when low molecular weight 

products were obtained via polycondensation of ferrocene radicals generated by thermolysis of 

ferrocene in the presence of per0xides.8~~~~ However, these materials were later found to 

possess other linking units in the main chain such as CH2 and 0 . 6 0 p 9 1  Other 

poly (condensation) routes include the reaction between l , 1'-dilithioferrocene*TMEDA with 

1, 1'-diiodoferroceneg2 (M,, < 4 000) and the reaction of 1.1'-diiodofemene with magnesium 

(Reaction 1.4) (where R = H). Soluble low molecular weight materials (M,, = 4 600) could be 

extracted from the products of Reaction 1.4 and were found to possess an appreciable degree 

of c~ystallinity?~ Additionally, oxidation of these polymers with TCNQ led to materials that 

were delocalized at room temperatwe on the Mossbaeur time scale (ca. LO-' s) and elechical 

conductivities of up to loe2 S cm-'. 



Reaction LA A Polycondensation Route to Poly(ferrocny1ene) 

More recently, a more soluble poly(ferroceny1ene) (21 where R = n-hexyl) has been 

made by the reaction of the dihexyhlvene dianion with p e C i 2 0  dmg4 Generally, the 

products were of low molecular weight but higher molecular weight products (M. > 4 000) 

were formed in low yield. In addition, when oxidized with TCNQ or TCNE, this material 

exhibited photoconductivity and also acted as a p-type semiconductor, as was previously noted 

for non-substituted ferrocenylene~?~ 

Attempts to prepare macromolecules in which the femrene units are separated by shoa 

spacer units (egg. E = Si&, CHd (22) by polycondensation methods have met with limited 

~ u c c e s s ? ~ * ~ ~ ~  I, general, the products were of low molecular weight (M,, < 10 000) and 

poorly dehed. For example, the first poly(ferrocenylsilanes), synthesized by the reaction of 

dilithioferrocene with organodichlorosilanes at ambient temperatures, were described as 

partially soluble, chocolate-brown materials.10L In contrast, soluble, high molecular weight 

poly(ferrocenylsi1anes) have been found to be yelloworange materials,10q*'05 suggesting that 

the earlier attempts had led to ilnpure materials- 



Figure 1.7 Poly(ferr0cenes) 

More recently, poly(ferroceny1enevinylene) derivatives (23) with Mn = 8000 - 10 000 

(by GPC) have been synthesizedlo6 in high yields via the titanium-induced McMuny coupling 

reaction of the corresponding alkyIfefz0cenyl carbaldehyde monomers (Reaction 1.5). These 

soluble polymers we= characterized by NMR and IR which revealed the presence of trans- 

vinylene units. The W-vis spectra of the polymers are similar to those of the monomers, 

indicating a fairly localized electronic structure. This is also reflected in the electrical and 

optical properties with values for conductivity (a = lo-* S cm*') and non-linear third--order 

optical susceptiblility QB' = 1 - 4 x 10-I2 esu) lower than those of linear conjugated polymers 

such as poly(l,4--phenylenevinylene) (C = 2.5 x lo3 S c d ,  susceptibility X'3' = 8 x 10-l2 

esu). 

Reaction 1 S Synthesis of a Soluble Poly(fenaxnylviny1ene) 



The very unusual and interesting face-to-face metallocene polymers (24) have also been 

prepared via polycondensation (Reaction 1.6) by Rosenblum and co-workers. 107-1 LL W l e  

polymers with molecular weights up to Mn = 18 000 could be made using this route although 

higher molecular weight products were aiso present, Mined-metal copolymers in which both Fe 

and Ni are present could be obtained using [Ni(aca~)~] as a reagent in addition to FeQ.  

although the molecular weights were significantly lower (Mm < 3 000). Structural work on 

well-defined oligomers suggests that the stacked metallocene units in the polymer form a helical 

structure. Both homopolymers and copolymers have been examined for their eIectrical and 

magnetic 

Reaction 1.6 Synthesis of Face-to-Face Metailocenes 

behaviour. Conductivities up to 6.7 x S cm-' have been found for 12-doped materials. The 

bulk magnetic susceptibility was determined for the paramagnetic nickel polymer and 

heterometallic copolymers. In a l l  of them the values were greater than those for the 

corresponding nickelocene or cobaltocene which was interpreted in terms of cooperative 

magnetic behavior. 



ROP is an attractive route to poly(metall0cenes) as it proceeds via a chain-growth 

mechanism which removes the requirement for the stringent stoichiometric and conversion 

requirements necessary to obtain high molecular weight products via polycondensation. In the 

last several years, ROP has been used with a great deal of success to produce soluble, well- 

defined, high molecular weight poly(metall0cenes). 

In 1992, there were two reports of ROP being used as a route to poly(metall0cenes). 

In the first case, poly(fermceny1ene persulfides) (26) were synthesized by Rauchfuss and co- 

workers via the atom abstraction induced ROP of 25 with PBu3 (Reaction 1.7).L12 

Reaction 1.7 Synthesis of Poly(fermceny1 persulfides) 

Soluble polymers could be obtained when R = n-Bu and molecular weights, depending upon 

the solvent used for the desulfurization reaction, ranged between 12 000 and 359 000 (by 

GPC). Copolymers from the ROP of 25 (R = H) and 25 (R = n-Bu) could also be made with 

Mw =25 000. More recently, polymers with t-butyl substituents and nemork polymers (Mw = 

50 000 - 1 000 000) obtained via ROP of the doubly-bridged analogue of25 (R = n-Bu) have 

also been made. 

Polymer 26 and related copolymers have been found to possess a number of interesting 

properties. The polymer backbone can be reductively cleaved and oxidatively regenerated in a 

reversible manner. Cyclic voltammetric studies have shown two reversible oxidation waves 



with a separation of 0.3 1 V. The h t  wave is attributed to alternating iron sites and the second 

wave to the remaining iron sites which are more difficult to oxidize as they are sandwiched 

between previously oxidized iron centres. 

In 1992, Manners and co-workers also reported ROP as a route to poly(ferrocenes). 

Thermal ROP of the silicon-bridged, [llferrocenophane 27 led to the formation of high 

molecular weight poly(femcenylsi1ane) 28.LW The driving force of tbs reaction is believed to 

be the strained nature of 27 in which the cyclopentadienyl rings are tilted with respect to one 

another by about 21' in contrast to the parallel rings in ferrocene. Using differential scanning 

calorimetry (DSC), the strain energy which is released by poIymerization has been found to 

range fiom 70 - 80 W mol-', depending upon the substituents present on silicon, 

Reaction 1.8 Synthesis of PoIy(ferrocenylsi1anes) via Thermal ROP 

A key feature that was initidly noted concerning these polymers was the presence of 

two reversible oxidation waves in their cyclic voltamm~grams.'~ The proposed explanation is 

the same as has been described for the poly(ferroceny1ene persulfides). Recent studies on 

model oligo(ferroceny1silanes) fully support this theory.113f114 The peak separations for the 

different polymers, which reflect the degree of interaction between the metal centers, are 

generally in the range AEln = 0.16 - 0.29 V depending on the substituents 

When oxidized, poly(ferrocenylsi1anes) undergo a color change from amber to blue. The 

interesting electrachmmic behavior has been studied in some detail for several p ~ l y r n e r s ? ~ ~ ~  



Pristine high molecular weight poly(ferroceny1silanes) are found to be insulating (o = 

S cm-l) and when partially oxidized by 12, the conductivities range from a = 1@ - 
S cm-I up to 2 x S cm-1 and show electron localization on the Massbauer 

spectroscopic timescale. Studies on TCNE-xidized oligo(ferrocenylsi1anes) (Mw = c.a 

1500) have indicated the presence of electron d e l o c ~ t i o n  and in some cases the presence of 

ferromagnetic ordering at low tempemture?lg 

Poly(ferroceny1silanes) such as 28 (R = R' = Me) are thermally stable up to 350 - 400 
"C and retain 35 - 40 % of their weight at IOOO OC, yieIding ferromagnetic F e - S i .  ceramic 

composites.~" The highest ceramic yield (weight retention of 90 96 at 600 OC and 63 46 at 

IOOO OC) was obtained from the pyrolysis of the insoluble. semicrystalline 

poly(ferrocenyldihydrosilane) 28 (R = R' = H ) . ' ~  More recently, in situ ROP of 27 (R = R' 

= Me) inside the channels of mesoporous silica (MCM41) followed by pyrolysis in a tube 

furnace led to the formation of interesting magnetic ceramics confined within the channe1s of 

the host material.L23 

Glass transitions for poly(ferrocenylsi1anes) are in the range of -51 to 1 16 OC (by DSC 

analysis) depending on the substituents present upon silicon. Symmetrically substituted 

derivatives often show a propensity to crystallize and have been studied by DSC, WAXS, and 

atomic force r n i c r o s ~ o ~ ~ ? ~ ~ ~ ~  The morphology of many of the materials show thermal 

history dependence with increasing crystallinity over time. 

Another, recently studied feature of poly(ferrocenylsi1anes) is their tunability. Thus 

functional materials can be prepared via substitution reactions on polymers with S i x 1  

bonds.12' More recently, hydrosilylation reactions have been used with polymers containing 

Si-H groups to attach mesogenic groups which allows access to thennotropic side chain liquid 

crys t a m e  materials.lB 

This ROP methodology has also been extended to other [I]- and [2]rnetallocenophanes. 

PoIy(ferroceny1germanes) (30) have been reported as high molecular weight (Mw = 1@ - 106) 



materials from the ROP of the corresponding [l]ferrocenophanes 29 at 90 'C (Equation 

1 2 ) . ~  The resulting goldee-yellow polymers exhibit similar electrochemical and thermal 

behaviour to the analogous poly(ferroceny1silaaes) with slighly lower Tg v a l ~ e s ? ~ ~ ~ ~ ~ - ~ ~ ~  

Reaction 1.9 Synthesis of Poly(fermceny1germanes) via Thermal ROP 

Poly(ferrocenylphosphines) (32), analogous to those previously synthesized by 

condensation r o ~ t e s , ~ ~ . ~ ~ ~  have also been prepared via thermal ROP (Reaction 1.10).'~~ 

Solubility increased when one of the cyclopentadienyl rings is substituted with an n-butyl 

group or both rings with SiMe3 groups, Polymers 32 (R = R' = H or R = n-Bu, R' = H) 

could only be analyzed by GPC after sulfurization (yielding 33). Sulfurlzation of the 

unsubstituted and n-butyl substituted po1ymers was carried out in order to facilitate their 

characterization by GPC. Those polymers with trimethylsilyl substituents on the 

cyclopentadienyl rings, however, could be analyzed by GPC without sulfurization. A 

comparison between sulfiuized (33, R = R' = SiMe3) and unsulfurized (32, R = R' = SiMq)  

samples of this polymer revealed essentially the same molecular weight. 

Polymerization of sulfur-bridged [l]ferrocenophane (34) produces 

poly(ferrocenylsuffide) (35).136c137 The m n t  synthesis of a [l]stannafemenophane has 

led, upon heating at 150 'C, to the h t  high molecular weight poly(ferroceny1stannane) (Mw = 

1.3 x 105, PDI = 1.6). The polymer 36 also possess significant interactions between iron 

atoms as shown by cyclic voltammetry ( B u r  = 0.24 v).'j8 Very recently, the first example 



Reaction 1.10 Synthesis of Poly(fewceny1phosphines) via Thermal ROP and 

Their Conversion to Poly(femrenylphosphine sulfides) 

of a boron-bridged [l]fenocenophane (37), with the highest tilt angle to date of 32.4(2)', has 

been synthesized and also been found to polymerize.L39 

Figure 1.8 Some Other [l]Ferrocenophanes and Poly(ferr0cenes) 

Hydrocarbon-bridged [2]ferrocenophanes (38) were found to undergo ROP at 300 OC, 

providing the first reported poly(femocenylethy1enes) (39a).Im The polymers were insoluble 
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if R = H, but readily soluble when R = Me. Ih the latter case, a bimodd weight distn'bution 

was found, with an oligomeric fiaction (M, = 4800) and a high molecular weight fhction (Mw 

= 8.1 x lo4). Due to the more insulating hydrocarbon bridge, only slight electronic 

communication is observed by cyclic voltammetry (peak separation of AE112 = 90 mV). 

Cooperative magnetic behavior, however, is observed in oxidized materials at low 

temperature.141 The analogous [2]luthenocenophanes, which possess greater ring-tilt angles, 

undergo ROP at lower temperatures (220 OC) to yield poly(ruthenocenylethy1enes) (39b) 

although their electrochemistry is significantly different1* 

heat - 
39a (M = Fe) 
39b @f= Ru) 

Reaction 1.1 1 Synthesis of Poly(ferr0cenylethylenes) and 

Poly(uthenoceny1ethylenes) via Thermal ROP 

The use of thermal ROP also allows access to novel random copolymers. The tirst 

examples, poly(ferroceny1silane)-co-poly(si1ane) materials (40), were reported in early 

1 995.143 These materials are particularly interesting since they contain ferrocene moieties 

linked by Helocalized oligosilane segments and these are inaccessible via thermal ROP of 

ferrocenophanes with oligosilanes bridges, as they are insufficiently strained.laq The 

polymers are photosensitive and the poIysilane segments can be cleaved with U V  light. 

Interesting charge transport properties have also been found for these materials.'45 



Reaction 1.12 Synthesis of Poly(fez~0cenylsilane)-Poly(si1ane) Random 

Copolymers via ThermaI ROP 

A range of other copolymers derived from different [l]ferrocenophanesl" 130 as well 

as [lJfemenophanes and silicon-bridged bis@enzene)chrornium c o r n p ~ e x e s ~ ~  (41, Reaction 

1.13) have subsequently been reported. 

Reaction 1-13 Random CopoIymers from TROP of a Silicon-Bridged, Bis(benzene)- 

Chromium Complex and 27 (R = R' = Me) 
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In 1994, the first anionic ROP reactions for [l]ferrocenophanes (27 where R = R' = 

Me) resulted in the formation of oligomers?13 Using extremely pure monomer and stringent 

reaction conditions, the anionic ROP of 27 @ = EL' = Me) was shown to be living.147 

Poly(femceny1silanes) with controlled molecular weights (depending upon the initial monomer 

to initiator ratio) up to Mw = c.a 80 000 and with very narrow polydispersities (PDI = 1.05 - 
1.10) were formed. Due to the living nature of the reaction, diblock and multiilock 

copolymers (such as 42) using [lJsilaferrocenophanes and hexamethylcyclotrisiloxane d o r  

styrene have been obtained?* 

Figure 1.9 A Poly(ferrocenyIsilane)-Containing Pentablock Copolymer 

A mild ROP route to poly(metdlocenes) h m  metallocenophanes using transition metal 

catalysts was reported in 1995. Manners et al. reported that a series of ~h1 ,  Pdn, and Ptn 

complexes catalyzed the ROP of 27 (R= R' = Me) at room temperature to yield high molecular 

weight poly(ferroceny1silanes) (M,, = c.a 105).149 Slightly later, Tanaka et al. independently 

reported transition metal catalyzed ROP reactions using mainly P ~ O  and I?&) catalystdm A 

major advantage of these transition metal catalyzed processes is that, unlike anionic 

polymerization, ambient temperature polymerization is possible without the need for an 

extremely pure monomer. Copolymerization of silicon- and germanium-bridged 

[l]ferrocenophanes is possible and affords random c o p ~ l y m e r s . ~ ~ ~ ~ ~ ~ ~  Random 

copolymerization of silicon-bridged [l]ferrocenophanes with cyclocarbosilanes is also possible 

yielding novel poly(ferrocenylsilane~ply(catb0siIme) random Transition 



metal-catalyzed ROP is especially advantageous in the case of [I]ferrocenophanes with 

halogen substitutents at silicon as thermal ROP proceeds at higher temperatures than normal (> 

250 O C ) ? ~  

Moreover, recent workIS2 has shown that unsymmetrically Cpmethylated species 

such as 43 yield regioregular poly(ferrocenylsilanes) (44) via transition metal catalysts as a 

result of exclusive ~wi bond cleavage. In contrast, thermal ROP yields more random 

structures arising from cleavage of both C m i  and  mi bonds.ln 

Reaction 1.14 Synthesis of Regioregular Poly(ferroceny1silane) via Transition 

Metal-Cataiyzed ROP 

Furthemore, molecular weight control in the range M,, = 1@ - 105 is also possible by 

the addition of EtjSiH which leads to the isolation of end-capped polymers 45. The use of 

poly(methylhydrosiloxane) as the source of Si-H bonds allows access to novel graft 

copolymers 46.Is2 



Figure 1.10 Poly(ferroceny1silane) Homopolymers and Graft Copolymers Produced 

via Controlled Transition MetaI-Catalyzed ROP 

Recent work has also focused on understanding the mechanism of the transition metal- 

catalyzed ROP reactions. A logical first step in the polymerizations is insertion of the trausition 

metal into the strained Cpcarbon-bridging element bond in the ferrocenophane. Very recently 

Sheridan, Manners and co-workers reported the first examples of this type of insertion 

product, 47 and 48.'s155 

Figure 1.1 1 Insertion Products of a Transition Metal into the Silicon - ipso-Carbon 

Bond of a [LJFerrocenophane 

The [2]platinasilafe~ocenophane 47 does not react fuaher with [l]silaferrocenophane 

27 (R = R' = Me). However, if the phosphine groups are replaced by more weakly bound 
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substituents as in 48, synthesized via the reaction of 27 (R = R' = Me) with Pt(l,kod)2, this 

species does function as a ROP catalyst1" Moreover, the ROP is inhibited by the presence 

of added 1,S-cod supporting labile ligand dissociation as a key step in the transition metal- 

catalyzed ROP mechanism, 

Recently, the synthesis and ~g-opwing metathesis polymerization (ROMP) behaviour 

of the strained ethene-bridged [l]fenocenophane 49 has been reported by Tilley etaLLS6 The 

resultant polymer (50) was found to be an insoluble, orange powder which exhibited 

conductivity of 10-3 S cm-1 upon doping with 12. A partially soluble random copolymer was 

synthesized by the ROMP of a mixture of 49 and norbornene. Values of Mw = 17 10 to 2 1 000 

were observed with higher values for increasiag amounts of norbornene. 

Reaction 1.15 Synthesis of Poly(fernxmyletheny1ethene) via ROMP 

ROMP has also been used by Grubbs et al. on [4]fewcenopbanes 51a and 53 to yield 

poly(ferroceny1divinylene) (S2a) and poly(ferrocenylenebuty1ene) (54) respectively. * 
Polymer 52a was found to be insoluble although the copolymerization of 51a with sec- 

butylcyclooctatettaene yielded a more soluble product with Mw up to 24 400 (PDI = 2. I). 



Sla 
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Reaction 1.16 Synthesis of Poly(fenoenylenedivlay1enes) via ROMP 

Reaction 1-17 Synthesis of Poly(ferrocenyknebuty1ene) via ROMP 

Very recently, a soluble polymer (S2b) was obtained fiom ROMP of 51b by Lee et al. with 

molecular weights (&) ranging up to 320 000.'~~ 

1.5.2 With Long Spacer Units 

The organic chemistry of ferrocene has for many years allowed researchers to 

synthesize polymers with ferrocene in the main chain when the interspacing units are long. 

However, as this area is rather large and did not form part of the research conducted for this 

Thesis, this section will deal with only a few recent examples. 
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The synthesis of elastomeric polyamides (55, Mn = 10 000 - 18 000) in high yields 

from 1.1 '-bis(&aminoethyI)femmene and diacid chlorides (Reaction 1.15) has been 

reported.lS9 Polyureas (56). polyesters aad polyurethanes have also been synthesized but 

possessed much lower molecular weights. These materials were characterized by scanning 

electron microscopy, X-ray and IR analyses. The use of femrenes in which the active center 

is separated by at least two methylene units was crucial in order to reduce steric effects and the 

instabiIity found previously in polymers of a4mctionalized femcene due to the a-ferraxyl 

carbonium ion stability>60 

Reaction 1.18 Synthesis of Some Ferrocene-Containing Polyarmarmdes 

Wright et a1.l6l have utilized Knoevenagel condensations to prepare new non-linear 

optical @KO) ferrocene-containing polymers for second harmonic generation (SHG) 

applications. The recent use of femrenes in this area is based on their large hyperpolarizability 



values1" combined with their thermal and photochemical stability which make them desirable 

candidates for NLO materials. Thus, they synthesized a polyurethane copolymer (57) in 

moderate yields from a ferrocene derivative in which side reactions are minimized. The 

polymer was i l l y  characterized and possessed a value of M, = 7600 although no Tg was 

found using D S C . ~ ~ ~  Contrary to previous results with perfectly oriented organometallic 

polymers,'63, due to its random orientation in a head to tail sense, it displays SAG activity at 

150 OC by corona poling with ruwnabk stability for the SHG signal. 

57 

Figure 1.12 A Fermcene-Containing Polyurehne Copolymer 

The synthesis of novel polymeric zirconocene-silsesquioxanes (58) has been reported 

by Lichtenhan and ~ a d d a d - l ~ ~ p l ~ ~  The condensation of zirconocene derivatives with 

polyhedral silsesquioxanes led to amophous polymers in high yields (= 90 46) that were 

characterized by NMR spectroscopy and elemental analysis. These high molecular weight (M, 

= 14 000) materials exhibited very high thermal stability (Tdcc = 474 - 515 'C) and stability to 

both air and hydrolysis in the case of S8a. 



Figure 1.13 Polymeric Zirconocene-Silsesquioxanes 

Also poly(ferrocenylhexasi1ane) (59) has been synthesized in an attempt to obtain 

polymers in which ferrocenes are joined to &e~ocalized polysilane segments in a regular 

alternating structure, The condensation of dilithioferrocene and 1,6- 

dichlorodecamethyIhexasilane gave a soluble, well-characterized polymer showing monomodal 

molecular weight distribution by GPC @Idw = 3500). After doping, conductivity values (a = 3 

x 10-5 S cm-1) were three orders of magnitude higher than octadecasilane which appear to 

indicate that conjugation between ferrocenediyl and hexasilanediyl units contribute to the 

conductivity, although the values are lower than for the corresponding poly(1,l'- 

ferrocenylenes) .I6' 
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Figure 1.14 Poly(femxxnylbexasilane) 



Thiophene units have been also been used as spacer units in order to obtain conjugated 

polymers."lg The reaction of a di-zinc f e m e n e  derivative with a dibromotrithiophene 

afforded poly(ferroceny1ene thienylene) (60) with moderate molecular weight (Mn - 4500) 

which was characterized by NMR spectrometry and elemental analysis. Studies on doped 

materials with SbC16-, BF4- and TCNQ- counteranions showed the presence of weak 

antiferromagnetic interactions. 

Figure 1.15 Poly(ferroceny1ene thienylene) 

1.6 Metal-Based Polymers in Catalysis 

One of the major driving forces in research on organometaIIic compounds has been 

their use in catalysis. Several major reactions (e-g. Ziegler-Nana catalysis, Wacker process, 

olefin hydrogenation) have been made possible or at least facilitated by the use of 

organometallic compounds.la In general, industry favours heterogeneous catalysts which are 

robust, reusable and easy to separate from the final products. The difficulty arises from the 

fact that the nature of the active catalytic site is often unclear with heterogeneous systems and 

often there are many different types of catalytic centres which can lead to the formation of 

different products. Homogeneous catalysts, on the other hand, are much easier to study and 



can be tuned in such a way that the nature of the find product(s) can be controlled. 

Unfortunately, it can be difficult to recover small molecule homogeneous catalysts Leading to 

problems with effectively short catalyst lifetimes (and associated expense) and impurities in the 

final products. One possible route to combine the advantages of both homogeneous and 

heterogeneous catalysts is to bind the small moIecuIe homogeneous catalyst to a support. 

Examples of possible supports include inorganic materials such as silica and M g Q  and also 

polymers. Only the latter will be covered here and, as the area is quite large, only a few 

notable examples will be discussed, 

In one sense, polymer-supported catalysts have always been with us. Enymes, in 

which catalytic sites are endosed within a protein framework, are incredibly selective and 

efficient polymer-supported catalysts.169 One early example of a man-made, polymer- 

supported catalyst was the attachment of Wilkinson's catalyst to a polystyrene backbone (61) 

through donor ligands.170 The catalytic activity of this species was reported to be average in 

comparison to regular catalysts and unfortunately suffered fiom loss of catalyst due to leaching 

of the metal centres from the polymer backbone. A more recent example of a polymer- 

supported hydrogenation catalyst is the methacrylate copolymer 62."' In this case, the N 

donor ligands are used to bind P ~ ( O A C ) ~  or RhCl3.xKfl and then treatment with NaB& to 

activate the metal species. Again, catalytic activities were found to be lower than in the case for 

thc homogeneous species but recovery of the catalyst was reported to be almost quantitative. 



Figure 1.16 Polymer-Supported Hydrogenation Catalysts 

Dendrimers have also recently been used as catalyst supports. A silane dendrimer with 

12 arylnickel @)-bearing termini was used to catalyze the addition of CC4 to methyl 

methacrylate although no description was given for product-catalyst separation.17* Other 

examples include dendrimer-supported Ti alkoxides for the addition of Et2Zn to 

ben~aldeh~del '~  and the electrochemical reduction of C@ to CO using a dendrimer with Pd- 

bearing triphosphane units.'74 A more recent example is the fimctionalization of a plyamino 

dendrimer with phosphine groups resulting in 63 and followed by reaction with metal 

complexes such as [PdC12(P hCN)2 1, [Pd(CH3)2(TMEDA)], [Ir(cod)2] [B F4] or 



~ h ( c o d ) ~ ]  B F ~ ] . ~  The Pd-bearing dendrimers were found to be effective catalysts for the 

Heck reaction, displaying a significantly higher catalytic activity than the corresponding 

monomeric species. The Rh-bearing dendrimer was tested as a hydrofonnylation catalyst and 

displayed similar activity to the monomeric species. 

Figure 1.17 A Dendrimer Used for Supporting Metal-Based Catalysts 

A very recent example of a polymer supported catalyst was described in a preliminary 

report and involves the immobilization of a Lewis acid, SC(OT~)~, by microencapsulation near 

the surface of a polystyrene support which was formed into small beads.176 These catalysts 

were shown to be remarkably versatile for a number of reactions catalyzed by Lewis acids, 

easy to recover by simple filtration and could be used repeatedly without any apparent loss of 

catalytic activity. 
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Attaching metallocene-based catalysts to polymer supports is an area of potential 

interest Specialty polyolefins (e-g. poIy(ethy1ene)-F(l-hexene) copolymer) are now being 

manufactured by industry in growing amounts and these products can only be obtained by the 

use of metallocene  catalyst^.'^*^^^-^^^ Again, as is common with the use of homogeneous 

catalysts in other reactions, these processes suffer fiom catalyst impurities remaining in the 

final product. There have been a number of reports of 4'c1assical" Ziegler-Natta catalysts (e-g. 

TiQ/AIR3) being attached to a polymer1s0 but only recently has research begun into using 

metallocene-based species One example involved attaching suitable Iigands 

(e-g. L = cyclopentadienyl, indenyl) to a polysiIoxane backbone and then reacting these with a 

suitable metal species to produce the catalytic precursors (64).18f The activities of these 

catalysts were descnid as intermediate to those of the homogeneous metallocenes and those 

attached to inorganic supports such as Si02 or A1203 for producing poly(ethy1ene) and 

poly(propy1ene). The broad molecular weight distributions of the products suggested that the 

active catalytic species formed by these supported zirconocenes were not unifo~n-'~~ 

Reaction 1-19 Synthesis of a Polysiloxane-Supported Ziegler-Natta Catalyst 

Research in the area of polymer-supported catalysts is on-going as efforts are made to design 

supported catalysts for pasticular reactions. However, many problems sti l l  remain and the goal 
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of achieving well-defined, highly-active and stable (ie. no leaching of the catalytic metal) 

polymer-suppozted catalysts mnab yet to be r e d i d .  

1.7 Block Copolymer Micelles 

Amphiphilic block copolymers, which can display similar solution behaviour to 

surfactants, have also been investigated as possible supports for catalysts. The amphiphilic 

nature of surfactants has been known for many years as well as their ability to stabilize the 

interfaces of incompatible solvents (e-g. the oil-water interface). A number of mesophase 

structures have been observed for surfactants in solution.184 However, these phases are rarely 

stable as dynamic exchange processes result in rapid interconversion. Amphiphilic block 

copolymers, too, have been found to form micellular-like aggregates in solution (Figure 1.18) 

due to the solubility differences of the constituent blocks and form phase-separated structures 

in the solid state (Figure 1.19). In contrast to classical surfactants, however, block copolymers 

can be adjusted such that any intefiace between incompatible substances can be stabilized.lW 

Additional stability of a block copolymer micelle may be imparted by crosslinking either the 

corona or the core of the micelle. The potential uses of block copolymer micellular-like 

aggregates range from stabilizers for drugs and metal colloids to mini- reactor^.^" 

The most commonly observed morphology for block copolymer micelIes is the sphere. 

However, more unusual shapes such as cylinders and vesicles have been o b s e r ~ e d . ' ~ ~ - ~ ~ ~  

Eisenberg et uLW studied the morphological behaviour of polystyrene-6-poly(acrylic acid) and 

varied the length of the poly(acry1ic acid) block. By altering the ratio of 

polystyrene:poly(acrylic acid) over the range of 2W21 to 200:4, they were able to indirectly 

observe six different morphologies in aqueous solution (for which the polystyrene block was 

incompatible), including spheres, rods, lamellae and even vesicles by depositing the solutions 

onto suitable grids, staining with 



/ care corona 

Figure 1.18 Schematic Representations of the Three GeneraI Classes of Block 

CopoIymer Micelles: a) Spherical, b) CyIindrical and c) Vesicular 



Figure 1-19 Typical Mesophase Structures of Segregating Block Copolymers: 

a) bodycentred cubic packing of disperse spheres; b) facecentered 

cubic packing of disperse spheres; c) hexagonal structure; d) undulated 

cylinders with teeagonal packing; e) gyroid phase; f) bicontinuous 

doublediamond structure; g) Im3m phase; h) L3 phase (spongelike 

S ~ L U C ~ U ~ ) ;  i) planar lamellar structure; j) undulated lamellae with 

tetragonal symmetry; k) tetragonay perforated lamellae; 1) hexagonally 

perforated l d a e  with rhombohedra1 symmetry184 



Figure 1-20 Schematic structure of large complex micelle filled with bulk reverse 

micelles where a) poly(acrylic acid) chain in corona, b) core of reverse 

micelle @oly(acrylic acid) chains and c) polystyrene chains 

CsOH, allowing the water to evaporate and then observing the samples by transmission 

electron microscopy (TEM). An unusual moplogy formed by these "crew-cut" micelles (so 

called because of the short length of the chains forming the corona in comparison to those 

forming the core) involved micrometer-sized spheres whose cores were fded with reverse 

micelle-like aggregates (see Figwe 1.20). 

Vesicles formed by block copolymers have also been observed by Liu et al. using 

polyisoprene-b-poly(2-cinnamoylethyl methacrylate) in which there was an equal number of 

units in each block1" In contrast to the polymer system used by Eisenberg, this polymer was 

found to form vesicles in organic solution ~ I h e x a n e s  mixture). The block copolymers 

were first dissolved in THF and then hexanes (in which the poly(2-cinnamoylethyI 

methacrylate) block is insoluble) was added. Analysis by TEM was accomplished by spraying 
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the samples onto suitable grids and then staining with OsO4. The size of the vesicle was found 

to be dependant upon the origioaI TEEhxanes ratio and acornparison between cross~iaked~~~ 

and uncrosslinked samples found few differences suggesting that the morphologies observed 

were also present in solution and had not undergone a transition upon evaporation of the 

solvent. In general, the vesicles were found to be spherical. However, on water surfaces, the 

vesicles were found to form hexagonal unit cells in a "honeycomb" pattern with varying cell 

size. As there was no evidence for deformation upon drying or in the TEM chamber, it was 

thought that deformaton of the vesicles fiom spheres had occurred on the water surface. 

As described earlier, additional stability may be imparted to polymeric micelles by 

crosslinking the chains in either the core or the corona When the corona is crosslinked, the 

micelles are termed shell-crosslinked knedeIs (sCK!~) .~~~ These species resemble dendrimers 

in that they have a spherical shape, a large number of peripheral hctionalities with limited 

mobility and a core-shell structure (see Figure 1.21). Work by Wwley et al. on SCKs has 

involved using systems such as p0l~st~ne-b-poly(4-vin~l~yridine).~~~ Quarternization of the 

pyridine units with p-chloromethylstyrene allowed for formation of micelles in water (a no& 

solvent for polystyrene) and then introduction of a radical initiator resulted in crosslinking of 

the p-chloromethylstyrene units attached to the poly(4-vinylpyridine) block. Variation of the 

block lengths has allowed the formation of SCK's with diameters ranging from 5 to 200 

nm.lg2 Despite the crosslinked nature of the shell of these SCK's, they have been shown to be 

permeable to medium-sized hydrophobic organic molecules such as pyrene. 

Antonietti et al. in 1997 reported the preparation of Pd colloids in block copolymer 

micelles and subsequently studied their ability to catalyze the Heck reaction.193 The polymer 

system used was polystyrene-b-poiy4vinylpyridine. The synthesis of the colloids involved 

mixing the block copolymer with Pd(0Ac)z in a solvent (e.g. toluene) in which the p o l y 4  

vinylpyridine block was insoluble- Reduction of P d O  to Pd(0) was accomplished by using 

LipEt3Hl. A large number of small Pd colloids (cat 10 - 1000) were formed in each micelle 



Figure 1.2 1 Cross-Sectional Drawings of the Basic Structural Components of 

a) Dendrimers and b) sCK'd90 

core as determined by TEM. L94~195 The catalytic activity for the Heck reaction of the Pd 

colloids was comparable to that of classical low molecular weight Pd complexes but the 

stability of the micellized-catalysts was found to be much higher with catalytic activity 

remaining even after 50 000 turn-over cycIes. 

A very recent example of an unusual block copolymer aggregate was reported by 

Ienekhe et al. in 1998.1g6 In this case, poly(phenylquino1ine)-b-polystyrene was found to 

self-organize into micrometer-scale spherical, vesicular, cylindrical and lamellar aggregates (in 

which the poly(phenylquino1ine) formed the corona and the polystyrene formed the core of the 

micelles) h m  solution. The spherical and cyIindrical aggregates were found to have extxemely 

large hollow cavities with diameters as large as 30 pm, larger than bacteria.197 When the blodr 

copolymers were allowed to form aggregates in the presence of fullerenes (C60 and C70). 

spherical aggregates were found to form with aggregation numbers in excess of 109 and each 

aggregate allowed the solubilization of over 1010 fbllerene molecules. 

Very recently, Manners, Winnik et at. reported the first example of micelles being 

formed by an organometallic-inorganic block copolymer.1g8 Poly(fenocenyldimethyIsi1ane)-b- 

poly(dimethylsiloxane) was found to micellize in hexanes. Measurements by static laser iight 

scattering indicated an aggregation number of approximately 2000. Preparation of the samples 
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for TEM similar to the way used by Liu et 01, (sce earlier) but without staining (the presence of 

Fe sites within the poly(ferroceny1silaae) block was sufficient for contrast) indicated that the 

block copolymers had formed wormWre miceIles that appcarrd to be flexible and on average 

were about 440 nrn long with a thickness of ca, 20 nm. 

1.8 Research Objectives 

The research in this Thesis covers two different polymer systems: poly(ferrocenes) 

with a variety of different bridging elements between ferrocene moieties and poly(catbosilanes) 

with zirconocene substituents. The general goals were to study some of the properties of 

known poly(ferrocenes), to find routes to both new and well-defined organometallic polymers 

and to synthesize metallocene-containing polymers that could potentially act as catalyst 

supports, 

The objectives for my PhD work were: 

I) To further explore the use of ROP as a route to poly(ferrocenes) and specifically to 

i) determine the effects of sterically-demanding substihlents upon the ROP behaviow of 

silicon-bridged, [I]- and [2Iferrocenophanes and the properties of any resultant 

polyme~ 

ii) study the properties of a series of symmetrically-substituted 

poly(fermceny1germanes) 

iii) investigate the thermal and transition metalcatalyzed ROP behaviow of tetm 

coordinate, phospholus-bridged [lJferrocenophanes. 



2) To develop Living anionic ROP ofphosphoms-bridged [L]ferrocenophanes as a mute to 

more well-defined poly(ferrocenyIphosphines), to synthesize poly(fetroceny1- 

phosphine) block copolymers, to determine whether these block copolymers formed 

micelldar-like aggregates and to conduct preliminary metal coordination studies. 

3) To develop polymer-supported, Ziegler-Natta catalytic precursors via ROP 

Aspects of the projects detailed in this Thesis we= carried out in collaboration with 

other researchers within and external to the group The actual breakdown of these 

coUaborations is provided as follows on a chapter by chapter basis. 

In Chapter Two, the initid syntheses of 5 and 6 were performed by Dr. Dan Foucher* 

The synthesis of 7 was carried out by myself. The single crystal X-ray structure of 7 was 

solved by Dr. Alan Lough. 29Si NMR data were obtained by Nick Plavac. Mass spectra were 

obtained by Dr. Alex Young. Elemental analyses were carried out by the Canadian 

Microanalytical Sewice. All other analyses were peformed by myself. 

In Chapter Three, the synthesis and characterization (NMR, GPC where appropriate) 

of compounds 4% b and d. 5a, b and d, 6,7 and 8 (by thermal ROP) were carried out by Dr. 

Dan Foucher and Dr. Mark Edwards. Compounds 8 (by transition metal-catalyzed ROP), lk 

and 11 were synthesized by myself- 29Si NMR data were obtained by Nick Plavac. Elemental 

analyses were carried out by either the Canadian Microanalytical Services Ltd. or Quantitative 

TechnoLogies Inc. Mass spectra were m by Dr. Alex Young. WAXS patterns were obtained 

by Dr. Srebri Petrov with the exception of 8 which was obtained by Mark MacLachlan. Low 

angle laser light scattering studies were carried out by Jason Massey. AU other analyses 

including NMR, GPC, UVlvisible, DSC and cyclic voltammetry were carried out by myself. 

In Chapter Four, all syntheses were carried out by myself. The single crystal X-ray 

structure of 9b was solved by Dr. Alan Lough. The 400 MIEz LH NMR data were obtained by 

Karen Temple. Elemental analyses were obtained by Quantitative Technologies Inc. WAXS 



patterns were obtained by Mark MacLachian, Dynamic Light scattering studies were carried out 

by Jason Massey EIectrospray mass spectra were obtained by Doreen Wan, AU other 

analyses including NMR, Wfvisible, DSC, TGA and cyclic voltau.unetry were catried out by 

myself. 

In Chapter Five, the initial anionic ROP studies were done by Dr. Charles Honeyman. 

Subsequent anionic ROP reactions were carried out by Jason Massey and myself- All other 

reactions were carried out by myself. 2 9 ~ i  NMR data were obtaiaed by Nick Plavac. Solid 

state NMR spectra were obtained by Dr. Patricia Aroca-Oue11ete and Dr. TimBurrows. 

WAXS patterns were obtained by Mark MacLachlan, TEM, DLS and SLS studies were 

carried out by Jason Massey- AFM studies were carried out by Nimle Power. All other 

analyses including NMR and GPC we= carried out by myseK 

In Chapter Six, a l l  reactions and NMR characterization were carried out by Dr. Paul 

Nguyen and myself, except 9c and llc which I alone synthesized and 12 which was 

synthesized by Sara Bourke. Tbe single crystal X-ray structures of 7a and 9a were solved by 

Dr. Arnold Rheingold and Louise Liable-Sands and that of 9b by Dr. Alan Lough. 400 MEIz 

NMR data were obtained by either Dr. Paul Nguyen or Sara Bourke. Solid state NMR spectra 

were obtained by Dr. Patricia Aroca-Ouellete and h. Tim Burrows. Mass spectra were run by 

Dr. Alex Young. All other analyses were carried out by myself. 

In keeping with the policy of our tesearch group, each Thesis chapter is essentially self- 

contained and is in the form of a publication that is intended for the open, peer-reviewed 

scientific literature. In the case of each Chapter, the first draft was written by myself. 

Portions of this thesis have been published previously: 
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Chapter 2 The Synthesis and Polymerization Behaviour of Silicon- 

Bridged [I]- and [2]Ferrocenophanes with Sterically 

Demanding Trimethylsilyl Substituents Attached to the 

Cyclopentadienyl Rings 

2.1 Abstract 

The silicon-bridged [llferrocenophane Fe(q-C5H3SiMq)2(SiMy) (5) was synthesized 

via the reaction of L~Z[F~(~-C~H~S~M~~)~~TMEDA (TMEDA = tetramethylethylenediame) 

with Me2 S iC12 in hexanes. The disilane-bridged [Z]ferrocenophane Fe(q - 

CsH3S iMe3)2(SizMe4) (7) was prepared using a similar route from the disilane 

ClMe2SiSiMe2Cl. Despite the presence of sterically demanding SiMe3 substituents on the 

cyclopentadienyl rings, compound S was found to undergo thermal ring-opening 

polymerization at 170 O C  to produce very soluble, high molecular weight 

poly(ferrocenylsi1ane). 6 with Mw = 1.4 x 105, M, = 8.4 x 104. However, the 

[2]ferrocenophane 7 was found to be resistant to thermal ringspening polymerization even at 

350 OC and decomposed above 380 OC. A single crystal X-ray diffiraction study of 7 revealed 

that the steric interactions between the bullry SiMe3 groups an relieved by a significant twisting 

of the disilane bridge with respect to the plane defined by the centroids of the cyclopentadienyl 

ligands and the metal atom. The angle between the planes of the cyclopentadienyl rings in 7 

was found to be 5.4(6)O, slightly greater than that in the non-silylated analogue Fe(q- 

CsH&(Si2Me4) (4a) (4.19(2)*), and dramatically less than the corresponding tilt-angle of the 

strained, polymerizable silicon-bridged, [l]ferrocenophane Fe(q-CsH&(SiMe2) (1) 

(20.8(5)O). The length of the Si-Si bond in '1 (2.342(3)& was found to be close to the sum of 

the covalent radii (2.34 A). Crystals of 7 are monoclinic, space group CUc, with a = 

23.689(3) A, b = 1 1. IX(l)  c = 3 l.O27(3) AT B = 109.16(1)0, V = 7758(2)& and Z = 12. 



lntroducf ion 

High polymers in which transition metals are incorporated directly into the main chain are 

attractive synthetic targets due to their unusual physical and chemical properties. Such 

materials are expected to possess an interesting and potentially useful range of electronic, 

magnetic and optical characteristics which are not readily achieved using traditional organic 

 polymer^.^-^ However, for the most part, progress in this area has been limited by the 

synthetic challenge of obtaining high molecular weight, welldefined polymers? 

In 1992, we reported the synthesis of soluble, high molecular weight 

poly(ferroceny1silanes) (2) via the thermal ~g-opening polymerization (ROP) of silicon- 

bridged, [l]ferrocenophanes (I)? More recently, we have demonstrated that living ROP can 

also be achieved in solution at mom temperature in the presence of anionic initiators? This has 

provided access to poly(ferrocenylsilaaes) with controlled molecular weights as well as block 

copolymers? In addition, random copolymers are accessible via thermal copolymerization of 

different  monomer^.^ We have also shown that ROP is catalyzed in solution by certain 

transition metal complexesg and that the ROP route can be extended to other strained 

[n]metallocenophanes; thus, polymers such as poly(ferroceny1germanes) and 

poly(ferrocenylethy1enes) have been prepared from germanium-bridged [l]ferrocenophanes 

and hydrocarbon-bridged [2]ferrocenophanes, re~pectively.~"~~ Crystallographic studies have 

revealed that these polymerizabb monomers possess ring-tilted structures in which the planes 

of the cyclopentadienyl ligands are tilted by angles of up to 3 lo.17 By contrast, in ferrocene the 

cyclopentadienyl rings are planar. The apparent strain in these highly ring-tilted molecules is 

believed to provide the driving force for their facile t h e d  ROP. 



.Me 
'Me 

Although the ROP strategy has been successfully applied to [2]metallocenophanes with a 

hydrocarbon-bridge (3a - c), the analogues 4a and 4b with a disilane-bridge possess only 

modest tilt angles (4a 4.19(2)0 4b 7.8(5)0) and are resistant to ROP, presumably as a result of 

their significantly less strained structures. l3*I8 

The rationale behind the work in this chapter is described in the following lines. Firstly, 

it is known that the presence of stericaLly demanding substituents generally hinders the 

formation of high molecular weight polymers via ROP. For example, Rauchfuss and 

coworkers have reported that the desulfiuizatiion of [3]trithiaferrocenophanes with phosphines 

yields polymers with ferrocene and disulfido units in the backbone.19 The molecular weights 

of the polymers formed when an n-butyl substituent is present on the cyclopentadienyl rings 



(M, = ca 100,000) are much higher than when bulkier t-butyl substituents arr attached (M, = 

ca 3,000). It was therefore of interest to examine if significantly lower molecular weight 

products would be generated by the ROP of [LJfewcenophanes incorporating bulLy 

substituents. Isolation of Low molecular weight poly(ferrocenylsilanes) would ailow end- 

group analysis and might yield useful information on the thermal ROP mecMsm. Secondly, 

we felt that polymerization of disilane-bridged [2]ferrocenophanes might even be facilitated if 

sterically-demanding substituents, such as trimethylsilyl groups. were present on the 

cyclopentadienyl rings, Thus, the preference for these bulky substituents to minimile steric 

interactions with one another might provide an additional driving force for ROP. Thirdly, we 

have previously shown that a trans zig-zag conformation is likely for the high polymer 2 in 

ordered regions in the solid state?O The presence of bulky trimethy1silyL substituents might be 

expected to impart unusual conformational properties to the macromolecules both in the solid 

state and solution which would influence the interactions between the transition metal centers 

which dominate the electrochemical behaviour? 

In this chapter, we describe our studies on the influence of trimethylsilyl groups on the 

thermal polymerization behaviour of silicon-bridged, [I]- and [2]ferrocenophanes. 

Results and Discussion 

Synthesis of the Bis(trimethylsily1)-Substituted, Silicon-Bridged 

UJFerrocenophane 5. 

The dilithiation of bis(trimethylsily1)femrcne has been previously shown to be regio- and 

stereoselective by Silver and c o ~ o r k u s ? ~  Thus, reaction of this species with n-BuLiaTMEDA 

(TMEDA = tetramethylethylenediamine) followed by Ph2PC1 yielded 1,11-bis 

(dipheny1phosphino)-3.3'-bis(trimethy1si.  This regio- and stereoselectivity was 



viewed to be attractive as the formation of more well-defined fenocenophane monomers and 

corresponding polymers rather than mixtures of isomers would be anticipated. 

The silicon-bridged [l]fem~znophane 5 was prepared via the reaction of the dilithium 

salt Li2Fe(q -CsH3S iMe3)2]@TMEDA with dichl~r~dimeth~lsi lane~~~ The synthesis and 

isolation of the diIithium salt was achieved by reacting dilithiofemxxne with 2 equivalents of 

chlorotrimethylsilane. purification of the bis(trimethylsily1)ferrocene by vacuum distillation, 

deprotonation of the product with 2 equivalents of n-BuLi in the presence of TMEDA, 

followed by recrystallization from hexanes at - 78 O C .  The f ind product (5) was purified by 

vacuum distillation (80 OC, 0.005 mmHg) as a red-omge liquid. 

The puriFied silicon-bridged [l]ferrocenophane 5 was characterized by LH, 13C and 29Si 

NMR as well as mass spectrometry and the data were consistent with the assigned 1.1'- 3.3'- 

substituted structure. In particular, the 1% NMR chemical shlft  of the ipso carbons of the 

cyclopentadienyl groups attached to the SiMe2 bridge (36.9 ppm) showed the characteristic 

upfield shift compared to the other cyclopentadienyl carbons? This upfield shift is a well- 

established trend for strained, ring-tilted main group element-bridged [l]ferrocenophanes and 

is probably indicative of increased q 3  character for the ipso carbon bonded to the bridging 

silicon in comparison with ipso carbons in unbridged, substituted f e r r ~ c e n e s . ~ ~ - ~ ~  

Interestingly, all the other cyclopentadienyl13~ NMR resonances are located fivther downfield 

than the resonances reported for other symmetrically substituted, silicon-bridged 



[l]ferrocenophanes (e-g. 1). The 1H NMR remaled two pseudo quartets and a pseudo triplet 

in the cyclopentadienyl region, characteristic of an A2B2C2 spin system. The 29Si NMR 

spectnun of 5 showed two singlet resonances at - 3.3 and - 5.4 ppm of relative intensity 1 : 2 

which were assigned to the SiMe2 bridge and the two equivalent trimethylsilyl groups, 

respectively, The mass spectrum of 5 showed a molecular ion at d e  386 as the most abundant 

peak. 

2.3.2 Thermal ROP of the Bis(trimethylsi1yi)-Substituted, SWcon-Bridged 

[l]Ferrocenophane 5 

When 5 was heated in an evacuated Pyrex tube for 3 h at 170 OC the tube contents became 

more viscous and then immobile. The poIy(ferrocenylsi1ane) 6, a red-orange powder, was 

isolated by dissolution in THF followed by precipitation into methanol. GPC analysis revealed 

that the polymer was of high molecular weight @Iw = 140 000) with a relatively narrow weight 

distribution (MW/Mn = 1.7). The results of multinuclear NMR studies were consistent with the 

assigned structure. A single, broad LH NMR resonance was found in the cyclopentadienyl 

region. In addition, broad resonances for the protons from the bridging SiMe2 and pendant 

SiMe3 groups were observed. The %i NMR speztrum for 6 revealed two broad resonances 

(-5.9 ppm, SiMe2; -2.5 ppm, SiMe3) that are found upfield with respect to the monomer 5. 



The I ~ c  NMR resonance attn'butable to the (Cipso-SiMeZ) ips0 carbons was shifted to a more 

conventional region associated with cyclopentadienyl carbons in unbridged, substituted 

ferrocenes compared to that in 5. This indicated that the strain of the ring-tilted monomer 5 

was relieved by ROP to yield polymer 6 in which the cyclopentadienyl ligands were 

approximately parallel. The polymer formed air-stable, amber, he-standing, brittle films 

which were cast from a solution of 6 in toluene via slow solvent evaporation. The polymer 

was shown to be extremely soluble, even in non-polar solvents such as hexanes. 

2.3.3 Synthesis of the Bis(trimethy1sil y 1)-Substituted, DisiIane-Bridged 

121Ferrocenophane 7 

The disilane-bridged [2]femocenophane 7 was synthesized in a similar manner to the 

[ l] ferrocenophane 5 by employing 1,2-dichloro-1,1.2,2-tetramethyldisiIane in the place of 

dichlorodimethylsilane. Compound 7 was isolated by vacuum distillation (120 O C ,  0.05 

mmHg) as reddish-orange crystals of low melting point. Multinuclear NMR studies were 

consistent with the assigned structure. The 2% NMR spectrum revealed two resonances: one 

corresponding to the SiMe3 substitutents (- 9.7 ppm) and the other to the bridging S i m  

groups (- 4.0 ppm). In sharp contrast to 5, the 13C NMR resonances associated with the 

cyclopentadienyl carbons bonded to the bridging disilaae unit occur at 76.0 ppm. This is 



consistent with a much less tilted and strained structure for 7 in comparison to 5. One 

interesting feature ofthe IH NMR of 7 was the presence of three resonances in the region for 

methyl groups bonded to silicon. The resonance at 0.28 ppm (singlet, 18 H) was attributed to 

the protons in the two SiMq groups. The other two resonances (multiplets at 0.45 ppm and 

0.25 ppm, 6 H for each) were assigned to inequivalent methyl groups bonded to the bridging 

silicons. In addition, two resonances were detected in the methyl region of the 13c NMR 

spectrum of 7. This situation was in contrast with that for the [LJferrocenophane 5 in which 

the methyl substituents at the bridging silicon atom were found to be equivalent. In order to 

examine in detail the effects the bulky SiMe3 groups would have on the structure of the 

disilane-bridged [2]ferrocenophane 4a.13 compound 7 was studied by single crystal X-ray 

diffraction. 

2.3.4 X-ray Structure of 7 

Reddish-orange, X-ray diffraction quality crystals of 7 were isolated £?om a vacuum 

distillation. Figure 2.1 shows two alternative views o f 7  (molecule B). 

A summary of cell constants and data collection parameters is included in Table 2.1 and the 

fractional coordinates and important bond lengths and angles are listed in Tables 2.2 and 2.3. 

A summary of important structural features is presented in Table 2.4. 



Figure 2.1 (a) Molecular Structure of 7 (molecule B) (vi'brational ellipsoids at the 25 

% probability level). (b) Alternate view of 7 (vibrational ellipsoids at the 

25 % probability level). 



Table 2- 1 Summary of Crystal Data and hatensity Collection Parameters for 7 

cryst class 

a-scan width, deg 

range 2 8 coIIcd, deg 

total no. of rhs 

no. of unique rflns 

Rint 
no. of obsd data used JJ > 3 am] 
weighting g 

R 

Rw 
GOF 

7-7 1 

2856 

0-37 + 0-68 tan 0 

4.1 to 52.0 

8246 

7605 

0.024 

2694 

0.0006 

0.0399 

0.0460 

1.17 



Table 2.2 Final Fractional Atomic Coordinates (XI@) and Equivalent kotropic 

Displacement Coefficients (A@ x 103) for the Non-Hydrogen Atoms of 7 



a Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor 

Table 2.3 Selected Bond Lengths (A) for 7 (Molecule B) 

(Estimated Standard Deviations (Esd's) Are in Parentheses) 





Table 2.4 Selected Bond AngIes (O) for 7 (MoIecule B) 
(Estimated Standard Deviations (Esd's) Are in Parentheses) 



Table 2.5 Selected Structural Data for [I]- and [2]Metaliocenophanes 

Si-Si distance A 

M displacement,a A 

ring tilt, a, deg 

BP deg 

twist,= deg 

Cp-Fe-Cp, 6, deg 

ref. 13 24 - - this work 18 

aThe displacement of the metal atom from the line joining the two centroids of the 

cyclopentadienyl rings. h h e  angle(@ between the planes of the cyclopentadienyl ligands and 

the C(Cp)-E bonds (where E = bridging atom). %e angle(s) between the plane defined by the 

centroids of the cyclopentadienyl ligands and the metal atom and the E-E bond (where E = 

bridging atom). d ~ h e  f ist  Line represents the value for molecule A and the second line is for 

molecule B. 



Figure 2.2 Distortions in [l JFerrocenophanes 

Compound 7 crystallizes in space group CUc with Z = 12. Hence there are two independent 

molecules in the structure. One of these molecules (molecule A) has two-fold crystallographic 

symmetry with the Fe atom on a special position. The presence of a C2 axis leads to the 

inequivalent methyl groups on the bridging silicon atoms. All bond lengths and angles quoted 

within the text for 7 are for molecule B. Molecules A and B were not found to possess 

significandy different geometrical parameters with the exception of the C(ips0)-Si-Si-C(ips0) 

torsion angle. 

A comparison of the structural features of 7 with those of the strained monomer l I 3  and 

the relatively strain-free 4a13 is informative and suggests that 7 is relatively unstrained. The 

dihedral angle between the planes of the cyclopentadienyl rings is 5.9(6)0, only slightly greater 

than for 4a (4.19(2)O) and is dramatically smaller than for 1 (20.8(5)*). Also, the angle 

between the plane of the cyclopentadienyl rings and the bridging silicon-ips0 carbon bond is 

l2.6(4)0 compared to 10.8(3)0 for 4a. The corresponding value in 1 is much greater 

(37.0(6)*) and suggests signifkantly less strain in both 7 and 4.. The twist angle for 7 

(22.9(8)0) is significantly greater than in 4a (8.4(4)*) and is attributable to the unfavourable 

steric interactions between the two SiMe3 groups. The twist angle for 4a is comparable to the 

corresponding angle in 3d24 (89(13)0) whereas virtually no twisting occurs with the disilaue- 



bridged [2]ruthenocenophane 4b1* (03(!5)0). The twisting of the bridge in 7 as well as the 

bulkiness of the SiMe3 groups, also ndts in a significantly increased staggering of the 

cyclopentadienyl rings such that the stagger angle of 17.7(8)0 is much greater than those found 

in either 4a (6.0(1)O) or 4b (rings are virtually eclipsed, 0.6(7)*). The larger Ru atom of 4b 

leads to an elongated Si-Si bond (2.370(2)A) in comparison to 7 in which the Si-Si bond 

Length (2.349(3) A) is similar to that found for 48 (23535(9)A) and close to the average for a 

typical Si-Si bond length (2.34 A). 

2 .3  .5 Thermal Polymerization Behaviour of the Bis(trimethy1silyl)- 

substituted, Disilane-Bridged [tIFerrocenophane 7 

In contrast to the [lJferrocenopbane 5, when the [2]ferrocenophane 7 was heated in a 

sealed, evacuated tube at 350 O C  for 24 h, no increase in melt viscosity was observed. 

Furthermore, analysis of the contents of the tube by 1H NMR revealed only the presence of 7 

and no high molecular weight material (Mw > 1000) was detected by GPC. Similarly, a 

sample of compound 7 was heated from 380 to 420 O C  over a span of about two hours and 

another sample heated at about 160 O C  over a span of 20 h in the presence of the anionic 

initiator, potassium trimethylsilanoate, K [ O S ~ M ~ ~ ] . ~ *  In both cases, no oligomeric or 

polymeric material could be detected by either GPC or mass spectrometry. 1H NMR for the 

sample heated in the presence of K[OS~MQ] revealed only the presence of unreacted 7 whereas 

LH NMR of the sample heated over the range of 380 to 420 O C  showed both the presence of 

unreacted 7 and very broad resonances in both the cyclopentadienyl region and the SiMe region 

which were assigned to unidentified decomposition products. 



Summary 

The introduction of s terically-demanding trime thylsilyl subs tituents to the 

cyclopentadienyl rings does not significantly affect the polymerizability of silicon-bridged 

[l]ferrocenophanes. A high molecular weight poly(ferrofeny1silane) was still formed via the 

ROP of 5 at elevated temperatures. The presence of these bulky ligands has some significant 

effects on the structure of disilane-bridged [2]fenocenophane with an increase in both the tilt- 

angle and the degree of twisting of the disilane bridge. However. these distortions were found 

to be insufficient to allow ROP, and 7 was found to be stable to 380 "C, 

We are now studying the properties of the poly(fermceny1siIane) 6 and related polymers 

with bulky side groups in detail. Our results will be reported in the near future. 

2.5 Experimental Section 

All chemicals unless otherwise noted were purchased from Aldrich Chemicals Co. 1,2- 

dic hloro- 1,1,2,2,-tetramethy~disilane~~ and dil i thiofe~ocene~~ were synthesized using 

Literature methods. All silanes were distilled and stored under nitrogen. Ferrocene was 

purified via Soxhlet extraction using hexanes. All syntheses were carried out under an 

atmosphere of prepurifed nitrogen using either standard Schlenk techniques or an inert- 

atmosphere drybox (Vacuum Atmospheres). Solvents used in these syntheses were dried by 

standard methods, distilled and stored under nitrogen. 

200 or 400 MHz 1H NMR spectra were recorded on a Varian Gemini 200 and a Varian 

XL 400 spectrometer respectively. 100.5 MHz UC NMR and 79.5 MHz 29Si NMR were 

recorded on the Varian XL 400 spectrometer. The 2 9 ~ i  NMR data were acquired in a proton- 

decoupled mode using a DEPT pulse sequence with 2~Si-H = 6.7 H z  The ' 3 ~  NMR data 

were acquired in a proton decoupled mode using an APT pulse sequence. Mass spectra were 

obtained with the use ofa VG 70-250s mass spectrometer operating in an electron impact 0 



mode. Elemental analyses were performed by the Canadian Microanalytical Service Ltd., 

Delta, B.C., Canada. 

Molecular weights were estimated by gel permeation chromatography (GPC) using a 

Water Associates liquid chromatograph equipped with a 510 HPLC pump, U6K injector, 

ultrastyragel columns with a pore size between 103 to 1@ Angstroms, and a Waters 410 

differential refkctometer. A flow rate of 1.0 W m i n  was used and samples were dissolved in 

a solution of 0.1 % tetra-n -butylammonium bromide in THE Polystyrene standards were 

used for calibration purposes. 

Synthesis of Dilithio-1,l'-bis(trimethy1silyl)ferroceneA The synthesis of 

dilithio- 1.1'-bis(tri1nethyIsily1)feuocene was a m a c a t i o n  of a literature  method?^ 

DiLithioferroceneaTMEDA (25.0 g, 79.6 mmol) was suspended in 180 ml of fieshIy 

distilled diethyl ether. Chlorotrimethylsilane (20.1 ml, 159.2 mmol) was added dropwise to 

the above solution with stirring at 0 O C  using an ice-water bath, The reaction mixture was 

allowed to warm up to room temperature and stir overnight. Unreacted dilithioferrocene was 

separated from the reaction mixture by cannulation of the solution through a filter frit The 

solvent was removed under high vacuum before subliming to remove any fercocene. The 

resultant bright red oil was M e r  purified by distillation under high vacuum (80 OC, 0.05 mm 

Hg). Yield of 1, 1'-bis(trimethyisily1)femcene: 19.8 g (75 %). 

The distilled 1,l'-bis(trirnethylsily1)ferrocene was then dissolved in 100 mL of freshly 

distilled hexanes. Butyllithium in hexanes (75 mL, 181.2 mmol) and TMEDA (14.0 mL, 120 

-01) were added dropwise to the solution at room temperature with stirring. The solution 

was stir overnight, The product was precipitated fiom hexanes at -78 OC as a reddish-orange 

solid which was isolated by cannulation of the suspension onto a filter fkit at -78 OC. Yield 

(based on 1 , 1'-bis(trimethylsily1)ferrocene): 7.1 g (26 %). 



Synthesis of 1,11-Bis(trimethy1sily 1)ferrocendiyIdhethy M a n e  (5). Dilithio- 

1,l'-bis(trimethylsily1)ferrocenemTMEDA (2.00 g, 4.37 mmol) was suspended in 100 mL of 

freshly distilled hexanes and cooled down to - 78 OC, To this stirred suspension was added 

0.6 mL (4.95 mmol) of fkshly distilled dichIorodimethyIsilane, The mixture was allowed to 

warm up to room temperature and stir overnight, Thls solution was filtered through a filter f i t  

and the solvent removed under high vacuum, The moisture sensitive product was then isolated 

as a red-orange Liquid by high vacuum distillation (88 OC, 0.005 mmHg). Yield: 0.95 g (56 

%). For 5: 2 9 ~ i  NMR (C&) 6 = - 3.3 pprn (s. SiMq, 1 Si). - 5.4 ppm (s, SiMq. 2 Si); 

3C NMR (CgD6) 6 = 82.9 ppm (q-CsH3). 82.7 pprn (q-C5H3, C-SiMe3), 80.4 pprn (q- 

C5H3). 77.4 pprn (q-CsH3), 36.9 ppm (q-CsH3, C-Si), 0.34 ppm (-SiMe3). - 3.0 ppm (- 

SiMe2) ppm; 1H NMR (C(5&j) S = 4.39 ppm (m, 2 HT Cp), 4-13 ppm (m, 2 H, Cp), 4-03 ppm 

(m, 2 H, Cp), 0.40 pprn (s, 6H, SiMed, 0.24 pprn (s, 18 HT SiMe3); MS @I, 70 eV) mle (95) 

386 (100, M+), 371 (26, M+- a 3 ) ,  357 (5, M+- CH3, - CEf2); 

Thermal Ring-Opening Polymerization of 5 A 0.35 g (0.91 mmol) sample of 5 was 

sealed in an evacuated Pyrex glass tube and heated at 170 OC for 3 h. The resultant polymer 6 

was dissolved in THF and precipitated dropwise into methanol. The polymer was isolated as a 

red-orange powder. Yield: 0.19 g (54%). For 6: 29Si NMR (CgDg) G = - 5.9 pprn (br s, 

SiMe2, 1 Si), - 2.5 pprn (s, SiMe3,2 Si); l3C NMR (C6D6) 6 = 79.5 pprn (Cp), 77.0 ppm 

(Cp), 76.2 (Cp), 76.2 pprn @r s, Cp, C-Si), 74.7 pprn (Cp), I. 1 pprn (-SiMe3), 0.25 pprn (- 

SiMe2); LEI N M R  (C(jD6) 6 = 4.30 ppm (br s, 6 ET, Cp), 0.75 pprn ( br s, 6H, S i m ) ,  0.32 

pprn (br s, 18 H, SiMe3). Anal. Calcd: C 559, H 7.8, Found: C 55.2, H 7.6: GPC: Mw = 

1.4 x 105, M, = 8.4 x 104, polydispersity (Mw/Ma = 1.7. 

Synthesis of 1,lt-Bis(trimethylsilyl)ferrocendiyl-(l,l,2,2)-tetramethyIdisilane 

('7) Dilithio-1,l'-bis(trime~ylsilyl)ferr~~ene~TMEDA (1.65 g, 3.60 mmol) was dissolved in 

80 mL of freshly distilled hexanes and cooled to -780C in a dry ice acetone slurry. 1,2- 



dichloro- 1,1,2,2-tetramethyldisiIme (0.7 mL, 3.74 mmol) was added dropwise with stirringg 

The reaction mixture was allowed to warm up to room temperature and stir overnight The 

solution was then Hted -ugh a filter frit and the solvent removed under high vacuum, The 

product 7 was isolated as a red-orange liquid by high vacuum distillation (120 OC, 0.05 mm 

Hg). Yield: 0.75 g (47 46). For 7: 2 9 ~ i  NMR (CDC13) 6 = 4.0 pprn (SiMet), -9.7 pprn 

(SiMg); 13C NMR (CDCI3) 6 = 78.3 pprn (Cp), 77.4 pprn (Cp), 76.8 pprn (ipso C, -Sin&), 

76.0 ppm (ipso C, SiMe2-), 75.4 (Cp) 0.1 (SiMej), -0.1 (SiMez), -3.8 (SiMez) ppm; 'H 

NMR (cDc13) 6 = 4.6 ppm (m, 2H, Cp), 4.5 ppm (m, 2H, Cp), 4-0 pprn (m, 2H, Cp), 0.45 

pprn (s, 6H, -SiMe2-), 0.28 pprn (s, 18 A, SiMe3-), 0.25 ppm (s, 6H, -SiMe;?-); MS @I, 70 

meV) m/e (re1 intensity) = 444 (100, M+), 429 (18, M+ - Me), 386 (6, M+ - SiMe2), 37 1 (1 5, 

M+ - SMe3). Anal. Cdcd: C, 54.1; H, 8.1; Found: C, 53.8; H, 8.2. 

Attempted Thermal ROP of 7 A 0.10 g (0.22 mmol) sample of 7 was sealed in an 

evacuated m x  glass tube and heated at 350 OC for 24 hours. A second sample (0.22 g, 0.50 

rnmol) was sealed in an evacuated Pyrex glass tube and heated at (i) 380 OC for 30 minutes, (ii) 

390 OC for 30 minutes, (Z) 400 OC for 30 minutes, (iv) 410 O C  for 30 minutes and (v) 420 OC 

for 30 minutes. A third sample (0.30 g, 0.68 rnmol) was sealed in an evacuated Pyrex glass 

tube in the presence of a trace amount of K[OSMe3] and heated at 140 OC for 2 hours and 160 

OC for 14 hours and then at 180 OC for 2 hours. AU samples were dissolved in THF and 

precipitated dropwise into methanol. Subsequent analysis of the first two samples revealed 

only 7 (1H NMR) and smaU molecules (GPC). The third sample was a dark reddish-brown 

viscous Liquid that was mostly soluble in THF (the insoluble product was a black precipitate). 

Analysis by 1H NMR showed only 7 and unidentified products (broad resonances from 4.0 to 

4.4 pprn (cyclopentadienyl region) and 0.0 to 0.4 pprn (Si-Me region)). Analysis by GPC and 

mass spectrometry reveded only small molecules. 



X-ray Structure Determination Technique. Intensity data were collected on an Enraf- 

Nonius CAD4 difkxtometer at low temperature (185 K) using graphite monochrominated Mo 

Ka radiation, = 0.710 73 A. The o scan technique was used with variable scan speeds. 

The intensities of three standard ~flectious which were measured every 2 h indicated no decay- 

The data were comcted for Lorentz and polarization effects and also for absorption (using psi- 

scan data). The structures were solved by direct methods? Non-hydrogen atoms were 

refined with anisotropic thermal parameters by full-matrix least squares to minimize Xw(Fo - 
F o ) ~ ,  where w-1 = c2(Fo) + g(~o)2 .  The hydrogen atoms were included in calculated 

positions with C-H = 0.96 A. Crystal data, data collection, and least squares parameters are 

listed in Table 1. All calculations were performed and structural diagrams created using 

SHELXTL on a 486 personal computer. 
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Chapter 3 Synthesis, Characterization, and Properties of High 

Molecular Weight Poly(ferrocenylgermanes) and 

Poly (ferrocenylsf lane)-Poly(ferroceny1germane) 

Random Copolymers 

3.1 Abstract 

A series of high molecular weight poly(ferroceny1germanes) [Fe(q-C5H3X)2GeR21n, 

5a-d(X=H;  a, R=Me; b, R=Et; c,R=n-Bu; d,R=Ph)  and7 (X=SiMe3, R=Me) 

were synthesized via the thermal ring-opening polymerization of the corresponding 

germanium-bridged [l]ferrocenophanes (4a -d. 6). Poly(ferrocenyldimethylsi1ane)- 

poly(ferroceny1dimethylgermane) random copolymer 8 was obtained by the thermal and 

transition metal-catalyzed ring-opening polymerization of a mixture of the 

[I]  germaferrocenophane [Fe(q -C~H4)2GeMe2] 4a and the corresponding 

[I]silaferrocenophane ~e(q-CsH&SiMe2], 2 (EL = EL' = Me). The molecular weights for the 

homo- and copolymers were estimated by gel permeation chromatography in THF versus 

polystyrene standards and were found to be in the range of Mw = 5.0 x 104 to 2.0 x 106 and 

with polydispersities in the range of MwIM, = 1.2 to 2.4. A low angle laser Light scattering 

study of 5a in THF gave an absolute value of Mw of 3.3 x 106 which was significantly greater 

than the GPC estimate (Mw = 8.2 x 105). Polymer thermal transition behaviour and 

morphology were investigated by differential scanning calorimetry (DSC) and wide-angle X- 

ray scattering (WAXS). Glass transitions (Td for the polymers were in the range of - 7 'C to 

+128 "C and were found to be strongly dependent on the size and nature of the substituents 

attached to germanium and the substitution of the cyclopentadienyl rings. The semicrystalline 

nature of the poly(ferrocenyldialky1gennanes) 5a - c and the copolymer 8 was apparent from 

the appearance of several fairly sharp diffraction peaks in the WAXS profiles of these polymers 

and the presence of melt transitions ('I'd in the DSC themograms. In contrast, polymers Sd 



and 7 were found to be amorphous. Cyclic voltammetqr of the polymers showed the presence 

of two oxidation waves, which is consistent with the presence of redox coupling arising from 

significant interactions between the iron centers. UVivisible spectra of polymers Sa - c, 7 and 

8 were measured in THF in the 350 - 800 n m  range and were found to be consistent with an 

essentially localized electronic structure for the polymer backbone. 

3.2 Introduction 

High molecular weight transition metal-based polymers have received considerable 

recent attention.lJ These materials are expected to possess a range of attractive and usefid 

attributes such as high thermal stability, tunable redox characteristics, and possibly novel 

magnetic and charge transport properties which are often difticult or impossible to achieve in 

organic polymers. 

In 1992, ring-opening polymerization (ROP) was first reported as a method for 

successfully obtaining high molecular weight polymers with ferrocene in the main chain. A 

novel atom abstraction route was used by Rauchfuss et aL3v6 to prepare 

poly(ferroceny1persulfides) (1) from [3]tdthiaferrocenophanes. while we described the use of 

thermal ring-opening polymerization (TROP) of strained, ring-tilted silicon-bridged 

[l]ferrocenophanes (2) to obtain high molecular weight, poly(fexroceny1silanes) 3.' 

1 2 3 

W e  have since employed a similar TROP methodology to prepare high molecular 
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weight polymers from other strained [I]- and [2]ferro~enophanes-&~~ In addition, random 

copolymers are accessible via thermal copolymerization of 2 (R = R' = Me) with different 

silicon-bridged ferrocenophane monomers, with the cyclotetrasilane [SiMePh 14, or with 

silicon-bridged bis(arene)chromium complexes ([l]silachrornaarenophaoe~)~~~~~~ We have 

also found that living ROP of silicon-bridged [l]ferrocenophanes can also be achieved in 

solution at room temperature in the presence of anionic initiators.18 This has provided access 

to poly(ferroceny1silanes) with controlled molecular weights as well as block copo~ymers.~~ 

More recently. we have reported the ROP of [l]silaferrocenophanes in soIution at room 

temperature using transition metal c a t d y ~ t s . ~  

As part of our efforts to extend the scope of the ROP route to poly(metall0cenes) we 

have previously reported the synthesis of a series of germanium-bridged [llferrocenophanes 

(4a, b and d) and their thermal ROP to yield poly(ferroceny1gennanes) @a, b and d).8v9 In 

this chapter as a follow-up to this work and our brief previous reportszL of the electrochemistry 

and thermal transition behavior of these poly(fenrx:enylgemulnes), we report the full details of 

our studies of the properties of these and some other related new materiais. 

4 

a (R = Me) 
b (R = Et) 
c (R = n-Bu) 
d (R = Ph) 

heat 

a (R = Me) 
b (R=Et) 
c (R = n-Bu) 
d(R=Ph) 

Reaction 3.1 Synthesis of Symmeaically-Substituted, Poly(ferroceny1gennanes) 



3 -3 Results and Discussion 

3.3.1 Synthesis and Characterization of the Germanium-Bridged 

[l]Ferrocenophanes 4c and 6. 

The synthesis and structural characterization of monomers 4a, 4b, and 46  and their 

respective polymers Sa, 5b, and 56 have been reported previously? The preparation of these 

monomers was achieved using the method previousIy described by Osborne and co-workers? 

The new germanium-bridged [l]fe~ocenophane 4c was similarly prepared by the reaction of 

n-Bu2GeC12 and dilithioferroceneaTMEDA in Etfl at -78 'c. The product was isolated as 

orange-red, moisture-sensitive crystals. 

The synthesis of 3,3'-bis(trimethylsilyl)-l. 1 ' - d i m e t h y l - h  (6) 

was accomplished by using a r n o d i f i ~ a t i o n ~ ~ - ~  of the method outlined by Silver and co- 

workers to prepare regio- and stereospecifically substituted bis(trimethy1silyl)fe~~enes." 

First, dilithio- 1 , 1 I-bis(trimethylsily1) f e r r o c e n e  was prepared by addition of 2 

equivalents of Me3SiCl at - 78 'C to dilithioferrocene*TMEDA in Et@ followed by metallation 

of the isolated 1,11-bis(trimethy1silyI)fem-ne with 2 equivalents of BuLi and 2 equivalents of 

TMEDA. Addition of M9GeClZ to dilithio-1,l'-bis(trimethyIsilyI)ferrocene@TMEDA in 

hexanes at - 78 'C and subsequent warming to room temperature resulted in the formation of 6 

which was isolated as  a dark red liquid by vacuum distillation. 

Characterization of the new monomers 4c and 6 was achieved by 1H and 1% NMR 

spectroscopy, and by mass spectrometry which provided data consistent with the assigned 

structures. As has been found with other silicon- and germanium-bridged [l]fetrocenophanes, 

the cyclopentadienyl bridging qp, signals were shifted significantly upfield by ca. 30 - 40 

pprn compared to the other Cp carbons which resonated at c a  76 - 82 ppm. This is indicative 

of signifcant strain and distortion from a planar geometry at the cyclopentadienyl ipso carbon 

attached to the bridge in these molecules. h the case of 4c, there was also a relatively Large 



separation (ca. 0.4 ppm) between the LH NMR signals for the cyclopentadienyl protons a and 

p in comparison to unbndged, substituted ferrocenes in which separations of = 0.2 ppm are 

found. The 1H NMR spectrum of 6 revealed two pseudo quartets and a pseudo triplet in the 

cyclopentadienyl region, characteristic of an A2B2C2 spin system. A similar pattern was 

observed with the analogous silicon-bridged [l]ferrucenophane? 

3.3.2 Synthesis and Characterization of the Poly(ferroceny1germanes) 5c 

and 7. 

Polymer Sc was obtained by heating 4c at 180 'C for 2 h in a sealed, evacuated Pyrex 

tube. The polymer was purified by dissolution in THF and precipitation into methanol. and 

was then dried under high vacuum to give a yellow fibrous material. The temperature required 

for this ROP was significantly higher than was found for the ROP of either 4a or 4b (90 'C) 

but less than that of 4d (230 'C). Polymer 7 was obtained from the distillation residue of 6 

and was purified in a manner similar to 5c. 

heat 

Reaction 3.2 Synthesis of Bis(trirnethysily1)Substituted Poly(ferroceny1dimethyI- 

germane) via TROP 

The polymers were found to be of high molecular weight with Mw = 5.0 x 104 (MWM, = 1.4) 

for 5c and 5.8 x 104 (MW& = 2.1) for 7 by GPC in THF using polystyrene standards. 1H 



and 1 3 ~  NMR and elemental analysis data were consistent with the assigned structures. lo the 

case of Sc, the downfield position of the Cp Cipm 1 3 ~  NMR resonance (73.6 ppm) relative to 

that for the monomer (33.0 ppm) illustrates the relief of strain on ring-opening these 

germanium-bridged [lJferrocenophanes. SimiIar changes in the chemical shift have been 

found for the Cp Cip, resonances in the analogous silicon ~ornpounds.~~ For 7, the 13C 

NMR spectrum showed five broad peaks in the cycIopentadienyi region and these could not be 

specifically assigned. The 1H NMR spectra also showed two broad peaks in the 

cyclopentadienyl region for 5c and three broad peaks for 7- In both cases, the separation 

between these signals was considerably less than had been observed in the respective 

monomers. 

3.3.3 Light Scattering Measurements for Sa in THF 

In order to investigate the solution properties of poly(ferroceny1germanes) and to 

provide an absolute determination of molecular weight, low-angle laser light scattering 

(LALLS) studies were carried out on THF solutions of polymer So which was selected as a 

representative example. 

Results of LALLS measurements for the polymer 5a are shown in Figure 3.1 as a 

function of the solution concentration. The value of Mw was determined fkom the fitted 

intercept of the straight line in Figure 3.1 with the y-axis, and Mw = 3.3 x lo6 g h o l  was 

obtained. To our knowledge this is the highest absolute molecular weight ever reported for a 

polymer containing a transition metal in the main chain. There is a difference between the 

absolute Mw obtained fiom LALLS and that obtained from GPC measurements, Mw = 8.2 x 

1 6  glmol. GPC is a sizeexclusion chromatographic technique and requires calibration with 

sharp fractions of known molecular weight to determine Mw. Ofien a calibration curve for 

polystyrene is utilized even for polymers with very different structures. In this case, the 

molecular weight value obtained by GPC is a relative, but useful quantity called the 



"polystyrene effective molecular weighte. An absoIute value for Mw can be obtained by GPC 

if the universaI calibration technique is usedz6 or  if the column is cali'brated with the polymer 

being studied. GPC separation is based on the effective hydrodynamic size, where the 

effective hydrodynamic size of a polystyrene random coil of a given Mw in a given solvent is 

not expected to be the same as a coil of a different polymer under the same conditions. Thus 

GPC underestimates the molecuIar weight of polymer 5a due to the differences in the coil sizes 

if polystyrene column calibration is used, This was also found to be the case for 

poly(ferrocenylsi1anes) studied by LALLS, 

Figure 3.1 Low-Angle Laser Light Scattering Results for Sa. 

3.3.4 Synthesis and Characterization of the Poly(ferroceny1silane)- 

Poly(ferrocenylgermane) Copolymer, 8. 

Thermal and transition-metal catalyzed copolymerization reactions between the 

[l]gemaferrocenophane 4a and [LJsilafermcenophane 2 (R = R' = Me) were also attempted. 

For the thennal reaction these two monomers were viewed as promising candidates for 



copolymerization because they homopolymerize at similarly low temperatures (4a at 90 'C, 2 

(R = R' = Me) at 125 'C), to give THF soluble polymeric products. When an approximately 

1:2 mole ratio of the monomers 4a and 2 (R = R@ = Me) was heated at 90 'C for LO min, the 

contents of the tube became viscous, and then immobile. The relatively low polymerization 

temperature, which is coincident with the ROP temperature of 4a, suggests that ring-opened 

germanium species may have initiated the polymerization of the mixture. The products 

dissolved in THF and polymer 8 was then precipitated from hexanes as a fibrous, bright 

yellow material. GPC analysis revealed that the product was a high molecular weight polymer 

(Mw = 3.2 x 105; M, = 2.1 x 105) with a monomodal weight distribution (Figure 3.2) which 

suggested the formation of a copolymer rather than a mixture of two homopolymers. 

11 13 15 17 19 

Rentention Time (minutes) 

Note: RT= L1.89.&= 10!RT=l3.73,&= 10' 

Figure 3.2 Ged Permeation Chromatograph of 8 (produced via thermal ROP) 

Transition rnetal-catalyzed ROP of a mixture of 4a and 2 (R = R' = Me) with 5 mol% of PtCl2 

in C&j also yielded a similar, amber polymeric material with a monomodal molecular weight 

distribution by GPC. Andysis of polymer products of the thermal and transition metal- 

catalyzed reactions by NMR confirmed that they possess the random copolymer structure 8. 

For example, 2 9 ~ i  NMR showed the presence of 3 resonances (Figure 3.3) assigned to Si 

environments neighboring two fcSi, two fcGe or both fcSi and fcGe monomer units (fc = 

Fe(q-CsH&). Similarly, new resonances were apparent in the 1 3 ~  NMR spectrum of 8 

which are not present in the spectra of the comsponding homopolymers 3a and 5s. This is 
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illustrated for the SiMe2 (at ca - 0.4 ppm) and GeMe2 (at ca - 1.1 ppm) regions in Figure 3.4 

where the presence of three resonances again arises fiom the presence of three possible 

permutations of neighbouring monomer units. 

Figure 3.3 2gSi NMR (79.5 M H i )  Spectrum of 8 (produced via transition metai- 

catalyzed ROP) in C&j 

Figure 3.4 13C NMR (100.5 MHz) Spectrum of 8 (produced via transition metal- 

catalyzed ROP) in C@Q Methyl region 



Further evidence for copolymerization was provided by analysis of the oligomeric residues 

recovered fiom the initial precipitation of the pol-qer, This was found to contain hexane 

soluble cyclic oligomeric species which were identified by mass spectrometry- In addition to 

peaks that were assigned to homo-silane and gennane cyclic oligomers, molecular ions were 

detected which corresponded to large fetrocene-containing rings with one or two bridging Si 

and two bridging Ge atoms (lSi, 2 Ge M+ = 8 18 m/e, 2 Si, 2 Ge M+ = 1060 d e ) .  Pyrolysis- 

mass spectrometry analysis of the polymer 8 led to the detection of similar species and also 

supported a random copolymer structure. 

3.3.5 Thermal Transition Behaviour and Polymer Morphology. 

The thermal transition behaviour of Sa - d, 7 and 8 was studied by DSC. The glass 

and melt transitions for the alkyl and aryL p01y(ferrocenylgemanes) (Sa - d, 7) and the 

poly (fermceny1silane)-poly(ferroceny1germane) copolymer (8) are reported in Table 3.1. 

For the poly(ferrocenyldialky1germanes). lower glass transition temperatures were observed 

upon increasing the length of the substituent attached to germanium. A similar trend was 

previously observed for the analogous poly(ferro~enydiallrylsilanes).~~ Interestingly, the Tg 

for 8 (30 'C) falls in between those of the two homopolymers (33 "C for 3a and 28 'C for 

5a). The presence of bulky trimethylsilyl substitutents on the cyclopentadienyl rings is 

expected to cause a decrease in the conformational flexibility which exp1ai.n~ the high Tg value 

(128 "C) detected for 7. Similarly, increasing the number of methyl substitutents on the 



cyclopentadienyl dngs of poly(ferrocenyldime~y1siIane) Ieads to higher Tg values.28 The 

high Tg (1 14 'c) for 5d in comparison to Sa is probably a consequence of the more rigid and 

bullry phenyl substituents at germanium. High glass transitions have also been detected for a 

Table 3.1 Thermal Transition Data for Selected Polymers. 

-- - 

3a 5.2 x 105 3.4 x 10s 33 120 27 

5a 2.0 x 106 8.5 x 10s 28 125 this work 

5b 1.0 x 106 8-1 x I@ 12 79 this work 

5c 5.0 x 104 3.5 x 104 -7 74,111 this work 

Sd 1-0 x 106 8 2  x 10s I14 - this work 

7 5-8 x 104 2-7 x 104 128 - 'fis work 

8 3.2 x 10s 2.1 x 105 30 81, 117 this work 

9 1-4 x 10s 8.4 x 104 128 - this work 

series of unsymmetdcaUy substituted poly(ferroceuy~sitanes) bearing aryl substituents attached 

to silicon,29 as well as for organic polymers where ferrocenyl groups have been introduced 

into the side chain stru~ture.3~ 

DSC melt transitions were detected for polymers 5a - c and 8, and their values are 

listed in Table 3.1. In all cases, samples which were annealed for 36 h at 60 OC showed 

considerably more intense melt endothem (ie higher degrees of crystallinity) in comparison to 

the unannealed polymers, In the case of Sc (Figure 3 .3 ,  two well-separated melt transitions 

were observed in the first DSC scan at 74 'C and 11 1 'C. A subsequent DSC run on the same 

sample showed only a single melt transition at 11 1 'C. Two distinct melt transitions were 

observed during the first DSC scan for the copolymer 8 at 81'C and 117 'C while no melt 



transitions were seen on subsequent runs- No obvious melt transitions were observed in the 

case of polymers 5d or 7, consistent with the results for the poly(ferrocenylsilaaes) with the 

same s u b s t i t u e n t ~ ~ ~ 3 ~  

I 
I m w . 

40 - 60. ,- 80 100 120 
Temperature CC) 

Figure 3 -5 DSC Thennogram of 5c (first scan) 

Further morphological information on the polymers was provided by wide angle X-ray 

scattering (WAXS). The WAXS patterns for the poly(ferroceny1germanes) also revealed 

significant structural ordering for 5a - c as well as for the copolymer 8. The di-n-butyl 

substituted polymer 5c (Figure 3.6) displayed highly ordered and crystalline features with 

several strong diffraction peaks in contrast to 7 which showed only a single broad amorphous 

halo. 



Figure 3.6 WAXS Pattern of Sc 

The naximum d-spacings for 5a at 6.58 A and Sc at 10.94 A are in accordance with the 

increasing size of the substituent attached to germanium. This was also observed for the 

analogous poly(ferrocenylsilanes) 3a and 3c, where the maximum d-spacings are 6.34 A and 

11.06 8, respectively.32 Although less crystalline than either 5% or Sc. 5d showed three 

resolved but broad peaks with a maximum d-spacing of 8-11 This value is intermediate to 

those for 5a and 5c and thus also appears to be a function of the side group size. The 

amorphous character of 7 may be related to the irregular structure of the polymer backbone as a 

consequence of the bulky trimethylsilyl substituents. A single sharp diffiaction peak 

superimposed upon an amorphous halo in the WAXS pattern for the copolymer 8 with a d- 

spacing of 6.37 A is similar to the value found for the silicon homopolymer 3a (6.34 A). 



3.3.6 Electronic and EIectrochemicaI Properties 

In order to obtain information concerning the electronic structure of these polymers, 

Wlvisible spectra in the 350 to 800 nm region were obtained for solutions of 5a - c, 7 and 8 

in THF. The b, values for the bands in the visible region are reported for these polymers, 

poly(ferroceny1silane) 9 (the Si-analogue of polymer 7)  and several small molecule models 

10a - 10c and 11 are Iisted in Table 3.2, 

Table 3.2 Electronic and EIectrochemical Data for Selected Polymers and 

Model Systems 

- - 

PoIymer l E l n  2E1/2 AE k n a ~  E Reference 

0 0 0 (nm) (L mol-1 cm-1) 

3 (R = R' =Me) -0-04 0.17 0.2 1 442 230 7 

5a -0-06 0.12 0-18 448 179 10, this work 

5b -0.09 0-18 0.27 448 188 this work 

5 c  -0.03 0.23 0.26 448 125 this work 

7 -0.04 0.14, O X ,  474 228 this work 

0-19 0.23 

8 -0.0 1 0.16 0.17 446 189 this work 

9 0.00 0.25 0.25 476 215 this work 

10a 0.00 - - 440 90 25 

lob 0.05 - - 448 132 this work 

10c -0.03 - - 444 160 this work 

11 -0.0 1 - - 484 187 this work 

By analogy with W/visible spectral assignments for ferrocene (loo), the lowest energy 



absorption in the visible region for poly(ferroceuy1ge~es) can be considered to arise from 

HOMO-LUMO electronic transitions which are essentially d-d in character? ALI of the 

poly(ferroceny1germanes) show weak bands with Am= = 448 nm, with the exception of 7 

where the transition occurs 474 nrn, The values for 5a - c are simiIar to those for ferrocene 

(A,, = 440 nm) and bis(trimethylgermyIferr0cene) llc (& = 444 nm). As found with 

poly(ferrocenyIsilanes), the lack of formation of a baud structure is indicative of an essentially 

localized electronic structure for the backbone of these polymers.5 

The h,, value for the copolymer 8 is close to the corresponding value for the homopolymer 

5a. The simcantly lower energy transition for the trimethylsilyl-substimted polymer 7 

compared to those for Sa - Sc is interesting. The poly(ferroceny1silane) analogue of 7, 

polymer 9, possesses a similarly red-shifted transition (b, = 476 nm) relative to polymer 

3a. In order to examine the effect of the introduction of additional trimethylsilyl groups at the 

small molecule level we have compared the Wlvis  spectrum of bis(trimethylsily1)ferrocene 

lob (b, = 448 MI) with that of teaakis(trimehylsily1)fenocene 11. For the latter species 

h,,, = 484 nm and so the cause of the bathochromic shift of polymer 7 relative to 5a and 

polymer 9 relative to 30 also operates in small molecule models of the polymer repeat units. 

Perhaps significantly, a single crystal X-ray study of compound 11 by Okuda et aI?3 has 

revealed that the cyclopentadienyl rings are tilted with respect to one another (tilt angle = 6 ') 



due to the steric interactions between the bulky trimethylsilyl substituents- In contrast, 

ferrocene and its disubstituted derivatives possess cyclopentadienyl rings which are paralIel (or 

almost parallel) to one another." It therefore seems possible that the red-shifted band for 11 

and perhaps that for the polymers 7 and 9 is related to a weakening of the iron- 

cyclopentadienyl bond which decreases the HOMO-LUMO energy difference and leads to a 

consequent increase in &, An alternative explanation provided by EHMO calculations on 

some [l]fermcenophanes has suggested that the red-shift seen with increasing tilt angle is due 

at least in part to the Ioss of degeneracy for and a lowering in energy of the LUMO orbitals.? 

We have also found that poly(ferroceny1silanes) with methylated cyclopentadienyl rings show 

sirnilar bathochromic shifts for the lowest energy visible absorption band27 and further work 

aimed at investigating this phenomenon in more detail in these and related materials with 

substituted cyclopentadienyl rings is in progress. 

Cyclic voltammetry experiments were performed on compounds 5a - c, 7 and 8 and 

the half-wave potentials (lEm and 2 ~ ~ )  and the peak-to-peak separation values (AE) are 

reported in Table 2. The shapes of the cyclic voltammograms for several of these polymers are 

significantly modif5ed by electrode adsorption effects. As was previously found for a series of 

symmetrically and unsymmetrically substituted poly(ferrocenyl~ilanes),~~~~~ the cyclic 

voltammograms in CH2C12 show two reversible redox waves corresponding to oxidation of 

essentially half the iron centers with the Grst wave and subsequent oxidation of the remaining 

iron centers with the second wave, as shown in Figure 3.7 for 5c. The peak-to-peak 

separation values or redox couplings (AJZ) of the first and second oxidation waves for these 

polymers fall in the range between 0.17 V and 0.27 V and provides a useful measure of the 

interaction between the skeletal transition metal centres. 



Figure 3.7 Cyclic Voltammograms of a 5 x 10-3 M -2 Solution of Sc at Scan 

Rates of 100,250,500 and 1000 mV/s at 25 'C. (The x-axis is 

referenced to the ferrocendfermcenium ion couple at E = 0.0 mV) 

A comparison of the AE values for a series of group 14 bridged poly(ferrocenes), [Fe(q- 

CgH4)2X(n-Bu)21n (X(AE) = Si (0.29 V), Ge (0.26 V), Sn (0.24 V)}, reveds a decreasing 

electronic interaction between neighbouring iron centers with the increasing size of the bridging 

atom.10 The cyclic voltammogram for the copolymer 8 is essentially the same as those for the 

two homopolymers 3a and 5a. Additional peaks were observed in the higher potential 

reduction wave for 7 which might be related to conformational e f f i  as the polymer backbone 



is particularly rigid in this case. 

3.4 Summary 

A series of symmetrically substituted poly(fernxxny1gennanes) have been prepared via 

the ring-opening polymerization of strained, germanium-bridged [l]ferrocenophanes. In 

addition, a poly(ferroceny1siIane)-poly(ferroceny1germane) random copolymer has been 

synthesized. Glass transition temperatures of the polymers were found to be dependent upon 

the size of the substituents upon germanium as well as those attached to the cyclopentadienyl 

rings. The poly(ferroceny1germanes) Sa - c and the copolymer 8 were found to be 

semicrystalline according to the WAXS analysis and the presence of melting transitions in the 

DSC thermograms. In contrast, polymers 5d and 7 were found to be amorphous, Cyclic 

voltammetry of polymers 5a - c and 7 showed two oxidation waves, consistent with 

significant electronic interactions between iron centers, Similar behaviour was previously 

found for the poly(femwenylsilanes).5 No distinguishable features, such as additional peaks 

in the cyclic voltammograms, were found for the cyclic voltammetric khaviour of the random 

copolymer 8. The solution UV/visible spectra of polymers Sa - c were similar to those of 

ferrocene and the analogous poly(ferrocenylsila0es). The HOMO-LUMO transition in the 

W/visible spectrum of polymer 7, which has bulky trimethylsilyl substitutents on the 

cyclopentadienyl rings, is considerably red-shifted relative to that for the other 

poly(fem0cenylgermanes) and may be a consequence of weaker Fe-cyclopentadienyl bonding 

arising from unfavorabIe steric interactions between the SiMe3 substitutents or, alternatively, a 

loss of degeneracy for and a lowering in energy of the LUMO orbitals. 



3.5 Experimental Section 

Materials. Ferrocene, 1.6 M butyiithium in hexanes a d  tetramethylethylenediamine 

-A) were purchased from Aldrich. Dimethyldichlorogermane, diethyldichlorogermane, 

di(n-bueyl)dichlorogermane and diphenyldichlorogermane and trimethylchlorogermane were 

purchased fmm Gelest and were distilled prior to use. The synthesis of dilithio-1.1'- 

bis (trimethylsilyl)fermcene.TMEDA has been reported e~sewhere.~~***~~ Compounds lob, 

10c and 11 were synthesized using modifications of Literature p r ~ e d u r r s . ~  

Equipment. AU reactions and manipulations were carried out under an atmosphere of 

prepurified nitrogen using either Schlenk techniques or an inert-atmosphere gIovebox (Vacuum 

Atmospheres), except for the polymers for which manipulations were carried out in air* 

Solvents were dried by standard methods, distilled, and stored under nitrogen over activated 

molecular sieves. 200 or 400 MHz 1~ NMR spectra and 50.3 or 100.5 MHz 1 3 ~  NMR 

spectra were recorded either on a Varian Gemini 200 or Varian Unity 400 spectrometer. Mass 

spectra were obtained with the use of a VG 70-250s mass spectrometer operating in either an 

Electron -act (EI) or Fast Atom Bombardment (FAB) mode. Molecular weights were 

estimated by gel permeation chromatography (GPC) using a Waters Associates liquid 

chromatograph equipped with a Model 5 10 HPLC pump, a Model U6K injector, Ultrastyragel 

columns with pore sizes of 103 to 105 A and a differential rehctometer. A flow rate of 1.0 

mWrnin was used, and the eluent was a solution of 0-1 "Jo tetra-n-butyIammonium bromide in 

THF. Polystyrene standards purchased fiom American Polymer Standards were used for 

calibration purposes. Retention time (min.)/MW/PDk 1 l.8W -75 x 1o6/1 -06. 12.06/6.00 x 

loS/l. 10, 12.78/2.00 x 1@/1.06, l3.54/l.I 1 x 10!%06, l4.19/6.30 x 104/1.03, 15.55/2.00 

x 1@/1.10, 16.72/9.00 x 103/1.W, 17.6/4.00 x lO3/ l  -10, 19.24/1.00 x 1@/1.10. Static light 

scattering experiments were carried out by utilizing the low-angle laser light scattering 

GALLS) technique, using a Cbtomatix KMX-6 instrument at a wavelength of 632.8 nm, and a 



scattering angle of 6-7'. Measurements were carried out at room temperature (23 '0 using a 

metal cell 4.93 mm in length. Each solution was filtered twice through a Geiman Science 

arcodisk filter with a 0.2 micrometer average pore size before injestion into the sample cell. 

The value of the refkactive index increment, dddc  of the polymer solutions was obtained by 

using a Chromatix KMX-16 differential reiktometer operating at a wavelength of 632.8 nm. 

The instrument was cali'brated with NaCI solutions, 

Glass transition temperatures and melting points were obtained with an EJ. DuPont 

9 10 differential scanning calorimeter operating at a heating rate of 10 'C per minute under N2- 

Wlvis spectra were recorded in anhydrous THF on a Hewlett-Packard 6452A diode array 

instrument using a 1 cm cell. Elemental analyses were performed by either Canadian 

Microanalytical S e ~ c e s ,  Delta, B.C., Canada or Quantitative Technologies Inc., Whitehouse, 

NJ. 

Electrochemical experiments were carried out using a PAR model 273 potentiostat with 

a Pt working electrode, a W secondary electrode, and an Ag wire reference electrode in a 

Luggin capillary. Polymer solutions were 1 x 10-3 M in CH2C12 with 0.1 M Pu4N"Jm] as a 

supporting electrolyte. Peak currents were found to be proportional to the square root of the 

scan rate over the range studied (25 mvs-1 to 1000 mvs-1) which indicated that charge transfer 

is similar to a semi-infinite hear diffusion process. 

Powder X-ray diffraction studies were perfomd by Dr. Srebri Petrov from the Powder 

X-ray Diffraction Service at the University of Toronto. Powder diffraction data were obtained 

on a Siemens DS000 diffkactometer using Ni filtered CuKa (A = 1.54178 A) radiation. The 

samples were scanned at step widths of 0.02 ' with 1.0 s per step in the range of 3 to 40 ' 20. 

Samples were prepared by spreading the finely ground polymer on grooved glass slides. 

Synthesis of [l]Di(n-buty1)germaferrocemphane 4e. To dilithioferrocene.TMEDA 

(1.00 g, 3.62 mmol) in ether (100 ml) at -78 'C was added neat n-BuZGeClz (1.22 g, 5.62 

mmol). The reaction mixture was slowly allowed to warm to - 10 'C over 3 h. The solvent 



was then removed while maintaining the temperature at - 10 'c. Residual TMEDA was then 

removed under vacuum (25 'c, 0.005 mm Hg). LiCl was removed by dissolution of the 

product in hexanes and filtration through a frit The product was then recrystallized from 

hexanes to yield orange-red crystals. Yield 0.41g (3 1%)). 

For monomer 4c: Fe(q-C5H4)2Ge(n-Bu)2 Orange-red crystals: 13C NMR (C&) 6 = 76.8 

(CP) 9 76-4 (Cp), 30.0 (Ge-Cpips0), 27.3 (CH2CH2CH2CH3), 26.4 (CH2CH2CH2CH3), 14.0 

( c H 2 c H 2 a 2 a 3 ) ,  13.5 (CH2CH2CH2CH3) ppm; NMR (C&) 6 = 4.41 (pseudo tr., 4 

H, Cp), 4-11 (pseudo tr., 4 H, Cp), 1.60 (t, 4H, CH2CH2CH2CH3), 1.27 (m, 8 H, 

CH2C&c&cH3), (t, 6 H, CH2CH2CH2CN3) ppm; MS (U, 70 eV) mle (96) 372 (63, M+), 

3 15 (21, M+ - c4&), 259 (10, M+ - c& - Ca8). 

Characterization Data for the Poly(ferrocenyIgermanes) 5a - b, d. The synthesis 

and characterization of 4a - b, d and the corresponding polymers (Sa - b, d) have been 

reported previo~sly.~ The NMR characterization data for 5a is repeated here for comparison 

purposes with respect to the copolymer 8- The molecular weight data for the polymer samples 

studied in this work are also given- The molecular weights of the polymers formed in the 

thermal polymerization reactions were found to vary slightly fkom experiment to experiment as 

reported previously for 4a.89 In general, the molecular weights were higher with higher purity 

monomer and the polymerization times were found to be dependent on the temperature used. 

For polymer 50: Fe(q-C5H&GeMe2], Yellow fibrous powder: 1% NMR (in C6D6) 6 = 

74.6 (Cpip,,), 72.9 (Cp), 7 1.0 (Cp), - 1.1 ppm (GeMe2). LH NMR (in C6D6) 6 = 4.25 

(pseudo tr., 3 . F -  = 1.6 Hz, 4H, Cp), 4.11 (pseudo tr., 3~~~ = 1.6 Hz,  4H, Cp), and 0.64 (s, 

6H, 0eMe2) ppm. GPC: Sample for light scattering study Mw = 8.2 x 105, M, = 2.9 x 10s 

polydispersity (MJM,,) = 2.8; Sample for a l l  other studies Mw = 2.0 x 106, M, = 8.5 x 105 

polydispersity (Mw/Mn) = 2.4; LALLS: Mw = 3.3 x 1e WAXS: d = 6.58 A. 



For polymer Sb: pe(q-C5H&GeEt2h Yellow flibrous powdec GPC: Mw = 1.0 x 106, Ma = 

8.1 x lo5 polydispersity ( M a n )  = 1.3; WAXS: d = 6.68 A. 

For polymer Sd: pe(q-C5H4)2GePhJ, Yellow powder: GPC: Mw = 1.0 x 106; M,, = 8 2  x 

105 polydispersity ( M a n )  = 1.2; WAXS: d = 8.11,4=12,3.10 A. 

Synthesis of the Poly(ferrocenyldi(n-buty1)germane) Sc. A sample of 4c (0.50 g, 

13.2 mmol) was sealed in an evacuated, Pyrex tube and heated at 180 'C for 2 h. The polymer 

was then dissolved in THF and precipitated by dropwise addition to methanol. Yield: 0.27 g 

(54 95). 

For polymer k: Fe(q-CsH&Ge(n-Bu2)1, Yellow fibrous powder: 1 3 ~  NMR (in C6D6) 6 = 

73 -6 (Ge-Cpip,), 73 A (Cp), 7 1.2 (Cp), 28.3 (CH2CH2CH2CH3), 27.1 (CH2mCH2CH3), 

15.5 (CH2CH2CH2CH3), 14.2 (CH2CH2CH2CH3); NMR (in C6D6) 8 = 4.36 (s br, 4H, 

Cp), 4.21 (s br, 4H, Cp), 1.71 (m br, 4H, CH2CH2CH2CH3), 1.54 (m br, 4H, 

CH2CH2CH2CH3), 1.35 (m br, 4H, CH2CH2CH2CH3), 1.05 (m br, 6H, CH2CH2CH2CH3) 

ppm- Anal. Calcd: C 58.30, H 7.07 Found: C 57.75, H 7.15. GPC: Mw = 5.0 x 104, Mn = 

3.5 x lo4 polydispersity (Man) = 1.4; WAXS: d = 10.94,6.29,4.90,2.83 A. 

Synthesis of the Trimethylsilylated [lJGermaferrocenophane 6 and the 

Isolation of the Poly(fer rocenylgermme) 7. Freshly distilled Me2GeClZ (0.94 mL, 

8.1 mmoi) was added dropwise to a stirred solution of dilithio-1,l'- 

bis(trimethylsilyl)ferrocene*TMEDA (3.69 g, 8.1 mmol) in 300 mL of hexanes at -78 *C. The 

product was filtered to remove LiCl and then purified by vacuum distillation (150 'C, 0.05 

mmFIg). Yield of 6 after distillation: 1.20 g (35 %). The distillation residue was dissolved in 

THF and filtered. The filtrate was then precipitated dropwise into methanol to yield 7 (1.82 



g). 

For monomer 6: Fe(q-C5H3SiMe3)+Me2, Red Iiqpid: 2% NMR (=I3) 6 = 4.1 (s, 

SiMe3.2 Si) ppm; 1% NMR (-I3) 6 = 81.9 (q-CJH3, C-SMe3), 81.8 (q-CsH3), 80.3 (q- 

C5Hs), 77.2 (q-CSH3), 33.4 (Cp C-Si), 0-13 (-SiMe3), - 2 9  'GeMe;?) ppm; 'H NMR 

(CDC13) 8 = 4.3 (two ps. q, 4 H, Cp), 4.0 (ps. tr, 2 H, Cp). 0.71 (s, 6H, GeMez), 0-2 1 (s, 

I8 H, Si-) ppm; MS @I, 70 eV) mle (%) 432 (100, M+), 417 (38, M+ - CH3). 403 (12, 

M+ - CH3, - CH2). 

For polymer 7: F ~ ( ~ J - C ~ E I ~ S ~ M ~ ~ ) ~ G ~ M ~ &  Red-orange powder: 2% NMR (C6D6) 6 = - 

2.6 (br s, SiMe3, 2 Si) ppm; 13C b&lR (C&) 6 = 78.1 (br s, Cp), 77.9 @r s, Cp), 75.3 (br 

s,Cp), 74-9 @r s, Cp), 74.3 (Cp), 1.1 (-GeMe2), 0.8 ( -S iMy)  ppm; IH NMR (C6D6) 6 = 

4-03 @r s, 2 & Cp), 3.95 (br s, 2 H, Cp), 3.47 (s, 2 H, Cp), 0.75 (br s, 6 H, GeM*), 0.17 

(br s, 18 H, SiMe3) ppm; Anal. Calcd: C 50.0, H 6.99, Found: C 50.7, H 6.91: GPC: Mw = 

5.8 x 104 M,, = 2.7 x 104 polydispersity (MJMn) = 2.1: WAXS: d = 9.55 A. 

Low Angle Laser Light Scattering Measurements for 5a 

Static light scattering experiments in the low angle regime were used to determine the weight 

average molecular weight Mw and the second vicial coefficient 4 of a sample of5a. The 

values of Mw were obtained from the RayleigbDebye relationship, in the limit of low 

scattering angles, 8:36 

where c is the concentration of the polyxner, is the measured Rayleigh ratio, A;! is the 

second virial coefficient, and K is an optical constant defined as: 



where n is the refractive index of the solvent, is the wavelength of the laser light in vacuum, 

NO is the Avogadro number, and dddc is the refktive index increment of the polymer 

solution. Refractive index increment measurements were performed at five different 

concentrations in THF at 23 OC and a vaIue of dddc = (0.1674 f 0.000 1) d g  was obtained, 

Transition Metal Catalyzed Polymerization of 4a. 

To a C&j solution of 4a (0.10 g, 0.35 mmol) was added 0.05 equiv. of PtC12. The solution 

was allowed to stir over 4 h at 25 'C by which time the polymerization was judged to be > 90 

% complete by LH NMR. The solvent was removed under high vacuum. The polymer was 

redissolved in THF and precipitated into hexanes. Yield: 0.092 g (92 %). The 1H NMR data 

was consistent with the assigned structure? GPC: Mw = 3.2 x id, M, = LA x 105 

polydispersity (Man) = 2.4. 

Synthesis of the Copolymer 8. 

a) By Thermal Copolymerization of 4a and 1 A 1:2 mole ratio of the two solid 

monomers 4a (0.14 g, 0.49 mmol, mp 90 'C) and 2 (R = R' = Me) (0.28 g, 1-17 mmol, mp 

78 "C) was sealed in an evacuated, Pyrex tube and heated at 90 'C for 10 min. The contents of 

the tube were then dissolved in THF, filtered and precipitated dropwise into hexanes to yield 8. 

Yield: 0.35 g (83 46). GPC: monomodal, Mw = 3.2 x 1@, M, = 2.1 x id polydispersity 

(Mw/M,) = 1.5. 

b) By Transition Metal-Catalyzed Copolymerization of 4a and 1 

To a C6D6 solution of 1 (46 mg, 0.19 mmol) and 4a (50 rng, 0.17 mmol) in a 5 mm NMR 

tube was added 0.05 mol 96 of PtClz. The contents of the tube were shaken and 1H NMR 

spectra were taken every 30 min over a period of 3 h. The polymerization at this point was 

found to be 69 % complete. After a total of 10 h, the reaction was found to be > 90 96 



complete. All 1H NMR spectra were consistent with literahue values for the presence of only 

2 (R = R' = Me), 4a and 8 and the rates of depletion of 2 (R = R' = Me) and 8 were found 

to be the same within the limits of 1H N M R  integration.?*2s The solvent was removed under 

high vacuum. The polymer was then redissolved in TEE and precipitated into hexanes, Yield: 

0.085 g (89 96). GPC: monomodal, Mw = 3.6 x 1@, M, = 1 2  x 105 polydispersity @&,Mn) 

= 3.0, 

The characterization data for 8 formed by thennaI ROP and by transition metal-catalyzed ROP 

showed the copolymers to be identical except for a higher proportion of SiMe2 groups in the 

themallydgenerated copolymer due to the composition of the monomer mixture. 

For copolymer 8: YelIow fibrous powder: 2 9 ~ i  NMR (C6D6) 6 = - 6.38, -6.40, -6.41 

(SiMe2) ppm; 1 3 ~  NMR (in CsDs) 6 = 74.59,74.57,74.53,74.50 (Ge-Cpipo), 73.64,73.59 

(Si-Cp), 72.93, 72.87 (Ge-Cp), 71.86, 71.84, 71 -80 (Si-Cpi,,), 7 1-77, 71.61 (Si-Cp), 

71.18, 71.01 (Ge-Cp), - 0.42, -0.44, -0.47 (SiMe2), -1.09, - 1.11, -1.13 (GeMez) ppm. 1H 

NMR (in C6D6) 6 = 4.26 (s, 4H, Cp), 4.10 (s, 4H, Cp), and 0.64 (s, 6H, GeMq), 0.55 (s, 

6H, SiMe;?) pprn. MS of hexanes soluble extract of the product formed by the TROP of 2 (R = 

R' = Me) and 4a. m/e c 1300 (relative intensity) 1 152 (33, Ge4), LO60 (17, Si2Ge), 8 18 (17, 

SiGe), 576 (33, Ge;?), 484 (100, Si2). Pyrolysis-mass spectrometry (in situ), (errors of up to 2 

m/e are likely above m/e 1000) mle 1720 (Geg), 1674 (SiGes), 1584 (Si3Ges). 1542 

(Si4Ge2), 1496 (SisGe), 1432 (Sis), 1388 (SiGe4), 1343 (SizGe3). 1299 (SijGe*), 1255 

(SiaGe), 1209 (Sis), 1145 (Ge4), 1101 (SiGq), 1057 (Si~Gez), 1013 (Si3Ge), 967 (Si4), 859 

(Ges), 8 15 (SiGez), 77 1 (SizGe), 725 (Si3), 573 (Gez), 483 (Si;?), 287 (Ge), 242 (Si). Note 

Si = {Fe(q-CSH&SiMe2} and Ge = ( F ~ ( I ~ - C ~ H ~ ) ~ G ~ M ~ ~ }  ; WAXS: d = 6.37 A. 

Synthesis of the Model Compound 1Oc. Freshly distilled Me3GeCL (1.0 mL, 8.2 

rnrnol) was added to a suspension of dilithiofermcene@TMEDA (1.00 g, 3.62 mmol) in ether 

(100 ml) at -78 'C. The reaction mixture was allowed to warm up to room temperature and stir 



overnight. The solvent was removed under high vacuum. The product was dissolved in 

hexanes and filtered through a fit. The hexanes were removed under high vacuum and any 

residual ferrocene or TMEDA were removed by leaving the product under high vacuum 

overnight. The product was p-ed by v a c m  distillation (0.005 mm Hg, 83 'C) Yield 0.84 

g (77 96). For 10~: 13c NMR (C6D6) 6 = 74.8 (Ge-Cpipm), 72.4 (Cp), 70.7 (Cp), -0.7 

(GeMe3) ppm; 1H NMR (C&j) 6 = 4.20 (m, 4H, Cp), 4-01 (m, 4H, Cp), 0.35 (s, 18 K, 

GeMe3) ppm. Low resolution MS @I, 70 eV) mle (%) 420 (100, M+), 405 (30, M+ - CH3); 

288 (68, M+ - GeMe3, - Me) High resolution MS ~ ~ a ~ ~ ~ ~ ~ e ~ ~ ~ ~ e  cdcd 4219822, found 

421.9807 , 
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Chapter 4 Ring-Opening Polymerization of a Phosphoniom-Bridged, 

[lIFerrocenophane: Synthesis and Properties of an Ionomeric 

Po ty (ferrocene) 

4.1 Abstract 

A stable phosphonium-bridged, [I]ferrocenophane Fe(q€sH4)2PPhMe][OTfJ (lob) 

was synthesized by the reaction of the phosphorus-bridged [l]fetfocenophane Fe(q- 

C5H4)2PPh (3a) with methyl triflate (MeOTf). A single crystal X-ray diffraction study of 

10b revealed an angle of 24.4(S)' between the planes of the cyclopentadienyl rings, less than 

the respective angle (26.7') for 3a. Compound lob and a number of other tetra-coordinate, 

phosphorus-bridged [ llferrocenophanes, Fe(q-CsH& P(S)Ph (5 a ), Fe(q - 

C5&)2PFe(Co)dPh (6) [Fe(r\-C~H4)2FpPhlpF6l (n, (where Fp = (r\-C5&)Fe(C0)2) 

were tested for their ring-opening polymerization (ROP) behaviour. Only compound lob 

was found to undergo ROP which took place both thermally and in the presence of a 

transition metal catalyst (PtC12). The resultant ionomeric polymer {Pe(q- 

C5H4)2PPhMe] [OTfJ ) (11) was found to be soluble in methanol, dimethylforxnamide 

(DM.), dimethy1sulfoxide @MSO) and acetone but displayed only Limited stability in these 

solvents. The polymer was found to possess a glass transition temperature of 176 OC and was 

thermally stabIe to weight loss up to ca. 400 "C. Analysis by wide angle X-ray scattering 

(WAXS) revealed that the polymer was amorphous. A study on the partial to fuU 

methylation of the polymer Fe(q-C5H4)2PPhln (14) gave results that were consistent with 

the results of the ROP of lob. Dynamic light scattering studies on polymer 11 produced via 

thermal ROP and transition metalcatalyzed ROP gave hydrodynamic radii in the range of 30 

- 45 nm which suggested that the compounds were polymeric rather than oligomeric in 

nature. Based on the glass transition temperatures for a series of samples of polymer 11 of 

known molecular weight with varying number of repeat units (from 20 to LOO), the molecular 
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weight (Md of the transition metal-catalyzed ROP product was greater than 46 000 (ca 100 

repeat units) and the molecular weight of the thermally produced polymer was of even 

higher. 

4.2 Introduction 

Transition metal-containing polymers remain an area of active research due to the 

potential for obtaining materials with possibly useful physical or catalytic properties that are 

not easily obtainable with most organic polymer systemd4 We have previously shown that 

ring-opening poIymedzation (POP) of strained [l]ferrocenophanes (1) represents a general 

route to high molecular weight poly(ferr0cenes) (2)PL1 The polymerization behaviow of the 

silicon-bridged monomers (1, ERx = SiRR') is particularly well-developed with a variety of 

possible substituents at s i l i c ~ n . + ~ ~ - ~ ~  and thermal, anionids and transition metal-cataly~ed'~ 

ROP routes to the interesting polymers 2 (ERx = SiRR') are all known. 

1 

E = Si, Ge, Sn, S, B, etc. 

Reaction 4. l Synthesis of Poly(ferrocenes) 

The ROP behaviour of phosphorus-bridged [L]ferrocenophanes (3a) has also been 

studied. Thus, thermal ROP of 3a - 3b to afford pdymers 4a - 4b was reported by our group 

in 1995.1° More recently, we have also reported that high molecular weight 
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poly(ferroceny1phospbines) and related bI& copolymers can be obtained via living anionic 

ROP of 3a.17p18 To date, no traasition metal-catalyzed routes have been found as dl known 

catalysts simply coordinate to the P(III) centre of 3a without leading to ROP. 

3a(R=H, X=Ph) 4a @=H) 
b (R = n-Bu, X = Ph) b (R = n-Bu) 
c(R=H,X=CI) 

The interesting chemistry of compound 3a has been explored by a number of groups, 

particularly by Seyferth et ale who were able to coordinate a number of different moieties to 

the phosphorus, including sulfur to give (Sa) and Fe(C0)4 moities to give (@.I9 

Nakazawa, Miyoshi et al. found that upon coordination of F~(~*-C&)(CO)~ to the bridging 

phosphorus atom (to give 7), irradiation with UV Light led to ring-opening and formation of 

8 in the presence of [(n-Bu),@JF with the concomitant loss of CO and formation of [(n- 

B u ) ~  [PFs]. The formation of polymer, however, was not reportecL20 



Reaction 4.2 Ring-Opening of a Phosphorus-Bridged, [IlFerrocenophane 

Ring-opening of 3a in the presence of a transition metal has also been reported by 

Cullen et aLZL This involved the thermal reaction (125 'C) of 3a with O S ~ ( C O ) ~ ~  which 

resulted in the major product, OS~(CO)&L~-(C~H~PP~)F~(CS&)] (9), as well as a number of 

other minor products. It is unclear as to whether the transition metal actually facilitated the 

ring-opening as the reaction conditions (refluxing octane) could have easily led to thermal 

ringopening as the thermal ROP is known to occur at similar temperatures (ca. 130 'C). 

Another potentially interesting tetra-coordinate, phosphorus-bridged, 

[ 1 ] ferrocenophane, IOa, was described by Seflerth et aL 19. This compound was synthesized 

by the reaction of 3a with Mel Although the compound was characterized by 3lP and 'H 



NMR, no crystals suitable for X-ray analysis could be grown and the compound was reported 

to be unstable in solution, 

We now wish to report on our studies of the ROP behavlour, particularly by transition 

metal catalysts, of several tetracoordinate, phosphorus-bridged, [l]fermcenophanes (5,6,7) 

as well as our preparation of lob, a more stable analogue of 10a with a triflate counterion 

and our ROP studies on this species. 

4.3 Results and Discussion 

4.3.1 Attempted Transition Metal Catalyzed ROP of [l]Ferrocenophpws 5% 6 and 

7 

Although thermal ROP of phosphorus-bridged [lJferrocenophanes has been reported 

previously by our group, only bis(trhethylsilyl)sulfide and low molecular weight material 

could be isolated fiom an otherwise insoluble product fiom the thermal ROP for 5b.l0 In 

light of this evidence, it was thought that an attempt to thermally ROP 5a would lead to the 

formation of H2S, a possible safety hazard. As expected, no formation of polymer was 

observed on attempted transition metal-catalyzed polymerization in soluting using either 

Ft(II) (PtC12) or Pt(0) (Karstedt's catalyst) initiators. 

Similarly, the thermal ROPs of 6 and 7 were avoided due to the possibility for the 

release of CO. Transition metal-catalyzed experiments with both PtC12 and Karstedt's 



catalyst also did not lead to the formation of polymer in the case of either compound. We 

then decided to investigate the ROP behaviour of phosphonim-bridged, [llfemocenophanes. 

4.3.2 The Synthesis and Characterization of lob 

As mentioned above, Seflerth reported that the treatment of 3a with Me1 led to the 

formation of 1Oa which was reported to be unstable in s o l u t i ~ n . ~ ~  In light of the sensitivity 

of 3a to nucleophiles, we attempted to synthesize a derivative of 10a with a less active 

counteranion. 

Our choice of methyl triflate as a methylating reagent proved to be successful. 

Compound 10b was isolated in high yield and characterized by 'H, I 3 c ,  "F and 3 1 ~  NMR as 

well as elemental analysis, which were all consistent with the proposed structure. The 

compound was also found to be stable in solution under N2 and could be isolated as dark red 

microcrystals suitable for single crystal X-ray analysis by recrystallization from a 

THF/CH2C12 mixture. Additionally, the compound was found to be stable to air and moisture 

in the solid state but decomposed slowly over several hours in solution. 

An examination of the NMR data revealed some interesting features. The 'H NMR 

spectrum of lob has four distinct resonances due to four inequivalent cyclopentadienyl (Cp) 

protons. This is in contrast to the corresponding spectrum of 3a in which only three 

resonances are seen in the Cp region. The phenyl region for lob is also more distinct than 

that for 3a and, in addition, displays a couphg pattern consistent with a monosubstituted 

benzene ring attached to a phosphonium centre. Perhaps most revealing in the 'H NMR 

spectrum is the doublet at 2.66 pprn due to a methyl group attached directly to phosphorus 

( 2 ~ ~ ~  = 13.9 HZ). The resonance at 375 ppm in the "P NMR spectrum is in agreement with 

a tetra-substituted phosphorus centre (cf. resonance for 3a is at 13 ppm) and almost the same 

shift (37 ppm) found for 10aL9. The data provided by the 13c NMR spectrurn is similarly 



consistent with the structure proposed for lob, especially the upfield shifted ips0 carbons of 

the cyclopentadienyl rings as has been commonly seen in the strained [l]fenocenophanes. 

4.3.3 Single Crystal X-ray Diffhction Study of 10b 

Crystals of lob suitable for a single crystal X-ray diffraction study were obtained 

from a THF/CH2C12 mixture: at - 30 OC. Only very small crystals of the sample (0.18 x 0.04 x 

0.03 mm) were available for data collection. Data were collected on a Nonius Kappa-CCD 

using graphite monochromated MoKa radiation (& = 0.71073 A). 180 ftames. of 1' rotations 

of phi, were exposed for 90 seconds each. There were no measureable data higher than 21' 

in 8. The data were integrated and scaled using the DEN20 ~aclcage?" The struchlres were 

solved and retined using the SHEWCLZWC ~ackage? Rehement was by fid-matrix least- 

squares on ~2 using aII data (negative intensities included). The weighing scheme was w = 

l/[~2(F& + (0.0699)2 + 25.07PJ where P = (v + 2~=2)13. Hydrogen atoms were included 

in calculated positions. A view of the molecular structure is shown in Figure 4.1. Table 4.2 

gives selected structural data for lob as well as for related phosphorus-bridged 

[l]ferrocenophanes. The angles a, P, 0 and 6 are defined in Figure 4.2. The summary of the 

crystal data and collection parameters is found in Table 4.1, Tables of the fractional 

coordinates, bond lengths and selected angles are found in Tables 4.3 - 4.5 respectively. 

The single crystal X-ray diffraction study agrees with the structure assigned to lob. 

Disordered C=l2 moIecules were found to be included within the unit cell. However, no 

significant interaction was found between the ferrocenophane moiety and either C H S h  or 

the M a t e  counterion. In comparison to other phosphorus-bridged, [l]ferrocenophanes, 10b 

posseses the smallest tilt angle yet known for such a species (24.4(5)*). Th-s value is even 

smailer than for the phosphorus(V)-bridged species 5b (25.3(3)'). Perhaps most interesting 

to note is that the very short Fe-P distance of 2.577(3) A. shorter than even for 5b (2.688 (2) 

) This may indicate that there is a greater iron-phosphorus interaction occuring in this 

compound than in previous examples of phosphorus-bridged, [l]femrenophancs. 



Figure 4.1 Molecular Structure of lob (vibrational ellipsoids at 

25 96 probability level) 

Figure 4.2 Distortions in Group 8 Metallocenophanes: 

Defining Angles a, p, y and S 



Table 4.1. Summary of Crystal Data and htensity Collection 

Parameters for lob 

empircal formula C l ~ f i 1 6 ~ 9 e O P S  
formuia weight 497.64 
wavelength (A) 0-71073 
crystal system monoclinic 
space group CUc 

a (A) 23.380(1) 

b (A) 13.339(1) 

c (a) 12-7 lS(1) 
a (deg) 90 

l3 (deg) 9 1.79(1) 
Y (deg) 90 

v (A3> 3963.4(14) 
Z 8 
p (calculated) (g ~ r n - ~ )  1.668 
absorption coefficient (mm-I) 1,127 

F ( ~ )  2016 
crystal size (mm) 0.18 x 0.04 x 0.03 
8 range for data collection (deg) 2.40 to 20.90 
reflections collected 733 1 
independent reflections 2052 (Re, = 0.10 13) 
data/res~ts/parameters 2052/0/268 
goodness-of-fit on fl 1.077 
final R indices D2a.(I)] Rl = 0.0569, wR2 =O.142 1 
R indices (all data) Rl = 0.1023, wR2 = 0.1640 
extinction coefficient 0.0007(2) 
largest diff. peak and hole ( e k 3 )  0.510 and -0.41 1 



Table 4.2. Selected StructuraL Parameters for lob and Related Phosphorus- 

Bridged, [l]Femenophanes, With Esd's in Parentheses (Where 

Available) 

Compound 

3a 3b 3c 5b lob 

Fe-P dist (A) 2.774(3) 2.784(2) 2.715(6) 2.688(2) 2.577(3) 

Fe displacement (A) 029 l(7) 0.277(8) 0.259(2) 0.232(9) 

P-C (Cpip) (av) (A) 1.842(13) 1.857(8) 10841(20) 1.8 1 2 0  1.772(lO) 

ring tilt a (deg) 26.7 27.0(6) 27.5(6) 25.3(3) 24,4(5) 

P (av) (deg) 32.5 32.0(3) 3 1.9(7) 35.0(4) 37.9(4) 

0 (av) (deg) 90.6(3) 95,7(4) 90- l(7) 95.0(2) 99.8(4) 

6 (av) (dw) 159.8 159.5(3) 160-4(6) 16 1.8(2) 163.6(4) 

ref. 24 10 LO 10 this work 

Table 4.3 Atomic Coordinates (x 103 and Equivalent Isotropic 

Displacement Coefficients (A2 x lo3) for the Non-Hydrogen 

Atoms of IOb with Esd's in Parentheses 





Table 4.4 Bond Lengths (A) for lob with Esd's in Parentheses 

Table 4.5 Selected Bond Angles for lob with Esci's in Parentheses 



This is not particularly surprising as the electrophilicity of the phosphorus atom in lob is 

probably greater than in any of the other examples and thus possibly a stronger dative bond 

from the relatively electron-rich iron atom exits in this situation. This may be partially 

responsible for the large aogle for this compound (37.9(4) O). However, it should also be 

noted that the ipso Cp carbon-phosphorus bond length is also shorter in 10b (1.772(10) A) 
than in the other examples. This might also at least be partially responsible for the shorter 

Fe-P distance as well as the larger B angle. 

In comparison to other phosphonium compounds, the geometry and bond lengths in 

the case of lob are fairly typical with expected values in the area of 1.78 A - 1.83 A for P- 

c(sp2) and bond angles of 107 to 1140.~~ The P-c(sp3) bond length (1.765(9) A) is 

somewhat shorter than the expected value (1.80 A) and the 9 angle of 99.8(4)O is also smaller 

than expected for a phosphonium compound although it is a larger angle than found for other 

phosphorus-bridged, [ 1] ferrocenophanes. These results may be the effect of the strained 

nature of this compound- In the case of the 9 angle, this is probably due to the combined 

effect of the shorter P-C (Cpipso) bond lengths and the possible dative interaction between 

iron and phosphorus. 

4.3.4 Electronic Spectrum and Electrochemical Behaviour of lob 

The electronic structure of lob was examined by W/vis spectroscopy. The band 11 

k,- value of 484 n m  (in THF; the value in DMF is the same) is significantly blue shifted in 

comparison to the value of 498 m (in hexanes) for 3a. Both values are much higher than 

was found for ferrocene (440 nm in hexanes). This red shift has been observed previously in 

other strained, [l]ferrocenophanes and has been at least partially attributed to the tilting of 

the cyclopentadienyl rings from the planarity of ferrocene and unstrained, bridged 

ferrocenophanes. EHMO calculations on silicon- and sulfur-bridged, [l]ferrocenophanes as 

well as ferrocene in which the rings are tilted by the same angle (31.05') as for the sulfur- 



bridged, [l]fenocenophane illustrate that the HOMO-LUMO gap grows smaller as the tilt 

angle is increased due to a lowering ofthe LUMO energy level?Z The smaller tilt angle of 

lob (24.4(5)O) in comparison to 3a (26.7") would appear to agree with these calculations. 

However, it should also be noted that the iron-phosphorus distance in lob (2.577(3) A) is 
significantly shorter than in 3a (2.774(3) A) and there may be also some degree of iron- 

phosphorus interaction which is influencing the size of the HOMO-LUMO gap in addition to 

the difference in tilt angle. Some evidence for a dative iron-bridging element bond in 

ferrocenophanes has been provided in the past by - ~ e  ~ossbauer spectroscopy? 

Cyclic voltammetry was used to examine the electrochemical behaviour of lob- 

Analysis (in CH2C12) revealed one irreversible oxidation wave at +0.72 V (vs. 

ferrocene) at a scan rate of 250 mV/s. For comparison, the Em value for 1 (ER, = SiMe2) is 

only 0.00 V. This suggests that the phosphonium centre exhibits a strong electron- 

withdrawing effect on the iron centre. The value of +0.72 V also represents the highest 

oxidation potential found to date for a [l]ferrocenophane. Measurements were also carried 

out in DMF. Again, there was only one irreversible wave = +0.26 V vs. ferrocene) at 

a scan rate of 250 mV s-' with the smaller difference oxidation potential versus ferrocene 

probably attributable to the donating nature of the solvent (Dm- In contrast to the scan 

carried out in CH2Q in which no other compound couId be observed other than that for lob, 

the second scan of the solution of lob in DMF revealed that one or more uncharacterized 

products had been formed during the first scan which then subsequently underwent two 

partially reversible oxidation waves at 4.41 V and -0.10 V (the wave due to lob was still 

visible) at a scan rate of 250 mV s". "P NMR and 'H NMR analyses of the solution before 

and after the cyclic voltammetric experiment indicated the presence of only lob. These 

results, as expected, indicated that the compounds formed during the experiment are formed 

only in the vicinity of the electrode and not in the bulk solution in which lob is relatively 

stable. 



4.3.5 Thermal ROP Behadour of lob 

The thermal ROP behaviour of lob was first examined by heating a sample under N2 

using a DSC (see Figure 4.3). No melting endothem was observed. However. a strong 

exotherm was seen to occur at an onset temperature of 145 'C upon heating and no further 

thermal behaviour was seen during the cooling cycle. The energy of this exothenn (enthdpy 

of polymerization) was found to be 6 1 s  W mol". By comparison. the enthalpy of 

polymerization for 3a was found to be 6 8 s  id mol-[. 

This behaviour led us to believe that thermal ROP of 10b had taken place leading to 

formation of 11, 



Figure 4.3 DSC Thennogram of lob 

This ROP experiment was conducted on a preparative scale by heating lob in a sealed, 

evacuated Pyrex tube at 145 'C for 30 min. This led to the formation of a product which was 

insoluble in ethanol, water and organic solvents such as CI&Cf2, THF and hexanes but that 

was soluble in the highly polar solvents DMF, DMSO and acetone (the product was found to 

be unstable in all the solvents but more so in DMSO, acetone and methanol). Analysis of the 

product by NMR was consistent with a ringopened structure. In particular, the "P NMR 

spectrum in DMSO-d6 showed only one resonance at 23.8 ppm with no sign of any residual 

monomer (6 = 37.5 pprn). The 'H NMR spectrum contained only broad resonances with 

none of the definition that had been seen for the monomer but which were nonetheless 

consistent with the assigned structure. For example, the four resonances in the Cp region of 

lob were reduced to three broad resonances Similarly, the coupling between the methyl 



protons and phosphorus could no longer be resolved for 11. Ih the case of the 13c NMR 

spectrum, the ips0 carbon had shifted downfield to 66.5 ppm in comparison to 10b and was 

in the region normally associated with Cp carbons in an unstrained system. 

43.6 Transition Metal-Catalyzed ROP Behaviour of IOb 

It has been previously noted by other research groups that by coordination to the lone 

pair of the P o  site or oxidation to P(V) pennits faciIe cleavage of P C  bonds ?*Ss3l With 

this in mind, we attempted the transition rnetal-catalyzed ROP of lob. In the presence of 

approx. 10 mol 96 PtC12, lob was indeed found to undergo ROP and the polymer formed 

possessed the same NMR characteristics as that formed via thermal ROP. To our knowledge, 

this represents the fmt example of a phosphorus-containing ring that undergoes transition 

metal-catalyzed ROP. However, the yields (ca 56 %) were significantly lower than those 

obtainable via thermal ROP (ca 70 %). We have observed the formation of other products in 

this reaction which are as of yet unidentified ( 3 1 ~  NMR spectrum: 25.8 and 25.5 ppm in 

DMSO-d6) and appear to be formed in greater amounts with increasing dilution of the 

reaction solution. In the transition metal-catalyzed ROP of 1 (ER, = SiMe?), cyclic dimers 

analogous to 1 have been isolated from the reaction mixtures?* A similar situation may also 

occur with the thermal and transition metal-catalyzed ROP of lob. The presence of two 

resonances for the potential dimer may arise from the possibility of cis and trans isomers, 12 

and 13. Significantly, in the case of the transition rnetal-catalyzed ROP of 1 (E = SiMeCl), a 

cyclic dimer was proposed as a byproduct of the reaction and the two resonances for this 

dimer observed in the 29Si NMR spectrum were attributed to cis and trans isomerd3 



4.3.7 Attempted Copolymerizations of lob with 1 

In an attempt to synthesize a generally more soluble product, we attempted 

copolymerizations of lob with silicon-bridged, [l]ferrocenophanes (1, ER, = S i M q )  using 

both thermal and transition metal-catalyzed routes. In the case of attempted thermal 

copolymerization, only the homopoIymer 2 (ER, = SiMe2) and 11 were isolated. For the 

transition metal-catalyzed polymerizations, only 2 (ERx = SiMe;) and unreacted lob were 

observed. In each case, absence of copolymerization was proven by the lack of cross-over 

peaks were obseved in the 31P and 1H NMR spectra of the isolated products. 

4.3.8 Met hy lation of poly(ferroceny1phenylphosphine) 14 as an Alternative Route to 

11 

In order to explore an alternative route to 11, we studied the partial to complete 

methylation (yielding copolymer 15) of well-defined, poly(ferroceny1phosphine) (14) 

synthesized via anionic ROP of 3a using n-BuLi as an initiator and Hz0 as a termination 

reagent: 



Reaction 4.3 Methylation of Polymer 14 

Partial methylations ranging from 17 % to 50 96 methylation of phosphorus sites in the 

polymer were easily achieved by addition of the appropriate amount of MeOTf to a CH2C12 

solution of 14. At methylations higher than SO 46, it was found that the polymer would 

precipitate from solution and not undergo further methylations readily. In order to achieve 

100 95 methylation, it was necessary to first suspend 14 in MeOTf and then add CHg12. 

This resulted in complete methylation for both the high (n = 100) and low (n = 11) molecular 

weight samples of 14. 

Figure 4.4 illustrates the effect of increasing methylation of 12 on the "P NMR 

spectrum of the polymer. Even at a low degree of methylations, the presence of the methyl 

groups at presumably random phosphorus sites along the polymer main chain leads to 

different environments that were readily distinguishable by NMR. Thus, unmethylated 

phosphorus nuclei (at ca. - 33 ppm) with i) no Me groups on adjacent P sites (-P-fc-e-fc-P-) 

(where fc = (q-CsH.&Fe and P = PPh,) ii) one Me group on one adjacent P site on either side 

(-P+-fc-efc-P-) (where P+ = PMePh+) and iii) Me groups on both of the adjacent P sites (- 

P+-fc-E-fc-P+-) were detected. AnaIogous resonances were observed for the methylated P 

sites at ca. 24 ppm. At 0 % methylation, as expected, only one resonance was detected. At 

17 % methylation, there is one resonance for the methylated P sites as wet1 as three 

resonances for the free P sites corresponding to situations i) - iii) with i) being the most 



20 10 0 - 10 - 20 - 30 ppm 

Figure 4.4 31P NMR Spectra (in CD2Cl2 for a - d and DMSO-d6 for e) of the 

Methylation of Polymer 14: a) 096, b) 17%, c) 33%, d) 50% and 

e) 100 % methylation. 
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prevalent and iii) being the least. However, as the degree of methylation increased, the 

resonance for (-P-fc-wc-P-) sites decreased in intensity until, at 50 % methylation, only two 

resonances, due to (-Pc-fc-eft-Po) and (-Pc-fc-e-fc-P+-) sites were observed. Also, two 

resonances due to methylated phosphorus sites can be seen in the spectrum. At 100 % 

methylation, only one resonance is visible with a shift of 23.8 ppm, the same shift found for 

both the thermal and transition metal-catalyzed polymerizations of 10b and, therefore, fully 

supports our conclusion that 11 can be obtained fiom lob via ROP. 

In the case of the complete methylation of the lower (n = 11) molecular weight 

sample of 14, end groups can also be seen at 26.9 and 24.1 ppm corresponding to the initiated 

and terminated ends of the polymer chain. End groups can also be detected by 'H NMR. For 

all cases, however, no sample would elute fiom a GPC running on THF for any partidy or 

fully methylated polymers, even after smzation of the remaining unreacted P s i t e ~ l O * ~ ~  and 

with only 17 95 methylation. It is unclear at this point in time why this is the case. The 

reason may involve the presence of interactions between the polymer and the column packing 

material or simply the decrease in solubility of the methylated polymer in comparison to the 

unmethylated polymer. It should be noted that polymers 4a - b also do not elute fiom a GPC 

column until all the phosphorus sites have been sulfurized. 

4.3.9 Electronic and Electrochemical Properties of 11 

The & value obtained for polymer 11 is 452 nm (in D m ,  considerably blue- 

shifted in comparison to the [l]fetrocenophane lob (&, = 484 nm in THF and DMF). This 

is not unusual for these systems and has also been observed for poly(ferroceny1silanes) and 

poly(fermceny1germanes) relative to their respective monomers. The k- value of 444 nm 

(in CH2C12) for polymer 4a is also blue-shifted relative to 11. Certainly, in this situation, it is 

unlikely that this effect is due to a difference in tilt angles for the Cp rings; the rings are 

probably close to being paralIel in the polymer. More likely, it is an example of the effect 
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that the bridging element has upon the HOMO-LMO gap. h this case, it appears that the 

presence of phosphonium centres in close pro-ty to iron leads to a red shin 

CycIic voltammetry of 11 in DMF revealed the presence of only one redox wave at 

-0.16 v which is irreversible at low scan rates = 0.91 and 0.82 at Xo and 100 mv s-I 

respectively) but reversible at higher scan rates. The reduction wave is split into two 

components which may be a consevence of absorption to the electrode. The presence of 

only one wave is unusual and contrasts with the two waves normally detected for 

poly(ferrocenes) with bridging elements such as silicon, germanium and phosphorus. 

However, it is possible that the presence of a cationic phosphonium site as the spacer unit 

between iron sites decreases the interaction between the metal atoms, Even more unusual is 

the observation that the E1/2 value is at a lower oxidation potential than ferrocene. To 

provide a simple model for 11, we synthesized compound 16 by reaction of 

bis(ferroceny1)phenylphosphine with methyl triflate. 

The dimer 16 was found to be soluble in both CH2C12 and DMF and thus the 

electrochemical behaviour of this species was examined in each solvent. In C&C12, there 

were two oxidation waves at 4.65 and M.97 V and a single reduction wave at +0.39 V (vs. 

ferrocene at 250 mV rl) with the shape of the reduction wave possibly due to a two electron 

reduction as well as absorption. Similar behaviour has been reported for the analogous 

species with an I- co~nterion.~~ The high oxidation potentials observed for 16 in CH2Clz are 

consistent with the high value that was detected for the monomer lob in the same solvent. 



In DMF, the cyclic voltammogram of 16 revealed only one irreversiile oxidation 

wave at -0.14 V (vs ferrocene at 250 mV s-1). This is at lower potential than for the 

monomer lob for which the oxidation wave was found at +0.26 V but is at a similar value for 

polymer 11 in the same solvent (-0-16 V vs. fewcene at 250 mV s-1). The unusually low 

oxidation potentials for dimer 16 and polymer 11 in DMF may be the result of strong 

solvation of the cationic main chain by the donor solvent. Indeed, based on the solubility 

properties of polymer 11, such interactions are probably vital to effect dissolution of the 

materid. 

Figure 4.5 Cyclic Voltammogram of Polymer 11 in DMF at a scan rate of 250 mV s-1 

(referenced vs. ferrocene) 



4.3.10 T h e d  Transition Behavioar, T h e w  Stability and Morphobgg of 11 

The thermal transition behaviour and the thermal stabiity of 11 (produced via TROP 

and transition metal-catalyzed ROP) were studied by differential scanning calorimetry @SC) 

and thermal gravhetric analysis W A )  and compared to that of the unmethylated pofymer 

14. The morphologies of the two polymers were examined using wide-angle X-ray scattering 

(WAXS). By DSC, both 11 and 14 were found to be amorphous with no evidence for melt 

transitions for either polymer, However, glass transitions were obsewed in both cases at 176 

OC and 126 OC, for 11 (via thermal ROP) (Figure 4.6) and 1418 respectively. The higher 

value for 11 is reasonable considedng that the addition of a methyl group to the backbone of 

14 probably reduces the flexibility of the polymer main chain. For comparison, there is an 

increase in the Tg fiom 9 OC to 33 'C for 2 (ER, = SiHMe) and 2 (ERx = SiMq) 

respectively. Also, the Tg for 11 is significantly higher than the value of 54 "C for the 

analogous poly(ferroceny1silane) 2 (R = Me, R' = Ph) although the value for 14 is also higher 

(to date, no analogous silicon-bridged species 2 has been synthesized where R = Ph, R' = H). 

However, the triflate counterion no doubt plays a role in the thermal transition behaviour of 

this polymer as well and may also contribute to its fairly high T, value. InterestingLy, the Tg 

for the transition metal-catalyzed ROP of 10b was found to be 164 'C (see Section 4.3.1 1). 

WAXS analysis of these polymers is also consistent with a generally amorphous nature (one 

broad amorphous halo was detected at 5.5 A and 5.2 A for 11 and 14 respectively). 

TGA results reveal similar thermal stabilities for 11 and 14 and the poIymers started 

to lose weight at 385 "C and 410 O C  respectively. However, the weight loss for 11 is 

significantly higher than that for 14 with weight losses of 50 % and 30 96, respectively, by 

600 "C. This may possibly coincide with the loss of all groups leaving behind an 

unsubstituted poly(fewceny1phosphioe) backbone; i.e. loss of phenyl, methyl and triflate 

groups from 11 while 14 only loses phenyl groups. 



Figure 4.6 DSC Thennogram of Polymer 11 (produced via TROP) 

4.3.11 Moledar Weight Determination for 11 

We have attempted to determine the molecular weight for 11 by a number of methods 

with limited success. In the case of GPC, no polymer was detected using polystyrene 

sulfonate columns and either N-methylpyrrolidinone (NMP) or 0.2 M sodium nitrate 

methandwater (75/25) as an elution solvent. As the polymer backbone of 11 is cationic 

whereas the column possessed surface negative charges, this is not particularly surprising. In 

the case of viscometry, the polymer was not found to be stable in DMF or methanol long 

enough for measurements to be completed, Analysis by electtospray mass spectrometry of 

11 produced both thermally and via transition metal-catalyzed ROP detected only oligomers 

(dimer, trimer and tetramer). 

With the problems of polymer-stability in mind, dynamic light scattering analyses 

were conducted on samples of 11 obtained via both thermal ROP and transition metal- 

catalyzed ROP in methanol. The hydrodynamic radii were in the range of 30 - 45 nrn which 

suggested the compound was polymeric rather than oligomeric in nature. However, due to 
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the instability of the polymer in the solvent as well as  the possibility for aggregation, it was 

not possible to get an accurate value, 

As solution methods were hindered by polymer instability in solvents in which the 

material was soluble, we determined the glass transition temperatures by DSC for a range of 

samples of polymer 11 of h o w n  molecular weight (n = 20,55,70 and 100) that had been 

prepared via the 100 % methylation of samples of 14 prepared via anionic ROP. The results 

are shown in Table 4.6 and the To values were plotted as a h c t i o n  of (Mn)-* (Figure 4-7). 

Table 4.6 Thermal Data for Polymer 11 (where n = number of repeat units) 

It has been previously found for polymer 2 (where ERx = SiMe2) that the Tg value 

reached a maxiumum of 33 'C at a length of approximately 90 repeat unitd5lX and the data 

fitted well to the O'Driscoll equation where Tg,.. is the glass transition temperature of the 

polymer with infinite molar mass:34 

Tg Tg,, - K(Mn)-2/3 (1)" 

Similarly, we found that the data for 11 over the range of 20 to 100 repeat units fits 

well to the OPriscoll equation with a regression coefficient of 0.998. The predicted Tp 

value is 175.5 'C Based on these d t s ,  this would suggest the M, value for 11 derived by 

transition metal-catalyzed ROP (Tg = 164 'C) is ca. 4.6 x 10% It is more difficult to 



C Experimental Values ( S C )  
* 'Best Fit" Line 

Figure 4.7 Tg as a Function of Mn-2n for Polymer 11 (n = 20 to 100) 

flemperature: f 2 'C) 

determine an approximate molecular weight for the thermal ROP-derived polymer as the 

experimental Tg (176 'C) is close to the theoretical Tp,-. The higher Tg value for the thermal 

ROP-derived product in comparison to the value for the transition metalcatalyzed product 

does suggest, however, that the former possesses significantly higher molecular weight than 

the latter. This is not surprising as the latter precipitates from solution during the 

polymerization and thus probably cannot reach such a long chain length before becoming 

completely insoluble in the reaction solvent. 



The synthesis of a stable, phosphonium-bridged [l]fermcenophane (lob) has been 

achieved. The compound was characterized by a variety of spectroscopic techniques as weli 

as by single crystal X-ray Waction. In contrast to compounds 5 - 7, compound 10b was 

found to undergo both thermal and transition metalcatalyzed ROP. Although a number of 

phosphonium-containing b e e L  and ~ ~ c l o p o l y m e r s ~ ~  have been synthesized in the past, 

the results represent the fitst synthesis of a phosphonium-containing polymer via ROP as 

well as the h c t  transition metal-catalyzed ROP of a phosphorus ('-containing monomer. 

The resultant polymer I1 was found to be amorphous and displayed similar thermal stability 

to poly(ferroceny1phosphine) 14. Based on glass transition temperature measurements for a 

series of samples of polymer 11 of known molecular weight, the number average molecular 

weight of 11 produced via transition metal-catalyzed ROP was ca. 46 000 (ca. 100 repeat 

units) and the thermally ring-opened polymer was of even higher molecular weight. In 

contrast to lob, a series of tetra-coordinate, phosphorus-bridged [lJferrocenophanes (5 - 7) 

were found to be resistant to undergo transition metal-catalyzed ROP in the presence of either 

Pt@) or R(0) catalysts. 



4.5 ExperimentaI Section 

Materials. All chemicals, unless otherwise noted, were parchased fkom AIdrich. 

Compounds 5, 6,7 and bis(fe~ocenyI))phenylphosphine were synthesized according to the 

literature.1g 20*43 Samples of polymer 14 were prepared by living anionic polymerization as 

described previously by our group. "vi8 

Equipment. AU reactions and manipulations were carried out under an atmosphere of 

prepurified nitrogen using either Schlenk techniques or an inert-atmosphere glovebox 

(Vacuum Atmospheres). Solvents we= dried by standard methods, distilled, and stored under 

nitrogen over activated molecular sieves. 300 MIiz IH NMR spectra, 75.5 MHz 1 3 ~  NMR 

spectra, 282.3 MHz "F NMR spectra and 121.4 MHz "P NMR spectra were recorded on a 

Varian Gemini 300 spectrometer. 400 MHz LH NMR spectra were also recorded on a Varian 

Unity 400 Spectrometer. Chemical shifts are reported relative to residual protonated solvent 

(IH or 13c), external H3P04 and external CFC13 (''0. Melting points and enthalpies of 

polymerization were obtained with a Perkin-Elmer DSC 7 differential scanning calorimeter 

operating at a heating rate of 10 "C per minute under N2- TGA were carried out with a 

Perkin-Elmer TGA-7 thermogravimetric analyzer under nitrogen at a heating rate of I0  "C 

per minute. W l v i s  spectra were recorded on a Perkin-Elmer W/vis/NIR Lambda 900 

Spectrometer in either anhydrous THF or DMF. Elemental analyses were performed by 

Quantitative Technologies, Inc., Whitehouse, M. 

Dynamic light scattering experiments were carried out on a wide angle laser light 

scattering photometer from Brookhaven Instruments Corporation. A 5 mW vertically 

polarized He-Ne laser fkom Spectra physics was the Light soum. The solutions were filtered 

through disposable 0.2 jun filters from Millipore into glass scattering cells with a diameter of 

12.3 nm. The cells were placed into the BI-2OOSM goniometer and sat in a vat of 

thermostated toluene which matched the index of rehction of the glass cells. The angle of 



measurement for the goniometer was 90'. The scattered light was detected by a 

photomultiplier interfaced to the BI-2030AT digital cornlator with 136 channels and 

measured the correlation function in red time- The instrument was controlled by a 486AT 

computer. The data was analyzed by software suppIied by Brookhaven. 

Electrochemical experiments were carried out using a PAR model 273 potentiostat 

with a Pt working electrode, a W secondary electrode, and an Ag wire reference electrode in 

a Luggin capillary. Polymer solutions were 1 x 10-3 M in C H g 2  with 0.1 M pu4N][PF6] as 

a supporting electrolyte, 

Powder difFtaction data were obtained on a Siemens D5000 diffractometer using Ni 

filtered C u K a  (A = 1.54178 A) radiation. The samples were scanned at step widths of 0.02 ' 

with 1.0 s per step in the range of 3 to 40 ' 28. Samples were prepared by spreading the 

finely ground polymer on grooved glass slides. 

Synthesis of the methytated phosphorus-bridged [l]ferrocenophane lob. 1.88 g (6.44 

mmol) of 3a17*44 was diss01ved in 50 mL of toluene, giving a dark red solution. 1.03 g (6.30 

mmol) of MeOTf was added to this solution dropwise with stirring. A bright red powder was 

immediately observed to precipitate during the addition, The reaction mixture was allowed 

to stir for a fuaher 30 min after the addition was complete. The bright orange-red powder 

was then isolated under N2 on a filtration f i t  or under air using a water aspirator and washed 

with toluene until the washings were colourless. Dark red microcrystals of lob could be 

grown via recrystallization kom THE Yield: 2.54 g (88 96) ~LP{'H) NMR (CDC13): 6 = 

37.5 ppm. 19F NMR (CDC13): 6 = - 78.6 ppm. 13C NMR (in CDCl3): 6 = 136.3 (s, para- 

Ph), 13 1.2 (d, rneta-Ph, 3 ~ R  = 13 HZ), 130.8 (d, ortho-Ph, s ~ =  = 14 Hz ), 1 18.9 (d, ipso-Ph, 
1 
JK = 90 Hz), 84.5 (d, Cp, 3JpC = 11 IIZ). 83.5 (d, Cp, 3JpC = 10.4 Hi), 76.4 (d, Cp, 2 1 p ~  = 

1 1.7 Hz), 75.2 (d, Cp, Z J ~ C  = 14.9 Hz), 1 1.3 (d, Me, l ~ p c  = 55 Eh), 4.2 (d, ips0 Cp, lJPC = 

719 Hz) ppm. 'H NMR (400 M H i ,  in CDCl3)r 6 = 8.80 (m, 2 H, Ph), 7.89 (m, 1 H, Ph), 

7.79 (m, 2 H, Ph), 5.45 (m, Cp), 5.02 (m, Cp), 4.93 (m, Cp), 4.41 ((m. Cp), 2.66 (d, Me, *JpH 



= 13.9 Hz) ppm. W-visible (THF): X,,,@and 11) = 484 nm (E = 307 M' c d ) .  

C18H1&Fe103PlS 1: Calculated: C 47.39, H 3.54; Found= C 47.1 1, H 3.36, 

Thermal ROP of lob. 0.75 g (1.64 mmol) of lob were sealed in an evacuated Pyrex tube 

and heated at 145 'C for 30 min. During this time, the contents were observed to undergo a 

change to a dark red-orange colour. After this time, the tube was broken and the polymer 

washed with C w 1 2 .  The product (11) was then dried under vacuum and isolated as an 

orange powder. Yield: 0.65 g (87 96). 3lP NMR (DMSO-d6): 6 = 23.8 ppm. 19F NMR 

(DMSO-d?: 6 = - 78.2 ppm. 13C NMR ( D M s o ~ ~ :  6 = 134.8 (s, para-Ph), 13 1.6 (d, meta- 

Ph, 3 ~ p C  = 10 Hi), 130.0 (d, ortho-Ph, = 13 Hz), 121.7 (d, ips-Ph, 'lpC = 94 Hz), 76.3 - 
72.8 (Cp, muitiplet, broad), 66.5 (ipsoCp, bpC = 102 Hz), 5.2 (d, Me, = 62 Az). 1H 

NMR (300 MHz, in DMSO-dq: 6 = 7.85 (broad, 3 & phenyl), 7.68 (broad, 2 H, Ph), 4.88 

(broad, 2 H, Cp), 4.65 (broad, 4 H, Cp), 3.97 (broad, 2 H, Cp), 2.93 (broad, 3H, Me) ppm. 

W-visible (DMF): h,,(band II) = 452 om (E = 137 M' cm"). C18H1&Fe103PlS 1: 

Calculated: C 47.39, H 3.54; Found: C 46.65, H 3.55. Electrospray MS: 1676 

([fcPPhMe]4[OTfJ3, 10 %), 12 19 ([fcPPhMe]3 [OTf]2, 100 %), 763 ([fcPPhMe]2[OTf], 10 

%), 307 ([fcPPhMe]+, 50 %). 

Transition Metal-Catalyzed ROP of lob. 0,196 g (0.430 mmol) of lob were dissolved in 

5 mL of C=l2. To this soIution was added 9 mg (7.9 mol %)of PtC12. The solution was 

then allowed to stir overnight. A fine light orange powder precipitated out of solution during 

this time. The precipitate was allowed to settle and then the solvent was removed via 

cannulation. The product (11) was washed with CH2C12 and then dried under vacuum. 1H, 

*3C, l9F and 31P NMR data were consistent with the same product obtained via thermal 

ROP. Yield: 0.105 g (54 45). Electrospray MS: 1676 ([fcPPhMe]4[OTflg, 10 %), 1219 

([fcPPhMe] 3 [OTfJ2, 100 %), 763 ([fcPPhMe] 2[OTfJ, 65 %), 307 ([fcPPhMe] +, 100 96). 



Partial Methylation of Poly(fe~nyIphe~~yIphosphine) 14 (n = 100). The procedure for 

various per cent methylaths of 14 was the same for al l  samples. a) 124 mg, b) 107 mg or c) 

105 mg of 14 (n = 100) (Mw of sulfurlzed 14 = 38 000, M a n  = 1-30) were dissolved in 

CD2Ch in a 5mm NMR tube. To this solution was added, via a microsyringe: a) 7 pL, b) 14 

p L  or C) 21 pL of MeOTf. 3 1 ~  NMR data were m. Samples of the solution were then 

t r e a d  with S8 in an attempt to produce a GPC-analyzable polymer- However, no polymer 

was found to elute from the Ultrastyragel column using THF as eluent even for the polymer 

sample treated with only 7 pL of MeOTf. Similarly, a 1 12 mg sampIe of  14 (n = LOO) was 

treated sequentially with the same amounts of MeOTf and a "P NMR spectrum obtained 

after each addition. The spectra were essentidy the same. 

Complete Methylation of Poly(ferrocenylphenylph0sphine) 14 (n = 100). 65 mg of 14 (n 

= 100) (M, of suhrized 14 = 38 000, Mw/M, = 1.30) were suspended in an excess of 

MeOTf. 2 mL of C&Q were added and the solution stirred for 10 mine The solution was 

removed and the remaining insoluble material dried under vacuum. The product was 

analyzed by NMR and the data were consistent with the structure proposed for the products 

of thermal and transition metalcatalyzed ROP of lob. 

Complete Methylation of Poly(ferroeenylphenyIph0spbine) 14 (n = 11). 60 mg of 14 (n = 

11) (M, of sulfurized 14 = 2 600, M a n  = 1.08) were suspended in an excess of MeOTf. 2 

mL of CH2C12 were added and the solution stirred for 10 min. The mother liquors were 

removed and the remaining insoluble material dried under vacuum. The product was 

analyzed by LH and 3lP NMR and the data were consistent with the structure proposed for 

the products of thermal and transition metal-catalyzed ROP of lob. Additionally, end groups 

were observed by "P NMR (in DMSO-dq at 26.9 ppm and 24.1 ppm 
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Attempted ThermaI Copolymerization of 1 @Itx = S-) and lob. 100 mg (0.413 

mmol) of 1 (ERx = SiMq) and 53 rng (0.1 16 mmol) of lob were seaIed in an evacuated 

mrex tube at 140 "C for 15 minutes, The THF soluble tiaction of the contents of the tube 

was dissolved in THF and then precipitated into hexanes. The insoluble and soluble hctions 

were then dissovled in DMSO-d6 and w 6  respectively and analyzed by lH and 3lp NMR 

This analysis revealed only the presence of the respective homopolymers 11 and 2 (ERx = 

SiMe2) with no evidence for switching groups. 

Attempted Transition Metal-CataIyzed Copdymerization of 1 (ERx = SiMe) and lob. 

193 mg (0.798 mmol) of 1 (ER, = SiMe2) and 109 mg (0.239 -01) of lob were dissolved 

in 25 rnL of C&C12. To this were added 4 mg (6.3 mol 96) of PtC12. The reaction mixture 

was allowed to stir overnight. Analysis as described above revealed only the presence of 

homopolymers 2 (E& = SiMe2) and 11. 

Attempted Thermai Copolymerization of 1 @Rx = SIMeW) and lob. 151 mg (0.497 

mmol) of 1 (ER, = SiMePh) and 45 mg (0.099 mmol) of 10b were sealed in an evacuated 

Pyrex tube at 140 'C for 15 minutes. Analysis as described above revealed only the presence 

of homopolymers 2 (ER, = SiMePh) and 11. 

Attempted Transition Metal-Catalyzed Copolymerization of 1 CER, = SiMePh) and lob. 

160 mg (0.526 mmol) of 1 @Rx = SiMePh) and 50 mg (0.110 mmol) of lob were dissolved 

in 25 mL of CH2C12. To this we= added 4 mg (13.6 mol 46) of PtC12. The reaction mixture 

was allowed to stir overnight. Examination of the products by IH and 3 1 ~  NMR showed 

evidence only for homopolymer 1 (ER, = SiMePh) and unreacted lob. 

Attempted Transition Metal-Catalyzed ROP of Sa. 60 mg (0.19 mmol) of 5a were 

dissolved in 0.7 mL of C a 6  in a 5 mm NMR tube- To this solution was added 8 mol % of 
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PtC12. The contents of the tube were shaken at inte~~lll-ttent intends over 24 h. No change in 

the "P NMR spectrum was observed during this time. The contents were also heated at 60 

'C overnight No changes were observed by 3 L ~  NMR 

Attempted Transition Mefai-CataIyzed ROP of 6. 60 mg (0.13 -01) of 6 were dissolved 

in 0.7 mL of C& in a 5 mm NMR tube- To this solution were added 8 mol % of m2. The 

contents of the tube were shaken at intermittent intervals over 24 h. No change in the "P 

NMR spectrum was observed during this time. The contents were also heated at 60 'C 

overnight. No changes were observed by 3 L ~  NMR 

Synthesis of Model Componad 16. 0.362 g (0.757 mmol) of bis(ferroceny1)phenyl- 

phosphine was dissolved in 5 mL of toluene. To this stirred solution was added 0.128 g 

(0.780 mmol) of MeOTf. A reddish-orange oil was immediately observed to precipitate from 

solution. The solution was removed by decantation. The oil was dissolved in CH2C12 and 

precipitated into hexanes. The solution was removed by decantation. The product was dried 

overnight under vacuum and isolated as a reddish-orange semi-solid. Yield: 0.406 g (84 96). 

'P { 'H) NMR (CDCl3): 6 = 24.8 ppm. 19F NMR (CDCl3): 6 = - 78.5 ppm. 1 3 ~  NMR (in 

CDC13): 6 = 134.4 (s, para-Ph), 13 1.6 (d, meta-Ph, 3 ~ R  = 9 Hz), 129.9 (d, ortho-Ph, 'JR = 

12 Hz ), 122.9 (d, ips-Ph, * J ~  =92 2), 74.3 (d, Cp, 3 1 ~  = 9.9 Ek), 73.9 (d, Cp, 3JPC = 9.7 

Hz), 72.6 (d, Cp, 2~~ = 12.6 HZ), 71.8 (d, Cp, 21pC = 13.5 Hz), 70.8 (s, Cp), 63.6 (d, ipso 

Cp, lJpC = 105 Hz), 10.8 (d, Me, 1Jpc =64 Hz) ppm. 1H NMR (400 MEk, in CDCl3): 6 = 

7.5 - 7.9 (m, 5 H, Ph), 4.79 (m, 2H, Cp), 4.73 (m, 2H, Cp), 4.63 (m, 2 H, Cp), 4.41 (m, 2 H, 

Cp), 4.20 (s, 10 H, Cp), 293 (d, 3 H, Me, 2JpH = 139 Hz) ppm. C28&&Fe203P 1: 

Calculated: C 52.37, H 4-08; Found: C 52.62, H 4.20. 
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Chapter 5 Living Anionic PoLymerizstion of Phosphorus-Bridged, 

[lIFerrocenophanes: A Route to Wel-Defined 

PoIy(ferroceny1phosphine) HomopoIymers and Block 

Copolymers 

5.1 Abstract 

The living anionic ring-opening polymerization (ROP) of the phenylated phosphorus- 

bridged [Ijferrocenophane Fe(q-CsH&PPh 1 k-tiated by n-BuLi in THF at 20 'C has 

allowed the preparation of well-defined poly(ferrocenylpheny1phosphines) [Fe(q- 

C5H4)2PPhIn 5 with control of molecular weight, narrow polydispersities and controlled end- 

group structures. Reaction of polymers 5 (runs 1 - 5) with sulfur allowed the synthesis of the 

analogous poly(ferrocenypheny1p hosphine sulfides) @?e(q-C5&)2P(S)Ph], 6. Analysis of 

the high molecular weight polymers 5 and 6 (where n = 100) by DSC showed glass transition 

temperatures of 126 'C and 206 'C respectively but no melting transitions. These polymers 

were found to be amorphous by WAXS. The Living nature of the polymerization has also 

permitted the synthesis of well-defined block copolymers, poly(fewcenylpheny1phosphine)- 

b-p oly (dimethylsiloxane) (PFP-b-PDMS) (7a and 7 b) and poly(ferrocenylpheny1p hosp hine) - 
b-poly(ferrocenyldimethylsilane) (8). Analysis of the block copolymer 7b by DSC showed 

the presence of individual thermal transitions for each block which indicated that they were 

incompatible. Copolymer 7b was also found to form spherical micelles in hexane solution as 

confirmed by dynamic (DLS) and static (SLS) light scattering studies. These studies also 

showed that the average aggregation number was ca. 320 polymer molecules. When the 

solvent is evaporated, transmission electron microscopy and atomic force microscopy 

(AFM) showed that the iron-rich, organometallic PFP core is encased in a corona of PDMS. 

Metal  coordinat ion s tudies  on copolymer 7 b showed  
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that it could coordinate PdC12 (yielding insoluble 11) as weIl as Fe(C0)4 resulting in the 

formation of 12 which remained soluble in hexane. AnaIysis of 12 after solvent evaporation 

by TEM and AFM showed that spherical micelIes had still been formed although generally 

larger than those found for 7b. 

5.2 Introduction 

Anchoring metal catalysts to a support material has long been o w  favoured way of 

imobilizing a catalytic species and which also facilitates both catalyst-product separation and 

increases the lifetime of the cata~yst.~ The material used for immobilization may be an 

inorganic solid (e.g. silica, M g Q )  or an organic polymer (e-g. poly~tyrene).~ A number of 

different catalysts have been attached to polymers including those for hydroformylation, 

olefin hydrogenation, oligomerization, polymerization, carbonylation, oxidation and 

hydr~silylation.~ In general, however, inorganic materials are favoured over organic 

polymers as they often possess much greater mechanical and thermal stability. However, the 

possibility for inorganic materials to participate in metal bonding4 may influence the catalyst. 

Both inorganic and organic supports tend to suffer from leaching of the catalyst, thus 

decreasing the advantages of a supported catalyst that were mentioned earlier. 

Some interesting strategies to overcome catalyst leaching have been studied. One 

such approach is to immobilize catalysts in the channels of zeolites. This allows for the 

possibility of not only firmly attaching the catalyst but also adding new opportunities for size 

and shape selectivity.' The use of polyoxymetalates in which the metal species is 

incorporated into the framework of the material is another possibility. 

Polymeric supports may be used in other ways such that the catalyst does not easily 

leach from the material. Attaching the catalyst by means of strong, non-labile covalent bonds 

virtually removes the possibility of leaching but synthesizing such polymer systems is often 



difficult. Another method involves surrounding the catalyst particle(s) with the polymer in 

such a way that there are a large number of coordinative sites to prevent catalyst leaching and 

yet still allow for the relatively free movement of reactants and products. 

Microencapsulation is one such method and a preliminary report of one such recent example, 

based on microencapsulation of a Lewis acid catalyst within polystyrene, illustrated that the 

catalyst could be recycled a number of times without any apparent loss of catalytic activity? 

Polymeric micelles provide another variation on this method of immobilization, In 

this case, the metal catalyst is stabiLized witbin the core of the miceel which makes leaching 

in the appropriate solvent an unlikely possibility. A recent report by Antonietti et of. 

involved using polystyrene-6-poly4vinylpyridine and forming micelles around Pd colloids 

in a non-solvent for the poly4vinylpyridine block (e.g. toluene)? The catalytic activity for 

the Heck reaction of these colloids was then tested and found to be comparable to low 

molecular weight Pd complexes but the stability of the miceIlized catalysts was found to be 

much higher with catalytic activity remaining even after SO 000 turn over cycles. 

Over the past few years, our group has used ring-opening polymerization (POP) of a 

number of different [I]- and [2]ferrocenophanes as a route to soluble, high molecular weight 

poly(ferrocenes) which have been shown to possess a number of interesting properties."14 

Poly(ferroceny1phosphines) such as 2 are a particularly interesting target as they are possible 

polymeric supports for catalysts. Materials of structure 2 were first reported via condensation 

routes and coordination studies of these compounds with Cw(CO)8 and their subsequent use 

as a hydroformylation catalysts were also d e s ~ r i b e d . ~ ~ ~ ~ ~  In 1995, we first reported that high 

molecular poly(ferroceny1phosphines) (e.g. 2) may be obtained via thermal ROP of strained. 

phosphorus-bridged [l]ferrocenophanes (1).17 They may be subsequently hctionalized by 

the reaction with elemental sulfur to obtain the analogous poly(ferroceny1phosphine sulfides) 

(3) 



Reaction 5.1 

heat Se - - 

Synthesis of Poly(ferrocceny1phenyphosphine) and Subsequent 

SuIfkization via Thermal ROP of 1 

More recently, we have made a preliminary report of the living anionic ROP of the 

phosphorus-bridged [llferrocenophane 1 which has allowed us access to 

poly(ferroceny1phosphines) with controlled molecular weights as well as 

poly (ferroceny1phosphine)-b-poly(dime thy l s o x e )  and poly(ferroceny1p hosphine)-b- 

poly(ferrocenylsi1ane) copolymers. l8 In this chapter, we report full details of our work in this 

area, including the aggregation behaviour of poly(ferrocenylphosphine)-b- 

poly(dimethylsiloxane) in solution19 and metal coordination studies on this copolymer. 

5.3 Results and Discussion 

5.3.1 Anionic ROP of Phosphorus-Bridged, [l]Ferroeenopbnne 1 with n-BuLi 

Reaction of 1 with n-BuLi in TAF at 25 'C for 30 min was followed by quenching of 

the living polymer 4 by the addition of Hz0 to yield polymer 5. As has been noted by 

Seyferth and by us,17v20 poly(ferrocenylphosphine) homopolymers do not elute from a gel 

permeation chromatograph using THF as the elution solvent. However, these polymers will 

elute once the phosphorus (III) sites have been sulfurized to phosphorus (v).17*18 Thus, 
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samples of aI l  the homopolymers were sulfadzed to give poly(fermceny1phosphine sulfides) 

Reaction 5.2 Synthesis of Poly(ferroceny1phosphine) via Living Anionic ROP 

of 1 

The molecular weights of the polymers could be controlled from M, = 2.4 x 1@ to 3.6 x LO4 

with narrow polydispersities (MW/Mn = 1.08 to 1.25) by varying the n-BuLi : 1 ratio from 

I: 1 1 to 1: 1 0  and this is graphically represented in Figure 5.1. These results are summarized 

in Table 5.1. The polymer products 5 and 6 gave 31P, l3C and 1H NMR spectra which were 

consistent with those previously reported for 2 formed by thermal ROP. The 3lP NMR for 

the unsulfurized homopolymers (5, runs 1 - 3, 5) are shown in Figure 5.2. For run 1, the 

three major resonances can be clearly seen. The resonance at -3 1.7 ppm was attributed to 

the P o  centres in the polymer main chain and is consistent with the literature ~a lue .2~  The 

n-BuP(Ph)Cp end group can be observed at -28.8 ppm while we have attributed the 

resonance at -3 1.1 pprn to the crossover P(m) centre between the tenninal phosphorus and 



the phosphorus centres in the main chain. The integration for these resonances in mns 1 - 5 

is consistent with the original monomer5nitiator ratio in each case. The integrations of the 

resonances for the end groups and the main polymer chain in the 1H NMR spectra are also 

consistent the original monomech-tiator ratio. SimiIar results were observed in the NMR 

spectra of the suhrized derivatives 6. 

Table 5.1 Synthesis of Poly(fe~oceny1phospbines) and Related Copolymers via 

the Living Anionic ROP of 1-a 

product mole ratio M n  Mw/M, 

n-BuLi:l:x calcda found 

5 1: 1 1:- 3.6 x 1@ 2.4 x 103 1-08 

5 1:20:- 6.5 x 1@ 3.9 x 103 1 .08 

5 155:- 1.8 x 104 1.3 x 104 1.1 1 

5 1 :70:- 2.3 x 104 2.7 x 104 1.17 

5 1 : 100:- 3.2 x 104 3.6 x 104 1.25 

7ab 1: 1 1:27C 9.2 x 103 8.7 x 103 1.10 

7 b b  1 :50:47C 2.5 x1@ 2.4 x1@ 1.30 

8 C  1:ll:lld 5.9 x 103 3.2 x 103 1.08 

10e 1:ll:lld 6.2 x 103 4.4 x 103 1.11 

a based on calculated weight for the analogous sulfurized polymer (6 ) except where noted 

b molecular weights determined (by GPC in THF vs polystyrene standards) and calculated for 

unsulfurized copolymer (calculated based on integration of the 1H NMR and assuming full 

conversion of monomer 1 into living polymer 4) 

x = we2SiOJ3 

* x = [l]dimethylsilafe~~~enophane 

molecular weights determined and calculated for sulfucized copolymer 
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Ratio of Monomer:Initiator 

Figure 5.1 Graph of Number Average Molecular Weight (Md versus 

the Ratio of Monomer:Ihitiator for 5 (runs 1 - 5) with "Best-Fit" Line 

5.3.2 Thermal T d t i o n  Behaviour, Thermal Stability and Morphology of 5 and 6 

(where n = 100). 

As no characterization data on the thermal properties of polymers 5 and 6 had been 

reported, the thermal transition behaviour and thermal stabilities were analyzed by 

differential scanning calorimetry @SC) and thermal gravimetric analysis (TGA) 

respectively. The morphology of these polymers was also studied using wide-angle X-ray 

scattering (WAXS). 



Figure 5.2 3 1 ~  NMR Spectra (im C 9 6 )  of 5 (runs 1 - 3,s) where 1:n-BuLi = a) 11:l; 

b) 20: 1; c) 551; d) 100:l 



Analysis by DSC (Figures 5.33 and b) ) showed that both 5 and 6 were amorphous 

with no evidence for any melting transitions. Glass transitions were found however, at 126 

'C and 206 'C respectively. These values suggest that the addition of a sulfur group to 

phosphorus in the backbone of 5 leads to a Iess flexii1e backbone in the case of 6. It was 

similarly found that an addition of a methyl group to the phosphorus centres of 5, giving the 

polymer ([(q-C~H4)2FePPhMe]fOTfl}~ also lead to an increase in the Tg value (176 'C ) 

although it was noted that the presence of trillate counterions could have also played a role in 

the thermal transition behaviour of this polymer? The amorphous nature of the two 

polymers was corroborated by the results from WAXS studies which afforded diffkactograrns 

with only one broad and featureless amorphous halo at 5.2 A and 7.4 A for 5 and 6, 

respectively. 

Polymers 5 and 6 were found to be thermally stable up to 385 'C and 410 'C 

respectively by TGA analysis, with 10 % weight losses having occured by 440 'C and 430 'C 

for 5 and 6 respectively. By 800 'C, polymer 6 had lost 50 % of its weight whereas 5 still 

retained 56% of its weight even at 900 'C. The weight losses by 600 'C of 30 % and 33 % 

respectively were consistent with the loss of subsituents fiom phosphorus and leaving behind 

an unsubsituted poly(ferroceny1phosphine) backbone. 

5.3.3 Synthesis and Characterization of the Diblock Copolymers PFPll-b-PDMSgl 

(7a), P F P ~ o - ~ - P D M S ~ ~ ~  (7b) and PFP11-b-PESll(8) 

It was also possible to utilize the active end group of the living polymer 4 to 

synthesize block copolymers with either poly(si1oxane) (7a and 7b) or poly(ferroceny1silane) 

(8) segments, producing polymers which were soluble and insoluble in hexanes, respectively. 

As the non-poly(fenocene) segments of these copolymers are GPC-analyzable, a comparison 

was made between the mo!ecular weights obtained for both the salfurized and unsulfurized 

copolymers. It might be expected that the unsulhnized copolymer would give a lower 



Figure 5.3a) DSC Thennogram of5 (where n = 100) 

Temperature CC) 

Figure 5.3b) DSC Thermograrn of 6 (where n = LOO) 



apparent molecular weight vahe than the sulfudzed analogue due to attractive interactions 

between the column material and the poly(ferroceny1phosphine) segment, This was seen for 

the case of the poly(fenoccny1phosphine)-poly(ferrocenyw 8 (run 7 in Table 5.1) with 

no indication of a lower molecular Wtion of any kind (i.e. the molecular weight distribution 

was monomodal). In the case of copolymer 7b, there is also a tailing e f f i t  observed for the 

GPC trace of this pdymer (Figure 5.4) which might be expected due to the presence of the 

poly(ferroceny1phosphine) segment of the cop~lymer .~  

Molecular Weight (Daltons) 

Figure 5.4 GPC Chromatogram of 7b 

lH, 13C, 2% and 3lP NMR were run on copolymers 7a and 7b. For the LH NMR of 

both copolymers, resonances were found for the phenyl(7.0 - 7.6 ppm) and cyclopentadienyl 

(3.9 - 4.4 ppm) protons of the poly(ferroceny1phosphine) segment as well as a silicon methyl 

resonance (0.28 ppm) assigned to the dimethylsiloxane block. The integrations for the LH 

NMR spectra were consistent with the assigned ratios. In the 2 9 ~ i  NMR spectra, there was an 

intense resonance at -21.4 ppm due to the poly(si1oxane) segment as well as small peaks due 

to the crossover group (fcSiMe20) and the end groups (OSiMe3). The 3 1 ~  NMR spectrum 



Reaction 5.3 Synthesis of Poly(ferroceny1phosphine)-Poly(si1oxane) Block 

Copolymers 

- 
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Reaction 5.4 Synthesis of Poly(ferrocenylphosphine)-Poly(fermceny1silaae) 
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was consistent with a poly(ferrocenylphosphine) block consisting of IL repeat units in the 

case of 7a. Similarly, the NMR spectra for 8 were consistent with the assigned structure as 

were the spectra for the sulfurized analogues for 7 and 8 (9 and 10 respectively). 

5.3.4 Thermal Behaviour of Block Copolymers 7b and 8 

Similar to poIymers 5 and 6, copolymers 7b and 8 were analyzed by DSC. In the case 

of 7b, glass transitions were detected for both the poly(dimethy1siloxane) block fig = - 126 

'C) and also the poly(ferrocenylphosphine) block fig = 126 'C) as well as a crystallization 

transition (Tc = - 107 'C) and melting transition (T, = - 60 'C) for the 

poIy(dimethylsiloxme) block. Separate thermal transitions were also observed for the 

p o l y ( f e r r o c e n y l d i m e t h y l s i l a n e ) - p o l y ( v  c~polymer .~  No transitions were 

seen for copolymer 8, possibly due to the shortness of both blocks. 

The thermal stability of the block copolymers was examined by TGA. Copolymer 7b 

was stable up to 300 % while 8 did not begin to experience weight loss until 400 'C, with 10 

% weight losses having occured at 430 'C and 450 'C for 7b and 8 respectively. On the other 

hand, 7a only experienced 50 % weight loss by 790 'C while 8 had akeady lost 50 96 of its 

weight by 660 'C. 

5.3.5 Metal Coordination Behaviour of Block Copolymer 7b with PdCl2 and 

Fe(C014 

In order to test the metal coordination behaviour of copolymer Pb, we reacted this 

material with Pd(l.5-cod)C12 and Fe(CO)s(THF) resulting in polymers 11 and 1 2 

respectively, In both cases, the amount of coordination that occurred was estimated to be 20 

- 22 96 (based on the integration of the 3 1 ~  NMR spectra). Different behaviows, however, 

were observed in solution. Copolymer 11 was initially soluble in THE However, after 



removal of the THF, the material was no longer found to be appreciably soluble in either 

THF or cMoroform. Subsequent analysis by CP-UAS 3IP NMR spectroscopy (Figure 5.3 of 

the insoluble material revealed two resonances (at 29.6 and -33.9 pprn for phosphorus sites 

with coordinated and no coordinated P d Q  respectively). The value for the phosphorus sites 
. 

Me 
I 

Si- 
I 
Me 

with coordinated PdC12 corresponds reasonably well with the value for the initial solution 

31P NMR as well as for the model compound fc(PPh&PdC12 (33.0 pprn)." An additional 

resonance at 6.6 ppm was also detected. We have attributed the resonances at 29.6 ppm and 

6.6 pprn to different coordination modes for phosphorus; i.e. cis and trans coordination in 

which the polymer chain acts as a bidentate ligand for each Pd centre. As in general the 

higher field resonance is due to phosphorus ligands in a trans  conformation^* we have 

assigned the resonances at 29.6 and 6.6 ppm to cis and trans coaformations respectively. The 



insolubility of the block copolymer may be due to crosslinking that results firom coordination 

of Pd centres by two polymer chains rather than one. Evaporation of the reaction solvent 

would have led to the polymer chains being closer to one another and thus increasing the 

Figure 5.5 CP-MAS 31P NMR spectnun of 11 (spinning rate = 15 kHz) 

likeliness that Pd centres on one polymer chain could also be coordinated by phosphorus sites 

on a neighbouring chain. It is interesting to note that the trans conformation is only observed 

in the insoluble &action. Such a conformation is likely the preferred mode for crosslinking 

by the block copolymer as interchain Linkage via coordination would be sterically less 

favourable. Also, a cis conformation for coordination is more likely to promote solubility 

which probably explains why only one conformation (presumably cis) is observed in the 

solution 31P NMR spectrum. 

In an attempt to prevent crosslinking, we also studied the metal coordination 

behaviour of Fe(C0)4 which would be less likely to coordinate to more than one phosphorus 

site. Copolymer 12, in contrast to 11, was found to be very soluble in THF, chloroform and 

benzene. It was even found to be soluble in hexane and its behaviour in this solvent is 



discussed in Section 5.3.6. The solution 3 1 ~  NMR spec- of 12 (Figure 5.6) was found to 

be similar to that of ll with resonances for coordinated and uncoordinated phosphorus sites. 

Figure 5.6 3 1 ~  NMR spectrum (in THF) of Polymer l2 

The resonance at 25.8 ppm was attributed to monocoordination while a very small resonance 

at 19.9 ppm was probably due to bidentate coordination of the polymer chain. Additional 

evidence for coordination of Fe(CO)x moities to the polymer were provided by l[R 

spectroscopy. The region of for the CO stretching region is expanded and shown in Figure 

5.7. The intense absorbances for 12 at 2049,1975 and 1940 cm-1 have been attributed to the 

presence of Fe(CO)& sites (i.e. monocoordination at an axial site) where L represents 

coordinating phosphorus sites. The absorbance at 1884 cm-1 has been attributed to trans 

bidentate coordination. In both cases, these results correspond well to the IR spectra of 

model compounds, Fe(C0)4(PPh3) (2049, 1973 and 1939 cm-1 in benzene) and trans- 

Fe(CO)g(PPh& (1885 cm-1 in benzene) res~ectively?~ Other low intensity absorbances 

were also found at 2065, 1987 and 1917 cm-1. We have tentatively assigned these to an 

equatorial coordination of the phosphine ligand to Fe(C0)4. Corresponding resonances were 

not observed in the 31P N M R  spectrum which is not particularly surprising as the amount of 

this form present (as judged by IR) is quite small and NMR in this situation is less sensitive. 
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Figure 5.7 IR Spectrum (in CC4) of 12, CO Stretching Region 

(* unassigned peaks) 

5.3.6. Solution Aggregation Behaviour of Block Copolymers 7b and 12 in Hexane 

and Film Morphology of 7b 

As was mentioned earlier, PFS-b-PDMS block copolymers had been found to form 

"worm-Like", cylindrical micelle structures in solution.1g We have also examined the 

aggregation behaviour of 7b and 12 in a non-solvent for the PFP block (hexane) by dynamic 

and static light scattering, and by transmission electron microscopy and atomic force 

microscopy (AFM) after solvent evaporation. The morphology of a film of 7b cast from 

THF was also examined by TEM and AFM. 

Copolymer 7b was not appreciably soluble in hexane at room temperature* However, 

by dissolving it in the minimum amount of THF, it was found to go into boiling hexane and 

remain in solution even after cooling to mom temperature. The solution was dialyzed against 



hexane to remove the THF. I& the case of copolymer 12, the sample was prepared by 

dissolution of the copolymer in boiling hexanes but no dialysis was carried out. 

TEM images of 7b after solvent evaporation are shown in Figures 5.8 and 5.9. As 

was found for the PFS-6-PDMS bIock copolymer,1g no staining was required to obtain 

contrast. The most commonly observed morphology was spherical. There were, however, a 

range of sizes with the most common being c a  22 nm (for example, a in Figure 5.8) or ca. 30 

nm (e.g. b in Figure 5.8). In addition to these smaller spheres, larger aggregates are also 

visible which range from spheres (diameters up to 44 nm, c in Figure 5.8) to elliptical (d in 

Figure 5.9) and even more distorted shapes (e in Figure 5.8 and fin Figure 5.9). These larger 

shapes appear to be aggregates of the smaller spheres. Indeed, two smaller spheres in Figure 

5.8 (g) appear to be in the process of merging and a larger and smaller sphere merging in the 

case of h (Figure 5.8). The aggregation of the smaller spheres may have resulted during 

sample preparation. 

Similar shapes were also observed after solvent evaporation from 12 and for a film of 

7b Figures 5.10 and 5.1 1 respectively). In the case of the film, the sizes of the spheres had 

the same range as in the samples prepared by dialysis. There was no apparent order to the 

distribution of the spheres, even after annealing at 150 'C for 24 h. Copolymer 12, however, 

formed a greater proportion of spheres (Figure 5.10) with average diameters of 30 nm (a) 

than had been found for 7b. Even larger spheres were also visible (e.g. b, diameter = 80 nm) 

as well as what appear to be smaller spheres in the process of merging (c). 

Samples of 7b prepared by dialysis and 12 were also analyzed by AFM. The results 

for 7b are shown in Figure S.12a) and b) in which the images correspond to 5 p x 5 pm 

scans. Basically spherical aggregates were observed as had been seen by 



Figure 5.8 TEM Image of 7b after Solvent Evaporation 

Figure 5.9 More Magnified TEM h g e  of 7b 
after Solvent Evaporation 



Figure 5.10 TEM Image of 12 after Solvent Evaporation 

Figure 5.1 1 TEM Image of Film of 7b 



Figure 5.12a) AFM (Height) h a g e  of 7b A£kr 
Solvent Evaporation (SF x 5 p )  

Figure 5.12b) AFM -) Image of 7b After 
Solvent Evaporation ( S p m  x SF) 



TEM. However, the width of the aggregates was significantly larger with an average value 

of 1 I2 nm. A larger size for the aggregates as observed by AFM versus 'EM would be 

expected as the former technique would image the corona and core rather than just the core. 

On the other hand, DLS studies (see Iater in this section) suggested an average diameter of 

58.4 nxn. This discrepancy may be due flattening of the spheres on the mica support used in 

the AFM study. UafortunateIy, in the case of 7b, a number of layers had formed, making 

height measurements difficult to achieve. In the case of 12, however, the aggregates were 

dispersed enough to allow both height and width measurements. The sizes varied 

considerably (heights ranged fiom 3 n m  to 68 MI; widths ranged fiom 109 n m  to 197 am) 

but the flattening was apparent as the height and width vdues were never equal (e-g. width 

122 nm, height 68 nm). 

The PET-b-PDMS solutions used to obtain the TEM images in Figures 5.8 and 5.9 

were also examined by static (SLS) and dynamic (DLS) light scattering.27a Micelle-like 

aggregates were observed even at very low concentrations (10'~ gL), indicating that the 

critical micelle concentration (CMC) of the polymer is sufficiently low that the onset of 

association can be neglected in the interpretation of the scattering data. As we demonstrate 

below, the aggregates examined here are in fact '%frozen miceks," whose structure depends 

upon the method of sample preparation. These aggregates do not equiIibrate on an 

experimentally accessible time scale. 

DLS results gave a Dco value for the micelIes of 2.37 10" cm2/s. This corresponds to 

an effective hydrodynamic radius RH, of 29-2 nm calculated fiom the Stokes-Einstein 

relationship. This is larger than what was seen in the TEM results although this would be 

expected based on the TEM only resolving the core rather than the corona of the micelle. As 

mentioned above, due to distortion effects, AFM results were Iarger than would have been 

expected based on the DLS studies. 

The ratio r2/r12 is a usefid measure of size polydispersity for unimodal distributions. 

For monodisperse spheres r2rI2 has a value of ca 0.01, and star-like spherical micelles of 



narrow size distribution are typically characterized by r2/r: values of 0.4 to 0.7. We fmd 

T~/I',* = 0.105, which indicates a fairly narrow distribution of size, but not as narrow as 

expected for spherical micelIes. This is in agreement with TEM ~ s u l t s  in which a 

distribution of sphere sizes was seen, 

SLS experiments gave an apparent molecular weight of the micelles (Mw) to be 8.74 x 

lo6 g/mol (with A2 = 1.8 x lod em3 mo~g2, where A2 is the second virid coefficient) and the 

rms. radius of gyration, RG was 29.8 ~1 When compared to the molecular weight ofthe 

block copolymer itself, we estimate a mean aggregation number of about 320. This is 

slightry larger than the 50 to 150 polymer molecules per m i d e  found typically for spherical 

block copolymer micelles. The RG/& value of 1.02, however, is within the range expected 

for spherical micelles. 

5.4 Summary 

The living anionic ROP of a phosphorus-bridged [l]ferrocenophane has been 

achieved and has allowed access to well-defined poly(ferroceny1phosphine) homopolymers 

and novel block copolymers with coordinating phosphorus atoms. Glass transition 

temperatures were found by DSC for high molecular weight (n = 100) samples of polymers 5 

and 6 at 126 'C and 206 'C respectively and these materials were found to be amorphous by 

W A X S  . Analysis of the poly(ferroceny1phenylphosphine) - b - p o l y ( v  

copolymer 7b by DSC showed separate thermal transitions for each block which indicated 

that they were incompatible. Both dynamic and static light scattering established that 

copolymer 7b forms spherical micelles in hexane (a non-solvent for the 

poly(ferroceny1phosphine) block) and that the micelles possessed an aggregation number of 

ca. 320 polymer molecules~ TEM and AFM after solvent evaporation also showed a 

spherical morphology for the aggregates with spheres ranging in size from 22 to 44 nm. 



Copolymer 7b was also found to coordinate PdC12 (to yield insoluble copolymer) 11 as well 

as Fe(CO)4 resulting in the formation of 12 which was still soluble in hexane, TEM and 

AFM after solvent evaporation showed that spherical aggregates had still been formed 

although they were generally larger than those found for 7b. 

Future studies will encompass investigations of the influence of block lengths on the 

morphologies observed for poly( ferroceny1phenylphosphine) -b-poIy(m in 

hexane as well as the synthesis of new poly(ferroceny1phosphine) block copolymers with 

other blocks (e.g. poly(ethy1ene oxide) ). In addition, we will continue studies on the metal 

coordination behaviour of these block copolymers and investigate applications in catalysis. 

5.5 Experimental Section 

Equipment and Materia All reactions were carried out under an atmosphere of 

prepurified nitrogen using either Schlenk techniques or an inert-atmosphere glovebox 

(Vacuum Atmospheres). AU of the living anionic polymerization reactions were performed 

in an Innovative Technologies glovebox purged with prepurified nitrogen. Hexanes and THF 

were dried over Na/benzophenone and distilled immediately prior to use. C H 2 Q  was dried 

over Ca& and distilled immediately prior to use. All chemicals were purchased from 

Aldrich unless otherwise noted. Me3SiCl was distilled immediately prior to use. Distilled 

Hz0 was degassed prior to use. Hexamethylcyclotrisiloxane, We2SiOJ3, was dried over 

CaH2 and sublimed prior to use. 12-Crown-4 was distilled fkom CaH2 and then stored in a 

glovebox. The monomeric [L]ferrocenophane 1 was prepared by a modification of a 

previously reported procedure.29 nBuLi (1.6 M in hexanes ) was titrated immediately prior 

by addition from a 100 pL syringe to menthol with 1,lO-phenanthroline as an indicator. 1,l'- 

dilithioferrocene, ~ c L ~ ~ ~ u ~ T M E D A ,  was prepared by a literature rnethod?O 

200 or 400 MHz 1~ NMR spectra and 50.3 or 100.5 MHz 1 3 ~  NMR spectra were 

recorded either on a Varian Gemini 200 or Varian Unity 400 spectrometer. 79.5 MHz 2% 



and 1215 MHz 3 1 ~  NMR spectra were recorded on a Vaan Unity 400 spectrometer and a 

Varian Gemini 300 spectrometer respectively. Solid-state 8 1.0 MHz 3 1 ~  CP/MAS NMR 

spectra were obtained on a Brukcr DSX200 spectrometer using a spinning rate of IS kHz, a 

recycle delay of 10 s and a contact time of 5 ms. Molecular weights were estimated by gel 

permeation chromatography (GPC) using a Waters Associates liquid chromatograph 

equipped with a Model 510 HPLC pump, a Model U6K injector, Ultrastyragel columhs with 

pore sizes of 103 to 105 A and a differential refractometer. A flow rate of 1.0 mL/min was 

used, and the eluent was a solution of 0-1 % tetra-n-butylammonium bromide in THE 

Polystyrene standards were used for calibration purposes. 

A Perkin-Elmer DSSC-7/Unix Differential Scanning Calorimeter equipped with a 

TAC 7 instrument controller was used to study the t h e d  behaviour. The thennograms 

were calibrated with the melting transitions of decane, cyclohexane and indium and were 

obtained at a heating rate of 10 'Urnin from - 145 'C to 150 'C. A Perkin-Eher TGA- 

7Nnix Thermal Gravimetric Analyzer equipped with a TAC 7 instrument controller was 

used to study the polymer thermal stability. Thennograms were calibrated with the magnetic 

transitions of Nicoseal and Perkalloy and were obtained at a heating rate of 10 'Urnin under 

N2- 

Dynamic light scattering experiments were carried out on a wide angle laser light 

scattering photometer from Brookhaven Instruments Corpotation. A 5 mW vertically 

polarized He-Ne laser from Spectra physics was the Light sourre. The solutions were filtered 

through disposable 0.5 pm filters from Millipore into glass scattering cells with a diameter of 

12.3 nrn. The cells were placed into the BI-20SM goniometer and sat in a vat of 

thermostated toluene which matched the index of refraction of the glass cells. The angular 

range of the goniometer was 7' - 162'. The scattered light was detected by a photomultiplier 

interfaced to the BI-2030AT digital correlator with 136 channels and measured the 

correlation function in real time. The instrument was controlled by a 486AT computer. The 

data was analyzed by software supplied by Brookhaven. 



Static light scattering experiments were also canied out on the same instrument as 

that used for the dyn-c light scattering measurements* A larger quartz cell was used with a 

diameter of 22 ~l Toluene was used a reference for the Rayleigh ratio (& = 

14 x 10-6 cm-1). 

Transmission electron micrographs were obtained on a Hitachi Model 600 electron 

microscope. Atomic force images were obtained using a N d c o p e  III (Digital Instruments) 

in tapping mode with a silicon cantiIever with a resonance frequency of 300 - 380 KH2. 

Synthesis of Phosphorus-Bridged [l]Ferroeenophane 1. Over a period of 15 m i . ,  15.9 

mL (117 mmol) of PhPC12 were added dropwise to a stirred suspension of 30.0 g ( 109 

mmol) ~ c L ~ ~ u ~ T M E D A  in 250 mL of hexanes cooled to -30 "C. The reaction mixture was 

then allowed to warm to room temperratwe at which point it was filtered. Solvent and excess 

PhFC12 were removed under vacuum. The soIid was also dried under vacuum. Both 

fractions were then recombined and 1 was extracted using hexanes and recrystallized at - 55 

"C. The monomer was purified by two further recrystallizations resulting in 12.7 g (40 %) of 

dark red crystalline 1. This purified product was found to be suitable for living anionic 

polymerizations as no resonances in the 1H NMR spectrum other than those for 1 and 

benzene were observed on 20x expansion of the vertical scale of a 'H spectrum of a solution 

containing 30 mg of 1 in 0.5 d of QD6. l ~ - =  (200 MHz,C&j) is included for 

comparison: 7.7 - 7.5 (m. o-Ph. 2H). 7.2 - 7.0 (m, p,m-Ph, 3H). 4.6 - 4.5 (m, Cp, OH), 4.4 - 
4.3 (m, Cp, 2H), 4.3 - 4.1 (m, Cp, 4H). 

Examples of standard procedures for the anionic polymerization experiments are provided in 

the following sections: 

Anionic ROP of 1 Initiated by n-BULL The reactions were carried out by the addition of n- 

BuLi (1 -6 M in hexanes) to a solution of 1 in 2 mL of THF. The reaction was stirred at room 



temperature for 10 minutes before termination by the addition of a few drops ofH20. The 

yellow polymer product 5 was isolated by precipitation into hexanes and mtration, and was 

dried under high vacuum for 12 h flab1e 1). 
3 1 For 5 (where n = 11, 20 or 55): P NMR (C&): 6 = -28.8 [PhP(n-Bu)fc-1, -3 1.1 (- 

13 fcPPhFc), -31.7 (-fcPPhfc-) ppm. C NMR (w): 6 = 139.9 (Ph, @so-C), 134.5 ph), 

129.0 (Ph), 79.3 (Cp, ipso-C), 72.0 - 74.8 (Cp), 69.5 [(q-C&E4)Fe(q-C&15)] ppm. 'H NMEt 

( C a ) :  6 = 7.6 - 7.7 (Ph), 7.0 - 7.2 (Ph), 3.9 - 4.4 (Cp) 195 (c&c&CH2c&), 1.23 - 1.60 

( cH2c&cH2a3 . )  0.86 ( ~ 2 ~ 2 ~ 2 C H 3 )  ppm 

For 5 (where n = 70 or LOO), the NMR data was the same as per above but there were no 

detectable resonances associated with either the n-Bu or PPhFc end groups. 

Synthesis of the Poly(fe~f0~enylphosphine)-b-P01y(dfmethy~ox~e) Copolymer 7a. A 

solution (50 pL, 0.08 mmol) of 1.6 M n-BuLi in hexanes was injected into a dark red solution 

of 260 mg (0.89 mmol) of 1 in 2 mL of TAF cooled down to 0 'C. The solution gradually 

changed from dark red to dark orange over 5 min. After 30 min, 219 mg (0.90 mmol) of 

hexamethylcyclotrisiloxane were added and the solution stirred for overnight The reaction 

was then quenched by the addition of a few drops of Me3SiCl and copolymer 7a was isolated 

by precipitation into a 1 % solution of triethylamine in methanol, filtration, and then drying 

under high vacuum for 12 h. The polymer was found to be a sticky yellow solid. Yield: 400 

mg (83 1); Mw = 9.6 x id, M. = 8.7 x lo3, PDI = 1.10, (calculated M,, = 9.2 x id). 
For 7a: 3 1 ~  NMR (a): 6 = -28.8 phP(n-Bu)fc-I,, -3 1.7 (-fcPPhfc-) p p a  2 9 ~ i  NMR 

(Ca,): 6 = 7.6 (-0SiMe3), 0.5 (-fcMe2SiO-), -2 1 A (-MMiO-) ppm. I 3 c  NMR (Gas): 6 = 

139.9 (Ph, ipso-C), 134.5 (Ph), 129.0 (Ph), 79.3 (Cp, ipso-C), 72.0 - 74.8 (Cp), 69.5 [(q- 

C$T,)Fe(q-C&)-Me2SiO-1, 1 4  (-MeSiO-) ppm . 'H NMR (m): 6 = 7.6 - 7.7 (Ph), 7.0 - 
7.2 (Ph), 3.9 - 4.4 (Cp), 1.95 (C&CHzCH2CH3), 1.23 - 1.60 (CH2C&C&CH3,) 0.86 

(CH2CH2CH2C&) 0.28 (-Me2SiO-) ppm. 'H NMR integration gave for 7a x = 11 and y = 

27; for7b x=50 andy= 141. 



synthesk of the Po~y(fe~0~enylphospbine)-6-Po~y(fe~oce11yh~e) Copdymer 8. A 

solution (50 pL) of 1.6 M n-BuLi in hexanes was injected into a dark red solution of 260 mg 

(0.89 -01) of 1 in 2 mL of THF. The soIution gradually changed from dark red to dark 

orange over 5 min. At this point, 219 mg (090 mmol) of [l]dimethylsilafef~ocenophane 

were added and the solution stirred for a fiuther 20 min. The reaction was then quenched by 

the addition of a few drops of Hz0 and polymer 8 was isolated by precipitation into hexanes 

and filtration, and was then dried under high vacuum for 12 h. The polymer was found to be 

an orange-yellow powder- Yield: 470 mg (98 8); Mw = 9.6 x lo3, h& = 3.5 x lo3, PDT = 

1.08, (calculated M,, = 5.9 x lo3). 

For 8: "P NMR (w): 6 = -28.8 phP(n-Bu)fc-1, -3 1.1 (-fcPPhfcSiMe2-), -3 1.7 (-fcPPhfc-) 
29 13 

ppm. Si NMR (w): 6 = -6.4 (-fcsi-fc-) ppm. C NMR (C6&): 6 = 139.9 (Ph. ipso- 

C). 134.5 (Ph). 129.0 (Ph). 79.3 (CmFePPh, ipso-C), 72.0 - 74.8 (Cp), 69.5 [(q-Cfi)Fe(q- 

C&)], 4.5 (-fcSiMe2fc-) ppm . 'H NMR (a): 6 = 7.6 - 7.7 (Ph), 7.0 - 7.2 (Ph). 3.9 - 4.4 

(Cp), 1.95 (C&CH2CH2CH3), 1.23 - 1.60 (CH2C&C&CH3J 0.86 (CH2CH2CH2C&) 0.54 

(-fcMe2Sifc-) ppm. 'H NMR integration gave for 8, x = 11 and y = 1 1. 

Reaction of the PoIy(ierr~~enyIph~~phine) Homopdymers and Block Copolymers with 

Elemental S u b :  Synthesis of the Analogous Poly(ferrocenyiphosphine  sulfide)^ 6,9, 

10. All reactions were carried out in a similar fashion, and that for 5 is detailed as a 

representative example, 

Polymer 5 (50 mg, 0.17 1 mmol) was dissolved in 2 mL of dry dichloromethane with 

stirring. To this solution was added elemental sulfur (5.5 mg, 0.021 mmol of Sg). The 

reaction mixture was allowed to stir overnight. This solution was then filtered and the 

solvent removed under vacuum, GPC analysis was then carried out and the results are listed 

in Table 1. The NMR data for polymers 5 were essentially identical and the full data for 6 (n 



= ll,20 or 55) is only repcxted here The NMR data for the block copolymers 9a and 10 are 

also given. 
3L For 6 (where n = 1 1, 20 or 55): P NMR (C6&): 6 = 41 -4 phP(S)(n-Bu)fc-1, 37.1 (- 

13 fcP(S)PhFc), 37.2 (-fcPPhfc-) wp~m. C NMR cC6D& 6 = 135.0 (Ph, @SO-0, L3 I 3  @h), 

129.0 (Ph), 795 (Cp, @so-C), 72 5 - 75.8 (Cp), 70.3 [(q-Cs&)Fe(q-Ca5)] ppm . 'H NMR 

(c&): 6 = 7.9 - 8.1 (Ph), 7.0 - 7.2 (W), 4.0 - 5.0 ((Cp). 2.15 (c&c&c&c&), 1-10 - 150 

(cH2c&C&a3.). om ( ~ 2 ~ 2 ~ 2 c k h  )ppm 

For 6 (where n = 70 or loo), the NMR data was the same as per above but there were no 

detectable resonances for the terminal n-Bu group. 

3 1 For 9a : P NMR (Ca): 6 = 41.4 [PhP(S)(n-Bu)fc-1.37.2 (-fcP(S)Phfc-) ppm. %i NMR 

(Ca): S = 7.6 (-0SiMe3), 0.5 (-fcMe2SiO-), -21.4 (-mSi0-) ppm. "C NMR (Gas): 6 = 

135.0 (Ph, ipso-C), 131.3 (Ph), 129.0 (Ph), 79.5 (Cp, ipso-C), 72.5 - 75.8 (Cp), 70.3 [(q- 

C5H4)Fe(q-C5H5)], 1.4 (-MegiO-) ppm . 'H NMR (Ca): 6 = 7.9 - 8.1 (Ph), 7.0 - 7.2 (Ph), 

4.0 - 5.0 (Cp), 2.15 (CH2CH2CH2CH3). 1.10 - 1.50 (CH2C&C&CH3*), 0.75 

(CH2CH2CH2CH2C& ), 0.28 (-MeSiO-) ppm, 

31 For 10: P NMR (m): 6 = 41.4 m(S)(n-Bu)fc-1, 37.1 (-fcP(S)PhfcSiMe2-), 37.2 (- 

fcPPhfc-) ppm. 2 9 ~ i  NMR (C6&): 6 = -6.4 (-fcSiM%fc-) ppm. 13c NMR (m): 6 = 135.0 

(Ph, @so-C), 131.3 (Ph), 129.0 (Ph), 79.5 (Cp, ips-, 72.5 - 75.8 (Cp), 70.3 [(q-C&)Fe(q- 

C5H5)] -0.5 (-f~si-fc-) ppm . 'H (C6D6): 6 f 7.9 - 8.1 (Ph), 7.0 - 7.2 (Ph), 4.0 - 5.0 

(Cp), 2.15 (C&CH2CH2CH3), 1-10 - 1 S O  (CH2CH2C&CH3,), 0.75 (CH2CH2CH2Cfi ) , 

0.54 (-fcMe2Sif&) ppm. 

Reaction of Block Copolymer 7b with Pd(l,5=cod)CIj. 0.113 g (0.226 mmol of available P 

sites) of 7b were dissolved in 2 mL of THF under air. To this stirred orange solution were 

added 0.019 g (0.067 mmol) of Pd(l.5-cod)C12. The solution immediately turned red-purple 



and the evolution of 1,s-cod was noted based on the characteristic d o u r  of the material, The 

solution was allowed to stir for 1 h. An aliquot of this solution was analyzed by soIution 

NMR, the results of which are described below. The solution was filtered and the solvent 

removed under high vacuum yieIdihg 11 as a glossy, dark red film. The compound was no 

longer appreciably soluble in either THF or CDClj. The sample was then analyzed by CP- 

MAS 31P NMR and the results are descnid below. Yield: 0.090 g (74 8 based on 20 % 

coordinated P sites). 

For 11: 31P NMR 0: 6 = 252 (with coordinated P d Q )  and -3 1.7 (uncoordinated PPh 

sites) ppm. Based on integration of the NMR spectrum, the amount of phosphorus sites with 

coordinated PdC12 was estimated to be 20 %. CP-MAS 3 1 ~  NMR: 29.6 (with coordinated 

PdC12 in a cis conformation), 6.6 (with coordinated PdC12 in a trans conformation) and -33.9 

(uncoordinated PPh sites) ppm. 

Reaction of Block Copolymer 7b with P e ( C O ) 4 0 .  0.090 g (0.247 mmol) of Fe2(COb 

were dissolved in 10 mL of THF. This solution was then added dropwise with stirring to 

0.5 15 g (1.03 mmol of P sites) of 7b dissolved in 5 mL of THF. The solution was then 

allowed to stir for a f i e r  2 h and filtered. Polymer 12 was isolated by precipitation into 

methanol and dried under high vacuum, yielding a sticky orange-yellow material. After 

isolation, 12 was stored under nitrogen. Based on the 3 1 ~  NMR analysis, the amount of 

phosphorus sites with coordinated Fe(C0)4 was estimatted to be 22 46. In contrast to 11,12 

remained soluble in the same solvents as the parent polymer 7b. Yield: 0.489 g (88 % based 

on 22 % coordinated P sites) 

For 12: 3 1 ~  NMR (C&): 6 = 25.8 (with coordinated Fe(CO)4) and -3 1.7 (no coordinated 

Fe(C0)4) ppm. There are additionally very small resonances at 19.9 (with coordinated 

Fe(C0)s) and -28.8 (n-BuP(Ph)Cp end group) ppm. IH NMR spectrum was consistent with 

retention of the structure described for 7b. IR spectrum (in CC4, terminal carbonyl region): 

2049 (s). 1975 (s) and 1940 (vs) cm-1 which are due to the CO groups ofFe(CO)&); 1884 



(s) cm-I due to the CO groups of Fe(CO)3L2 where L represents P o  sites within the 

polymer backbone, 

Static Light Scattering. SLS experiments were carried out to determine the weight 

averaged molecular weight, Mw, fadlfadlus of gyration. &, and the second virial coefficient, A2. 

The values were obtained by the Rayleigh-Debye relationship 

&& = [(IM') + 2A2c + 3 ~ ~ ~ 2  + ...)( 1 + (16~2/3X2)h2)~~2sin2(0n)] (5- 1) 

where c is the concentration. Re is the measured Rayleigh ratio, and K is an optical constant 

defined as 

K = [41~%&~~k~](dn/dc)~ (5.2) 

where n in the r e b t i v e  index ofthe solvent. is the wavelength of the laser light in 

vacuum NA is Avogadro's number and dn/dc is the refractive index increment of the solution. 

Refractive index increment measurements were performed at five different concentrations in 

hexane at 21°C. A value of M d c  at  632.8 nm of 0.2024 mUg was obtained. 

Dynamic Light Scattering. Ih dynamic Light scattedng the experimentally determined 

intensity autocorrelation function G(~)(T) is related to the auto-correlation fimction 

representative of the motions of the particles G(l)(r) 

G(2)(7) = I&l + L[G(~)(T))IG(~)(o)~ = I$[1 + exp(-2Dqh) 1 (5.3) 

where the normalized intensity au tocomla t iun~~ct ion  which is determined experimentally 

can be expressed as an exponential with a decay of T, 

g(l)(r) = [G(l)(~))lG(l) (O)] = Aexp(-TT) (5.4) 

Real systems can rarely be described by a single decay, and often a cumulant expansion is 

used, where the logarithm of g(l)(?) is expanded in a power series in terms of the delay time 

2, 

In g<l)(r) = -rlr + (r2/2!)72 - (rJ3 !)d +... (5.5) 



where rl is the tirst c d a n t ,  r2 the second curnulaat and so forth. Fmally once f 1 is 

determined the concentration and angular dependence can be expressed as 

r2i+ = ~ & d i  + k s  +...)(I +c(~cp+ +..-I (5.6) 

where Dzo is the diffusion coefficient. C is a parameter that is characteristic of the molecular 

architecture, k~ is the effective interaction parameter. & is the average d u s  of gyration 

and q is the magnitude of the scattering vector. q = (4m&)sin(e/2). 

From the diffusion coefficient the effective hydrodynamic radius. RH can be 

determined fiom the Stokes-Einstein relation, 

RH = O~T)/((~ICI\DZ) (5-7) 

where q is the solvent viscosity. 

Preparation of Samples for TEM and AFM. Thin carbon films (ca. 5 A) were grown on 

mica as a support, then 25 p L  of a dilute solution of the block copolymer in hexane (ca 0.2 

%) was aerosol sprayed onto the carbon film. Each carbon film was floated off the mica 

support in water and deposited onto a 300 mesh Gilder copper grid. The sample was air 

dried before introduction into the electron microscope. No staining of the samples was 

necessary. Samples for AFM were prepared in an analogous manner. except that the solution 

was aerosol sprayed directly on a freshly cleaved mica surface which was then mounted for 

imaging. 
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Chapter 6 The Synthesjs, Characterization and Polymerization 

Behaviour of Silicon-Bridged, Group 4 [I][l]- and 

Spirocyclic Metsllocenophanes: Ring-Opening 

Polymerization as a Prospective Route to Polymer-Supported 

Ziegler-Natta Catalysts 

6.1 Abstract 

A new silicon-bridged [lJ[l]zirconocenophane, w q - C s H 3 ) 2 ( S i M e & t  (7a) 

was synthesized by the reaction of Zr(NEt* with (CsH&(SiMe2)2 (10). Single crystal X- 

ray diffraction revealed a highly tilted structure with a tilt angle of 73.1(4)'. However, this 

and related compounds M(q-C5H4)2(SiMez)C12 (4a, M = Ti; 4 b, M = Zr) and Zc(q- 

C~Hj)2(SiMe2)2Cl2 (7b) were not observed to undergo ring-opening poIymerization (ROP) 

either thermally or in the presence of a transition metal catalyst. Two new silicon-bridged, 

spirocyclic [l]zirconocenophanes, Zr(q-C5&)2(Si(CH2)3)2X2 (9a, X = NMe2; 9b, X = Cl; 

9c, X = O-n-C12H2s) were also synthesized. Single crystal X-ray diffi-action of 9a and 9b 

revealed moderate tilt angles (61.7(2)' and 59.69(7)' respectively) as well as highly strained 

silacyclobutane rings with C-Si-C bond angles of 82.4(4)' and 80.64(10)' respectively. 

Compound 9b was found to undergo ROP in THF at room temperature in the presence of 

PC12 leading to the formation of an insoluble white solid. Characterization by EA and CP- 

MAS 29Si and 1% NMR supported the formation of polymer llb. Attempts to synthesize 

the analogous polymer 1lc by or ~tkatalyzed ROP of 9c resulted in the formation of 

an insoluble solid. Characterization of the material by EA and CP-MAS 2% and 13C NMR 

and of the soluble fraction by 1H NMR and G U M S  showed the loss of n-dodecyloxy groups 

and suggested the possibility of CpSi bond cleavage and Si-O-n-Cl2Hs bond formation. 



6.2 Introduction 

The synthesis of transition-metal containing polymers is an area of active research 

due to the possibility of combining the processability commonly found for organic polymers 

with the potentially interesting properties that are characteristic of transition metals (e.g. 

optical, electronic, electrical and magnetic).lm2 Of particular interest is the inclusion of 

transition metal species which are known to be catalytically active. Polymer-supported 

transition metal-based catalysts have been known for a considerable period of time. Two 

such examples are Wilhson's catalyst supported on a polystyrene backbone (I? and a Co- 

based, hydroformylation catalyst supported on a poly(ferroceny1phosphine) backbone (214: 

In the area of homogeneous Ziegler-Natta catalysis, the number of metallocene-based 

catalyst systems has grown prodigiously over the last eighteen years since the first effective 

system was synthesized by Kaminsky and coworkers in 1980.~9~ This has been largely due to 

the potential for controlling the stereochemistry of the resuitant polyolefms as well as 

accessing novel copolymers (e.g. poIy(ethy1ene)-poly(1-hexene)) that cannot be obtained 

with conventional beterogenous ~ a t a l ~ s t s . ~ - ~ ~  One goal, however, has to been to make 

supported versions of these rnetallocene catalysts. Such systems would at least in theory, 

offer the possibility ofcombining the well-defined, homogeneous metdocen  catalysts with 



the ease of catalyst-product separation and robustness offered by a heterogeneous catalyst. 

Supported "classical" Ziegler-Natta catdysts have Iong been employed in industry using 

materials such as SiO2. A1203 and ~ g c l ~ ?  Similarly, attempts have been made to attach 

metallocene catalysts via modification of the surface with cyclopentadienyl ligands. When 

these ligands were attached directly to the surface, the activities were found to be quite low. 

Attaching the cyclopentadienyl ligands to the surface via a siloxane Linkage increased the 

activities dramatically by comparison. lZl3 

Another method that has been investigated is the attachment of the metallocene to a 

polymer backbone. One system that has been investigated involves polysiloxane-supported 

metallocene catalystd4 In this case, the polymer was modified by attaching suitable Ligands 

(eg. cyclopentadienyl, indenyl), Lithiating and then reacting with a suitable metal halide. The 

molecular weight distributions of the products suggested that the active catalytic species 

formed by these supported zirconocenes were not d o r m .  

Our group has successfully used ROP of strained, [l]ferrocenophanes as a route to 

high molecular weight poly(ferrocenes) (3) in which the spacer unit (ER,) can be SiR2, 

GeR2, SnR2, PR, B(NlQ), S or ~ e . l ~ - ~  These polymers have displayed a wide range of 

interesting properties (e-g. redox, magnetic, electronic) and several potential applications are 

under investigation. 

In order to broaden the scope of ROP to include metallocenophanes based on metals 

outside of group 8, we have begun to investigate the ROP behaviour silicon-bridged, [I I- 



and [I] [l]metallocenophanes of the Group 4 elements as a route to potential, polymer-based 

Ziegler-Natta catalysts, We now wish to report our progress in this area. 

6.3 Results and Discussion 

6.3.1 ROP Behaviour of the Siiicon-Bridged [l]MetalIocenop~es 4a and 4b 

Our first attempt to obtain our desired Ziegler-Natta catalyst-containing polymer was 

to investigate the ROP behaviour of 4a and 4b: 

4a (M = Ti) 
b(M=Zr) 

These compounds proved to be thermally stable up to 300 % but were found to decompose 

rather than polymerize (no evidence for polymer by GPC and ody broad resonances 

attributed to unidenw~ed decomposition products) at higher temperatures. Attempts to 

polymerize these compounds in solution (benzene) using catalytic amounts of PtC12 at either 

room temperature or under reflux conditions also proved unsuccessll and only urnacted 

monomer was detected by 1H NMR. 

In light of our studies on the ROP behaviour of silicon-bridged ferrocenophanes, the 

results are not surprising. In the case of the Group 8 [n]metallocenophanes, we have found 

that ROP only occurs if there is significant tilting of the cyclopentadienyl rings (tilt angle = 

a) which induces strain into the molecule. Therefore, the highly-sttained Sa (a = 20.8 ') will 



readily undergo ROP whereas the relatively uIlStrained 6 (a = c a  4') has remained, to date, 

resistant to all attempts to induce ROP, 

In the case of (q-C5H4CH3hTiC12 and (11-CficH3)2w2, the cyclopentadienyl rings are 

already tilted with respect to one another with values of 53.3' and 54.2' respectively. In 

attempting to discem which bridged compounds might be strained, it would therefore seem 

more appropriate to determine the effective tilt angle for these species; that is, the difference 

between the tilt angle of the bridged compound and the tilt angle of the corresponding 

metallocene dichloride. Using this measure, it appears that, if based on effective tilt angle, 

neither 4a or 4 b (effective tilt angles (a') of -2.1' and 2.6' respectively) are strained 

molecules and thus are unlikely to undergo ROP. 

6.3.2 Synthesis of [ 1 ] [ l ] c o n a c e n o p h  7a and 7b 

By increasing the tilt angle of these compounds, we sought to introduce more strain. 

Thus, we synthesized doubly-strapped 7a in which the addition of another bridging silicon 

atom increased a' to 18.9" (see Table 6.1). 



Compound 7b (a' = 179') has been synthesized previously by Royo et aL using dilithiated 

cyclopentadienide ligands and zirconocene tetrachIodde. The yields using this route tend to 

be moderate at best so we chose to synthesize both 7a and b via an amine eIimination method 

which has gained prominence as a very high yield route to many ansa titanocenes and 

zirconocenes. The syntheses of these compounds are outlined in Reaction 6.1: 

Reaction 6.1 Synthesis of Compounds 7a and 7b 

Both compounds were synthesized in greater than 90 % yields with only a minimal amount 

of purification being necessary to obtain pure product. All the data (multinuclear NMR. MS 

and EA) collected for 7a were consistent with the structure shown as was a single crystal X- 

ray crystallographic analysis. NMR data for 7b were consistent with literature values. 



6.33 Thermal ROP Behaviour of 7a and 7b 

Similar to compounds 4a and 4b, 7a and 7b were found to be thermally stable up to 

250 'C but decomposed at higher temperaturestures No evidence was found for the formation of 

any polymers, only unidentified decomposition products (based on GPC and 'H NMR). 

6.3.4 Transition Metal-Catrrlyzed ROP Behavioar of 7s and 7b in the Presence of 

PtCh 

Two different amounts of catalyst (4 mol % and 40 mol 96) were used in attempts to 

polymerize 7a with PtC12. Only resonances due to unreacted 7a were observed in the 'H 

NMR spectrum when 4 mol % catalyst were observed even after 16 h. 

Use of 40 mol % catalysts, however, resulted in a very different spectrum. New 

resonances in both the Cp and ethylamido regions were seen to increase until the reaction 

appeared to be complete after 16 h. Based on the number of resonances in the ethylamido 

region, we were able to determine that there were at least two products in addition to 

unreacted monomer present in the reaction mixture. Our first idea was that polymer had been 

formed. However, upon closer inspection, it became apparent that one set of the unknown 

resonances was due to 7b which had formed during the reaction between 7a and PtQ.  The 

values obtained were exactly consistent with those found in the literature. Therefore, it 

seemed likely that the second unknown product was an unsymmetricdly substituted species 

with one chloride and one diethylamido group bonded to zirconium. This product, 

unfortunately, could not be isolated from the reaction mixture. 

Based on these observations, we reacted 7a and P t Q  in a 1:1 ratio over 16 h. We 

observed peaks consistent with 7a, the presumed 7c and 7b with both 7a and 7c disppearing 

at the end of the reaction and only 7b being present. No soluble Pt-containing compound 

could be detected or isolated from the reaction mixture. The reaction appears to involve a 
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metathesis between ?a and PtCL with the eventual formation of 7b through the intermediate 

7c (Ecpation 2) and perhaps the formation of an unstable R amid0 compound which rapidly 

decomposes in solution. hsoluble black material was observed to form throughout the 

reaction. A white precipitate that was insoluble in was identified as mt&JCl by IH 

NMR. The origin of the hydrogen is currently unkaow11. 

Reaction 6.2 Metathesis Reaction Between 7a and EWl2 

Attempts to ROP 7b in the presence of catalytic amounts of PtClz proved 

unsuccessful. Only unreacted 7b was observed by lH NMR and this species could be re- 

isolated quantitatively fmm the reaction mixture. No reaction was observed to occur for 

either 7a or 7b in the presence of a Pt(0) catalyst, Karstedt's catalyst. 

6.3.5 Synthesis and Characterization of the Spimcyclic-Bridged 

[1]Zirconocenophanes 9a and 9b 

Due to our lack of success in synthesizing group 4 poly(metal1ocenes) in which the 

metal forms part of the polymer backbone via ROP, we decided to investigate other potential 

monomers which would lead to the metallocene in the polymer side chain. The first two 

species we have examined are 9a and 9b. 



These compounds were synthesized (starting with Iigand 10, (C&)3Si(CsHsh) in a similar 

way (cf. Reaction 6.1) to compounds 9a and 9b. It was found, however, that the formation of 

9a occurred at a much lower temperature than was utilized in the synthesis of 7a; that is, the 

mixing of 10 and Zr(NIMe& was conducted at - 78 'C whereas re£lux conditions were 

necessary in order to fonn 7s. Yields for the formation of 9a were found to be much lower 

than for 7a. Attempts to improve the yield by initiating reflux conditions resulted in the 

formation of unknown products and no remaining evidence for 98. The substitution 

chemistry of the N- groups on 9a for other Iigands, however, was found to be quite facile 

and the yields for such products were quite high (> 80 8). 

The NMR spectra for both 9a and 96 were found to be consistent with the predicted 

structures. The separation of 0.83 and 0.94 ppm respectively between the two pseudo triplets 

of the cyclopentadienyl resonances in the 'H NMR spectra are typical values for silicon- 

bridged, ansa-zirconocenes. The resonances for the cycIopentadienyl carbons in the region of 

110 to 130 pprn in the 13c NMR spectra are also to analogous species such as 4b. The " ~ i  

NMR values are shifted d o d e l d  in comparison to the double silyl-bridged species 7s and 

7b by approximately 6 ppm. No value was reported for 4b. 



6.3.6 A Comparative Study of the Single Crystal X-ray Structures for 9a and 9b 

Crystals of 7a. 9a and 9b suitabIe for single crystal X-ray diffraction were all 

obtained from hexanes at - 30 'C. A view of the molecular structures of 7a, 9rt and 9b are 

shown in Figures 6.21,6.3 and 6.4 respectively- Table 6.1 gives selected structural data for 

these and related compounds. The angles a, a', j3, 8, 6 and a are defined in Figure 6.1. 

Summaries of the clystal data and collection parameters are found in Tables 6.2 - 6.4. Tables 

of the fractional coordinates, bond lengths and selected angles are found in Tables 6.5 - 6-13. 

In most respects, the structurd features of 7a, 9a and 9b are similar to those of the 

other compounds listed in Table 6.2. As would be expected, the additional bridge between 

the cyclopentadienyl rings increases the effective tilt angle, a', of 7a over that of the mone 

bridged analogue 4b by an additional 16.3' and, not surprisingly, a' is similar for a l l  the 

mono-bridged compounds 4b, 9a and 9b. The Zr-midpoint distance and the Mi distance 

appear to be somewhat related to tilt angle with the former increasing with increasing tilt 

angle except in the case of 9a and the latter increasing as well except in the case of 9b. 

These factors, though, are also probably related to the electronic enviroment of the Zr atom 

and hence the nature of the X ligand. 

Angle $ and the Si-C(Cpiw) bond length are oiten structural features used in 

addition to a as indicators of strain in [lJferrocenophanes. However, in the case of these 

[l]zirconocenophanes, it is interesting to note that these features hardly vary significantly 

even as the effective angle is increased. It would appear then that the structural features that 

are indicative of strain in [lJferrocenophanes cannot be so used in the case of 

[l]zirconocenophanes. Based on the lack of ROP behaviour so far found for even quite tilted 

structures such as 7a and 7b, it does not appear that increasing tilt angle leads to increasing 

strain in these molecules. A recent theoretical study on bent metallocenes by Green et al. 

suggests that whereas increasing the tilt angle of ferrocene significantly increases the total 

energy of the molecule (and hence the strain in a bridged analogue), this does not lead to any 



Figure 6.1 Distortions in ha-Zirconocenes Defining Angles a, B, 8,6 and E 

(a' = a - 54.2) 

Figure 6.2 Molecular Structure of 7a (vibrational ellipsoids at 25 % probability 

level) 



Figure 6.3 Molecular Structure of !h~ (Vibrational ellipsoids at 25 % probability 

level) 

Figure 6.3 Molecular Structure of 9b (Vibrational ellipsoids at 25 % probability 

level) 



Table 6-1, Selected Structural Parameters for 7% 9a and 9b and Related 

Zirconocenes, With Ed's in Parentheses (Where Available) 

[11: ( ? l - c ~ 4 ~ 3 ) 2 ~ 2 ]  

11 4b 7a 7c 9a 9b 

Zr-Si dist - 3.3493(4) 3.286(4) 3,233(3) 3.445(4) 3.330(4) 

(A) 

Z%X (av) 2,443(1) 2.435(1) 2.09q4) 2.428(1) 2.1 065(3) 2,4380(8) 

(A, 
Zr-midpoint 0.952(2) 1 ,007(4) 1.2 17(4) 1,090 1,108(4) 0.998(4) 

(A) 
Si-C (Cpip) (av) - 1,866(4) 1.874(4) 1.884 1.899(3) 1.865(2) 

(A) 

a 54.2 56.8 73.1(4) 69.6(1) 61.7(2) 59.69(7) 

Cdeg) 

a' 0 2.6 18,9(4) 15.4(1) 7 S(2) 5-49(7) 

(deg) 

p (av) - 17.2 19.7(3) 19.6 18,2(2) 18,2(2) 

Cdeg) 

0 (av) - 93.2(2) 93.3(2) 91.5 96.52(14) 94.68(9) 

(deg) 

6 (av) 128.8(2) 125.4(3) 116,0(3) 120.6(3) 123.0(2) 126.2(2) 

@eg) 

E @v) 95,10(5) 97,98(4) 98.3(2) 99.64(4) 98.56(13) 100.01(3) 

(deg) 

ref. 27 28 this work 29 this work this work 



Table 6.2 Summary of Crystal Data and Collection Parameters for 7a 

empirical formula C22H38N2Si2a 
formula weight 477.94 
wavelength (A) 0.7 1073 
crystal system monoclinic 
space group P21fc 

a (A) 8.013 1(8) 
b (A) 9.265 1(8) 
C (A) 32,692(5) 
a (deli9 90 
P (deg) 94.95(1) 
Y (deg) 90 

v (A3) 2418.1(4) 
z 4 
p (calculated) (gicm3) 1.313 

absorption coefficient (mm-1) 0.563 

F(000) lo08 
crystal size (mm) 0.40 x 0.30 x 0.20 
8 range for data collection (deg) 2.29 to 21 -49 
reflections collected 4057 
independent reflections 278 1 (Rint = 0.040 1) 

data / restraints / parameters 2780 / 0 / 245 
goodness-of-fit on F2 1.269 
final R indices @52a(I)] R1= 0.0390, wR2 = 0.0870 
R indices (all data) R1= 0.0486, wR2 = 0,0893 
extinction coefficient 0.0077(5) 
largest diff. peak and hole (ek3)  0.378 and -0.428 



Table 6.3 Summary of  Crystal Data and Collection Parameters for 9a 

- - 

empirical formula C~7H26N2SiZf 
formula weight 377-7 1 
wavelength (A) 031073 
crystal system tricliaic 
space group P-1 

a (A) 8.2103(2) 
b (A) 8.53240(10) 
c @I 14.7223(3) 
a (deg) 94.6 l7O(IO) 
P (deg) 99.0970(10) 
Y (deg) 113- 1860(10) 

v(A3) 924.48(3) 
z 2 
p (calculated) (g/cm3) 1.357 

absorption coefticient (mm-1) 0.656 
392 

crystal size (mm) 0.40 x 0.40 x 0.15 
crystal color yellow plate 
8 range for data cokction (deg) 1.42 to 27.92 
reflections coIIected 6107 
independent reflections 3834 = 0.0221) 
data / restraints I parameters 3813/0/ 190  
goodness-of-fit 1.082 
final R indices D2a01 R1= 0.0359, wR2 = 0.1226 
R indices (all data) R l  = 0.0460, wR2 = 0.1776 
largest cliff. peak and hole (ek3) 0.747 and -0.845 



Table 6.4 Sumrnary of Crystal Data and Collection Parameters for 9b 

empircd formula Ci3Hr4CWzr 
formula weight 360.45 
wavelength (A) 0.71073 
crystal system triclinic 
space group PL 

a (A) 7.39 1 l(2) 
b (/o 8.70 lO(2) 
C (A) 10.800 l(4) 
a (deg) 86.89(1) 
I3 @%I 82.13(1) 
r (deg) 88.32(1) 

v (A3) 686.8(1) 
z 2 
p (calculated) (g ~ r n - ~ )  L ,743 
absorption coefficient (mm-') 1.250 

W W  360 
crystal size (mm) 0.25 x 0.20 x 0, LO 
8 range for data collection (deg) 2.78 to 26.37 
reflections collected 6885 
independent reflections 2778 (Rb, = 0.024) 
datdres train tdparame ters 2778/0/155 
goodness-of-fit on I? 1.060 
final R indices p 2 a . 0  1 RI = 0.0228, wR2 =0.0598 
R indices (all data) Rl = 0.0255, wR2 = 0.0604 
extinction coefficient 0.019(2) 
largest diff. peak and hole (eJi3) 0,414 and -0.670 



Table 6.5 Atomic Coordinates (x 105 and Equivalent Isotropic Displacement 
Coefficients ( A ~  x lo3) for the Non-Hydrogen Atoms of 7a with Esd's 
in Parentheses 



Table 6.6. Bond Lengths (A) for 7a with Esd's in Parentheses 

Table 6.7. Selected Bond Angles for 7a with Esd's in Parentheses 



C(13)-Si(2)-C(2) 1 15.2(2) C(10)-C(6)-Si(2) 123.2(3) 
C(17)-N(1)-C(l5) 1 10.0(4) c@)~~7) -w)  109.8(4) 
c ( l ~ - w ) - m l )  1 13.7(3) c(g)-C(g)-c(7) 107.5(4) 
C(1 S)-N( 1)-m 1) 135,8(3) c(8)-c(g)-c(lo) 109-7(4) 
C(2 1)-N(2)-C(19) 109.6(4) C(9)-C(W-C(6) 107.0(4) 
C(2 1)-N(2)-=(I) 128.8(3) C(9)-C(lO)-Si(l) 126-O(3) 

C(19)-N(2)-rn 1) 120,6(3) C(6)-C(l0)-Si(1) 122*7(3) 

C(5)-C(1)-C(2) 106,0(4) N(1)-C(15)-C(16) 1 14.5(5) 

C(5)-C(1)-Si(1) 125.0(4) N ( l ) C ( - ( 8 )  1 15-6(4) 
C(2)-C(1)-Si(1) 123 ,0(3) N(2)-C(19)-C(20) 1 15.7(5) 

C(3)-C(2)-C(1) 107.5(4) N(2)-C(21)-C(22) 1 16- l(5) 

C(3)-C(2)-Si(2) 125.5(3) 

Table 6.8 Atomic Coordinates (x 103 and Equivalent Ikotmpic Displacement 
Coefficients (AS x 103 for the Non-Hydrogen Atoms of 9a with Esd's 
in Parentheses 



Table 6.9. Bond Lengths (A) for 9a with Esdk in Parentheses 

Table 6.10. Selected Bond AngIes for 9a with Esd's in Parentheses 



Table 6.1 1 Atomic Coordinates (x 105 and Equivalent Isotropic Displacement 
Coefficients ( A ~  x lo3) for the Non-Hydrogen Atoms of 9b with 
Esd's in Parentheses 



Table 6.12- Bond Length (A) for 9b with Esd's in Parentheses 

TabIe 6-13. Selected Bond AngIes for 9b with Esd's in Parentheses 



significant change in the total energy of zirocowcene?O Therefore, it would seem unIikely 

that any significant strain (that wouId possibly lead to ROP) could ever be introduced into 

[l]zirconocenes by increasing the angle between the cyclopentadienyl ligands. 

Compounds 9a and 9b do, however. possess structural features which suggest the 

possibility for ROP. These are due to the strained nature not of the silicon bridging the 

cyclopentadienyl ligands but rather the silacyclobutane ring, most notably the small C-Sic  

bond angle of 82.4(4)' and 80.64(10)' for 9a and 9b respectively in comparison with a 

tetrahedral angle of 109.5'- The C-C-C bond angles of the silacyclobutane rings are also 

significantly smaller than the normal tetrahew angle of 109.5' with angles of 100.8(3)' and 

10 1.1(2)' for 9a and 9b respectively. The dng puckers (the angle between the plane defined 

by Si, C(11) and C(13) and the plane defined by C(11). C(12) and C(13) ) are 21.0(4)' and 

22.4(1)' for 9a and 9b respectively and represent intermdiary values to the fenocenophane 

analogue (angle 20.6(2)')~ and cyclotrimethyiene- 1 , 1-dimethylsilane, (CH2)3Si(CH3)2 

(30(2)' as determined by electron diffiactiod2). A large number of silacyclobutanes and 

disilacyclobutanes have been found to undergo ROP by a variety of different routes?3J6 We 

thus felt that 9a and 9b would also undergo ROP in contrast to 4b. 7a and 7b although the 

zirconocene moiety would then function more as a subsituent on a carbosilane polymer 

backbone rather than being integrated within the polymer main chain itself. 

6.3.7 Attempted Thermal and Transition Metabcatalyzed ROP of 9a 

As was found for the doubly-strapped compounds 7a and 7b. heating of 9a resulted in 

formation of unknown decomposition products at temperatures in excess of 275 'C with no 

evidence for the formation of polymer. In a manner analogous to the reaction between 7a 

and PtC12, attempts to ROP 9a with PtCi2 to form polymer 10a merely resulted in NMe2/C1 



exchange and no formation of polymer. With h t e d t ' s  catalyst, only unreacted 9a was 

observed in the 'A NMR spectrum of the reaction mixture. 

6.3.8 Transition Metal-Catalyzed ROP Behaflour of 9b; Attempted Synthesis of 1lb 

In the presence of catalytic amounts of PtC12. 9b was found to undergo facile ROP in 

solution at room temperatwe. SmaU amounts of catalyst (c 4 mol 96) were found to result in 

low yields (c 40 %). However, using larger amounts of catalyst (12 mo1 %) resulted in good 

yields (z 80 95). The resulting compound was an insoluble, off-white solid. The compound 

lla @ = NM%) 
b (x=CI) 
c (X = n-Cl2OUO) 

was characterized by elemental analysis (EA) and solid state CP-MAS 29Si and 13C NMR as 

shown in Figures 6.5 and 6.6. 

Elemental analysis of the product was slightly low (1.6 %) on carbon but provided 

support for the assigned structure (llb), bearing in mind that pdcafion was difficult due to 

insolubility. The 2% NMR spectrum showed one major resonance at -13.5 ppm which is at 

a similar chemical shift to that observed in both the solution and CP-MAS 2gSi NMR spectra 

of [(CH2)3SiPh2In (12) for which the resonance is found at -8.0 ppm and corresponds to 



Figure 6.5 CP-MAS *9Si NMR Spectrum of Insoluble Polymer l l b  

(spinning rate = 6 kHi) 

Figure 6.6 CP-MAS L3C NMR Spectrum of hsoluble Polymer l l b  

(* residual THF) (spinning rate = 1 1 kHz) 



an upfield shift from 7.1 ppm from the monomer, cyclotrimethylene-1.1-diphenysiIane. 

Unlike llb, however, poLy(carbosilane) 12 can be dissolved in many common organic 

solvents (e.g. THF, benzene, CHCI3). The difference in chemical shifts is likely due to the 

more donating nature of the cyclopentadienyl versus the phenyl rings. 

The 1 3 ~  NMR spectnun for llb, while broadly consistent with the structure, also 

showed some additional resonances. In addition to the monances in the region of 106 to 138 

ppm assigned to the cyclopentadienyi groups and a resonance centred at 16 pprn assigned to 

methylene of the carbosilane backbone, there is one small but sharp resonance at 36 pprn and 

even smaller, broader resonances in the region of 46 to 50 ppm. At present, the chemical 

explanation for these unexpected, small resonances is unclear. It should be noted that the 

presence of chlorine substihlents on Z r  would be expected to lead to the formation of an 

insoluble polymer. For example, the analogous poly(fe~oceny1silane) 3 (ER, = SiC12) was 

found to be insoluble and also resulted in EA results that were low (1.6 96) for carbon? 

6.39 Synthesis and Attempted Transition Metal-Catslyzed ROP Behaviour of 9 c  

As our attempts to polymerize 9b led to an insoluble product. we decided to utilize 

the facile substitution chemistry of 9a to prepare a precursor to a potentially more soluble 

ring-opened polymer, To this effect, we reacted 9a with a small excess of n-dodecanol which 

resulted in the formation of 9c in high yields ( S O  %). This species was characterized by IH, 

I3C and 29si NMR as well as EA. 

Since 9c was a liquid, it was found to be easier to perform the polymerizations neat. 

Both H2PtCl6 and Karstedt's catalyst were explored as catalysts for the polymerizations in 

order to obtain the desired product llc. Significantly, no change was detected by NMR 

when 9c was heated at 120 'C overnight in the absence of catalyst. Surprisingly, however, as 

was found for the ROP product of 9b, the polymers were insoluble in both cases. In the case 

of the product resulting from the HzPtCl6-catalyzed reaction, the EA for carbon was 
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extremely low (24 96) in comparison with the expected vaIue* The CH2Cl2-soluble fiaction 

contained n-dodecanol based on both IH NMR and GUMS.  No polymeric material was 

found by GPC. As we noted earlier, there is ligand exchange between PC12 and 7a. 

However, the large amount of carbon loss and n-dodecanoI detected suggests that the reaction 

is catalytic rather than stoichiometric. This is also emphasized by the small amount of 

catalyst (0.9 mol 96) present and that the reaction does not occur in the absence of catalyst, 

In the CP-MAS 2 9 ~ i  NMR spectrum for the insoluble product (Figure 6.7), there are multiple 

resonances. It is highLy unlikely that these are due to changes in the substituents on 

zirconium as, in the case of the monomers 9a - c, this had little effect upon the chemical shift 

(c 1 pprn). A tentative possible explanation is that the distinct environments are due to 

different substituents at silicon that have resdted from a partial exchange process. ~ h &  

resonance at -17.7 ppm is consistent with silicon environments of the type expected in 

product llc. Based on the loss of n-dodecanol fkom the Zr centre, the additional resonances 

at 2.2 and -8.8 ppm may be due to 

Figure 6.7 CP-MAS Z9Si NMR Spectrum of the Insoluble Product: 

H2PtC16-Catdyzed ROP of 9c (spinning rate = 6 IrHz) 

Si(0-Cl2H2j) and Si(0-C12H~)2 environments, respectively, within the polymer resulting 

from Cp-Si bond cleavage. That this bond is broken rather than the Si-CH2 bond is not 



surprising as the former is more labile than the latter. These chemical shifts are comparable 

to those found for anaIogous compounds, Me2Si(OEt)Ph (5 ppm) and Me2Si(OEt)2 (-6 

P P & ~  

As with the HzPtC16-catalyzed reaction, the product obtained using Karstedt's catalyst 

was mainly insoluble with a CH2C12-soluble fiaction that contained a large amount of n- 

dodecanol that was detected by 1H NMR and GCIMS. There were. however, some very 

small resonances in the 1H NMR in the cyclopentadienyl region and, additionally, polymeric 

material was detected by GPC (M, = 59 x 104; MWMn = 1.5)- However, after precipitation, 

the soluble material no longer contained any detectable polymer (by 1H NMR or GPC). The 

EA carbon result was Iower (by 6.9 96) than expected but not by as much as was found for 

the H-6-route. The CP-MAS 29Si NMR spectmm (Figure 6.8) is similar to that in Figure 

6.7. The resonance at -18.0 ppm. again, is probably due to the expected product l l c  and the 

additional resonances at 2.1 and -9.3 ppm due to Si(O-Cl2H25) and Si(O-Cr2H25)2 

I I I I I 
100 50 0 -50 -100 ppm 

Figure 6.8 CP-MAS 2% NMR Spectrum of the Insoluble Product: 

Karstedt's-catalyzed ROP of 9c 

(spinning rate = 6 kHz) 
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environments. The CP-MAS 1% NhrIR spectrum is shown in Figure 6.9. Expected 

resonances are in the cycIopentadienyL region (1 1 1 to 143 ppm), the methy1ene region of the 

carbosilane backbone (18 ppm), the Zr-0-CA2 resonance (70 ppm) and the remaining n- 

dodecyloxy resonance (20 - 33 pprn). The additional resonances in the region of 35 - 50 pprn 

may be due to n-dodecyloxy groups attached to silicon and the resonance at 60 ppm resulting 

fkom Si-0-CH2 environments, 

Figure 6.9 CP-MAS 13C NMR Spectnun of the Insoluble Product: Karstedt's- 

Catalyzed ROP of 9c (spinning rate = 11 kHz) 

6.4 Summary 

A series of dimethylsilyI-bridged, Group 4 111- and [l][l]meC8Uocenophaaeseoph 4a,b and 

7a, b were synthesized. An examination of the single crystal X-ray structures for these 



compounds revealed increased tilting of the cycIopentadieny1 rings in comparison to an 

unbridged zirconocene analogue. However, no polymer was detected after attempted thermal 

and transition metal-catalyzed ROP. Strained, spirocyclic [l]zirconocenophanes 9a - c were 

synthesized and characterized by both multinuclear NMR and, in the case of 9a and 9b, by 

single crystal X-ray diffraction. Compound 9a was found not to undergo ROP either 

thermally or in the presence of a transition metal catalyst. Compound 9b underwent ROP in 

the presence of PtC12 leading to the formation of an insoluble white solid Characterization 

by EA and CP-MAS 2 9 ~ i  and 1 3 ~  NMR supported the formation of polymer llb, The 

transition metal-catalyzed ROP (with either H2PtC16 or Karstedt's catalyst) of 9c, however, 

also gave an insoluble product. Characterization of the material by EA and CP-MAS 2 9 ~ i  

and 13C NMR and of the soluble fraction by 1H NMR and GClMS showed the loss of n- 

dodecyloxy groups and suggested the possibility of Cp-Si bond cleavage and Si-0-n-ClpHz 

bond formation. 

Future work will concentrate on the synthesis of potential precursors to soluble 

polymers via substitution on the cyclopentadienyl rings and less labile substituents at 

zirconium. We will also investigate the use of more active transition metal catalysts which 

would allow ROP to take place at lower temperatures and thus hopefhlly avoid the Zr-0 and 

Si-Cp bond cleavage that appears to occur with 9c- 

6.5 Experimental Section 

Materials. Unless otherwise noted, all chemicals were purchased from Aldrich. 

Cyclotrimethyleneciichlorosilane was purchased from Gelest Inc- Triethylammonium 

chloride was synthesized by the reaction of triethylamine and HCl in Et20. Zirconium 

tetrakis(diethylamide), zirconium tetrakis(dimethy1amide). bis(cyclopentadieny1)- 

dimethylsilane, 4n, 4b and 8 were synthesized according to literature p r o ~ e d u r e s ? ~ 3 ~ ~ ~  
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Tetrahydrofuran, hexanes and toluene were dded over Na and stored under nitrogen prior to 

use. Methylene chloride was dried over CaH2 and stored nitrogen prior to use- n-Dodecanol 

was distilled over magnesium anti stored under nitrogen prior to use- 

Equipment. All reactions and manipulations were carried out under an atmosphere of 

prepurified nitrogen using either Schlenk techniques or an inert-atmosphere glovebox 

(Vacuum Atmospheres), Solvents were dried by standard methods, distilled, and stored under 

nitrogen over activated molecular sieves. 300 MIIz  1~ NMR spectra and 755 1 3 ~  NMR 

spectra were recorded on a Vadan Gemini 300 spectrometer. 1~ NMR spectra were 

recorded on a Varian Unity 400 Spectrometer. Solid-state 39.75 MHz 29Si CPlMAS NMR 

spectra were obtained on a Bruker DSX200 spectrometer using a spinning rate of 6 kHz, a 

recycle delay of 10 s and a contact time of 3 ms. Solid-state 100.62 MHz 13C NMR spectra 

were obtained on a Bruker DSX400 spectrometer using a spinning rate of 11 IrHz, a recycle 

delay of 5s and a contact time of 1 ms. 

Mass spectra were obtained with the use of a VG 70-250s mass spectrometer 

operating in an Electron Impact (EI) mode. Melting points and decomposition temperatures 

were obtained with a Perkin-Elmer DSC 7 differential scanning calorimeter operating at a 

heating rate of 10 OC per minute under N2. 

Single crystal X-ray data were collected on a Siemens P4 diffkactometer with a 

SMART CCD detector (for 7a and 9a) or a Nonius Kappa-CCD (for 9b) using graphite 

monochromated MoKa radiation (I = 0.71073 A). 180 frames. of 1' rotations of phi. were 

exposed for 90 seconds each. There were no measureable data higher than 21' in 8. The data 

were integrated and scaled using the DENZO package? The structures were solved and 

refined using the SHELXTLWC package.41 Refiement was by Ml-matrix least-squares on 

~2 using all data (negative intensitites included). The weighing scheme was w = l/[s2&2) + 



(0.0699)2 + 25.07PI where P = (Fo2 + 2FC2)/3. Hydrogen atoms were included in calculated 

positions. 

Synthesis of the [ l ] [ l ] Z i r c o n e o p e  7s. 2isoniu.m teaalds(diethy1amide) (4.00 g, 

10.6 mmol) and 8 (2.55 g, 10.6 mmol) were combined in a flask with a reflux condenser in 

the drybox. To the flask were added 50 mL of toluene, The appatatus was then removed 

from the drybox and the reaction mixture was refluxed overnight. The solution was observed 

to change from a light orange to a dark red colour during this time* The solvent was removed 

under high vacuum leaving behind an orange-yellow powder. The product was then 

recrystallized from hexanes at - 30 *C resulting in pale orange-yellow crystals. Yield: 4.65 g 

(92 %). For 'la: Zr@Et2h(q-C5H3)2(SiMe2)2 Pale orange-yellow crystals: 2%i NMR (in 

c6D6) S = - 18.5 (s, SiMei) ppm; '3C NMR (in C&) 6 = 130.6 (Cp), 1 16.7 (Cpipso), 110.1 

(Cp), 50.3 (Nm2CH3). 15.4 (NCH-3). 2.7 (SiMe2), -3.8 (SiMez) ppm. 'H NMR (in 

C6D6) 8 = 6.75 (d, 4H, Cp), 6.03 (t, 2H, Cp), 3.28 (q, 8H, NC&CH3), 1.06 (t, 12H, 

NCHzCa), 0.75 (s, 6H, SiMez), 0.43 (s, 6H, SiMe2) ppm. DSC: mp = 130 'C; Ta, = 225 

"C. Elemental analysis for C22HmSiZr : Calcd. C 55-05, H 8.40 %; Found C 53.89, H 

7.58 %. 

Synthesis of the [ l ] [ l ] Z i r c o n e o p e  7b. To a stirred 0 'C solution of compound 7a 

(1 .SO g, 3.15 mmol) in 50 mL of CHzCIz was added a solution of NEt3HCI (0.43 g, 3.15 

mmolj in 10 mL of CX&C12. The reaction mixture was allowed to stir and warm up to room 

temperature overnight. The solution was concentrated and the product recrystallized by 

cooling down to -30 'C. The 'H NMR spectrum of the white crystalline product was 

consistent with the Literature values.29 Yield: 1-16 g (91 k). 

Reaction of the [ l ] [ l ] Z o n e o p h e  7a with 4 mol % PtC12. Ih a 5 mm NMR tube, 

7a (250 mg, 0.53 mmol) was dissolved in -6. To this solution was added a catalytic 



amount of RCl2 (4 mg, 0.02 mmol). The NMR tube was then placed in a sonicating water 

bath and sonicated for 16 h. IH NMR spectra were n m  approximately every 4 h- No 

resonances in addition to those of 7a were discernable, 

Reaction of the [l][l]Zlreonocenophane 7a with 40 mol % PtCi2. h a 5 mm NMR tube, 

'la (250 mg, 0.53 -01) was dissolved in w 6 .  To this soIution was added 38 mol % of 

PtCl2 (40 mg, 0.20 mmol). The NMR tube was then placed in a sonicating water bath and 

sonicated for 16 hours. 1H NMR spectra were run approximately every four hours, In 

addition to the resonances due to 7a, new resonances were observed to appear and increase in 

intensity in the cyclopentadienyl, ethylamido and methyl regions. At least two other products 

(based on the number of resonances observed in the ethylamido region) were present in the 

reaction mixture. One of the new products was determined to be 7b based on the resonances 

in the cyclopentadienyl region.29 The other product could not be isolated. However, as 

amido-chloro exchange appears to have occured during this reaction, it is logical that this 

product is the presumed intermediate between 7a and 7b (i-e. 7c). For 7c: %i NMR (in 

C6D6) 6 = -17.1 (s, SiMe2) - 18.5 (s, SiMe2) ppm; 13C NMR (in CsDs) 6 = 138.7 (Cp), 

130.5 (Cp), 125.6 (Cpip& 113.8 (Cpipm), 112-1 (Cp), 51.2 @Tm2=3), 14-7 (NCHD3).  

2.2 (SiMez), 1.4 (SiMez), 4.0 (SiMe2,. 4.5(SiMez) ppm. IH NMR (in C S 6 )  6 = 6.87 (m, 

2H, Cp), 6.46 (m, 2H, Cp), 6.02 (m, 2H, Cp), 3.38 (q, 4H, NC&CH3), 0.96 (t, 6H, 

NCH2C&), 0.60 (s, 3H, SiMe2), 0.54 (s, 3H, SiMez), 0.26 (s, 3H, SiMez), 0.22 (s, 3H, 

SiMe2) ppm. 

1: 1 Reaction of the [ l J [ l ] Z c o e n o p h e  7a with PtC12. In a 5 mm NMR tube, 7a (50 

mg, 0.1 1 mmol) was dissolved in C&. To this solution was added PC12 (28 mg, 0.1 1 

mmol). The NMR tube was then placed in a sonicating water bath and sonicated for 16 h. 

Resonances due to 7b were observed to increase in intensity in the 1H NMR during this time 

until there was no sign of either 70 or 7 c  A white precipitate was found at the bottom of the 



222 

NMR tube. This precipitate was isolated by filtration of the reaction mixture under N2- The 

precipitate was found to dissolve in CDC13 and was determined to be diethylammanium 

chloride wt&JCl based on the LH NMR spectrum, LH NMR (in 6 = 9.48 (broad, 

2H, NQ), 3.10 (q, 4H, NCHz), 1.52 (t, 6H, CH3) ppm 

Synthesis of cyclotrimethylenedScyclopentadienylsil10. To a stirred solution of 

cyclotrimethylenedichlomsil~~1e (10 g, 71 -01) in 50 mL of THF at - 78 *C was added a 

solution on NaCp (13 g, 148 mmol) in the same solvent (150 mL) dropwise via cannula over 

I h. The reaction mixture was alfowed to stir while warming up to room temperature, The 

solvent was removed in vacuo, the product was taken up in hexanes (200 mL) and fltered 

through celite to give a clear f ~ t  yellow solution. Upon removal of hexanes, a viscous 

yellow liquid was obtained (10 g, 70 %). Compound 10 was used subsequently without 

further purification (purity was estimated to be 90 % by GUMS). For 10: 2% NMR (in 

c&d 6 = 14.6 ppm. NMR (in Cf16) 6 = 6.0 - 6.8 @mad, 10 H, Cp), 1.86 (quintet, 2H. 

CH2), 0.82 (t, 4H, SiCH2) ppm. GUMS: 200 (10, M+), 135 (LOO, M+ - Cp). 

Synthesis of the Spkyclic [l]Zirconocenophane 9a: A solution of =e)4 (8-09 g, 

30.3 mmol) in 150 mI of toluene was cooled to -78 "C. To this solution was added a solution 

of 10 (6.06 g, 30.3 mmol) in the same solvent (150 ml) was added dropwise via a cannula 

over 1 h. The reaction mixture was allowed to stir while warming up slowly to room 

temperature overnight. The solvent was then removed under high vacuum and crude 9a was 

obtained by recrystallization from hexanes at - 70 'C. PurZied 9a could be obtained as 

yellow crystals by sublimation at 80 'C, 5 x 10-3 mm Hg. Yield: 6.35 g (56 %). For 9s: 1H 

NMR (400 MHz, Cm) 6 1.49 (t, 3~~ = 8.4 FIz, 4H. Sic&), 2.27 (quintet, 3Jm = 8.4 Hz, 

2H, CHz), 2.75 (s, 12H, NMe2). 5.70 (m, 4H, CpII), 6-53 (m. 4H, CpH) ppm: 13C NMR 

(100.5 MHz, C&j) 6 14.0 (SiCH2). 18.7 (CHz), 48.8 (NMeZ), 109.7 (Cp), 1122 (@so Cp). 

117.3 (Cp) ppm; 29~i NMR (79.4 MHz, C6D6) 6 -0.99 (s) ppm. MS @I, 70 eV): 376 (26, 



M+), 330 (LOO, M+ - N(CH&, - HZ). Elemental analysis for C17H26N2SiZr : Calcd. C 

54.06, H 6.94 96; Found C 51-95, H 6.27%. 

Synthesis of the Spirocyclic [l]Zirconacenophane 9b: To the solution of 9a (1.55 g, 4.11 

m m d )  in toluene cooled to - 78 'C was added excess chlorotrimethylsilane (2.0 mL, 15.8 

-01) via slow addition with a syringe. The reaction mixture was allowed to warm up to 

room temperature and stirred overnight. Solvent and excess chlorotrimethylsilane were 

removed in vacuo- The crude product was dissolved in CH2C12 and filtered through celite to 

give a yellow solution. Removal of the solvent under vacuum and recrystallization fiom 

toluene gave colourless crystals of 9b. Yield: 1.05 g (71 %). For 9b: IH NMR (400 MHz, 

C D Q )  6 1.72 (t, 3~~ = 8.4 EIz, 4H, Sic&), 2.47 (quintet, 3~~ = 8.4 Hz, 2H. CH*), 6.03 

(m, 4H, CpH), 6.98 (m, 4H. CpH) ppm; I3C NMR (100.5 MHz, CDC13) 6 14-03 (SiCH2). 

18.25 (a), 108.4 (ipso Cp), 1 13-80 (Cp), 128.3 (Cp) ppm; 2% NMR (79.4 MHz, CDCl3) 

8 -0.36 (s) ppm. MS @I, 70 eV): 360 (45, M+), 322 (100, M+ - CI, Hz, H). Elemental 

analysis for C 13Hl4Cl2SiZr : Calcd. C 43.32, H 3.9 1 8; Found C 42.76, H 3.85 %. 

Transition Metal-Catalyzed ROP of 9b; Synthesis of Ilb. To a solution of 9b (1.00 g, 

2.78 mmol) in THF at 25 "C was added a catalytic amount of l?tCIZ (0.089 g, 12 mol 8). A 

white precipitate began to form within ten minutes after the addition of the catalyst. The 

reaction mixture was allowed to stir for two weeks. The insoluble polymer was isolated on a 

frit and washed with THF. Yield: 0.80 g (80 96). Elemental analysis for Cl3Hl4C12SiZr : 

Calcd. C 43.32, H 39 1 96; Found C 41-73, H 4-20 %. CP-MAS 29Si NMR: 13.5 ppm; CP- 

MAS I3C 106 - 138 (cyclopentadienyl), 16 (methylene of carbosilane backbone) 

PPm* 

Synthesis of SpirocycUc [l]Zirconoeenophane 9c. To a solution of 9a (1.20 g, 3.18 mmol) 

in 30 mL of Et20 at - 78 'C was added n-dodecanol(1.39 g, 7.47 mmol) dissolved in 5 mL of 



Et20 via syringe over 15 min. The mixture was ailowed to stir and warm up to rwm 

temperature overnight. Solvent was removed mder high vacuum. Excess alcohol was 

removed by sublimation at 90 'C, 5 x 10-3 mm Hg. At room temperature, 9c was a orange- 

yellow liquid. Yield 1.72 g (82 %). IH NMR (400 MHi,  C&) 6 0.95 (& 6 H, -0-CHz- 

(CH~)LO-C&), 1.35 @road m, 40 H, -O-C=(Cli&&H3), 1.57 (t, 4 H, Sic&), 2.41 

(quintet, 2H, C&), 3.92 (t, 4 H, -O-C&-(CH2)L&'H3), 5.91 (m, 4H, Cp), 6.54 (m, 4H, Cp) 

ppm; 13C NMR (100.5 MHz. C&) 6 14.1 (-O-CHZ-(~Z)~&EZ~) 14.4 (SiCHz), 18-7 

(a2), 23-1 ( -O-CH2-(CH2)9-~2~~,)f  26.5 (-O-CH2-(CH2)g-L;H2-CH2-CH3), 29.8 (-0- 

CH2-CcH2)7-=2-(CH2)2-CH3), 30-1 (-O-CH2-(CH2)7--2)2-(CH2)3-CH3), 30.2 (-0-CH2- 

(=2)3--2)2-(a2)5-3), 30.3 (-@CH2-(~2)2-~2-(~2)7-~3), 32.3 (-O-CH2-CH2- 

-2-(m2)7-a3 ), 34.7 (-O-CH2-=2-(CH2)g-CH3), 73.7 (-O-cH2-(CH2) ~o-CH~), 1 10.8 

(Cp), 1 14.0 (ipso, Cp), 1 19.9 (Cp) ppm; 29si NMR (79.4 MAz, C4D6) 6 -0.96 (s) ppm. 

Elemental andysis for c37H6402SiZr : CaIcd. C 67.3 1, H 9.77 96; Found C 67.25, H 9.97 %. 

Heating 9c in the Absence of any Catalysts. 9c (1.00 g, 2.78 mmol) was heated at 120 'C 

for 24 h. There was no observable increase in viscosity and examination by 'H NMR 

revealed only unreacted 9c. 

Attempted Transition Metal-Catalyzed ROP of 9c in the Presence of H2PtCl6. To 9c 

(1.00 g, 2.78 -01) was added a catalytic amount of H2PtCl6 (0.010 g, 0.9 mol 96). The 

mixture was then stirred while heating at 120 "C for 24 h, During this time, the mixture 

darkened and became increasingly viscous. Upon cooling, the mixture solidified. The 

mixture was washed overnight with CH2C12. The solid was Wtered off and isolated as a pale 

yellow to white powder. Analysis by 1H and I3C NMR in CDC13, and by GC/MS of the 

compound contained within the soluble fraction revealed it to be mainly n-dodecanol. No 

evidence in the solution NMR spectra was found for the presence of the expected polymer 
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l lc.  Yield of insoluble solid: 0.27 g (27 96) Elemental analysis for C37H6402SiZr : Calcd 

C 67.3 1, H 9.77 %; Found C 42.96, H 7.13 96. 

Transition Metal-Catalyzed ROP of 9c in the Presence of Karstedt's Catalyst. To 9c 

(1.00 g, 2.78 mmol) was added a catalytic amount of the platinum- 

divinyltetramethyldisiloxa~1e complex in xylem (2.1 - 2A wt % platinum concentration) (20 

pL, 0.08 mol96). The mixture was then stirred while heating at 120 'C for 24 h. During this 

time, the mixture darkened and became increasingly viscous. Upon cooling, the mixture 

solidified. The mixture was washed overnight with CH2C12. The insoluble material was 

filtered off and isolated as as a yellow fibrous solid. Analysis by IH and l3C NMR in 

CDC13, and by GUMS of the compound contained within the soluble hction revealed it to 

be mainly n-dodecanol. No evidence in the solution NMR spectra was found for the presence 

of expected polymer llc. A THF fraction, however, did suggest the presence of what was at 

least a temporarily soluble polymer (see Section 6.3.9); Mw = 5.9 x lo4; MwM. = 1.5. Yield 

of insoluble solid: 0.40 g (40 8) Elemental analysis for C37H6402SiZr : Calcd. C 67.3 1, H 

9.77 95; Found C 60.46, H 9.1 1 %. 

Synthesis of Cyclotrimethylene-1,l-dipheaylsilane. 1 1.58 g (82.1 mmol) of 

cyclotrimethylene-1,l-dichlorosilane were dissolved in 200 mL of THE 83 mL (166 mmol) 

of 2.0 M phenylmagnesium chloride in TEE was added dropwise to the above solution at 0 

OC. The reaction was allowed to warm up to room temperature and stir overnight. The THF 

was removed under high vacuum and purified monomer was obtained by distillation at 80 'C, 

8 x 10-3 rnmHg. Yield: 15.5 g (84 96). 29Si NMR (CDC13): 7.1 ppm; 1 3 ~  NMR (CDC13): 

136.4 (ipso-Ph), 134.5 (Ph), 129.7 (Ph), 128.0 (Ph), 18.3 (CHz), 13.8 (Si-CH2) ppm; 'H 

NMR (CDC13): 7.64 (m, Ph, 4H), 7.41 (m, Ph, 6H), 2.29 (quintet, C&, 2H), 1.52 (t, Si-CH?, 

4H) - 
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Synthesis of Polymer 12. 2.00 g (8.92 mmol) ofcyclotrimethylene-1.1-diphenylsilaue were 

dissolved in 5 mL of toluene. To this solution were added 5 mg of PtC12 (0.3 mo18). The 

reaction mixture was allowed to stir at room temperature for 5 h. The solution was atered 

and the polymer was isolated by precipitation into methanol. The solution was decanted off 

and the polymer washed several times with methanol. The polymer was then dried under 

vacuum overnight and found to be an gray, tibrous solid. Yield: 1.56 g (78 %). 2 9 ~ i  NMR 

(CDC13): -7.7 ppm; I3C NMR (-3): 134.7 (Ph), 128.8 (Ph), 127.6 (Ph), 126.0 (Ph). 18.1 

(CH2). 17.0 (Si-CH2) ppm; 1H NMR (CDC13): 7.22 (m, Ph, 6H), 7A8 (m, Ph, 4H), 

1.25(quintet, CH2,2H), 0.88 (& Si-CH2.4H). CP-MAS 29Si NMR: -8.0 ppm; CP-MAS 1% 

NMR: 134.5 (Ph), 128.0 (Ph), 18.1 (methylene) ppm* Elemental analysis for ClsH16Si : 

CaIcd. C 80.30, H 7.19 %; Found C 77.99, H 7.15 96. 
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