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Abstract 

Octafluorobiphenylene-linked bis(cyclopentadienone) was prepared bearing one perfluoro-4-

tolyl and one tert-butyl substituent on the terminal diene rings.  Polymerizations with 1,4- and 1,3-

diethynylbenzene afforded linear Diels-Alder polyphenylenes (DAPPs) having lateral tert-butyl 

and perfluoro-4-tolyl substituents.  The perfluoro-4-tolyl-substituted DAPPs are thermally stable, 

glassy solids (Tg ~ 230 °C) that could not be cast into stable films (Mn ~ 10kDa, DPn ~ 10).  New 

compounds perfluoro(1-phenyl-1-octanone) and perfluoro(1,1-diphenyl-1-octanol) were prepared 

from pentafluorophenylmagnesium bromide and perfluorooctanoyl chloride by nucleophilic acyl 

substitution and addition reactions. 

Diels-Alder reactions of 1,2-bis(nonafluorobiphenyl-4-yl)-4-tert-butylcyclopentadiene (CPD-

1) with N-(4-fluorophenyl)maleimide (FMI) were explored as models for cyclopentadiene-

maleimide-based Diels-Alder polymerizations.  Mixtures of five endo/exo adducts were obtained, 

dependent upon CPD-1 tautomers present at reaction temperatures.  The thermodynamic adduct 

(B3LYP/6-31G* geometry optimizations) was found to be the exo DA adduct of FMI and 2,3-

bis(nonafluorobiphenyl-4-yl)-5-tert-butylcyclopentadiene.  Five of the six possible isomers were 

observed and characterized including two by single-crystal X-ray diffraction.  Parallel reactions of 

FMI and 1,2-bis(pentafluorophenyl)-4-tert-butylcyclopentadiene  yielded three 

crystallographically characterized isomers, and with 1H NMR and 19F NMR spectrometry, 

including 1-D NOE, allowed five isomeric products to be identified. 

Diene CPD-1 is reactive toward nucleophiles (such as potassium 4-methylphenoxide) at the 4-

positions of the C12F9 groups.  Using this reactivity pattern, CPD-1 was polymerized with 
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bis(phenol) A (BPA) and bis(phenol-A-6F) (BPAF) to form linear poly(arylene ethers) (Mn ~35 

kDa) containing backbone cyclopentadienes.  These polymers are glassy solids (Tg ~ 220 °C) with 

good thermal stability (Td ~ 290 °C), and they form stable, creaseable films cast from chloroform 

solutions.  Treatment with 1.5-5.0% of 1,6-bis(N-maleimido)dodecane in N,N-dimethylacetamide 

(DMAc) at 165 °C gave insoluble, solvent-swellable networks confirmed using ATR-FTIR.  CPD-

1 was also used as a cyclopentadiene-based linking group for chain extension of phenol-terminated 

methyl-PEEK oligomers (PEEKMOHs) with Mn values of 2, 5, and 10 kDa.  These polymers are 

glassy solids (Tg > 156 °C) with good thermal stability (Td > 400 °C), that form stable, creaseable 

films from chloroform.  Segmented polymers were treated with FMI in NMP, and showed 

functionalization density of approximately 50% by 19F NMR.  Segmented polymers were also 

cross-linked by reaction of 1,6-bis(N-maleimido)hexane (cyclopentadiene to maleimide functional 

group ratio of 1:1) in NMP at 140 °C.  
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Chapter 1. General Introduction 

Overview 

The research described in this dissertation lies within a common general theme of the Deck 

Research Group over the past several years: expanding the use of perfluoroaryl-substituted 

cyclopentadienes (CPDs) and cyclopentadienones (cyclones or CPDOs) in synthetic polymer 

chemistry (Scheme 1).  CPDs are interesting as the diene partner in the reversible Diels-Alder 

(DA) cycloaddition.  While DA polymerization is not a new idea, applications of CPDs – 

particularly in thermally reversible DA systems – are limited.  CPDOs are interesting because they 

react with alkynes (Scheme 1) to give new benzene rings upon irreversible thermal extrusion of 

CO.  The resulting polyphenylenes are thermally stable substances with a variety of possible 

applications.   

Scheme 1.  General synthetic approach to CPD- and CPDO-based polymers.  Ar = 
perfluoroaryl group; G1 = organic linker, G2 = arylene; R = aliphatic group. 
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Our idea behind using perfluoroaryl CPD and CPDO substituents comes from several different 

directions.  First, increasing fluorine content of polymers often changes their physical properties 

because of the tendency of fluorinated organic groups to be both hydrophobic and oleophobic, 

although we must acknowledge that the “fluorous” effect does not apply as well (if at all) to 

fluoroaromatics as it does to fluoroaliphatics.  Second, fluoroaromatic groups are highly electron-

withdrawing, so one of our main objectives is to understand how these electron-withdrawing 

effects change the reactivity of the CPD and CPDO moieties so that DA polymerization (including 

thermal reversibility of CPD-based systems) can be carried out under more user-friendly reaction 

conditions or otherwise better controlled.  Third, our research group has developed the 

fundamental chemistry of perfluoroaryl-substituted cyclopentadienes over the past 20 years and 

discovered not only unique synthetic approaches but also new reactions such as the direct, 

selective, catalytic oxidation of CPDs to CPDOs as shown in Scheme 1.  It seems natural for us to 

consider using some of that chemistry in polymer synthesis because of the existing footprint that 

CPDs and CPDOs already have in that field.  Finally, the flexibility of fluoroaromatic chemistry, 

especially the convenience of selective nucleophilic aromatic substitution reactions, offers us 

additional opportunities to modify monomer and polymer structure.   

Perfluoroaryl-Substituted Cyclopentadienes 

Many of the key synthetic principles were reviewed in 2006 and are outlined in Scheme 2.1  

Cyclopentadienyl anions are strong nucleophiles and undergo facile nucleophilic aromatic 

substitution reactions with perfluoroaromatic compounds (Scheme 2).2  In addition to polymer 

synthetic chemistry, the product fluoroaryl-substituted cyclopentadienes are useful as ligands for 

transition metals.   
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The reaction shown in Scheme 2 is flexible enough to allow the use of several different 

fluoroaromatic compounds such as hexafluorobenzene, pentafluoropyridine, and 

octafluorotoluene.  Selectivity for substitution at the 4-position is general except for the most 

highly electron-releasing substituents (e.g., pentafluoroaniline).3   

Scheme 2.  Attachment of fluoroaromatic substituents to CPD by nucleophilic aromatic 
substitution.  R1 = aliphatic group; R2 = F, CF3, C6F5, CH3, H; base = NaH. 

 

Multiple arylations of an individual CPD are achieved in THF solution by using excess 

perfluoroarene and excess base (almost always sodium hydride), although the reaction temperature 

needs to be higher and higher (using solvents such as diglyme or DMPU) because the electron-

withdrawing effect (see below) of each perfluoroaryl group decreases the nucleophilicity of the 

intermediate carbanion.4  The CPD can bear other substituents such as methyl groups or even a 

fused benzene ring (indene).5  When the CPD substituent is bulky (e.g., CMe3), then steric effects 

limit the reaction to the addition of two aryl groups in the distal positions, under ordinary reaction 

conditions.4  Decafluorobiphenyl undergoes clean double substitution at the 4- and 4’-positions 

with sodium cyclopentadienide (NaCp).6   

Perfluoroaryl groups are electron-withdrawing when attached to CPD.  These effects are most 

readily quantified in two important ways.  First, the cyclopentadienes themselves become more 
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acidic when perfluoroaryl groups are attached (Scheme 3).  Thornberry showed that each C6F5 

group decreased the pK (analogous to pKa) of cyclopentadiene by 3-4 units.7  The same effect 

accounts for the decreased nucleophilicity of their conjugate bases, as described above.   

Scheme 3.  Relative acidities (pK) of substituted cyclopentadienes (R = C6F5) measured by 
Thornberry (solvent = THF, counter-cation for conjugate bases = Li+). 

 

Second, when the CPD (as its conjugate base) is bound to a transition metal, the electron-

withdrawing effects of the ring substituents are transmitted to the bound metal ion (Scheme 4).  

Thornberry showed that each C6F5 group increased the oxidation potential (Eo) of ferrocene and 

cobaltocene by about 160-170 mV.  Thus, highly perfluoroaryl-substituted ferrocenes and 

cobaltocenes are resistant to oxidation.  Cobaltocene is a blue, air-sensitive solid that will slowly 

combust upon exposure to air and undergoes rapid air oxidation to the yellow cobaltocenium ion 

in solution in the presence of dilute hydrochloric acid.  In contrast, the tetraarylated analogue [η5-

1,3-(C6F5)2C5H3]2Co is air-stable even in solution in the presence of aqueous HCl.  These results 

suggest that fluoroaromatic groups may also impart chemical resistance to organic polymers, 

especially toward oxidants and acids.   

Scheme 4.  Metallocenes analyzed electrochemically by Thornberry.  R = C6F5; M = Fe, Co. 
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Cyclopentadienes in Polymer Synthesis 

The use of cyclopentadienes in polymer synthesis was reviewed recently in the dissertation of 

my colleague, Dr. Jeremy Stegall.8  Rather than re-tread all of the same arguments and examples, 

below we summarize the key background material briefly, with the goal of focusing more on the 

leading edge of this area of research, which Dr. Stegall advanced in his dissertation.  The scope of 

this discussion shall be limited to the use of CPDs as DA dienes.   

One of the main reasons why CPDs are relatively poorly explored in synthetic polymer 

chemistry is because they can be somewhat difficult to incorporate synthetically into monomer 

structures.  The main approach is nucleophilic aliphatic substitution (Scheme 5) or acyl 

substitution (see below) using the air-sensitive CPD anion as the reactive intermediate.  The 

reaction looks simple on paper, but is often unselective, giving mixtures of mono- and di-

substitution, etc., requiring difficult separations at the end.   

Scheme 5.  CPD-based monomer synthesis explored by J. K. Stille.  R = aliphatic linker.9 

 

In addition, the well-known tendency of CPD derivatives to dimerize means that the products 

themselves are unstable (Scheme 5).  Even if the goal is polymerization by CPD self-dimerization, 

one needs to start with a pure monomer to achieve a useful degree of polymerization.  Furthermore, 

CPDs can undergo a variety of side reactions.  And finally, the retro-Diels-Alder reaction (rDA) 

of CPD self-dimerization polymers does not occur until well above 160 °C, at which point the 
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system is subject to other decomposition processes.  All of these issues were explored by J. K. 

Stille in the 1960s.9a, 10   

One could also envision a hypothetical two-component polymerization (Scheme 6) in which 

the bis(CPD) reacts with a bis(dienophile) such as a bis(maleimide).  However, unless the 

maleimide reacts much more quickly as a dienophile than CPD itself, self-dimerization of the CPD 

units will compete, changing the intended stoichiometries of the reactive groups. 

Scheme 6.  Hypothetical DA polymerization of a bis(CPD) and a bis(maleimide). 

 

A clever solution to the bis(CPD) monomer purification problem was discovered more recently 

(Scheme 7).  Under the right conditions, the bis(CPD) forms a single cyclic self-dimer (a cyclic 

diester of Thiele’s Acid) that is purified by crystallization.  Then, the cyclic monomer undergoes 

thermal ring-opening polymerization. 

However, in reality, Wudl’s system affords substances in which there is significant cross-

linking through an additional DA reaction of the acyl-CPD and the norbornene double-bond.  The 

result is a network polymer that can be mechanically fractured (which apparently breaks at the DA 

linkages), followed by thermal “self-healing” to re-form those linkages at 120 °C.11  The authors 

of that study commented that the same cross-linking behavior likely occurred in Stille’s chemistry 

as well. 
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Scheme 7.  CPD-based ring-opening polymerization described by Wudl and co-workers.  
Curved arrow indicates reactive dienophile involved in cross-linking.11b 

 

As mentioned briefly above, self-dimerization is not the only problem facing CPDs as DA 

dienes in polymer synthesis.  The other problem is the stability of the DA adducts.  Normally in 

polymer synthesis, one hopes that the new chemical bonds will be stable.  But the only real reason 

to use CPDs in polymer synthesis is to take advantage of the thermal reversibility of the DA 

reaction.  Unfortunately, both CPD dimers and CPD-maleimide adducts are extremely stable, 

undergoing rDA only at temperatures above about 160 °C.  This was the state of the art for CPD-

based DA polymerizations prior to the work of our group (see below). 

The most convenient solution to both self-dimerization and excessive adduct stability is to use 

furan in place of CPD as the diene partner in the DA reaction (Scheme 8).12  Furans do not dimerize 

thermally, and they form adducts with strong dienophiles (such as maleimide) that undergo rDA 

reactions starting below 100 °C.13  This chemistry also was reviewed extensively in Dr. Jeremy 

Stegall’s dissertation, where it was more relevant for his research.8  Furans are also easy to 

incorporate into monomer syntheses because furfuryl alcohol, which has arguably the most 
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synthetic useful functional group (OH), is very inexpensive.14  Maleimides are the most common 

dienophile functional group used in this chemistry because they also are easy to attach to 

monomers, being derived from primary amines and maleic anhydride.    

Scheme 8.  Furan-maleimide DA polymerization. 

 

The main problem with furan-maleimide polymerization, in contrast to CPD-based DA 

polymerizations, is that the binding (equilibrium) constant for the formation of the adduct is 

actually not high enough to obtain high molar mass linear polymers.15  For this type of 

polymerization starting with 1:1 stoichiometry, the number-average degree of polymerization 

(DPn) of the polymer is given by eq 1.  Part of the problem is that the formation of the polymer is 

only efficient above about 60 °C because of the kinetics of adduct formation, and, at this 

temperature, the rDA process is already significant enough to suppress conversion.16  As a result, 

the literature shows the use of furan-maleimide DA reactions primarily in hyper-branched and 

network polymers where one can reach useful properties (gelation, etc.) even at relatively low 

conversion.1a, 11a, 17 

��� =  ���	
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In view of these findings, a gap still remains in the use of bis(CPD)s as DA monomers for the 

formation of strictly linear polymers with truly thermally reversible covalent linkages.  This 

problem was taken up by my colleague, Dr. Jeremy Stegall, in his dissertation.8  He reasoned that 

the correct number and identity of ring substituents on the CPD could accomplish both objectives:  

preventing CPD self-dimerization, while bringing the stability of the adducts into an 

“intermediate” range somewhere between ordinary CPD-maleimide adducts on the high-stability 

side and furan-maleimide adducts on the low-stability side. 

Stegall settled on a monomer design (Scheme 9) in which the CPD has two substituents.  This 

design was based upon prior literature showing that disubstituted CPDs do not readily dimerize if 

the substituents are relatively large (CMe3 groups).1b, 18  He further reasoned that both bulky 

substituents (through steric effects) and electron-withdrawing substituents (making the diene less 

electron-rich, normally unfavorable in the DA reaction) should destabilize DA adducts.1b, 2  

Mostly, however, the design was inspired by synthetic opportunity.  Stegall recognized that the 

CPD-linking reaction and the regioselectivity effects shown in Scheme 2 could be combined to 

make a monomer that met all the rest of his criteria.  Thus the monomer 1 is prepared easily from 

decafluorobiphenyl and a monoalkylated cyclopentadiene.        

  Stegall found that monomer 1 (Scheme 9) does not undergo self-polymerization at 

temperatures below 180 °C when R = CHMe2, CMe3, or CMe2Ph.  Preliminary experiments 

conducted by Sanghamitra Sen in our group showed that when R = H, monomer 1 undergoes self-

polymerization at room temperature, but when R = CH3 the self-polymerization does not start until 

temperatures above 120 °C.3  Stegall also showed that the bis(CPD) monomers (1) combine with 

bis(maleimide)s to afford polymers of reasonable molecular weight (ca. 30 kDa) under simple 
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thermal conditions (60 °C).  The polymers are glassy solids with Tg values that vary according to 

the alkyl group on the cyclopentadiene and the type of linker in the bis(maleimide) monomer.   

Scheme 9.  CPD-maleimide polymerization explored by Stegall.  R = Me, iPr, tBu, CMe2Ph; 
G = (CH2)6, (CH2)12, C6H4OC6H4, [(CH2CH2)O]3CH2CH2.8 

 

Thermal depolymerization of Stegall’s CPD-maleimide polymers begins slowly at about 120 

°C, providing the reaction is conducted in solution and using a monofunctional maleimide as a 

“trap” to capture the diene end groups that are created during rDA events.  However, the 

depolymerization at 120 °C is slow.  Stegall had two main problems with depolymerization.  First, 

the monomer 1 actually exists as a mixture of three isomers (tautomers), each of which can, in 

principle, undergo a DA reaction with a maleimide to give two stereoisomeric products (exo and 

endo).  This issue is taken up in much more detail in Chapter 3, but the problem for Stegall was 

that the different isomeric products undergo rDA reactions at different rates. The most stable 

adducts do not come apart below about 140 °C, which is somewhat higher than his target 

temperature for rDA (about 120 °C).  The “isomer problem” is inherent in the design of the system 

and cannot be solved without significantly changing the monomer structure.  

The second problem with Stegall’s polymers is that they are glassy materials with Tg values 

above 138 °C, so even if rDA reactions could occur at 120 °C in solution, they cannot occur in the 
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bulk polymer except above the Tg, because the rDA reaction requires significant motion on at least 

the segmental scale.8  Solving the “isomer problem” would not change this situation.  The 

monomer 1 and the DA linkages are just intrinsically rigid.  As a result of these two problems, 

Stegall found that his polymers do not undergo significant thermal bulk depolymerization except 

under forcing conditions. 

We hypothesized that adding a second aryl group to Stegall’s monomer 1 could solve both 

problems (Scheme 10).  Attachment of a second aryl group at the positions shown is known to be 

quite regioselective (Scheme 2), and direct arylation of 1 using a perfluoroarene was already 

demonstrated by Jessica Evans to give the bis(diene) 3 directly (two examples).1b   As will be 

shown below, there are still opportunities to develop this chemistry further using different 

perfluoroarenes.  Evans explored hexafluorobenzene (E = CF) and perfluoropyridine (E = N).   

Scheme 10.  Evans’s synthesis of bis(diene) monomers having lateral aryl substituents.  

 

In our prior work (Scheme 2), we “knew” that 1,2-diaryl-4-tert-butylcyclopentadienes exist as 

single tautomers, because only one tautomer was observed spectroscopically (NMR).  We 

recognized that bis(diene)s 3 would still exhibit tautomers (Scheme 11) but their reactions with 

maleimides should have similar activation energies and binding constants because the lateral aryl 

group and the arylene linker are so similar.  Except for endo-exo stereochemistry, we therefore 

believed we had minimized the number of possible energetic profiles in the DA reaction. 
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Scheme 11.  Proposed reaction of a generic maleimide (G = aryl or alkyl group) with the two 
tautomeric forms of the diene units in Evans’s bis(diene) 3a. 

 

With the tautomerization problem “solved” – on paper – we further hypothesized that the 

presence of a perfluoroaryl group at the 1-position of the CPD moiety would destabilize the adduct 

of the CPD with maleimide.  The “normal” Diels-Alder reaction prefers electron-donating 

substituents on the diene, and we believed the monomer 3a would work against this trend.  Jeremy 

Stegall reviewed the this trend in his dissertation, but the most recent and convincing quantitative 

study is the one conducted by Northrop on a series of substituted furans.12d   

However, preliminary work by Michael E. Russell, an undergraduate research participant in 

our group, which I confirmed with my own hands, showed that polymerization of monomer 3a 

with bis(maleimides), as shown in Scheme 12, did not behave as we had expected.  First, we 

noticed that the reactions were very sluggish, likely for the very reasons described above.  

Reactions below about 100 °C mostly returned unreacted starting materials.  By increasing the 

temperature to 180 °C in 1,2-dichlorobenzene, Russell was able to produce a polymeric substance, 

but it was only partially soluble (probably because of the rigid linking group G), and the NMR 

spectrum of the product did not conform at all to the structure of 4.   
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Scheme 12.  Polymerization of 3a and a bis(maleimide) as carried out in preliminary studies 
by M. E. Russell.  R = CMe3 and G = C6H4OC6H4.    

  

Based on the results of Russell’s experiments, we considered the prospects for making linear 

Diels-Alder polymers according to the reaction shown in Scheme 12 to have reached a kind of 

dead end.  First of all, we felt that we didn't understand the relevant DA reaction (Scheme 11) well 

enough to explain Russell’s NMR spectra.  Something was happening that we hadn’t predicted.  

Chapter 3 of this dissertation represents a detailed study of this reaction, revealing the reasons why 

Russell’s chemistry did not work according to plan.   

In addition, we became increasingly interested, at the time, in an underexplored synthetic 

opportunity that is unique to CPDs bearing perfluoroaryl substituents:  The ability to use 

nucleophilic aromatic substitution chemistry to incorporate the CPD into other molecular 

frameworks.  An undergraduate in our group at the time, Christine A. Mays, showed that all four 

pentafluorophenyl groups of the tetraarylated CPD shown in Scheme 13 undergo substitution at 

the 4-position using an alkoxide nucleophile under relatively mild conditions.  The reaction is 

exceptionally clean and efficient.   
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Scheme 13.  Demonstration by C. A. Mays of multiple nucleophilic substitution reactions of 
perfluoroaryl groups attached to a single cyclopentadiene. 

 

We thought that we could redirect our cyclopentadiene chemistry using this SNAr approach to 

incorporate the CPD directly into the backbone of a polyether (Scheme 14).   

We originally envisioned using the simplest perfluoroaryl group available (pentafluorophenyl), 

but found in preliminary experiments that it isn’t as reactive as Mays’s results had suggested.  

Mays’s reaction (Scheme 13) had the advantage that the alkoxide was present in large excess.  The 

polymerization shown in Scheme 14 requires 1:1 stoichiometry (C6F5:OH). 

In addition, Mays had used trifluoroethoxide as her nucleophile, which is a relatively soft, less 

basic alkoxide.  Other preliminary work in our group by Alex Hawes and by our collaborator Gary 

Hollis and his students at Roanoke College showed that reactions of perfluoroaryl-substituted 

CPDs with traditional aliphatic alkoxides were not as clean as the reactions with trifluoroethoxide, 

and it was felt that the reason was the very strong basicity of the non-fluorinated alkoxide.  We 

therefore decided to explore the use of phenoxide as the nucleophile, partly because we recognized 

phenoxide as an excellent nucleophile with lower basicity than an aliphatic alkoxide, and partly 

because we saw that we could make use of available bis(phenol) compounds that have been used 

extensively in the synthesis of poly(arylene ether)s, such as bis(phenol) A (BPA).  BPA-containing 

polymers are produced world-wide at a rate of 6.4 billion pounds/year19 and include polycarbonate 

plastics19a and epoxy resins.20  Aromatic polyethers, more broadly, are known for their high 

thermal and chemical resistance.21  Other methods for the synthesis of poly(arylene ether)s include 
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electrophilic substitution via Friedel-Crafts acylation,22 and nickel-catalyzed coupling 

polymerization.23  

Meanwhile, we understood from the chemistry described in Scheme 1 that the 

nonafluorobiphenyl substituent would be more reactive than the perfluorophenyl group, enabling 

easier and hopefully cleaner reactions with bis(phenol) type monomers. 

Scheme 14.  Proposed incorporation of CPD moieties into aromatic polymers using 
nucleophilic aromatic substitution.   

 

We therefore arrived at a research plan in which we would explore the fundamental DA 

chemistry of the type shown in Scheme 11 using a model cyclopentadiene and a model maleimide 

compound.  This model chemistry is described in Chapter 3.  At the same time, we would develop 

the poly(arylene)ether chemistry shown in Scheme 14.  This research is described in Chapter 4.  

We had intended that once we understood the model DA chemistry, we could use it to post-

functionalize the poly(arylene)ethers, possibly in a thermally reversible manner (Scheme 15). 
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Scheme 15.  Proposed post-functionalization of a CPD-based poly(arylene)ether using a 
reversible DA reaction. 

  

As we were contemplating the chemistry shown in Schemes 14 and 15, we realized that the 

poly(arylene)ether would be unnecessarily rich in CPD functionality.  Also, we had no way of 

predicting any of the properties of the CPD-derived poly(arylene ether) and therefore had no idea 

for a possible application.  Furthermore the CPD is relatively expensive compared to other types 

of standard electrophilic monomers used to make aromatic polymers.  We therefore wanted to find 

a way to incorporate the CPD groups more occasionally into an established aromatic polymer that 

had known properties and a known range of applications. 

In a preliminary experiment, we confirmed our suspicion that phenols would make excellent 

nucleophiles for the substitution chemistry shown in Schemes 13-14.  That experiment is described 

in Chapter 4.  Therefore we decided to “dilute” the CPD functionality of the polymer shown in 

Scheme 15 by constructing a phenol-terminated aromatic oligomer (a telechelic polymer) and then 

linking the phenolic end groups together using the CPD (Scheme 16). 

The simplest example of such a phenol-terminated polymer that we could find was PEEK, the 

poly(ether ether ketone) derived from hydroquinone (HQ) and 4,4’-difluorobenzophenone 

(Scheme 17).  This synthetic route was first reported in 1967 by Johnson and Farnham.24  The 

alkali metal salt of hydroquinone can be produced directly or in situ by utilizing potassium 

hydroxide, whereby formed water is removed by azeotropic distillation.  The use of polar aprotic 

solvents, such as DMSO in Scheme 17, showed vastly greater reaction rates, while preventing 
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premature crystallization that would otherwise truncate molecular weight.24,21a, 25   The use of 

fluoride as the leaving group for substitution was by far the best.26  Aromatic fluorides react the 

fastest in nucleophilic substitutions.  Attempts to use of 4,4’-dichlorobenzophenone for its lower 

cost resulted in polymers that were brittle and physically inferior.27   

Scheme 16.  Proposed segmented polymer synthesis using a perfluoroaryl-substituted CPD 
and a phenol-terminated telechelic polymer such as PEEKMOH. 

 

PEEK has the advantages of excellent thermal and chemical stability, and it can be prepared 

in an oligomeric form with phenolic end-groups by using a slight excess of HQ in the synthesis.21a, 

28  The big disadvantage of PEEK is that it is crystalline and thus insoluble in every solvent except 

for concentrated sulfuric acid.  These features account for its utility as an engineering thermoplastic 

(VictrexTM), but controlled functionalization of polymer chains and reactions of chain ends (chain 

extension of the type shown in Scheme 16) are essentially impossible.  Modification of PEEK after 

polymerization is mainly limited to sulfonation, nitration,29 and other processes20 that use sulfuric 

acid30 (or methanesulfonic acid,31 etc.32,33,34) as the solvent. 
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Scheme 17.  Synthesis of PEEK. 

 

Therefore, we needed a telechelic polymer similar in many ways to PEEK but more soluble in 

common solvents.  A version of PEEK derived from methylhydroquinone (MeHQ) was 

synthesized using previously described methods, as shown in Scheme 18.28a, 35  With the low 

solubility of PEEK in common organic solvents being based mostly on its inherent crystallinity, 

the introduction of a methyl group in MePEEK disturbs the crystallinity, allowing for solubility in 

solvents such as chloroform at room temperature.  We therefore envisioned preparing phenol-

terminated oligomers of MePEEK, known as PEEKMOH35b (M for methyl, OH for hydroxyl 

termination) and combining those with our CPD linker as described in Scheme 16. 

Scheme 18.  Synthesis of MePEEK 

 

One interesting additional feature of MePEEK is that its solubility allows for some post-

functionalization chemistry.  Scheme 19 describes an example of this chemistry.  The ring-methyl 

group is selectively oxidized, then hydrolyzed and converted into a variety of carbonyl 

functionalities.28, 36  While interesting, the drawback of this approach is that it is not reversible.  

We want to potentially develop a method of post-functionalizing aromatic polymers that is not 

only selective, but reversible.   
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Scheme 19.  Selective, oxidative post-functionalization of MePEEK reviewed by Shukla.21a 

 

Note also that other methods of functionalizing PEEK, directly on the rings themselves, are 

generally not found in the literature.  Instead, the most common approach involves pre-

functionalization of the hydroquinone or benzophenone monomer, or switching to different 

bis(phenol)s and different electrophilic monomers altogether.37,38,39,40,35a,21a, 35a   This is a robust 

approach because the polymers are of uniform composition and the chemistry is very clean.  

However, this approach does not afford the opportunity to functionalize the polymer in a thermally 

reversible manner.  Chapter 4 will describe our efforts to prepare poly(arylene ethers) based on a 

simple CPD + BPA approach, the chain-extension of PEEKMOH oligomers using our CPD 

chemistry, and our exploration of DA post-functionalization as described in Schemes 14, 15, and 

16.  Some examples of the monomers that have been used are shown in Scheme 20.  However, 

again this approach does not afford the opportunity to functionalize the polymer in a thermally 

reversible manner.  Chapter 4 will describe our efforts to prepare poly(arylene ethers) based on a 

simple CPD + BPA approach, the chain-extension of PEEKMOH oligomers using our CPD 

chemistry, and our exploration of DA post-functionalization as described in Schemes 14, 15, and 

16. 
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Scheme 20.  Examples of bis(phenol) monomers used to make derivatized PEEKs. 

 

Perfluoroarylated Cyclopentadienones 

The background of cyclopentadiene oxides (cyclopentadienones, cyclones, CPDOs) was 

described in detail in the dissertations of my colleagues, Sanghamitra Sen and Jessica Evans.1b, 3  

The discussion below again highlights the most central concepts, but then focuses on the frontier 

that they forged in this field and where we can go from there.   

CPDOs are intrinsically unstable molecules (Scheme 21).  The parent molecule 5 has never 

been isolated in monomeric form.  Air oxidation of the dimer 6 gives indenone 8 after thermal 

extrusion from intermediate 7, which is not observed.  According to a review by Ogliaruso41 

(published exactly 50 years ago!), CPDOs are only stable with at least three substituents, which 

must either be aryl groups, bulky groups such as trimethylsilyl or tert-butyl, or electron-donors 

such as hydroxyl or acetoxy (cyclopentenedione enolate and its derivatives).   But even the 

triphenyl CPDOs (both isomers) exist as mixtures of the monomeric and dimeric forms.  
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Scheme 21.  Chemistry of cyclopentadienone dimer. 

 

Much of the chemistry of CPDOs is therefore built up around tetracyclone (9) and its 

derivatives (Scheme 22), which have four aromatic substituents.  Tetracyclone can be made either 

by double Aldol condensation, or by oxidation of the corresponding cyclopentadiene, or by 

carbonylative coupling of diphenylacetylene (tolane).   

Scheme 22.  Synthetic approaches to tetracyclone (9). 
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One of the most interesting reactions of tetracyclone (9) is the thermal Diels-Alder reaction 

with alkynes (Scheme 23).   The reaction takes place above 160 °C.  The initial adduct is a 

norbornadiene-7-one (10) that is unstable and unobserved; it undergoes immediate CO extrusion 

to form a new benzene ring (11).  Under careful conditions the reaction can be very clean; however 

if oxygen is present, and especially if transition metal impurities are present, the alkyne can 

undergo Glaser coupling to give a dialkyne (formal loss of H2).  
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Scheme 23. Diels-Alder reaction of tetracyclone and an alkyne. 

 

In the 1960s, Stille made use of this reaction to form condensation polymers (Scheme 24).9a, 

10a  The bis(tetracyclone) monomer 12 was prepared using the aldol condensation approach and 

then combined with dialkynes such as the diphenyl ether derivative 13.  The result was a 

polyphenylene having lateral phenyl groups.  With a mixture of meta and para linkages providing 

some flexibility and twisting from the lateral phenyl groups, polymer 14 is a soluble, thermally 

stable insulator.  

Polymers of the type 14 were commercialized at Dow Chemical Co. under the SiLK brand.42  

The polymer is an electrically insulating film that was used for several years in the manufacture of 

electronic microchips.  More recently, the group of Klaus Müllen has made effective use of the 

tetracyclone-alkyne chemistry in the synthesis of dendritic forms of Stille’s polyphenylene.43  

These developments are beyond the scope of this discussion.   

Scheme 24.  Stille’s polyphenylene synthesis. 
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With the expertise of our group in the chemistry of cyclopentadienes bearing fluoroaromatic 

substituents, we saw a special opportunity to expand this class of DA polymers to include highly 

fluorinated species.  Of particular relevance was the discovery by Brian Hickory that perfluoroaryl-

substituted cyclopentadienes could be oxidized readily to the corresponding CPDOs with only two 

perfluoroaryl groups and one t-butyl group attached to the five-membered ring (Scheme 25).1b   

Scheme 25.  Hickory’s air-oxidation of cyclopentadiene derivatives. 

 

In Jessica Evans’ dissertation, she used this oxidation procedure to prepare monomers of the 

type 15 and polyphenylenes by reaction with dialkynes such as 13 (Scheme 26).1b  The resulting 

polyphenylenes (16) had DPn of 10-20 and were soluble in common solvents.  Evans found that 

microwave heating was a key to successful polymerizations.   

Scheme 26. Evans’s polyphenylenes synthesis.  Linker = arylene.  Ar = C6F5, C5F4N. 
 

 

She found additionally that polymerizations with lateral perfluoropyridyl substituents (Ar = 

C5F4N in Scheme 26) were more facile than those with Ar = C6F5, and she attributed this difference 

to the stronger electron-withdrawing effect of the perfluoroaryl group.  However, this rationale 
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remains somewhat controversial, as it is unclear whether these DA reactions are operating in an 

“inverse electron demand” regime.   

Meanwhile, Sanghamitra Sen in our group was working on maximizing the fluorine content of 

the bis-CPDO monomer (Scheme 27).  She prepared monomer 17 and polymerized it with dialkyne 

13 to a DPn of about 10.3  Since the repeat-unit molecular weight is around 2k, these polymers 

have Mn of approximately 20k.  She chose the perfluoro-4-tolyl substituent because the 

substitution (SNAr) chemistry using octafluorotoluene was cleaner and more reliable than the 

analogous chemistry using either hexafluorobenzene or perfluoropyridine.  The CF3 group protects 

the lateral aryl group from further substitution chemistry. 

Scheme 27.  Sen’s polyphenylene synthesis.  Linker = arylene; Ar = 4-C6F4CF3.3 

 

My initial dissertation project involved the further development of the chemistry shown in 

Scheme 25 with the idea of introducing more fluoroaliphatic character into the Evans-type 

monomers and polymers.  As discussed briefly above, one of the problems with the fluoroaromatic 

chemistry that was described by Evans, Sen, and Stegall is that it does not really take advantage 

of the “special” features of fluoroaliphatics – the so-called fluorous effect.44   

Because of the synthetic flexibility of Evans’ approach, we realized that we could simply 

replace the perfluoroarene used in the attachment of the lateral aryl groups (Scheme 10) with a 

perfluoroarene having a long fluoroaliphatic substituent (“fluorous ponytail”) to obtain monomer 
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19 shown in Scheme 28.  In an alternative approach, we could use Mays’s aromatic substitution 

reaction (Scheme 13) with a fluorous alcohol (perfluoroalkylmethanol) to convert monomer 15 

directly to monomer 20 (after catalytic air oxidation).   

Scheme 28.  Two approaches to incorporating fluorous ponytails in bis(CPDO) monomers.   

 

The Mays approach (20) was initially the most appealing because we had a good, scalable 

procedure for monomer 15 and we could purchase several of the alcohols commercially.  Mays 

also showed that the OCH2(CF2)nCF3 substituents were stable under conditions needed to oxidize 

the CPD groups to the CPDOs.  However, in the end we felt that the (CF2)nCF3 substituents in the 

monomer gave us the best chance to develop something that was truly novel and to also develop 

some fundamental fluoroaromatic chemistry.  Arenes of the general form C6F5(CF2)nCF3 required 

for the synthesis of 19 were not known (except for the trivial example of n=0, octafluorotoluene), 

but we had an idea for a good way to make them, and we felt that these compounds would, in 

themselves, be a useful contribution to the literature of organofluorine chemistry.  Also, we knew 

from Sen’s work that we could prepare the monomer 19 with n=0 from octafluorotoluene, and 

therefore we could test the synthetic chemistry using that monomer as a prototype. 

Thus, Chapter 2 of this dissertation describes the synthesis of monomer 19 (n = 0) and its use 

in the synthesis of polyphenylenes.  Chapter 2 also describes progress toward the synthesis of 

arenes of the general form C6F5(CF2)nCF3 that we would need to make the more fluorous example 

of monomer 19 with n = 7. However, ultimately, we did not complete that synthesis.   
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Chapter 2. Synthesis of Diels-Alder Poly(phenylene)s from Highly Fluorous Bis(ketone) 

Monomers 

2.1 Introduction 

2.1.1 Background.  Chapter 1 described the “big picture” of our approach to expanding the role of 

perfluoroaryl-substituted cyclopentadienes in polymer synthesis generally and to polyphenylene 

synthesis specifically.  In that discussion, we showed that one of my predecessors, Dr. Jessica 

Evans (Chapter 2), had developed a “modular” monomer design enabling the incorporation of 

different lateral fluoroaryl substituents (Scheme 1).1b 

Scheme 1.  Evans’s modular monomer design for Diels-Alder polyphenylenes (DAPPs). 

 

Evans’s monomer design has three key features.  First, the “backbone” of the monomer (A) is 

derived from decafluorobiphenyl (DFB) by double nucleophilic substitution with a 

cyclopentadienyl (CPD) anion.  We already knew from the work of Hollandsworth that DFB 

undergoes clean 4,4’-disubstitution with sodium cyclopentadienide.6  We also knew from the work 

of Kroll that a CMe3 (tert-butyl) group gives substitution that is regioselective with respect to the 

cyclopentadiene (avoiding bond-formation at the vicinal positions due to steric encumbrance).4  

Evans combined these concepts to establish bis(diene) A as a common intermediate.  The second 

key feature was a degree of variability with respect to the bulky alkyl group (R in Scheme 1).  
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Evans’s work primarily used R = CMe3, while an undergraduate researcher, Kelly Daly, showed 

that the synthesis of A proceeded just as well with R = CMe2Ph (cumyl).  Subsequently, Jeremy 

Stegall extended the design to include R = CHMe2 (iso-propyl), although the latter isopropyl-

substituted compounds were somewhat more difficult to prepare and handle.8  The third key feature 

of Evans’s monomer design was the ability to change out the perfluoroaryl lateral substituent (Ar 

in Scheme 1).  She verified this approach using both hexafluorobenzene (Ar = C6F5) and 

pentafluoropyridine (Ar = C5F4N). 

2.1.2 Research Plan. 

As explained in Chapter 1, our plan was to incorporate some perfluoroaliphatic character into 

Diels-Alder polyphenylenes by introducing lateral aryl groups bearing perfluoroaliphatic 

substituents.  The main idea was to capitalize on the thermal stability of polyphenylenes along 

with some of the more prominent advantages of fluorous chemistry.  We wanted to exploit Evans’ 

modular monomer design, but the key reagents – perfluorobenzenes bearing a single, long-chain 

perfluoroalkyl group (“fluorous ponytail”) – were unknown.  This surprised us because we 

envisioned a relatively “simple” synthesis, as shown in (Scheme 2). 

Scheme 2.  Proposed synthesis of perfluoroalkylpentafluorobenzenes. 

 

The synthesis should be fairly general in the sense that several perfluoroalkanoyl chloride 

starting materials (E, n = 3, 4, 6, 7, 8) are generally available.  However, the approach shown in 

Scheme 2 is an example of one that is shunned by organic chemistry textbooks because it is 

intrinsically unselective.  The Grignard reagent can react not only with the acyl chloride (E) but 

also with the ketone (F) to form a tertiary carbinol as a by-product.  We appreciated that this issue 
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could undermine our approach because the ketone F should be quite electrophilic.  However, we 

also reasoned that the organometallic reagent, perfluorophenylmagnesium bromide, is quite a weak 

nucleophile.  In the end we decided that the approach was worth trying, that the formation of 

tertiary carbinol byproduct could possibly be minimized by control over reaction stoichiometry, 

order of addition, and general conditions, and we felt that the formation of a by-product was not 

deal-breaking, since we could potentially separate the ketone and tertiary carbinol using column 

chromatography.   

The other problem with the synthetic approach shown in Scheme 2 is the need for conversion 

of the ketone functional group to a difluoromethylene (C=O → CF2).  These conversions are 

known in the literature but often require dangerous reagents such as SF4.45  However, we had an 

offer from a collaborator to help us with the handling of SF4, so we decided to go ahead with the 

plan because we felt that compounds of the type G would be of general interest in synthetic 

fluoroorganic chemistry well beyond our own interest in polyphenylene synthesis.  We decided to 

attempt the synthesis starting with perfluorooctanoyl chloride (E, n = 6, Scheme 2), because the 

14-carbon ketone product should not be too volatile (easier handling) and we expected the 8-carbon 

fluorous ponytail to have a significant influence on physical properties of polymers derived from 

it.  Meanwhile, as a synthetic model, we also decided to pursue the monomer synthesis using 

perfluorotoluene (G, n = 0, Scheme 2), because this compound is commercially available and 

inexpensive, and it should have reactivity comparable to other members of the general family of 

compounds represented by structure G. 
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2.2 Results and Discussion 

This section presents the synthesis of a novel bis-cyclopentadienone (bis-CPDO) monomer, 

the use of this monomer to prepare perfluoroarylated polyphenylenes, and preliminary studies 

directed toward the synthesis of “fluorous ponytail” functionalized arenes. 

2.2.1 Monomer Synthesis 

The monomer synthesis begins with a nucleophilic aromatic substitution reaction of sodium t-

butylcyclopentadienide (2 equiv) and decafluorobiphenyl (Scheme 3).  This reaction was 

developed for our laboratory by my colleague, Jessica Evans.1  The reaction is based on a related 

reaction of sodium cyclopentadienide with decafluorobiphenyl.42  A key feature of this reaction is 

that the bulky CMe3 group prevents vicinal arylation under these conditions. Attachment of the 

lateral C6F4CF3 (C7F7) groups (Scheme 3) also follows an SNAr reaction to obtain the new 

bis(diene) 2.  Because one vicinal position is already occupied by the octafluorobiphenylene (OFB) 

linker, the CMe3 groups allow each cyclopentadiene to add only one new aryl substituent.   

Scheme 3.  Bis-CPDO monomer synthesis.  
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The final step is oxidation of the cyclopentadiene CH2 groups to the C=O groups of the 

diketone 3 (Scheme 3).  Ultimately. these C=O groups will be extruded as carbon monoxide during 

Diels-Alder condensation polymerization.  These CH2 to C=O oxidations were the main focus of 

Brian Hickory’s research in our group, but his work has not yet been published.  He found that 

various copper compounds including CuI and (pyridine)2CuBr2 were effective catalysts for air-

oxidation of cyclopentadienes bearing perfluoroaryl substituents.  Dienes of the type found in 

compound 2 are optimally oxidized using CuI in a pyridine-acetonitrile solvent mixture at room 

temperature.  

These reactions are conveniently followed by working up small aliquots and analyzing the 

crude product mixture using 1H NMR spectroscopy.  Spectra of compounds 1 – 3 are shown in 

Figure 1.  The first observation is that all three compounds exist as mixtures of isomers.  This 

isomerization is discussed in more detail in the next paragraph.  To follow the reaction, one can 

see that in the conversion of bis(diene) 1 to bis(diene) 2, the vinyl region of the spectrum simplifies 

(one ring hydrogen is replaced with a C7F7 group), and the CH2 signal of 1 shifts slightly downfield 

from 3.57 ppm to 3.62 ppm, resulting from the additional electron-withdrawing influence of the 

additional aryl group.  The 0.05 ppm shift is well resolved.  Upon oxidation, the CH2 region of the 

spectrum goes silent and there is a strong downfield shift in the vinyl CH region.   

The dienes 1 and 2 are tautomers that interconvert slowly in solution (Scheme 4).  For this 

discussion we presume that the two “ends” of each molecule function independently of one 

another.  The tautomerization of bis(diene) 1 was described in detail by Evans.1b  One can see that 

there is relatively little preference for the position of the CMe3 group but the perfluoroarylene 

linker strongly prefers the 1-carbon of the butadiene moiety for extended conjugation.  Thus, 

isomers 1a and 1b (Scheme 4) are present in roughly equal quantities (Figure 1, top spectrum). 
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The isomers in which the arylene linker is on the 2-position of the butadiene moiety (not show in 

the scheme) are observed occasionally at the level of a few percent of the total mixture.   

In contrast, the diarylated bis(diene) 2 is obtained as a ca. 7:1 mixture of two tautomers.  The 

major tautomer is found to have a vinyl CH signal slightly downfield (Figure 1, middle spectrum), 

while the CH2 signal is slightly upfield.  We tentatively assign this isomer as bis(diene) 2a (Scheme 

4), because the C6F4CF3 group is more electron-withdrawing than the octafluorobiphenylene linker 

and should have its strongest effect on the nearest proton.46   

 

Figure 1.  1H NMR spectra (CDCl3, 400 MHz) of bis(diene) 1 (top), bis(diene) 2, and diketone 3.  
Tentative spectroscopic assignments refer to diagrams in Scheme 4.   

We cannot rationalize the 7:1 ratio, but it reflects a very small energetic difference anyway. Upon 

oxidation to the bis(ketone) 3, a mixture of isomers is again observed, but in a ratio that is close to 
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unity (52:48).  Based on an argument similar to the one we made for bis(diene) 2, we tentatively 

assign the slightly downfield vinylic CH signal to isomer 3a (Scheme 4). 

Scheme 4.  Isomerization in cyclopentadiene derivatives. 

 

The isomerization shown in Scheme 4 is also reflected in the 19F NMR spectra of these 

compounds.  Again, bis(diene) 1 was described already by Evans.  The 19F NMR spectra of 

bis(diene) 2 and diketone 3 are provided in the supporting information.  The CF3 region is not well 

resolved, but the triplet arising from the minor isomer (2b) can be seen as overlapping the larger 

triplet from the major isomer (2a).  The aromatic region is complicated and not fully assigned. 

2.2.2 Diels-Alder Polymerizations 

With our target fluorinated monomer in hand, the next step was to attempt polymerization with 

a dialkyne monomer (Scheme 5).  We started with 1,4-diethynylbenzene because it was the 
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simplest monomer that would give a true polyphenylene.  By changing the linker monomer we 

will be able to further tune our reaction, for instance, a reaction with 1,3-diethynylbenzene could 

create a polymer that has increased solubility in organic solvents, because of the kinks in the 

backbone.  Reactants were weighed carefully and transferred quantitatively to ensure unit 

stoichiometry.  The reaction medium was deoxygenated using freeze-pump-thaw techniques.  

Based on the work of Evans as well as the work of Fujimoto and co-workers23 a reaction 

temperature of 185 °C was selected.   

Scheme 5.  Polyphenylene synthesis. 

 

The polymers are off-white, glassy solids.  They did not form stable, solvent-cast films, 

probably because the polymers have extremely rigid structures and the molecular weights are 

nowhere near as high as they would need to be to achieve chain entanglement (close to 100,000 

according to the work of Fujimoto et al.).  We initially characterized the polymers using NMR 

spectroscopy.  The 1H NMR spectrum of polymer 4a is shown in Figure 2.  The spectrum shows 

the disappearance of the vinyl CH signals from monomer 3a.  The aromatic region is not well-

resolved but signals arising from the C6H4 groups of the diethynylbenzene monomer as well as the 

two hydrogens on the newly-formed aromatic ring are present.  There are no signals that can be 

clearly assigned to either CPDO end groups or ethynyl end groups (ca. 3 ppm). 
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Figure 2. 1H NMR spectra (CDCl3, 400 MHz) of monomer 3 (top) and the product of its 
polymerization with 1,4-diethynylbenzene (4a).  End-group signals are not observed in the 
spectrum of the polymer. 

The 19F NMR spectrum of polymer 4a also indicated high conversion (Figure 3).  The CF3 

region of the spectrum is not informative, but the aromatic region clearly shows that signals for 

the CPDO monomer have been completely replaced by new (broadened) signals from the polymer.  

The polymer signals are upfield.  The CPDO is an extremely electron-deficient species because of 

the ketone functional group.  Again, while there are small signals appearing in the region −134 to 

−136 ppm in the polymer spectrum, no signal can be clearly assigned to a CPDO end group. 
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Figure 3. 19F NMR spectra (CDCl3, 400 MHz) of monomer 3 (top) and the product (4a) of 
polymerization with 1,4-diethynylbenzene (bottom).  End-group signals are not observed in the 
spectrum of the polymer. 

2.2.3 Molecular Weight Determination.  Lacking end-group signals in the NMR spectra of 4, we 

turned to gel permeation chromatography (GPC) to determine molecular weight of these polymers.  

GPC is an analytical technique that separates polymer samples based on the hydrodynamic radius.  

Polymers that are large will elute quickly, while smaller polymers elute more slowly as they 

become trapped in pores within the separation column.  The results of these determinations are 

summarized in Table 1.   

Table 1. Analytical data for polymers 4a and 4b. 

Polymer Mn (kDa) Mw (kDa) PDI dn/dc (mL/g) Tg (°C) 

4a 10 12 1.31 0.118 238 

4b 12 14 1.12 0.124 226 
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First, we note that these “polymers” are really just oligomers. The low PDI probably arises 

from fractionation upon precipitation in methanol, although it is hard to imagine even relatively 

short oligomers being soluble in methanol.  With a repeat-unit mass of ca 1130 Da, an Mn of 10,000 

corresponds to a DP of about 9.  Thus, these are essentially decamers.  By itself, this result would 

not be so discouraging, were it not for the complete lack of observable end groups in the 1H and 

19F NMR spectra.   There may be tiny signals that could be assigned, but nothing close to the 10 

mo% that would be consistent with DP in this range.  The only two possible conclusions we could 

reach are that either (a) the polymers are all cyclic (possible given monomer concentration of ≤ 60 

mM), or (b) the end groups are decomposing under the high-temperature reaction conditions, 

which seems more likely.  These observations do not point to a bright future for this type of 

polymerization.   

2.2.4 Thermal Analysis   

Although we observed only relatively short oligomers in the synthesis of our polyphenylenes, 

we wanted to learn something about their physical properties.   Therefore, we performed thermal 

gravimetric analysis (TGA) to assess the thermal stability of our polymers.  Thermograms are 

shown in Figure 4.  An initial loss of mass is observed at ca. 200 °C, which is assigned to the Tg 

of the polymer (see below).  At the Tg trapped solvent can become mobile and escape resulting in 

a loss of mass.  The rest of the thermogram is quite broad with few clear features, but 

decomposition seems to begin slowly at around 250 °C. This temperature could correspond to the 

loss of CMe3 groups (roughly 10% of the mass of the polymer), but that is a tentative assignment. 
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Figure 4. Thermogram (TGA) of polymer 4a under nitrogen, scanning at 10 °C/min.  

Table 1 also shows the thermal analytical data obtained for the polyphenylenes 4a and 4b.  A 

representative thermogram of 4b is shown in Figure 5.  The sharp transition in the thermogram is 

assigned to the Tg.  The more rigid polyphenylene 4a exhibited a Tg value of 238 °C while the 

more ”kinked” polyphenylene 4b had a Tg value of 226 °C.  These results are reasonable when 

compared to polyphenylenes previously produced by Stille.9b 
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Figure 5. DSC thermogram (second heating, 10 °C/min.) of polymer 4b.  

2.2.5 Comparison to Similar Polymers.  As described earlier, my colleague Jessica Evans 

synthesized similar polymers in which the C6F5CF3 groups (Scheme 5) were changed to C6F5 and 

C5F4N groups.  Her molecular weights were similar – Mn of about 10 kDa.  Therefore, we find that 

the lateral aryl group really has very little if any effect on the overall progress of the polymerization 

reaction.  We still do not understand why these reactions do not afford higher molecular weight 

polymers, but the likely culprits are monomer purity, end-group decomposition, and a low 

monomer concentration affording possible cyclics. 

On the other hand, Evans reported relatively low – and non-reproducible – Tg values for her 

C6F5 and C5F4N laterally substituted polymers (around 90 °C).  However, her thermograms stop 

at 200 °C.  Therefore it is reasonable to assume that she simply did not see the Tg for her polymers 
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because the Tg for the polymers described here are above 200 °C.  It will be a valuable next step 

to examine her samples again with a higher maximum temperature for the DSC thermograms. 

2.2.6 Synthetic Fluoroaromatic Chemistry.  As we were developing the polymerization 

chemistry described in the previous section, we were also aiming for a method to exchange the 

CF3 group in the monomer 3 for a longer fluoroaliphatic chain (referred to here as a “fluorous 

ponytail”).   The monomer synthesis (Scheme 3) is modular in the sense that the fluoroaryl group 

introduced in the second step (from 1 to 2) may be exchanged for others, and, in principle, the CF3 

group of octafluorotoluene could also be changed to any perfluoroalkyl substituent, thus allowing 

us to “tune” the amount of fluoroaliphatic character of these otherwise all-aromatic polymers 

without “starting over” in our monomer synthesis or re-inventing conditions for polymerization. 

The problem here is that the needed ponytail-substituted perfluoroaromatic compounds are not 

commercially available.  This section describes the synthesis of perfluoro(n-octylbenzene) as a 

prototype.  The synthesis (Scheme 6) begins with the formation of a Grignard reagent (C6F5MgBr) 

from commercial bromopentafluorobenzene.  This intermediate is then added to 1 equiv of 

perfluorooctanoyl chloride.  The temperature of this reaction must be maintained at 0 °C for 24 h, 

otherwise much of the final product will be an intractable black sludge.  After workup, the desired 

ketone is isolated by silica gel chromatography – this step separates the ketone from tertiary 

carbinol by-product, which comprises about 20% of the crude product mixture.   
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Scheme 6.  Synthesis of pentafluoro(perfluorooctanoyl)benzene. 

 

The 1H NMR spectrum of ketone 5, as expected, is silent except for a small amount of residual 

hexane, the mobile phase used for chromatographic purification.  The 19F NMR spectrum contains 

the correct number of signals with appropriate integrated intensities.  Spectra of the tertiary 

carbinol 6 were more interesting.  First, the 1H NMR spectrum of carbinol 6 showed a pentet (J = 

5 Hz), likely from coupling of the OH proton to the four ortho fluorines.  The 19F NMR spectrum 

of 6 shows the correct number of signals with twofold integration confirming addition of two C6F5 

groups.   
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Figure 6.  19F NMR spectra (CDCl3, 376 MHz) of ketone 6 (bottom) and carbinol 7 (top).  
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The last step of the synthesis shown in Scheme 3 involves the conversion of the C=O moiety 

to a CF2.  We collaborated with Prof. Kyle Felling (University of Central Arkansas) to carry out 

this reaction, which requires sulfur tetrafluoride.  Preliminary experiments with “safe” versions of 

the hazardous SF4 reagent (such as Et2NSF3 or DAST) only returned starting material.  Prof. 

Felling optimized the reaction by using catalytic aluminum fluoride with a small amount of water 

(which generates HF in situ), ultimately claiming quantitative yields on a 5-gram scale.  However, 

as plans were being made to scale up this reaction, Dr. Felling redirected his career to the private 

sector.  We therefore tabled the synthesis shown in Scheme 3 for the time being.  In late 2013, 

Prof. Joseph Thrasher (Clemson University) offered to help us with the SF4 chemistry, but by this 

time we had moved on to the greener research pastures described in Chapters 3 and 4. 

2.3 Experimental Section 

2.3.1 General Methods. Solvents and reagents were used as received from commercial distributors 

unless otherwise noted.  THF was deoxygenated by sparging with nitrogen and dehydrated by 

passage through activated molecular sieves using a pressurized column assembly as described by 

Pangborn et al.47  1,4-Diethynylbenzene was purified by vacuum sublimation onto a dry-ice cold-

finger at room temperature.  Bis(diene) 1 was prepared as described by Evans.1b  NMR spectra 

were acquired on Agilent U4-DD2 and MR4 spectrometers (1H at 400 MHz) with proton chemical 

shifts referenced to residual solvent isotopomers (7.26 ppm for CDCl3 and 2.50 ppm for DMSO-

d6).  Size exclusion chromatography (SEC) was carried out in THF (~1.0 mg/mL, filtered through 

a 0.45 µm PTFE filter) at an elution rate of 1 mL/min. at 30 °C on two Agilent PLgel 10 μm 

MIXED-B columns.  A Wyatt Dawn Heleos 2 light scattering detector was used to determine 

molecular weight information, with refractive index determinations (dn/dc) performed using a 

Wyatt Optilab Rex refractive index detector with the assumption that 100% mass elutes from the 
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columns.28a, 48  Mass spectra were obtained using an Agilent 6220 instrument using direct infusion 

and operating in negative ion mode.  Melting point information was obtained using open capillaries 

and a Buchi B-545 melting point apparatus.  TGA spectra were obtained from the TA Instruments 

Q500 auto sampling TGA.    

2.3.2 Preparation of Bis(diene) 2.  A suspension of NaH (2.03 g, 84.6 mmol) in THF (200 mL) 

was prepared in a 500-mL Schlenk flask under nitrogen.  With stirring, diene 1 (10.3 g, 19.2 mmol) 

was added and the mixture turned a yellow-orange color with rapid evolution of hydrogen gas.   

When the gas evolution had subsided, octafluorotoluene (5.4 mL, 39 mmol) was added dropwise 

over 30 minutes.  The mixture was stirred at room temperature for 30 min and then under reflux 

for 24 h.  The solvent was then evaporated to a cold-trap using a vacuum pump.   The residue was 

suspended in ether (200 mL) and quenched with H2O (25 mL) to form a dark biphasic mixture.  

The aqueous layer was separated and extracted with ether (3 x 40 mL).  The combined organic 

layers were washed with brine (2 x 25 mL), dried over MgSO4, filtered, and rotary-evaporated.  

The resulting dark orange oil was purified using silica gel chromatography, eluting the product 

with hexanes. Evaporation of the solvent afforded the product as a colorless to pale tan solid (17.2 

g, 78 %).  The product is observed as a ca. 87:13 mixture of tautomers (each cyclopentadiene unit 

is assumed to tautomerize independently).   mp. 101-123 °C.  Major isomer:  1H NMR (400 MHz; 

CDCl3) δ 6.42 (s, 1H, vinyl), 3.64 (s, 2H, CH2), 1.27 (s, 9H, CMe3).  19F NMR (376 MHz; CDCl3) 

δ −56.21 (t, 3J = 22 Hz, CF3, 6F), −137.49 (m, 4F), −138.96 (m, 4F), −139.50 (m, 4F), −140.54 

(m, 4F).  Minor isomer:  1H NMR (400 MHz; CDCl3) δ 6.35 (s, 1H), 3.68 (s, 2H, CH2), 1.25 (s, 

unresolved shoulder on corresponding signal from major isomer, CMe3).  19F NMR (376 MHz; 

CDCl3) δ −56.28 (t, 3J = 22 Hz, CF3), −137.71 (m, 4F), −138.16 (m, 4F), −140.21 (m, 8 F).  HRMS 
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(ESI) m/z calcd for C44H24F22 (M-H)-  969.1427, found 969.144.  Anal. calcd for C44H24F22: C, 

54.45; H, 2.49.  Found: C, 54.79; H, 2.57. 

2.3.3 Synthesis of Bis(ketone) 3.  A mixture of bis(diene) 2 (0.49 g, 0.49 mmol), 35 mL of 

acetonitrile, and 7 mL of pyridine was prepared in a 250 mL round bottom flask.  Copper(I) iodide 

(10 mg, 0.050 mol, 0.1 equiv) was added, and a stream of air was bubbled through the mixture for 

about 1.5 h.  The solvent was evaporated to a cold trap using a vacuum pump to form a dark-orange 

residue.  The residue was dissolved in a few mL of dichloromethane and applied to the top of a 5-

cm plug of silica gel.  The orange product was eluted from the plug with hexanes and evaporated.  

Recrystallization from hexane afforded an orange crystalline solid (0.36 g, 36 mmol, 70%).  The 

product is obtained as a mixture of tautomers in nearly equal proportions (52:48).   mp 136-170 

°C.  Major isomer:  1H NMR (400 MHz; CDCl3) δ 6.94 (s, 1H, vinyl), 1.30 (s, 9H, CMe3).  19F 

NMR (376 MHz; CDCl3) δ −56.41 (t, 3J = 22 Hz, CF3, 6F). Minor isomer:  1H NMR (400 MHz; 

CDCl3) δ 6.87 (m, 1H), 1.30 (s, coincident with corresponding signal from major isomer, CMe3).  

19F NMR (376 MHz; CDCl3) δ −56.48 (t, 3J = 22 Hz, CF3).   The aryl region of the 19F NMR 

spectrum was not well resolved and could not be assigned:   19F NMR (376 MHz; CDCl3) δ 

(relative integration) −134.36 (1.00), −135.02 (0.60), −135.42 (1.75), −136.01 (1.20), −136.76 

(1.60), −137.18 (0.51), −138.35 (1.05), −139.75 (1.13).  Anal. calcd for C44H20F22O2: C, 56.14; H, 

2.24.  Found: C, 56.12; H, 2.05. 

2.3.4 Polyarylene 4a Prepared from 1,4-Diethynylbenzene and Bis(Ketone) 3a. A sample of 

bis(ketone) 3 (0.119 g, 0.119 mmol) was transferred to a flame-dried PTFE-valved Schlenk tube 

using 2 mL dichloromethane to achieve quantitative transfer, and the solvent was then evaporated 

to a cold-trap using a vacuum pump.  In a nitrogen glove box, 1,4-diethynylbenzene (0.0151 g, 

0.119 mmol) and diphenyl ether (2 mL) were added to the tube.  The mixture was subjected to two 
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freeze-pump-thawed cycles and refilled with argon. The tube was then submerged to within a few 

mm of the valve in an oil bath maintained at 180 °C for 24 h.  The residue was dissolved in about 

5 mL of chloroform and reprecipitated in rapidly stirred methanol (reprecipitation was repeated 

two times) to obtain an off-white solid, which was dried in a vacuum oven at 75 °C.  1H NMR 

(400 MHz; CDCl3) δ: 7.72-7.36 (m, 2H), 7.21-6.98 (m, 4H), 1.41 (9H, s); 19F NMR (376 MHz; 

CDCl3) δ: −56.54 (m, 6F), −136.10 to −141.70 (m, 16F). 

2.3.5 Polyarylene 4b Prepared from 1,3-Diethynylbenzene and Bis(Ketone) 3a.  The 

synthesis followed the same procedure as for the 1,4-diethynylbenzene-derived polymer.  1H NMR 

(400 MHz; CDCl3) δ: 7.7-7.4 (m, 2H), 7.3-6.9 (m, 4H), 1.41 (9H, s); 19F NMR (376 MHz; CDCl3) 

δ: −56.53 (m, 6F), −136.61 to −141.73 (m, 16F). 

2.3.6 Perfluoro(1-phenyl-1-octanone) (5).  Magnesium turnings (0.98 g, 41 mmol) and 

bromopentafluorobenzene (9.1 g, 3.6 mmol) were added to a Schlenk flask containing ether (150 

mL) under N2.  A crystal of iodine was added to initiate the Grignard reaction, and the mixture 

was stirred for 2 h with ice-cooling.  The organomagnesium solution was transferred using a 

cannula into an ice-cooled solution of pentadecafluorooctanoyl chloride (15.9 g, 3.7 mmol) in 100 

mL of anhydrous ether in a separate 500-mL Schlenk flask.  After the addition was complete (ca. 

15 min), the reaction was stirred (initially with ice-cooling then warming slowly to room 

temperature) for 24 h.  After cooling, 2 mL of isopropanol was added to quench any remaining 

organomagnesium species, followed by 50 mL of water.  The reaction mixture was then transferred 

to a separatory funnel and the organic layer was separated.  The aqueous layer was extracted with 

dichloromethane (3 x 50 mL).  The combined organic layers were washed with H2O (3 x 25 mL), 

dried over MgSO4, filtered, and rotary-evaporated to afford a yellow oil.  Silica gel 

chromatography, eluting with hexanes, afforded the desired ketone 5 (13.5 g, 65 %) as a pale 
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yellow oil.  A second band was eluted with 20% dichloromethane in hexane to afford a small 

amount of the tertiary carbinol by-product 6 (see synthesis of 6 below).  In multiple trials, yields 

of the ketone 5 ranged from 50% to 95%.  19F NMR (376 MHz, CDCl3) δ: −81.33 (tt, 3J = 10 Hz, 

4J = 2 Hz, 3F, CF3), −118.17 (pentet, 3J = 11 Hz, 2F, CF2), −121.43 (m, 2F, CF2), −121.58 (m, 2F, 

CF2), −122.36 (m, 2F, CF2), −123.05 (m, 2F, CF2), −126.53 (m, 2F, CF2), −138.18 (m, 2F, ortho), 

−145.14 (tt, 3J = 20 Hz, 4J = 5 Hz, 1F, para), −158.76 (m, 2F).  HMRS (ESI) m/z calcd for C14F20O 

(M-) 563.9629, found 563.9626.  

2.3.7 Perfluoro(1,1-diphenyl-1-octanol) (6).  Magnesium turnings (1.1 g, 46 mmol) and 

bromopentafluorobenzene (1.3 g, 5.2 mmol) were added to a Schlenk flask containing ether (20 

mL) under N2.  Upon initiation of the reaction, the mixture was stirred with ice-cooling for 1 h. 

Pentadecafluorooctanoyl chloride (0.50 g, 1.1 mmol) was added directly to the mixture.  The 

mixture was stirred for 15 h while warming to room temperature. Then, 2 mL of isopropanol was 

added to quench any remaining organomagnesium species. The reaction mixture was diluted with 

dichloromethane (50 mL), washed with H2O (3 x 25 mL), dried over MgSO4, filtered, and rotary-

evaporated to afford a brown solid.  The crude product was triturated with cold hexane (20 mL), 

collected on a filter, and dried under air (0.45 g, 0.62 mmol, 55 %) of an off-white solid.  mp. 65.4-

67.6 °C.  1H NMR (400 MHz; CDCl3) δ 4.43 (pentet, JHF = 5 Hz, OH).  19F NMR (376 MHz; 

CDCl3) δ −80.82 (tt, 3J = 10 Hz, 4J = 2 Hz, 3 F, CF3), −111.70 (br s, 2 F, CF2), −116.30 (br s, 2 F, 

CF2), −121.73 (br s, 2 F, CF2), −121.86 (br s, 2 F, CF2), −122.73 (br s, 2 F, CF2), −126.15 (br s, 2 

F, CF2), −137.31 (br s, 4 F, ortho), −149.62 (t, J = 21 Hz, 2 F, para), −159.82 (m, 4 F, meta).  

HRMS (ESI) m/z calcd for C20HF25O (M-H)- 730.9555, found 730.9522.  Anal. Calcd C20HF25O: 

C, 32.81; H, 0.14.  Found: C, 32.86; H, 0.27. 

2.3.8 Crystallographic Studies.  A red-orange plate (0.03 x 0.14 x 0.25 mm3) bis(ketone) 3a was 
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centered on the goniometer of an Oxford Diffraction SuperNova A diffractometer operating with 

CuKα radiation.  The data collection routine, unit cell refinement, and data processing were carried 

out with the program CrysAlisPro.49  The Laue symmetry was consistent with the triclinic space 

groups P1 and P-1. The centric space group P-1 was chosen.  The structure was solved using 

SHELXS-9750 and refined using SHELXL-9750 via OLEX2.51  The final refinement model 

involved anisotropic displacement parameters for non-hydrogen atoms and a riding model for all 

hydrogen atoms.  A 2-position coordination site disorder model was used for the ketone oxygens 

[O1A/O1B relative occupancies 0.640(6)/0.360(6); O2A/O2B relative occupancies 

0.738(6)/0.262(6)].  A 2-position rotational disorder model was used for both t-butyl groups 

[C24A-C26A / C24B-C26B relative occupancies 0.640(5) / 0.360(5), C42A-C44A / C42B-C44B 

relative occupancies 0.748(5) / 0.252(5)]. Residual electron density peaks around both –CF3 

groups indicated they were also disordered, but only one –CF3 site [F40A-C /  F30D-F] gave a 2-

position disorder model that both significantly improve the refinement statistics and gave a 

chemically reasonable model [relative occupancies F40A-C = 0.622(6) / F40D-F = 0.378(6)].  The 

F--F distances at this –CF3 were constrained to maintain approximate staggered conformation and 

a SIMU was used to restrain the anisotropic displacement parameters.  No disorder model was 

used for the second –CF3 group (F33A-C).  After the final refinement, the largest residual Fourier 

peaks were located near both –CF3 groups 

2.4 Conclusion 

 Highly fluorous cyclopentadiene monomers were prepared by the reaction of 

decafluorobiphenyl with sodium tert-butyl cyclopentadienide.  Arylation of these monomers using 

perfluoroaryl reagents, and the subsequent oxidation using cat. Cu(I)I/O2 afforded 

cyclopentadienone monomers that undergo cycloaddition with bis(acetylene) type monomers 
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towards the formation of polyphenylenes.  Reactions of this cyclopentadienone monomer with 1,3-

diethynylbenzene and 1,4-diethynylbenzene produced low molecular weight oligomers that were, 

unsurprisingly, unable to form solvent casted films.  Thermal analysis of these polymers agreed 

with similar polyphenylenes in literature, but the inability to form high molecular weight polymers 

using the described synthetic methods requires more research.  The synthesis of our highly fluorous 

ponytail ketone provides a platform for a highly variable and possibly tunable perfluoroaryl 

substituent that could be introduced into our synthesized cyclopentadienone monomer catalog. 
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Chapter 3.  Diels-Alder Chemistry of a Model Cyclopentadiene 

3.1 Introduction 

As described in Chapter 1, we are interested in developing cyclopentadiene chemistry for use 

in macromolecular synthesis.  In his doctoral dissertation, Jeremy Stegall described the Diels-

Alder reactions of the disubstituted cyclopentadiene JBS-1 with maleimide FMI (Scheme 1).8   

Scheme 1.  Diels-Alder reaction of a disubstituted cyclopentadiene described by Stegall.8  
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Jeremy explored this reaction in considerable detail because diene JBS-1 served as a model 

for DA polymerizations of bis(diene) JBS-3 and bis(maleimides) as shown in Scheme 2.  His goal 

was to establish a cyclopentadiene-maleimide “platform” for reversible polymerization.   

Scheme 2.  Cyclopentadiene-maleimide reversible polymerization described by Stegall.8 
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However, the reaction shown in Scheme 1 actually gives a complex mixture of products 

because diene JBS-1 exists as a mixture of three tautomers, which are observed clearly in its NMR 

spectrum (Scheme 3).  Each tautomer may form two stereoisomeric adducts (exo and endo).  

Jeremy observed five of the six isomeric adducts in proportions that varied with reaction 

temperature and reaction time.  Therefore, the structure of the polymer shown in Scheme 2 also 

contains several different types of DA linkages.   

Scheme 3.  Reactivity of tautomeric, disubstituted cyclopentadienes described by Stegall.8 

 

Besides the technical problem with characterization, each of the five adducts presumably 

undergoes an rDA reaction at a different rate and with a different activation barrier, which means 
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less control over the thermal “self-healing” properties.  Jeremy found that his polymers undergo 

rDA depolymerization in the range 120–150 °C in solution, while bulk depolymerization requires 

much more forcing conditions (sublimation at 250 °C using a blast furnace under vacuum).8 

While Stegall achieved “proof of concept,” we wanted to see if further structural modification 

of the cyclopentadiene could accomplish two related goals.  First, we wanted to simplify the DA 

chemistry by using a diene that exists as only a single tautomer (at least, according to its NMR 

spectrum).  This would limit isomerization to the exo-endo type.  Second, we hoped to destabilize 

the cyclopentadiene-maleimide adducts even more, so that depolymerization might occur at still 

lower temperatures than those that Stegall reported (closer to furan-maleimide temperatures of ca. 

90-100 °C.   

Our rationale was based in part on Stegall’s observation that JBS-2f is the major product (43%) 

at low temperature (kinetic product at 5 °C), followed by JBS-2c (33%) and JBS-2d (19%).  At 

higher temperatures, JBS-3e and JBS-3f, adducts with two bridgehead substituents, entirely 

vanished.  We reasoned that adding a second perfluoroaryl group to Stegall’s cyclopentadiene as 

shown in Scheme 4 would further destabilize the DA adduct, and at the outset we believed the tri-

substituted diene 1a would not tautomerize (because that would disrupt its pi-conjugation) and 

therefore the added substituent would enforce the presence of substituents at both the 1- and 4-

positions, which become the bridgehead carbons in the adduct. 

Scheme 4.  Strategy for destabilization of Stegall’s cyclopentadiene-maleimide adducts. 
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This chapter describes the synthesis of diene 1a and its reactions with FMI at two temperatures.  

We show how diene 1a, much to our surprise, forms tautomers that are not at all visible in the 

NMR spectrum of 1a but are reactive toward FMI, resulting in the formation of several isomeric 

adducts.  Much of the body of this chapter is taken up with the details of the characterization of 

the five principal adducts.  Then, through thermal cycloreversion studies, we show that the major 

“thermodynamic” adduct of 1b (tautomer of 1a) and FMI is too stable for applications requiring 

dynamic bond formation and cleavage.  However, because the “thermodynamic” adduct is formed 

relatively cleanly, its use as a connection point for the post-functionalization of cyclopentadiene-

derived polymers seems promising; these studies are described in Chapter 4.  

3.2 Results and Discussion 

3.2.1 Synthesis of Substituted Cyclopentadiene and Characterization. 

Diene 1a was prepared by synthetic procedures developed previously in our group by Dr. 

Jeremy B. Stegall8 and Dr. Jessica P. Evans1b (Scheme 5).  Sodium tert-buytlcyclopentadienide 

reacts with 2.5 equivalents of decafluorobiphenyl to form diene 1a.  Tautomers 1b and 1c were 

not observed in the product mixture by 1H NMR.  The product of a two-fold para substitution of 

decafluorobiphenyl (arising from putative intermediate C) was not observed, which we attributed 

to intermediate A being less likely to undergo SNAr than decafluorobiphenyl because of the long-

range electron-releasing effect of the anionic substituent. However, Dr. Evans showed that when 

excess nucleophile is used and the reaction temperature is 70 °C, compound C is formed 

efficiently.1b  Products in which the perfluoroaryl groups were vicinal to the tert-butyl were also 

not observed, which is supported by previous studies wherein the steric bulk of the tert-butyl group 

prevented vicinal substitution under these conditions.52  The reaction was followed by working up 

small aliquots and analyzing with NMR spectroscopy.  
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Purified diene 1a was obtained cleanly by silica gel chromatography and recrystallization from 

hexanes.  Diene 1a was also characterized by X-ray crystallographic methods (Figure B51).  Of 

note, the crystal structure exhibits a non-coplanar conformation that exists most likely because of 

steric repulsion between the two perfluoroaryl substituents.53  The structure of the formed diene is 

substantially similar to that of tert-butyl-bis(pentafluorophenyl)cyclopentadiene which was 

characterized previously in our group.4 

Scheme 5.  Synthesis of diene 1. 

 

3.2.2 Synthesis of Cyclopentadiene-Maleimide Diels-Alder Adducts 

Adduct Isomerism. Diene 1a was reacted with an excess of FMI at both 125 °C and 165 °C, 

yielding mixtures of DA adducts (Scheme 6).  We quickly realized that the additional adduct 

species must have arisen from cycloadditions of FMI and the tautomeric dienes 1b and 1c.  All 

three tautomeric dienes can, in principle, form exo and endo adducts.  However, because the 

mirror-plane symmetry of the cyclopentadiene is broken in diene tautomers 1b and 1c, an 
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additional form of isomerism arises from the two possible approaches of the dienophile with 

respect to the substituent at the 5-position of the diene.  This additional type of isomerism is 

reflected in the stereochemistry at the C-7 position of the norbornene unit of the adducts.  Details 

of the product characterization are described below.   

Reaction Progress.  Progress of the two reactions was monitored by 19F NMR every 24 h for 

a period of 7 days.  The para fluorine signal of the 4-fluorophenyl substituent associated with both 

the free and adduct-bound maleimide were resolved from one another in the 19F NMR spectrum.  

Data for the progress of the reaction at two temperatures (125 °C and 165 °C) is shown in Table 3 

(below, in the experimental section).  At 125 °C, the reaction was still making slow progress after 

96 h (approaching 90% conversion of the diene under the conditions specified in Table 3), but we 

quenched the reaction at that point so that we could move on to the isolation and characterization 

of the products.  The data for the reaction at 165 °C is somewhat more interesting.  After 96 h, the 

reaction appears to have reached steady-state concentrations, with about 5% of unreacted diene 1 

remaining as determined by 19F NMR analysis, even though 2.5 equiv of FMI were used.  This 

result suggests that the diene, maleimide, and adduct are in thermal equilibrium.  NMR integrations 

yielded a crude equilibrium constant of 100 for the formation of the adduct (Q at 96 h in Table 3).  

Stegall found that, for the diene J1 plus FMI, the corresponding binding constant was ca. 3000.  

We conclude that our premise of weakening the adduct by attaching the second perfluoroaryl group 

was not too bad after all, even though the behavior of the two systems is different enough that 

direct comparisons are not too valuable. 
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Scheme 6.  Formation of Diels-Alder adducts from diene 1 and FMI.  
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Product Isolation.  DA adducts 2a-c, 2g, and 2h were first subjected to flash chromatography 

on silica gel to separate them from any unreacted substituted cyclopentadiene and unreacted 

maleimide.  After purification by silica gel chromatography, the isomers were then further 

separated by preparative TLC. First, preparative TLC of the isomer mixtures was developed in a 
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90:10 hexanes:ethyl acetate mobile phase and fractions were cut appropriately.  Isomer fractions 

were then developed in 85:15 and 80:20 hexanes:ethyl acetate to attempt to separate the adducts. 

Separation of the two major components 2a and 2c and, in the case of the reaction mixture obtained 

at 125 °C, an inseparable mixture of the three minor isomer adducts 2b, 2g, and 2h were obtained 

using this method. 

Frustrated by the difficulties in chromatography and crystallization, we also carried out the 

same reactions using the analogous C6F5-substituted diene 3, which afforded essentially identical 

(by NMR) mixtures of adducts, but some of the isomers of the adducts (4) were more easily 

separated (Scheme 7).  This situation was ironic because Jeremy Stegall originally chose the C12F9 

substituent when designing his model diene (compound JBS-1 in Scheme 1) because, in his case, 

the C12F9-substituted compounds gave better chromatography and crystallization than the C6F5-

substituted compounds.  Chemical shifts of adducts 4 were upfield of the corresponding signals 

for C12F9-substituted adducts, but correlations between adducts 2 and 4 were always straight-

forward.  In the end, however, it turned out that we were able to obtain crystal structures for both 

2c and 2g, but adducts 4c and 4g were still useful in helping to confirm our assignments. 

Scheme 7.  Formation of Diels-Alder adducts from diene 3 and FMI. 

 

Adduct Characterization.  Our overall strategy for NMR characterization starts with the major, 

cleanly separable components obtained at 125 °C and 165 °C.  With the spectra of the major 
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isomers assigned, we turned to the spectrum of the inseparable mixtures and stepped around the 

signals from the already-characterized compounds present in those mixtures.   

Our analysis starts with the major adduct obtained at 125 °C, which is assigned as 2a based on 

single-crystal X-ray diffraction (Figures B53 and B54).  The structure clearly shows the exo 

stereochemistry of the tricyclic skeleton.  The two “new” C—C bonds formed in the adduct are 

160 pm (adjacent to CMe3) and 157 pm (adjacent to C12F9). The two C12F9 groups are in close 

proximity (enforced by their vicinal relationship in the starting diene), the vinyl-bound C12F9 group 

is forced far from coplanarity (60° vs. the C=C double bond), and the environment of the 

bridgehead C12F9 group, in particular, looks sterically encumbered.  Analysis of the 19F NMR 

spectrum shows that one of the C12F9 groups is in slow rotational exchange at room temperature, 

as evidenced by the appearance of broad, chemically inequivalent ortho fluorine atoms.  This 

feature of the spectrum of 2a is consistent with Jeremy Stegall’s observation that rotation of 

bridgehead perfluoroaryl groups  is typically slow on the NMR time scale at room temperature for 

exo adducts.8 

Although the crystallographic characterization of 2a is not in question, we still needed to 

understand the 1H NMR spectrum of 2a to assign the spectra of the other isomers. Figure 1 shows 

the spectra of the C12F9 and C6F5-substituted adducts. The protons alpha to the carbonyls (Hd and 

He) are downfield (at 4.07 ppm and 3.26 ppm, respectively) from hydrogens on the norbornene 7-

carbon (2.86 and 2.30 ppm).  The alpha hydrogens demonstrate mutual coupling with a typical 

vicinal coupling constant (3J = 7 Hz), while the norbornene 7-hydrogens demonstrate mutual 

coupling with a typical geminal coupling constant (2J = 10 Hz).  We assign the signal at 4.07 ppm 

to the proton on the alpha carbon nearest the electron-withdrawing C12F9 substituent (He). The 

assignment of methylene protons Hb and Hc is based on 1H 1-D NOE difference measurements 
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(Figure B19).  When irradiating the proton at 2.30 ppm, a weak NOE interaction is observed at 

7.19 ppm, corresponding to the aromatic CH protons of the 4-fluorophenyl group, but no 

interaction is observed with the vinyl hydrogen (Ha) at 6.74 ppm.  Irradiation of the proton at 2.86 

ppm showed exactly the opposite NOE interactions.  Therefore the signal at 2.30 ppm is assigned 

to Hc and the signal at 2.86 is assigned to Hb.  The vinyl CH signal in the C12F9-substituted 

compound is downfield from the vinyl CH signal in the C6F5-substituted analogue because C12F9 

is more electron-withdrawing than C6F5. 

 

Figure 1.  Partial 1H NMR spectra (CDCl3, 400 MHz) of adduct isomer 2a (top) and 4a (bottom) 
excluding the CMe3 groups at ca. 1.3 ppm and the C6H4F groups at ca. 7.3 ppm. 

We turned next to the major isomer obtained at 165 °C (2c).  We were able to obtain a high-

quality X-ray crystal structure of the C6F5-substituted analogue 4c (Figure B55 and B56), but we 

struggled for over a year to obtain suitable crystals of 2c itself.  Finally we obtained a sample that 
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gave useful diffraction, but the structure exhibits several crystallographic problems that cannot be 

further resolved.  The structure shows eight independent molecules in the unit cell, many of which 

have missing atoms.  However, one of the independent molecules shows all of the non-hydrogen 

atoms and was sufficient to clearly establish the connectivity and overall stereochemistry of 2c 

(Figure B52). 

The NMR spectra of 2c and 4c are shown in Figure 2.  The spectra lack vinyl CH signals while 

both the 1H and 19F NMR spectra suggest molecules having mirror-plane symmetry (e.g., 2:2:1 

integration of the five norbornene protons), limiting the assignment to 2c, 2d, 2e, and 2f.  The first 

issue in assigning the 1H NMR spectrum of 2c is to distinguish the norbornene bridgehead protons 

from the protons alpha to the carbonyl groups, both of which are represented by singlets integrating 

to 2 H (the twofold symmetry removes the vicinal coupling of the alpha protons).  NOE 

measurements were not helpful, because all three proton environments are in close physical 

proximity.  The NMR spectrum of adduct D was reported previously,54 and the chemical shifts of 

those two proton environments are nearly identical (3.45 and 3.51 ppm, respectively).   In adduct 

2c, however, the strong electron-withdrawing influence of the C12F9 substituents at the vinyl 

positions would be expected to affect the bridgehead hydrogens more strongly than the alpha 

hydrogens.  We therefore assign the 

signal at 3.85 ppm to the norbornene 

bridgehead hydrogens.  The methine 

hydrogen vicinal to the CMe3 group is 

found at ca. 1.95 ppm and the 4-fluorophenyl group CH hydrogens are at ca. 7.3 ppm (not shown 

in Figure 2).  Signals for 2c are downfield from the corresponding signals in the C6F5 adduct 
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because of the stronger electron-withdrawing effect of the C12F9 groups – this theme is general for 

all of the isomers. 

 
Figure 2. Partial 1H NMR spectra (CDCl3, 400 MHz) of adducts 2c (top) and 4c (bottom).  The 
C6H4F signals at ca. 7.3 ppm and the CMe3 group at ca. 1.0 ppm are not shown.   

The NOE measurements did help us confirm the stereochemistry of 2c.  Irradiation of the 

carbonyl-alpha protons at 3.30 ppm shows strong NOE enhancement of the bridgehead protons at 

3.85 ppm, but very weak enhancement of the proton attached to the 7-carbon of the norbornene 

unit at 1.94 ppm.  Likewise, irradiation at 1.94 ppm shows strong enhancement of the bridgehead 

protons but only weak enhancement of the carbonyl-alpha protons. Irradiation at 1.94 ppm (Ha) 

also shows the same type of weak NOE interactions with the aromatic hydrogens at 7.24 ppm that 

is observed for isomer 2a.  The only isomer of the four mirror-symmetric candidate structures (2c, 

2d, 2e, and 2f) that would bring Ha into proximity with the C6H4F group is 2c. 



 

60 
 

With the major components of the 125 °C and 165 °C reactions characterized, we moved next 

to the minor components.  Compound 2g is present as only a minor (8%) component of the 165 

°C reaction, but as there are only two adducts, we were able to isolate small amounts of 2g from 

2c using preparative TLC. Adduct 2g is present as a significant component (25%) of the 125 °C 

reaction, but this mixture contains more compounds and we could not obtain clean 2g from that 

mixture by preparative TLC, nor could we isolate anything from that mixture by fractional 

crystallization.  However, fractional crystallization of the corresponding mixture of C6F5-

substituted adducts gave the pure adduct 4g in the form of diffraction-quality crystals.  The 

molecular structure of adduct 4g is shown in Figures B57 and B58. 

The crystal structure clearly shows that the stereochemistry of the tricyclic skeleton of 4g is 

exo, and it establishes the stereochemistry of the norbornene 7-carbon. The most striking feature 

of the structure of adduct 4g is the appearance of the C6F5 substituent on the 7-carbon of the 

norbornene moiety.  This result surprised us because it suggested the transient formation of diene 

isomer 4c, in which one of the aromatic substituents is not conjugated to the diene.   

From the similarity of the 1H NMR spectra of 4g and 2g (Figure 3), and recalling that chemical 

shifts for the C12F9-substituted adducts are downfield from those of the C6F5-substituted adducts, 

we conclude that 2g has the same skeletal structure and stereochemistry.  The 1H NMR spectrum 

of 2g was fully assigned as follows.  The vinyl CH signal (Ha) is at 6.41 ppm.  The signal at 4.00 

ppm was assigned to methine proton Hb because only this proton exhibits an NOE interaction with 

the C6H4F group as described above for the other isomers.  The downfield chemical shift arises 

from the C12F9 group attached to the methine carbon.  The doublet (J = 4 Hz) may arise from 

coupling either to Ha or to coupling to 19F, mostly likely to a proximal ortho fluorine atom of the 

C12F9 group attached to the same carbon atom.   
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Figure 3. Partial 1H NMR spectra (CDCl3, 400 MHz) of adducts 2g and 4g.  The CMe3 signals 
(ca. 1 ppm) and the C6H4F signals (ca. 7.3 ppm) were omitted. 

Although the vinyl proton Ha exhibits a muliplet, coupling of Ha and Hb seems unlikely because 

the corresponding coupling is not observed in isomer 2a in which the methine bears a CMe3 group.  

Coupling to an ortho fluorine is problematic because there are two ortho fluorine atoms and then 

we should observe a triplet.  However, the 19F NMR spectrum of the C6F5-substituted analogue 4g 

clearly shows restricted torsional rotation of both C6F5 groups (Figure B50), so it is possible that 

the two 4JCF values differ.  In the crystal structure of 4g, the C6F5 group on the 7-carbon directs 

one fluorine much closer to the methine proton Hb.  We would also expect to see a corresponding 

splitting in the 19F NMR spectrum, but there is too much other coupling and broadening of those 

signals to observe a 4-Hz coupling.  The only remaining singlet at 3.74 ppm was then assigned, by 

default, to the norbornene bridgehead proton, Hc.  The signals at 3.58 and 3.23 ppm (mutually 
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coupling with J ~ 7.6 Hz) are assigned to the hydrogens alpha to the carbonyl groups.  The more 

downfield one is assigned to the hydrogen closest to the electron-withdrawing bridgehead C12F9 

group (He).  The more upfield of the two (Hd) exhibits the expected NOE relationship with Hc as 

well as additional multiplicity (dd, 3Jcd = 3 Hz). 

The two remaining isomers, 2b and 2h were more difficult to assign because they were 

observed only as a threefold mixture (with 2g) obtained from the Diels-Alder reaction of diene 1 

with FMI at 125 °C.  The 1H NMR spectrum of the mixture is shown in Figure 4.   

 

Figure 4.  Partial 1H NMR spectrum (CDCl3, 400 MHz) of a mixture of adducts 2b, 2g, and 2h 
(bottom) and purified 2g (top).  The top spectrum shows a small quantity of THF also at 3.74 ppm, 
coincident with a methine signal.  CMe3 groups (ca. 1.0 ppm) and C6H4F groups (ca. 7.2 ppm) are 
omitted.  The inset shows the vinyl CH region.  The top spectrum in the inset shows a small amount 
of FMI as an impurity.  The bottom spectrum in the inset shows a strong doublet at 7.05 ppm that 
arises from an unidentified impurity, which appears only in this sample. 
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We relied on relative integrations of the compounds to correlate signals. The 19F NMR 

spectrum (Figures B23 and B25) provides the relative concentrations of the three compounds:  2g 

(63%), 2h (27%), and 2b (10%).  Analysis of the vinyl CH region in the 1H NMR spectrum (Figure 

4 inset) reveals three signals that correspond to these relative intensities.  In the mixture, 2g is the 

isomer at highest concentration and its vinyl signal is present at 6.41 ppm.  The second-most 

intense vinyl CH signal is found at 6.88 ppm and, as will be shown presently, is assigned to isomer 

2h.  The smallest signal (7.08 ppm, assigned to isomer 2b) integrates to less than 10% of the 

mixture because of interference with a strong doublet at 7.05 ppm, which is due to an unknown 

impurity that appeared only in this sample.   

Setting aside isomer 2g, which was already characterized as described above, the remaining 

signals corresponding to the 27% component (2h), with their assignments, are at 4.41 ppm (d, 1H, 

J = 3 Hz, Hb, possibly H—F coupling as described for 2g), 3.96 ppm (dd, 1H, J = 8 Hz, J = 4 Hz, 

Hd), 3.88 ppm (d, 1H, J = 8 Hz, He), 3.83 ppm (d, 1H, J = 4 Hz, Hc), and 0.85 ppm (s, 9H).  NOE 

interactions are tabulated in Table 4.  The vinyl CH signal at 6.88 ppm shows NOE interaction 

only with the vicinal CMe3 group (Figure B33).   The signal at 4.41 ppm is assigned to the methine 

CH at the 7-position of the norbornene; the strong electron-withdrawing effect of the C12F9 group 

rationalizes the downfield chemical shift of this proton.  Irradiation of Hb shows NOE interactions 

at all three of the other methine protons (Hc, Hd, and He) as shown in Figure B34.  This observation 

establishes both the endo stereochemistry of the tricyclic skeleton and the stereochemistry of the 

norbornene 7-carbon.  Irradiation of the CMe3 resonance at 0.85 ppm shows a weak interaction 

with the C6H4F group at 7.21 ppm, also tending to suggest endo stereochemistry of the skeleton. 

The assignment of Hc, Hd, and He was based on scalar couplings.  Proton Hd, at the center of the 
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spin system, couples strongly to He (3J = 8 Hz) and less strongly to Hc (3J = 4 Hz).  All of the other 

NOE data shown in Table 1 is consistent with these assignments. 

Table 1.  1H NMR difference-NOE interactions among protons of adduct 2h.  Column headings 

indicate irradiated frequencies in ppm.  Interactions are designated as strong (S) or weak (W).  

A weak enhancement (of the C6H4F protons) is observed upon irradiation at 0.85 ppm (CMe3).  

Spectra are provided in the Supporting Information. 

 Ha (6.88) Hb (4.41) Hc (3.83) Hd (3.96) He (3.88) CMe3 (0.85) 

Ha       

Hb   S S   

Hc  S  S  S 

Hd  S S    

He  S     

CMe3 S  S  W  

The assignment of the adduct isomer, 2b, was carried out in similar fashion.  In addition to the 

vinyl signal at 7.08 ppm, the signals of corresponding intensity in Figure 3 are at 4.52 ppm (d, 1H, 

J = 7 Hz, He), 3.85 ppm (Hd, see below), 2.76 ppm (d, 1H, J = 10 Hz, Hb), 2.28 ppm (d, 1H, J = 10 

Hz, Hc), and 1.27 ppm (s, 9H, CMe3).  The assignment to 2b was prompted by observation of the 

two mutually coupling methylene protons Hb and Hc with a typical geminal coupling constant. 

While the signal for Hd was mostly obscured, irradiation at 4.52 ppm showed the expected 

enhancement at 3.85 ppm (Figure B40), supporting the assignment of these signals to two vicinal 

protons while also confirming the endo stereochemistry of the tricyclic skeleton.  The same NOE 

spectrum shows another enhancement upfield, suggesting assignment of the signal at 2.28 ppm to 

the proximal methylene proton Hc.   
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3.2.3 Effects of Temperature on Adduct Formation 

As the formations of DA adducts of diene 1 and FMI were carried out at two temperatures, we 

can compare the product distributions as a function of reaction temperature (Table 2).  Having 

assigned all of the NMR spectra of the five observed products, we were able to analyze the spectra 

of the crude product mixtures in both cases and use integration to determine relative quantities. 

Table 2. Distribution of isomer product percentages shown after reaction for 7 days (Scheme 6) 

at the two reaction temperatures explored experimentally. 

  Normalized product ratios, % 

T (°C) 
Total 

Yield 
2a 2b 2c 2g 2h 

125 60% 41 9 25 24 1 

165 65% <1 0 91 8 <1 

 

At 165 °C, the reaction tends toward isomer 2c as the major product, at ~70% conversion.  

Notably, products (2a and 2b) that would arise from cycloaddition of the only observable diene 

tautomer (1a) were not found at 165 °C.  We infer that a continuous, quasi-reversible process of 

cycloreversion, tautomerization, and cycloaddition ultimately produces a thermodynamic mixture 

of adducts.  Although we cannot claim that this true thermodynamic mixture has been reached 

after 7 days at 165 °C, the data do suggest that 2c is the ultimate thermodymamic well.  B3LYP 

calculations (Table 4, experimental section) showed that 2c is about 3 kcal/mol more stable than 

the next lowest energy adduct.  We believe that at 165 °C the tautomers of 1 are able to interconvert 

relatively quickly.  We have not yet measured the rate of this interconversion independently, 

however.  B3LYP calculations show that 1b and 1c are less stable (∆∆G) than 1a by 3.0 kcal/mol 

and 5.6 kcal/mol, respectively, at 25 °C.   
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At 125 °C, the reaction proceeds to 88% conversion after 7 days (Table 3), and five isomeric 

products are observed, including the “expected” products 2a and 2b as well as adducts arising 

from less stable tautomers.  The initial kinetic product in this system is probably 2b, which arises 

from endo cycloaddition of the most stable diene tautomer 1a with FMI, in accordance with the 

Alder Rule.  As time progresses and especially as the reaction temperature is increased, the reaction 

proceeds to minimize energy in the products in two chief ways.  We know from detailed studies 

carried out by Jeremy Stegall of analogous DA reactions of FMI with dienes 5, 6, and JBS-1 that 

tert-butyl and perfluoroaryl substituents at the norbornene bridgehead tend strongly to destabilize 

cyclopentadiene-maleimide adducts.8  The thermodynamic adducts of 5 and of 6 with FMI bear 

the substituent (CMe3 and C6F5, respectively) at the 2-position (vinyl) of the norbornene moiety 

(adducts of 5b and 6b, respectively) with exo stereochemistry of the tricyclic system.   

 

We can rationalize the formation of adduct 2c by noting the appearance of a highly conjugated 

stilbene-type structure, but the formation of adduct 2g, which completely lacks conjugation to the 

aromatic substituents, and its persistence at 165 °C, are completely mysterious to us.  B3LYP 

calculations also suggest that adducts of diene tautomer 1c are significantly higher in energy. 

3.2.4 rDA Experiments 

Two methods were employed to study the retro Diels-Alder (rDA) reactions of the isolated 

adducts 2a and 2c.  This study was of interest for ascertaining the temperatures at which these 

isomers undergo rDA, and furthermore whether these temperatures make the exploration of 

reversible linkages in macromolecular systems using our CPDs reasonable.   A direct comparison 
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between the rDA temperatures of our tri-substituted CPD-FMI system and other furan-maleimide 

systems revealed that inclusion into reversible systems using these tri-substituted CPDs was not 

likely to ever happen.  First, even making the adducts is a slow process (days at 165 °C).  Second, 

temperatures for cycloreversion of the norbornene adducts 2a and 2c were unreasonable for 

reversible systems.   

19F NMR was used mainly to study these reactions because of the well resolved fluorine signal 

associated with FMI as a spectroscopic tag.  The first method employed controlled thermolysis of 

the isolated adduct 2a in o-dichlorobenzene, starting at 100 °C and increasing the temperature by 

10 °C every 24 h to a final temperature of 170 °C. (Scheme 8).  Thermolysis of 2a would afford 

the single diene tautomer 1a, so observation of any DA adducts other than 2a and 2b in the product 

mixture confirms both the reversibility of the cycloaddition and the free tautomerization of the 

diene 1 under thermal conditions.   

Scheme 8.  Exploration of rDA by measuring rate of isomerization of adduct 2a. 

 

Analysis of the 19F NMR spectrum shows that adduct 2a begins to undergo cycloreversion 

(rDA) at 120 °C (Figure 5), because we see a small amount of free FMI in the 19F NMR spectrum 

(Figure 5, top).  However, isomeric products are not observed until 140 °C, even though 120 °C is 

close to the temperature where adduct formation can occur (125 °C, Scheme 6).  The difference 

between this cycloreversion experiment and the adduct synthesis procedure is the concentration of 

the reactants.  The initial concentrations of diene 1a and FMI in the synthetic experiment were 
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0.12 M and 0.25 M, respectively.  The initial concentration of 2a in the cycloreversion experiment 

was 0.030 M.  The top spectrum in Figure 5 shows a 6% conversion to FMI (and diene 1a), which 

corresponds to concentrations of 1.8 mM for each product.  Since the DA reaction is bimolecular, 

formation from adducts at these concentrations, compared to the synthetic experiment, should be 

lower by a factor of ca. 9000 by integration of free maleimide in 19F NMR.  As the temperature is 

raised (Figure 5, middle and bottom spectra), isomeric adducts begin to form and the isomeric 

distribution begins to resemble the distribution observed in the prep-scale reaction at 165 °C. 

 
Figure 5. Partial 19F NMR spectra (C6H4F region, 376 MHz, 1,2-C6H4Cl2 solution, DMSO-d6 co-
axial lock standard) of the isomerization of 2a with increasing temperature (increments of 10 °C 
for 24 h, with only three temperatures shown after 24 h for clarity).  Top:  Spectrum after 24 h at 
120 °C showing formation of free FMI.  Middle:  Spectrum after 24 h at 140 °C showing onset of 
isomerization.  Bottom:  Spectrum after 24 h at 170 °C showing primary formation of the likely 
thermodynamic product, adduct 2c. 
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Our second method of rDA analysis employed a second, non-fluorinated monofunctional 

maleimide in tenfold excess to act as a “diene scavenger” when the adduct comes apart (Scheme 

9).  The idea is to look for the emergence of free FMI which cannot recombine because it is 

outnumbered in solution by the scavenger by a factor of at least 10:1.  Our previous result (see 

above) shows that free FMI would be observed even without any scavenger, but the use of the 

scavenger was intended to keep the C6H4F region of the spectrum free of interfering isomer signals.  

We applied this method to what we believe to be the most stable adduct isomer, 2c.  

Scheme 9.  rDA reaction of adduct 2c in the presence of excess diene scavenger. 

 

The rDA experiment began at 100 °C and continued until 170 °C by 10 degree increments each 

for a period of 24 h.  Representative data is shown in Figure 6.   We were impressed with the 

stability of adduct 2c.  The rDA reaction did not begin to occur until 160 °C, and even then only 

1.5% conversion to free FMI was observed after 24 h.   After increasing the reaction temperature 

to 170 °C for an additional 24 h, conversion increased to ca. 4%.  This result shows that the 

thermodynamic product 2c is very resistant to rDA when compared to the kinetic product 2a which 

undergoes rDA beginning at 120 °C.  The result is consistent with the results presented in Jeremy 

Stegall’s dissertation.  Dr. Stegall found that both bulky and electron-withdrawing bridgehead 

substituents destabilize CPD-maleimide adducts.  Adduct 2c has no bridgehead substituents 

whatsoever, and the two aryl groups are conjugated in a stilbene-like structure through the 

norbornene double-bond.  Thus we should expect adduct 2c to be stable, an expectation also 
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supported by the computational studies described above.  The thermal resistance of these adducts 

does not bode favorably for a reversible polymer system, as was first the goal of these model 

reactions, but does not reduce the utility of the CPD functionality as a crosslinking or pre/post-

functionalization pathway. 

 

Figure 6. 19F NMR spectrum of the rDA reaction of adduct 2c with phenylmaleimide as a diene 
scavenger in tenfold excess, after 24 h at 100 °C (top) and after raising the temperature by 10 
degrees every day and holding at 170 °C for 24 h (bottom).  The bottom spectrum shows 4% 
conversion to free FMI. 

3.3 Experimental  

3.3.1 Materials. Solvents, mineral acids, and everyday reagents (e.g., magnesium sulfate) were 

used as received from commercial suppliers except as specified below.  THF was dried by passing 

through activated molecular sieves in a purification column constructed in the manner described 
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by Pangborn et al.47  Decafluorobiphenyl (Matrix Scientific), hexafluorobenzene (Oakwood 

Products), maleic anhydride (Sigma Aldrich), and aniline (Sigma Aldrich) were used as received.  

Sodium tert-butylcyclopentadiene,4, 52 N-(4-fluorophenyl)maleimide (FMI),55 N-

phenylmaleimide,
56 6,6-dimethylfulvene,57 were prepared as reported.  Sodium hydride mineral oil 

dispersion (Fisher) was washed three times (500 g at a time), dried under vacuum, and stored in a 

nitrogen glove box.   

3.3.2 General Methods.   NMR spectra were obtained using Varian (Agilent) U4-DD2 or MR4 

instruments (both at 400 MHz for 1H). 1H chemical shifts were referenced to solvent residual 

isotopomers (7.26 ppm for CDCl3, 2.50 ppm for DMSO-d6, and 1.94 ppm for CD3CN).  Melting 

points were obtained using a Buchi B-545 apparatus in open capillaries and are uncorrected.  Mass 

spectra were obtained using an Agilent 6220 LC-ESI-TOF (5 ppm mass accuracy) operating in 

negative ion mode.  Flash chromatography used glass columns pressurized to 10 PSIG using a 

Bellofram low-pressure regulator and flash-grade silica gel from Silicycle. 

3.3.3 Preparation of 1,2-Bis(nonafluorobiphenyl-4’-yl)-4-tert-butylcylopentadiene (1). This 

compound was isolated previously by Jeremy Stegall as a by-product of the synthesis of the 

monoarylated diene.8  We optimized the procedure for the formation of diene 1 as follows. A 

mixture of sodium hydride (0.87 g, 36 mmol), decafluorobiphenyl (14.5 g, 43.3 mmol), and 

anhydrous THF (200 mL) was cooled to −78 °C.  With stirring, a solution of tert-

butylcyclopentadienide (2.5 g, 17 mmol) in THF (30 mL), prepared in a separate flask, was added 

over 1 h using a cannula.  The reaction was followed by NMR spectroscopy by working up small 

aliquots.  The mixture was allowed to warm to RT overnight, stirred at RT for 24 h, and finally 

stirred under reflux for 24 h.  The reaction mixture (containing organosodium species and excess 

sodium hydride) was quenched with water, and extracted with ether (3x).  The organic layer was 
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separated, washed with water (2 x 25 mL) and brine (1 x 25 mL), dried over MgSO4, and 

evaporated to yield a dark brown crude viscous oil (94%). Filtration through a 5 cm pad of silica 

gel, eluting with hexane, and evaporation of the filtrate yielded a pale yellow solid (11 g, 15 mmol, 

85%). Recrystallization from hexane yielded slab-like colorless crystals.  mp. 128.3-129.2 °C.  1H 

NMR (400 MHz, CDCl3) δ: 6.43 (s, 1H), 3.69 (s, 2H), 1.30 (s, 9H); 19F NMR (376 MHz, CDCl3) 

δ: −137.14 (m, 4F), −138.27 (m, 4F), −138.50 (m, 4F), −139.30 (m, 2F), −140.00 (m, 2F), −150.38 

(m, 2F), −160.72 (m, 4F).  HRMS (ESI) m/z calcd for C33H12F18 (M-H)- 749.0627, found 749.0557. 

Microanalysis was reported by Stegall.8   

3.3.4 Synthesis of Substituted DA Adducts (2).  In two 25-mL Schlenk flasks, solutions 

of diene 1 (0.93 g, 1.2 mmol) and FMI (0.47 g, 2.5 mmol) in o-dichlorobenzene (10 mL) were 

prepared.  A 0.5-mL portion of each solution was transferred to an NMR tube fitted with a capillary 

tube containing DMSO-d6.  One preparative-scale reaction and its companion NMR-scale reaction 

were placed in an oil bath at 125 °C.  The other preparative-scale reaction and its companion NMR-

scale reaction were placed in an oil bath at 165 °C.  Thermostats were used to maintain the oil 

baths at the designated temperatures.  Both reactions were followed over a period of 7 days using 

19F NMR spectrometry to analyze the NMR-scale reactions.  The 19F signal associated with the 

free FMI (−113.33) was sufficiently resolved from the C6H4F signals for the adducts (−111.45 to 

−111.95) to follow the reaction progress (Figures B23-B25).  Conversion data is tabulated in Table 

3. The reaction at 125 °C was still making slow progress after 96 h according to the data in Table 

3 (the right-most column labeled “percent conversion” effectively contains the “NMR yield” of 

the reaction as diene 1 was limiting). The reaction at 165 °C reached an apparent steady-state after 

ca. 72 h. Both prep-scale reactions were worked up at 96 h.  An analogous NMR-scale reaction 
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carried out at 80 °C showed only 4% conversion after 24 h; the product distribution tentatively 

seems about the same as the distribution at 125 °C. 

Table 3.  Reaction progress of diene 1 and FMI in 1,2-dichlorobenzene.  Concentrations were 

calculated based on relative FMI and adduct integrals in the 19F NMR spectrum.  Molar 

concentrations are based on [1]0 = 0.12 M and [FMI]0 = 0.25 M.  

t, h 
T, 
°C 

Normalized integrals Molar concentrations 

Q 

Percent 
conversion 
of diene 1 

Free 

FMI 

Σ 

Adducts 

[FMI], 

M [2], M [1], M 

0 125 100 0 0.250 0.000 0.120 0 0 

24 125 70 30 0.175 0.075 0.045 10 63 

48 125 61 39 0.153 0.098 0.023 28 81 

72 125 59 41 0.148 0.103 0.018 40 85 

96 125 58 42 0.145 0.105 0.015 48 88 

         

0 165 100 0 0.250 0 0.12 0 0 

24 165 61 39 0.153 0.097 0.023 28 81 

48 165 57 43 0.143 0.108 0.013 60 90 

72 165 55 45 0.138 0.113 0.0075 109 94 

96 165 55 45 0.138 0.113 0.0075 109 94 

 

First, the solvent was removed using a vacuum pump.  The remaining residue was dissolved 

in a 70:30 hexanes:ethyl acetate solution and subjected to silica gel chromatography, eluting with 

20% ethyl acetate in hexanes.  Unreacted diene 1 and residual o-dichlorobenzene eluted in a 

forerun, followed by DA adducts.  Unreacted FMI adsorbs strongly to the column and is not eluted.  

Evaporation of the adduct band from the reaction at 125 °C afforded 0.679 g (60%) of adduct 

mixture 2.  Evaporation of the adduct band from the reaction at 165 °C afforded 0.733 g (65%) of 
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adduct mixture 2.   Small fractions (≤ 10 mg) of the adduct mixture were then subjected to 

preparative thin layer chromatography (TLC) on 200 μm plastic-backed silica gel plates using 

liquid phases 10% and 20% ethyl acetate in hexanes to obtain spectroscopically pure adduct 

samples.  Bands were separated, extracted with chloroform, evaporated, and subjected to NMR 

spectroscopic analysis.   

NMR data is provided in the Supporting Information and is discussed in detail below.  Data 

for Adduct 2c: mp. 224.1-225.2 °C.  1H NMR  (400 MHz, CDCl3) δ 7.27 (m, 2H), 7.19 (m, 2H), 

3.84 (s, 2H), 3.30 (s, 2H), 1.95 (s, 1H), 1.00 (s, 9H); 19F NMR (376 MHz, CDCl3) δ: −111.61 (m, 

1F), −136.81 (m, 8F), −137.40 (m, 4F), −149.53 (m, 2F), −160.27 (m, 4F). 1-D 1H NOE difference 

spectra are provided in the Supporting Information.  HRMS (ESI) m/z calcd for C43H18F19NO2 (M-

H)- 940.0927, found 940.0933.  Anal. calcd for C43H18F19NO2: C, 54.85; H, 1.93; N, 1.49. Found 

: C, 54.59; H, 1.90; N, 1.54. Data for Adduct 2a:  mp 219.7-221.1 °C.  1H NMR (400 MHz, CDCl3) 

δ 7.24-7.18 (m, 2H), 7.17-7.11 (m, 2H), 6.74 (s, 1H), 4.07 (d, 1H, J = 7 Hz), 3.26 (d, 1H, J = 7 

Hz), 2.86 (d, 1H, J = 10 Hz), 2.30 (d, 1H, J = 10 Hz), 1.28 (s, 9H).  19F NMR (376 MHz, CDCl3) 

δ: −111.53 (m, 1F), −135.13 to −140.01 (m, 10F), −150.00 (m, 2F), −160.45 (m, 4F). 1-D 1H NOE 

difference spectra are provided in the Supporting Information.   HRMS (ESI) m/z calcd for 

C43H18F19NO2 (M+NaF-H)- 1008.1027, found 1008.0981.  Data for adduct 2g:  1H NMR (400 

MHz, CDCl3) δ  6.41 (s, 1H), 4.00 (d, 1H, J = 4 Hz), 3.74 (s, 1H), 3.58 (d, 1H, J = 8 Hz), 3.23 (dd, 

1H, J = 4 Hz, 8 Hz), 0.97 (s, 9H). 19F NMR (376 MHz, CDCl3): The signal arising from the 4-

fluorophenyl group is well resolved at -111.43 (m, 1F).  This isomer is a minor component and 

part of a mixture of isomeric adducts, 19F signals associated with the C12F9 group were part of a 

complex mixture that could not be assigned further.  1-D 1H NOE difference spectra are provided 

in the Supporting Information. HRMS (ESI) m/z calcdfor C43H18F19NO2 (M-H)-  940.0927, found 
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940.0923; (M+NaF-H)- 1008.1027, found 1008.0988. Data for Adduct 2h: The NMR spectrum 

was assigned from a mixture of adducts 2b, 2g, and 2h.  The aromatic signals arising from the 

C6H4F groups of these three isomers were not resolved and remain unassigned.  1H NMR (400 

MHz, CDCl3) δ 6.88 (s, 1H), 4.41 (d, 1H, J = 3.02 Hz), 3.97-3.94 (m, 1H), 3.88 (d, 1H, J = 8.2 

Hz), 3.83 (d, 1H, J = 4.23 Hz), 0.85 (s, 9H).  19F NMR (376 MHz, CDCl3) δ:  The signal arising 

from the 4-fluorophenyl group is well resolved at −111.80 (m, 1F).  This isomer is a minor 

component and part of a mixture of isomeric adducts; 19F signals associated with the C12F9 group 

were part of a complex mixture that could not be assigned further.  1-D 1H NOE difference spectra 

are provided in the Supporting Information. Data for adduct 2b: 1H NMR (400 MHz, CDCl3) δ: 

7.07 (s, 1H), 4.52 (d, 1H, J = 8 Hz), 2.76 (d, 1H, J = 10 Hz), 2.28 (d, 1H, J = 10 Hz), 1.27 (s, 9H).  

There is a signal at 3.83 ppm that is underneath a proton signal of adduct 2h and cannot be 

integrated, but was assigned to adduct 2b through NOE measurements. 1-D 1H NOE difference 

spectra are provided in the Supporting Information.  19F NMR (376 MHz, CDCl3) δ:  The signal 

arising from the 4-fluorophenyl group is well resolved at −112.27 (m, 1F).  This isomer is a minor 

component and part of a mixture of isomeric adducts, so 19F signals associated with the C12F9 group 

were part of a complex mixture that could not be assigned further.  

3.3.5  Synthesis of C6F5-substituted DA Adducts (4).  In a 25-mL Schlenk flask, a solution of 

diene 3 (0.46 g, 1.0 mmol) and FMI (0.39 g, 2.1 mmol) in o-dichlorobenzene (6 mL) was stirred 

at 165 °C for 7 d.   After removal of the solvent under vacuum, the residue was subjected to silica 

gel chromatography using 20% ethyl acetate in hexane as the mobile phase. Unreacted diene 3 and 

residual o-dichlorobenzene eluted in a forerun, followed by DA adducts.  Unreacted FMI adsorbs 

strongly to the column and only elutes with large volumes of solvent.   Small fractions (≤ 10 mg) 

of the adduct mixture were then subjected to preparative thin layer chromatography (TLC) on 200 
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μm plastic-backed silica gel plates using liquid phases 10% and 20% ethyl acetate in hexanes to 

obtain spectroscopically pure adduct samples.  Bands were separated, extracted with chloroform, 

evaporated, and subjected to NMR spectroscopic analysis.  NMR data is provided in the 

Supporting Information and is discussed in detail below.  Data for Adduct 4c.  mp.  196.8-199.7 

°C.  1H NMR  (400 MHz, CDCl3) δ: 7.25-7.29 (m, 2H), 7.21-7.17 (m, 2H), 3.73 (s, 2H), 3.22 (s, 

2H), 1.89 (s, 1H), 0.96 (s, 9H); 19F NMR (376 MHz, CDCl3) δ: −111.65 (m, 1F), −138.10 (m, 4F), 

−151.69 (t, 3J = 20 Hz, 2F), −160.13 (m, 4F).  HRMS (ESI) m/z calcd for C31H18F11NO2 (M+NaF-

H)- 712.1227, found 712.1141.  Anal. calcd for C31H18F11NO2: C, 57.69; H, 2.81; N, 2.17.  Found: 

C, 57.55; H, 2.81; N, 2.17.  Found: C, 57.55; H, 2.86; N, 2.30.  Data for Adduct 4g. mp. 211.3-

212.8 °C.  1H NMR (400 MHz, CDCl3) δ 7.25-7.29 (m, 2H), 7.21-7.17 (m, 2H), 6.31 (s, 1H), 4.84 

(d, 1H, J = 4 Hz), 3.65 (s, 1H), 3.46 (d, 1H, J = 8 Hz), 3.17 (dd, 1H, J = 4 Hz, 8 Hz), 0.95 (s, 9H). 

19F NMR (376 MHz, CDCl3) δ −111.51 (m, 1F), −138.94 (d, 3J = 22 Hz, 1F), −140.62 (br s, 2 F), 

−145.04 (d, 1F, 22 Hz), −154.41 (t, 3J = 22 Hz, 1F), −154.61 (t, 3J = 22 Hz, 1 F), −161.01, (td, 3J 

= 22 Hz, 4J = 7 Hz, 1 F), −161.20 (m, 2F), −161.52 (td, 3J = 22 Hz, 4J = 7 Hz, 1 F).  Anal. calcd 

for C31H18F11NO2: C, 57.69; H, 2.81; N, 2.17.  Found: C, 57.82; H, 2.74; N, 2.22. 

3.3.6  Thermal Cycloreversion Studies.  First Method: An NMR sample of isomer 2a (0.0167 

g, 0.0178 mmol) was prepared in 0.6 mL of o-dichlorobenzene.  A sealed DMSO-d6 capillary tube 

was then inserted for lock and shim purposes.  The NMR tube was then immersed in a 100 °C oil 

bath for 24 h, then checked for isomerization.  Isomerization is presumed to proceed through rate-

limiting cycloreversion and subsequent cycloaddition.  The temperature was then increased by 10 

°C increments up to 170 °C and maintained for 24 h at each temperature until appreciable 

isomerization was visible via 19F NMR.  Second Method: An NMR sample of isomer 2c (0.0148 

g, 0.0157 mmol) and N-phenylmaleimide (0.0272 g, 0.1577 mmol) was prepared in 0.6 mL of o-
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dichlorobenzene.  A sealed DMSO-d6 capillary tube was then inserted for lock and shim purposes.   

The NMR tube was then immersed in a 100 °C oil bath for 24 h, then checked for the presence of 

free N-(4-fluorophenyl)maleimide, which would result from cycloreversion, while subsequent 

cycloaddition of the free cyclopentadiene would favor the N-phenylmaleimide present in tenfold 

excess. This temperature was then increased by 10 °C increments up to 170 °C and maintained for 

24 h at each temperature until appreciable cycloreversion occurred and free (4-

fluorophenyl)maleimide was visible via 19F NMR. 

3.3.7 Computational studies.  The WebMO interface to Gaussian (B3LYP/6-31G*) was 

used to obtain relative enthalpies of formation for diene tautomers 1a, 1b, and 1c and for the 

corresponding maleimide adducts (2). 

Table 4. Relative enthalpies of formation (kcal/mol) with tautomers 1a-c and 2c set to zero 

(lowest-energy isomers) for cyclopentadiene tautomers and DA adducts, respectively, for 

reactions shown in Scheme 6.  Only 2a, 2b, 2c, 2g, and 2h were observed experimentally. 

 ΔΔHadducts (kcal/mol) 

Cyclopentadiene ΔΔHdienes Exo isomers Endo isomers 

1a 0.00 2a = 6.92 2b = 10.9 

1b 2.95  2c = 0.00     2e = 11.2  2d = 2.94   2f = 6.52 

1c 5.55  2g = 16.8     2h = 9.59  2i = 12.0    2j = 9.70 

3.3.8 Crystallographic Studies.  Crystallographic analyses of 1a, 2a, 2c, 4c, and 4g are 

described here.  Molecular structures obtained in this manner are shown in figures provided in the 

Supporting Information section of this dissertation.  The following experimental procedures were 

provided by Dr. Carla Slebodnick who carried out the crystallographic data collection, solution, 

and refinement. Diene 1a (CS2169): A colorless rod crystallized from a 20% ethyl acetate in 

hexanes solution (0.05 x 0.05 x 0.30 mm3) was centered on the goniometer of an Agilent Nova 
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diffractometer operating with CuKa radiation.  The data collection routine, unit cell refinement, 

and data processing were carried out with the program CrysAlisPro.  The Laue symmetry was 

consistent with the triclinic space groups P1 and P-1.  The centric space group P-1 was 

chosen.  The structure was solved using SHELXS-2013 and refined using SHELXL-2013 via 

OLEX2.  The final refinement model involved anisotropic displacement parameters for non-

hydrogen atoms and a riding model for all hydrogen atoms.  The sp3 hybridized carbon of the 

cyclopentadiene was disordered across C3 and C5, with relative sp3-hybridization occupancies that 

refined to 0.68(2) and 0.32(2), respectively.  Olex2 was used for molecular graphics generation. 

Adduct 2a (CS2085): Crystals were grown by slow evaporation of a solution containing 10% ethyl 

acetate in hexane.  An irregular shaped colorless crystal of 2a (0.17 x 0.24 x 0.34 mm3) was 

centered on the goniometer of an Agilent Gemini E Ultra diffractometer operating with MoKα 

radiation.  The data collection routine, unit cell refinement, and data processing were carried out 

with the program CrysAlisPro.49  The Laue symmetry was consistent with the triclinic space 

groups P-1 and P1.  The centric space group P-1 was chosen. The structure was solved using 

SHELXS-201450 and refined using SHELXL-201450 via OLEX2.51  A region containing 

disordered solvent could not be modeled effectively; therefore the SQUEEZE subroutine of the 

PLATON58 program package was used.  A total of 65 e– was subtracted from 424 Å3 total void 

space (comprised of one void centered at the origin). The final refinement model involved 

anisotropic displacement parameters for non-hydrogen atoms and a riding model for all hydrogen 

atoms.  Adduct 4c (CS1977): Crystals were grown by slow evaporation of a solution containing 

10% ethyl acetate in hexane.  A colorless plate of 4c (0.02 x 0.19 x 0.30 mm3) was centered on the 

goniometer of an Agilent Nova diffractometer.  The data collection routine, unit cell refinement, 

and data processing were carried out with the program CrysAlisPro.49  The Laue symmetry and 
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systematic absences were consistent with the monoclinic space groups P21/n.  The structure was 

solved using SHELXS-9750 and refined using SHELXL-9750 via OLEX2.51  The final refinement 

model involved anisotropic displacement parameters for non-hydrogen atoms and a riding model 

for all hydrogen atoms.  Adduct 4g (CS1981): Crystals were grown by slow evaporation of a 

solution containing 20% ethyl acetate in hexane.  A colorless plate of 4g (0.04 x 0.16 x 0.20 mm3) 

was centered on the goniometer of an Agilent Nova diffractometer.  The data collection routine, 

unit cell refinement, and data processing were carried out with the program CrysAlisPro.49  The 

Laue symmetry was consistent with the triclinic space groups P1 and P-1.  The centric space group 

P-1 was chosen.  The structure was solved using SHELXS-9750 and refined using SHELXL-9750 

via OLEX2.51  The final refinement model involved anisotropic displacement parameters for non-

hydrogen atoms and a riding model for all hydrogen atoms. 

3.4 Conclusion 

 The model studies presented in this chapter were intended to explore the feasibility of 

reversible cycloadditions towards their inclusion in polymer syntheses.  The synthesized tri-

substituted diene undergoes Diels-Alder cycloaddition to form five norbornene adducts, in 

different ratios at 125 °C and 165 °C.  The high thermal stability toward retro Diels-Alder that was 

discovered herein make these monomers unlikely candidates to form reversible polymers or 

reversible crosslinks, but the CPD moiety still provides a platform for polymer modification, 

functionalization, and crosslinking.  The utility of incorporating this tri-substituted diene will be 

discussed in the following Chapter 4. 
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Chapter 4:  Cyclopentadiene-based Poly(arylene ethers) and Segmented MePEEKs. 

4.1 Introduction 

This chapter describes the synthesis of poly(arylene ether)s derived from cyclopentadiene 1 

and polymers derived by linking phenol-terminated, telechelic methyl-PEEK oligomers 

(PEEKMOH) with cyclopentadiene 1 (Scheme 1). 

Scheme 1.  Formation of arylene ether polymers from cyclopentadiene 1.  G = arylene. 

 

Chapter 3 described the synthesis of diene 1 from tert-butylcyclopentadiene and 

decafluorobiphenyl.  This synthesis is scalable because tert-butylcyclopentadiene can be made on 

a 1-mol scale from cyclopentadiene and acetone by methylamine catalyzed condensation, and 

because decafluorobiphenyl is not terribly expensive.  Diene 1 is stable and easy to purify. 

Diene 1 is the “central compound” of this dissertation for two main reasons.  First, it undergoes 

Diels-Alder (DA) reactions with maleimides.  We had initially hoped to use this reaction as the 

basis for thermally reversible cross-linking and for the reversible post-functionalization of 

polymers of the type shown in Scheme 1.  However, as shown in Chapter 3, the reaction of 1 with 

N-(4-fluorophenyl)maleimide (FMI) is more complicated than we had anticipated, because diene 

1 tautomerizes, and the “hidden” (metastable) tautomers react with FMI to give extremely stable 

DA adducts.  The “thermodynamic” adduct, which is formed even at relatively low reaction 

temperatures, only begins to come apart very slowly even at 170 °C.  That discovery, while 

scientifically interesting in terms of the fundamental organic chemistry, was a setback for us, 
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because it meant that diene 1 would not be a basis for truly thermally reversible applications such 

as self-healing or thermally responsive materials such as gels stabilized by freely reversible 

crosslinks.  However it was not a fatal blow, because we can still use the DA reaction in the forward 

direction for polymer post-modification and irreversible cross-linking.  Therefore, we continued 

our plans to realize the concept shown in Scheme 1. 

The second prominent feature of diene 1 that was not addressed in the previous two chapters 

is that this compound is a reactive difluoroarylene – effectively a difunctional electrophile – and 

it should serve as a monomer for both normal-type and telomeric poly(arylene ether)s.  

Difluoroarylenes are a primary class of monomers in the synthesis of aromatic polymers.  Thus, 

diene 1 combines potentially straight-forward incorporation into the backbone of aromatic 

polymers, while offering the opportunity to use the CPD moiety for further chemistry directly on 

the polymer backbone after polymerization. 

As a polymerization partner for our difunctional electrophile, we wanted a monomer or 

telechelic polymer that was terminated in soft, weakly-basic nucleophiles.  We especially needed 

to avoid strongly basic nucleophiles that would only serve to deprotonate the cyclopentadiene 

irreversibly (Scheme 2).   

Scheme 2.  Deprotonation of cyclopentadiene 1 by a strong generic base. 

 

We know from previous work (Matt Thornberry’s dissertation) that the C6F5-substituted 

analogue of diene 1 has a pKa that is comparable to phenol (about 10).7  The conditions under 
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which this acidity was measured are quite different from those that we use for polymerizations 

involving 1 (different solvent, counter-cation, etc.), but based on preliminary experiments 

conducted in our lab by Alex Hawes, we know that aliphatic alkoxides serve as strong bases toward 

cyclopentadienes bearing two perfluoroaryl groups.7  But phenoxides are much less basic than 

aliphatic alkoxides, with phenol having a pKa of 10 whereas aliphatic alcohols have a pKa range 

of 16-18.  

We also wanted to work with a system that was relatively well-defined in the literature, so we 

decided on two general approaches for our difunctional nucleophilic monomer:  small molecules 

(hydroquinones and diphenols such as BPA) and phenol-terminated telechelic polymers.  For the 

telechelics we settled on a phenol-terminated poly(ether ether ketone) derived from 

methylhydroquinone (MeHQ) and 4,4’-difluorobenzophenone (DFBP).  These telechelic polymers 

are known as PEEKMOH and are already well-described in the literature.59   PEEKMOH has the 

advantages of solubility (unlike PEEKs derived from unsubstituted hydroquinone), good control 

over molecular weight through monomer stoichiometry, good control over end-groups, and low 

cost.21a    

As an added bonus, we note that diene 1 is strongly “kinked” with an acute angle between the 

two rigid arylene groups.  This angle was measured using the crystal structure of diene 1 reported 

in Chapter 3.  The angle formed by the two C4’ carbons (ends of the C12F9 groups) and the centroid 

of the cyclopentadiene 5-membered ring is 68°.  This gives us an opportunity to explore the effect 

of introducing a “kink” into a relatively rigid polymer system such as PEEK. 
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4.2 Results and Discussion 

4.2.1 Model Chemistry.  The segmented polymer synthetic chemistry described in this chapter 

is based on the structure and reactivity of a “special” cyclopentadiene compound (1) with four key 

features that were described in more detail in previous chapters:  (a) the diene is easy to make; (b) 

the diene exists as a single tautomer (according to 1H NMR analysis); (c) the substitution pattern 

of the diene should destabilize DA adducts and facilitate rDA reactions; and (d) the two C12F9 

groups should undergo facile substitution chemistry with phenolic nucleophiles.  The first three of 

these features – including the many unexpected twists and turns – were demonstrated 

experimentally as described in Chapter 3 (DA Chem chapter).  In this chapter we proceed with the 

fourth feature – the SNAr chemistry. 

To model the substitution chemistry of our cyclopentadiene 1 with phenolic nucleophiles, we 

selected 4-hydroxytoluene (p-cresol) because the methyl group would serve as an additional 

spectroscopic handle (singlet, 3H in the 1H NMR spectrum).  While the 4-methylphenoxide anion 

could be generated easily using potassium hydride or sodium hydride, we preferred to adapt 

conditions for formation of the phenoxide following the procedure of Wang and co-workers, which 

is based on potassium carbonate as the stoichiometric base.  These conditions are used in 

poly(arylene ether) syntheses.   

Potassium hydrogen carbonate and 4-methylphenol are both weak acids but of comparable 

acidity.  Thus, the equilibrium constant for deprotonation of the phenol by carbonate anion (eq 1) 

is on the order of unity.  Unlike a reaction with sodium hydride, the reaction shown in eq 1 must 

therefore be driven to high conversion.  According to the method of Wang and co-workers, this 

equilibrium shift is accomplished by disproportionation of the bicarbonate product (eq 2) and 



 

84 
 

decomposition of carbonic acid (eq 3).  All three equations are equilibria that are ultimately driven 

forward by the removal of water from the reaction by distillation of the toluene azeotrope. 

CH3C6H4OH  +  K2CO3  →  CH3C6H4OK  +  KHCO3 (1) 

KHCO3  →  K2CO3  +  H2CO3 (2) 

H2CO3  →  H2O(l)  +  CO2(g) (3) 

When diene 1 was treated with potassium carbonate and 4-methylphenoxide prepared as 

described above, using NMP as the solvent at a reaction temperature of 125 °C for 4 h, the 

corresponding diether 2 was obtained in 86% yield after silica gel chromatographic purification.  

The product is distinguished spectroscopically by the singlet in the 1H NMR spectrum (6 H) at 

2.34 ppm corresponding to the two aromatic methyl groups (Figure C1).  In addition, the 19F NMR 

spectrum (Figure 1) shows the complete disappearance of the two closely-spaced triplets at −150.3 

ppm corresponding to the two chemically inequivalent 4’-fluorines of the C12F9 substituents in the 

starting diene.  This result, which is observed even in the 19F NMR spectrum of the crude product 

(before purification), shows that the substitution reaction proceeds to complete conversion when 

using excess phenoxide nucleophiles. 
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Figure 1. 19F NMR spectra of the starting diene 1 (top) and the product of disubstitution with 
potassium 4-methylphenoxide in NMR at 125 °C for 4 h (bottom) showing complete conversion 
to the corresponding diether 2. 

Since the aryloxides in these two dienes are relatively distant from the cyclopentadiene “core,” 

we expected to observe essentially identical Diels-Alder reactivity.  This assumption was tested 

by reacting diene 2 with FMI at 165 °C in 1,2-dichlorobenzene, under conditions comparable to 

the model reactions described in Chapter 3 (Scheme 3).  Analysis of the 1H NMR spectrum of the 

crude product mixture (Figure 2) showed the formation of one major adduct (shown in Scheme 3) 

and a second, minor adduct.  These spectra are compared to the fluoro-substituted analogues 2a 

and 2c (Chapter 3).  These results confirm that the C12F9-substituted diene 1 is a useful model for 

DA reactions of the proposed poly(arylene ether)s and arylene-linked MePEEK polymers 

described below. 
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Scheme 3. Reaction of CPD 1 with FMI 

 

 

Figure 2. 19F NMR (376 MHz, CDCl3) comparison between adduct 2c (bottom), adduct 2b 

(middle), and the purified norbornene adduct 5a produced at 165 °C from Scheme 3.   

4.2.2 Poly(arylene ether) Synthesis. 

As described in Chapter 2, we chose BPA and BPA-F as monomers for the formation of arylene 

ether polymers using diene 1 as the electrophilic monomer (Scheme 4).  The potassium aryloxides 

were generated from a mixture of either BPA or BPA-F, potassium carbonate, DMAc solvent, 

using the method of azeotropic dehydration (toluene). Polymerizations involved adding diene 1 to 

the aryloxide solution and reacting at 125 °C for 24 h. 
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Scheme 4. Poly(arylene ether) polymerization of CPD 1 with BPA and BPAF 

 

The 1H NMR spectrum of the BPA-derived polymer shows the expected BPA C6H4 groups, 

CPD vinyl proton, CPD methylene, BPA methyl groups, and CPD tert-butyl groups in ratios 

consistent with the assigned repeat-unit structure.  The 1H NMR spectrum of the BPAF-derived 

polymer is much the same except that the BPAF C6H4 groups are downfield of the BPA C6H4 

groups, and the BPA methyl groups are absent.  The 19F NMR spectra of the BPA-derived polymer 

showed a faint signal arising from the para fluorine of the C12F9 groups of the starting 

cyclopentadiene, but this region of the 19F NMR spectrum was silent in the case of the BPAF-

derived polymer.  Integration of the faint end-group signal suggested a Mn of about 80,000, but 

this value is not reliable, because of the noise in the spectrum and the problems of baseline 

correction in 19F NMR spectra.  One feature of the 19F NMR spectrum that is useful is the lack of 

any evidence of side reactions such as additional SNAr reactions, etc.   

Both poly(arylene ether)s were characterized for molecular weight distribution using size-

exclusion chromatography (SEC) as shown in Table 1.  PDI values are somewhat lower than 2.0 

(expected for step-growth polycondensation), but this could arise from some fractionation when 

the polymers are isolated and re-precipitated.  GPC traces are shown in Figures C20 and C21.  The 

traces show large shoulders at low elution volumes, perhaps suggesting aggregation of the 

polymers in the elution solvent (THF).  We attempted to sonicate samples immediately prior to 



 

88 
 

analysis and other “tricks of the trade”, but were not able to resolve this issue.  We can only 

speculate that the high proportion of large perfluoroarylene linkages in the polymer may cause 

aggregation.  These are glassy polymers that exhibit similar Tg values, reflecting negliglble 

influence of isopropylidene fluorination on this parameter.60  With Tg above 200 °C, these 

polymers are not suitable, in the solid state, for reversible post-functionalization using Diels-Alder 

chemistry at the CPD moiety, which would be desired to occur in the range 120–160 °C, because 

of the lack of segmental motion below Tg.  The fluorinated polymer PBPAF shows a slightly 

higher degradation temperature, generally (but not uniformly) consistent with trends in the 

literature for BPA- vs BPAF-derived aromatic polymers.60-61 

Table 1.  Analytical data for poly(arylene ether)s synthesized from diene 1 and BPA (polymer 

PBPA) or BPAF (polymer PBPAF).  dη/dc and molecular weight data was obtained by GPC-

MALLS using THF as the eluting solvent.  Glass transition temperatures (Tg) were determined 

by DSC operating at 10 °C/min.  Degradation temperatures (Td, 5% weight loss) were 

determined by TGA (∆T/∆t = 10 °C/min). 

Polymer dη/dc Mn (kDa) Mw (kDa) Mw/Mn Tg, °C Td, °C 

PBPA 0.103 34 64 1.9 217 286 

PBPAF 0.113 39 59 1.6 221 304 
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Figure 3. 1H NMR (400 MHz, CDCl3) spectrum of poly(arylene ether) (top) synthesized from 
diene 1 and BPA.  The corresponding spectrum of the model diene 2 (bottom) is provided for 
comparison. 

4.2.3 Synthesis of Phenol-terminated, Telechelic MePEEK (PEEKMOH) Oligomers. 

PEEKMOH oligomers P2K-2k, P5K-5k, and P10K-10k (the number after the hyphen is the 

target Mn of the oligomer) were prepared by from methylhydroquinone (MeHQ) and 4,4’-difluoro-

benzophenone (DFBP) as reported by Wang and co-workers (Scheme 5).   

Scheme 5. Synthesis of PEEKMOH 
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Stoichiometries for targeting the molecular weight were established using the Carothers 

Equation (eq 4, with Xn representing the degrees of polymerization, r in the denominator 

representing the equivalents of methylhydroquinone in excess, and r in the numerator representing 

the equivalents of 4,4’-difluorobenzophenone).  Synthesis of hydroxyl terminated oligomers was 

managed by using an excess of MeHQ, and confirmed using 19F NMR by a complete disappearance 

of any fluorine signals associated with DFBP prior to polymer precipitation.  The 1H NMR 

spectrum of a representative precipitated oligomer is shown in Figure 4.  Repeat-unit methyls 

provide a single signal at 2.19 ppm, whereas the two regioisomeric end-group methyl groups give 

rise to individual signals at 2.34 and 2.10 ppm.  We did not attempt to assign the end-group signals 

(one regiochemistry from the other), since they were present in roughly equal concentrations.  

Additional arylene end-group signals are observed in the range 6.7–6.9 ppm, but are not well 

resolved and were not fully assigned.  Molecular weight determinations by end-group analysis 

(integrating the methyl signals) and GPC are described below. 

�� =  1 + �
1 − � (4) 
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Figure 4.  1H NMR (400 MHz, CDCl3) of reprecipitated PEEKMOH oligomer P2K prepared by 
the reaction of MeHQ and DFBP (1.35:1.00 ratio).  The inset shows the end-group methyl signals 
at 2.10 and 2.34 ppm demonstrating equal concentrations of the two end-group regiochemistry. 

4.2.4 Synthesis of Cyclopentadiene-Linked PEEKMOH Oligomers. 

Phenol-terminated MePEEK oligomers were linked into polymers (telomers) by reaction with 

the fluoroarylated cyclopentadiene 1.  Unit reaction stoichiometry (fluoroaryl:phenol = 1:1) was 

calculated using the Mn value for the oligomer as determined by NMR and confirmed by GPC (see 

subsequent section).   After reprecipitation, the polymers varied from off-white (based on P10K-

10k) to tan (based on P2K) in color. 
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Scheme 6. Synthesis of CPD-linked segmented PEEKMOHs 

 

Figure 5. 1H NMR spectra (CDCl3, 400 MHz) P10K-10k linked with CPD 1a (bottom).  Insets 
present regions of the spectrum of the polymer (upper spectra) compared to the unreacted diene 
1a (lower spectra).  Inset (A) shows the region assigned to CMe3 groups, revealing possible 
tautomerization of the CPD linking unit.  Inset (B) shows the CPD vinyl C-H protons.  Inset (C) 
shows the region assigned to the CPD protons attached to the sp3 hybridized carbon atom; the 
broad singlet is assigned to structures analogous to diene 1a, while the triplet is tentatively assigned 
to a CMe3-bearing methine carbon present in the metastable diene tautomer as described in the 
text. 
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The 1H NMR spectrum of the CPD-linked PEEKMOH telechelic oligomers is shown in Figure 

5.  Signals at 6.42 (vinyl CH), 3.69 (CH2), and 1.30 ppm (CMe3) are assigned to the 

cyclopentadiene linking moieties in agreement with the spectrum of diene 1.  We were surprised 

to find – reproducibly – additional signals at 3.36 ppm (t, J = 7 Hz, CH2 region) and 1.24 ppm (s, 

CMe3 region), but unfortunately we cannot assign them.  The 19F NMR spectrum (see Figure C7) 

shows complete consumption of the para fluorines of the C12F9 groups on the linking 

cyclopentadiene.  Based on the complexity of these findings, we prefer to use these NMR spectra 

to confirm the presence of the linking groups qualitatively while using molecular weight 

determination by GPC to more definitively confirm the average number of links created in each 

polymer chain.        

4.2.5 Synthesis of Arylene-Linked PEEKMOH Oligomers. 

Phenol-terminated MePEEK oligomers were also linked by reaction with the fluoroarylated 

arene 3 (Scheme 7) in the same manner as described above for linking with the cyclopentadiene 1.   

The linking arene was prepared from the cyclopentadiene 1 in two steps as shown in Scheme 7.  

The copper-catalyzed air oxidation of the cyclopentadiene followed a method developed by Brian 

Hickory in our group.1b, 52  The ketone is a crystalline orange solid, whose structure was confirmed 

by 1H and 19F NMR as well as single-crystal X-ray diffraction (Figures C12, C13, and C15).  The 

Diels-Alder reaction with phenylacetylene is a thermal process that requires a high temperature 

because of the electron-deficient character of the cyclopentadienone.  The regiochemistry of arene 

3 stems from the large size of the CMe3 group, which prevents the approach of the phenyl 

substituent on the alkyne.  This regiochemistry is evident from the 1H NMR, which shows the two 

arene protons as two equally integrating, mutually coupling doublets at 7.67 ppm and 7.55 pm (4J 

= 2 Hz).   
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The 1H NMR spectrum of the arene-linked polymer P5KAr is shown in Figure 6 along with 

the corresponding spectrum of the unreacted arene.  These spectra demonstrate the incorporation 

of the arene linker.  

Scheme 7. Synthesis of “arylene” linker and polymerization with PEEKMOH oligomers 
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Figure 6. 1H NMR (400 MHz, CDCl3) spectra of arene 3 (top) and PEEKMOH that has been 
linked using arene 3 (P5KAr, bottom).  The inset illustrates the region of the 1H NMR spectra 
where aryl proton signals originating from linker appear. 

4.2.6 Molecular Weight Determinations of PEEKMOH Oligomers and Linked Polymers. 

1H NMR spectroscopy (end-group analysis) was used to determine Mn values for PEEKMOH 

oligomers P2K, P5K, and P10K.  End-group hydroquinone methyl signals (2.25 and 2.11 ppm) 

from MeHQ were well resolved from the corresponding signal (2.21 ppm) arising from the interior 

repeat units (Figure 7). 
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Figure 7. 1H NMR spectrum (CDCl3, 400 MHz) of 2-kDa PEEKMOH oligomer (P2K). The inset 
shows the resolution of internal and end-group MeHQ methyl protons. 

The calculation of Xn followed eq 5.  A worked example (eq 6) is based on the data shown in 

Figure 7.  The corresponding PEEKMOH oligomers targeted at 5 kDa and 10 kDa, respectively, 

showed end-group-calculated Mn values of 5200 and 10,600 respectively.   

�� =  
 �(�������� ���ℎ�� ������ ���� �!�")# �% �������� ���ℎ�� ������"

�(��& ��'� ���ℎ�� ������ ���� �!�")# �% ��& ��'� ���ℎ�� ������"
   =  

4.333(0.75 + 0.56)
6

 = 6.6 (5) 

� = (/0 �% ��& ��'�") + [(/0 �% 1���!� 2���)(��)] = (230) + [(302)(6.6)] = 2200   /��� (6) 

Gel permeation chromatography (GPC-MALLS) was performed on the PEEKMOH oligomers 

to confirm end-group Mn values independently and to determine polydispersities (Mw/Mn or PDI).  

Molecular weights determined by GPC were in good agreement with Mn values calculated by end-
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group analysis using 1H NMR for the PEEKMOH oligomers.  Assumed aggregation was observed 

for all of the CPD-linked polymer samples by a large shoulder in the chromatogram on the low-

elution-volume side. Sonication of samples seemed to decrease aggregation, but required samples 

to be sonicated right before injection into the instrument.  Moreover, THF is not an ideal solvent 

for PEEKMOH, so most of the chromatograms were obtained by first dissolving the polymer in 

NMP, diluting with THF, and then entraining the NMP/THF solution into the THF eluent.  This 

method could give rise to significant aggregation. Aggregation is probably not the sole reason for 

observing low-elution-volume shoulders, however.  The arene-linked PEEKMOH telomers show 

much smaller shoulders than the CPD-linked telomers, suggesting that the arene linker reacts more 

cleanly.  Since 19F NMR spectra of the telomers are quite clean, we can rule out cross-linking by 

trisubstitution, but other forms of cross-linking involving the cyclopentadiene moiety cannot be 

excluded.  

Under these circumstances, molecular weight quantitative data and polydispersities are not 

highly reliable, and as Table 2 shows, the PDIs are typically well below the value of 2.0 that would 

be expected for an ideal step-growth polymerization.  One instance where this is not the case is the 

PDI for P2KAr of 2.2, which could indicate branching occurring either in the form of reactive 

phenoxides substituting at either the carbonyl or at another aromatic fluorine position, though this 

was not observed in other polymerizations. Aside from these setbacks, the GPC data clearly shows 

that the linking chemistry is successful as we are able to convert PEEKMOHs into segmented 

higher molecular weight polymers using the CPD or arene linkers.  However, control over Mn is 

limited:  Uncertainty in the end-group assay of the PEEKMOH oligomers leads to uncertainty in 

the stoichiometry of the linking-up reaction.  We suspect that the error in estimating the Mn of the 
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shorter PEEKMOH oligomers may have contributed to the observation of lower Mn for those 

derived telomer.    

 

Figure 8. GPC data (refractive index traces) for PEEKMOH oligomers P2K, P5K, and P10K and 
for CPD-linked PEEKMOHs.  Samples were dissolved in 0.2 mL of NMP and diluted to a total 
volume of 3.0 mL using THF prior to injection. 

4.2.7 Thermal Analyses of PEEKMOH Oligomers and Linked Polymers.   

Table 2 also contains the thermal analytical data obtained for the PEEKMOH oligomers and 

linked telomers.  A representative thermogram of CPD linked-PEEKMOHs P2KCp, P5KCp, 

P10KCp with CPD 1 is shown in Figures C33 to C42.  The sharp transition in the thermogram is 

assigned to the Tg.  The higher-DP PEEKMOH oligomers show a Tg of ca. 145 °C, approaching 

the literature value of 144 °C obtained using a MePEEK fraction having Mn of 11.3 kDa.  (The Tg 

of MePEEK approaches 154 °C at high Mn.)28a   The 2k PEEKMOH oligomer shows a lower Tg 

value corresponding to the increased ease of segmental motion toward chain ends. 

 

 

-0.1

0.1

0.3

0.5

0.7

0.9

1.1

6 8 10 12 14 16 18 20

In
te

n
si

ty

Time, min.

10 kDa PEEKMOH

CPD-10 kDa PEEKMOH

CPD-5 kDa PEEKMOH

5 kDa PEEKMOH

CPD-2 kDa PEEKMOH

2 kDa PEEKMOH



 

99 
 

Table 2.  Analytical data for PEEKMOH linked Polymers synthesized from diene 1 and 
PEEKMOH oligomers P2K, P5K, and P10K.  dη/dc and molecular weight data was obtained 
by GPC-MALLS using THF as the eluting solvent.  Glass transition temperatures (Tg) were 
determined by DSC operating at 10 °C/min.  Degradation temperatures (Td, 5% weight loss) 
were determined by TGA (∆T/∆t = 10 °C/min). 

Polymer 
Description 

dη/dc 

(mL/g) 

Mn 

(kDa) 

Mw 

(kDa) 

Mw/Mn 

(PDI) 

Tg 

(°C) 

Td 

(°C) 

P2K PEEKMOH-2k 0.280 2.2 2.7 1.3 126 432 

P5K PEEKMOH-5k 0.293 5.4 7.4 1.3 141 445 

P10K PEEKMOH-10k 0.284 10 15 1.3 145 447 

P2KCp PEEKMOH-2k+CPD 0.196 12 15 1.3 175 424 

P5KCp PEEKMOH-5k+CPD 0.189 100 150 1.3 162 445 

P10KCp PEEKMOH-10k+CPD 0.194 74 96 1.3 156 446 

P2KAr PEEKMOH-2k+Arene 0.216 17 37 2.2 173 409 

P5KAr PEEKMOH-5k+Arene 0.261 47 62 1.3 160 436 

P10KAr PEEKMOH-10k+Arene 0.286 101 150 1.5 158 445 

The linked polymers show higher Tg as the linker becomes a higher percentage of the overall 

polymer molecular weight.   With the linking groups exhibiting relatively high molecular weight 

on their own (ca. 710 when using the CPD, ca. 800 using the arene), the linkers account for ca. 

25% by mass of the polymer resulting from a 1:1 reaction with the polymer P2KCp.  The high Tg 

reflects the stiffness of the linking group.  On the other hand, linkers account for only 7-8% by 

mass of the polymer resulting from 1:1 reaction with polymer P10KCp.  This polymer is found to 

have a Tg closer to the value for plain MePEEK (156 °C for PEEKMOH-10k+CPD vs. 145 °C for 

the 10 kDa PEEKMOH oligomer). 

All of the PEEK-based polymers exhibit comparable thermal stability (Td ~ 435 °C) with the 

linked PEEKMOH-2kDa+CPD and PEEKMOH-2kDa+arene polymers showing the lowest Td 
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values. One possible explanation assigns the lower stability to the Ph—O—C12F8 linkage, which 

is present in highest proportion in these CPD- and arene-linked PEEKMOH polymers. 

4.2.8   Film-forming Properties of Poly(arylene ether)s and CPD-linked PEEKMOH polymers. 

Films of poly(arylene ether)s PBPA and PBPAF were cast from chloroform solution.  Both 

polymers form robust films that can withstand hard creasing.  However, much more interesting is 

the formation of film-formation in the CPD-linked PEEKMOHs.  All of the polymers shown in 

Table 2 form films when cast onto Mylar from chloroform solution.  However, the PEEKMOH 

oligomers by themselves do not form creasable films; rather they are fairly brittle.  All of the CPD- 

and arene-linked polymers form very robust, hard-creaseable films.  When comparing P2KCp and 

P10K, for example, both polymers have approximately the same Mn values.  However, the P2KCp 

includes five 60° kinks from the CPD units, whereas in the P10K polymer those linkages are the 

more rigid benzophenone monomers.  Even a separate sample of 14-kDa PEEKMOH that we 

prepared in preliminary experiments would not form a creasable film, so it cannot be argued that 

the phenomenon is occurring right at some special molecular weight threshold.  From this result, 

we conclude instead that the kinks in the CPD- and arene-linked polymers cause the polymer 

chains to be less stiff overall and enable the polymers to form more robust films.   

4.2.9 Polymer Functionalization and Crosslinking Studies. 

Poly(arylene ether)s PBPA and PBPAF were reacted with a bis-maleimide 5 derived from 

dodecane-1,12-diamine to explore the formation of Diels-Alder crosslinks (Scheme 8).  

Concentrated (25% by weight) solutions of each polymer were prepared in DMAC, with increasing 

weight percentages (polymer basis) of the bis-maleimide, from 0.5-5.0% in increments of 0.5 % 

(Scheme 8).  For reference, 1% of bis-maleimide by weight on the basis of the poly(arylene ether) 
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corresponds to a ratio of maleimide to cyclopentadiene functional groups of 1:20.  Crosslinking 

was effected by heating the solutions for 24 h at 165 °C. 

Scheme 8. Crosslinking of poly(arylene ether)s with 1,12-bis(maleimido)dodecane 

 

Cross-linked samples were tested for solubility in chloroform at room temperature.  Samples 

prepared with less than 1% of bis(maleimide) were soluble.  Above 1% bis(maleimide) the samples 

were solvent-swelled gels.  The same was observed using DMAC as the solvent. 

Infrared spectroscopy was used to verify the presence of maleimide adducts in a representative 

cross-linked polymer sample: the BPA-derived film cross-linked with 4% of bis(maleimide).  The 

sample was first extracted thoroughly with chloroform to remove any unreacted bis(maleimide) 

and then dried.  The resulting brown solid was subjected directly to attenuated total reflectance 

infrared spectroscopy (ATR-FTIR) by pressing the solid against the diamond surface of the ATR 

cell.  Figure 9 shows a C=O band at 1710 cm-1 that is readily assigned by comparison to the free 
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maleimide.  Note that the presence of dangling maleimides from singly bound linking groups 

cannot be excluded in this analysis. 

Figure 9. ATR-FTIR spectra of model diene 2, FMI, and 4% crosslinked film of polymer PBPA 
with bis-maleimide 3.  The emergence of the C=O stretch at 1710 cm-1 in the crosslinked film, 
originating from bis-maleimide 3, is further proof of crosslinking. 

The model chemistry described in Chapter 3 suggests that these systems are not good 

candidates for truly “reversible” cross-linking, because the diene can tautomerize and then “clamp 

down” on the maleimide to form a highly stable adduct.  Nevertheless, we wanted to explore the 

possibility that the cross-links in these polymers could be thermally cleaved.  DMAc was added to 

the cross-linked polymers and the samples were maintained at 200 °C for 24 h.  The samples 

partially dissolved (dark solution shown in Scheme 8), but not completely (particulate matter 
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remained).  Thus our suspicion that these systems are not useful for reversible cross-linking was 

confirmed experimentally.  Probably a temperature of 200 °C is not adequate to completely 

“reverse” the Diels-Alder reaction so that no adducts are present at all.  Development of a different 

CPD-maleimide system with lower temperature thresholds for norbornene cycloreversion would 

benefit the reversibility of this system. 

The CPD-linked PEEKMOH polymers were reacted with a stoichiometric amount of bis-

maleimide 6 prepared from hexane-1,6-diamine to explore if crosslinked films could be formed 

(Scheme 9).  When comparing the poly(arylene ether)s (PBPA and PBPAF) polymers to the CPD-

linked PEEKMOH polymers (P2KCp, P5KCp, and P10KCp) it was questioned whether it was 

necessary to have CPD functionality in every repeat unit to obtain swellable, crosslinked films.  

Concentrated (10% by weight) solutions of polymers P2KCp, P5KCp, and P10KCp were 

prepared in NMP with stoichiometric amounts of bis-maleimide 6 (calculated from the 

approximate number of CPD functionalities via Mn data).  The solutions were placed in vials, 

capped, and heated at 140 °C for up to 72 h (P2KCp crosslinked films formed in 24 hours, whereas 

P5KCp and P10KCp films reacted for a period of 3 d).  Cross-linked samples were tested for 

solubility in chloroform at room temperature; all three polymers formed films in chloroform.  This 

result showed that a smaller weight % of CPD functionalities in the polymer backbone could still 

facilitate the formation of crosslinks.  

Scheme 9. Crosslinking of segmented PEEKMOHs with 1,6-bis(maleimido)hexane  
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CPD-linked PEEKMOH polymers were reacted with monofunctional maleimide to establish 

the feasibility of backbone modification.  Polymer P10KCp was reacted in an NMR tube with an 

excess of FMI (diene:maleimide = 1:6) in NMP at 165 °C, and the reaction was followed by 19F 

NMR using a coaxial sample of DMSO-d6 for locking and shimming.  The same reaction on a 

preparative scale was quenched after 24 h and precipitated in methanol. 19F NMR analysis in 

CDCl3 showed signals from residual FMI (−115.65 ppm) and the major DA adduct isomer 

(−114.52 ppm) (Figure 10). 

 

Figure 10.  19F NMR (376 MHz, CDCl3) overlay spectra (DMSO-d6) of the 10 kDa CPD-linked 

polymer P10KCp with FMI (2 eq.) at t = 0 (top) and after reaction at 165 °C for 48 h (bottom).  

The inset illustrates the emergence of new peaks indicative of the formation of norbornene type 

structures discussed in Chapter 3 of this dissertation. 
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4.3 Experimental Section 

4.3.1 General Methods 

Solvents were used as received from commercial distributors unless otherwise noted.  N,N-

Dimethylacetamide (DMAC) and N-methylpyrrolidone (NMP) were distilled under reduced 

pressure from CaH2.  Diene 1 was prepared as described in Chapter 3.  N-(4-

Fluorophenyl)maleimide (FMI) and 1,12-bis(maleimido)dodoecane (BMD) were prepared by Dr. 

Jeremy Stegall.55, 62  Bisphenol A (BPA) and Bisphenol A-6F (BPAF) were recrystallized from 

water and dried under vacuum.  2-Methylhydroquinone was sublimed under reduced pressure at 

100 °C, recrystallized from methanol, and dried under vacuum.63  Size exclusion chromatography 

(SEC) was carried out in THF (~1.0 mg/mL, filtered through a 0.45 µm PTFE filter) for the 

cyclopentadiene and aryl linked polymers, or in a solution of 6% NMP in THF for the PEEKMOH 

oligomers at an elution rate of 1 mL/min. at 30 °C on two Agilent PLgel 10 μm MIXED-B 

columns.  A Wyatt Dawn Heleos 2 light scattering detector was used to determine molecular 

weight information, with refractive index determinations (dn/dc) performed using a Wyatt Optilab 

Rex refractive index detector with the assumption that 100% mass elutes from the columns.28a, 48  

NMR spectra were acquired on Agilent U4-DD2 and MR4 spectrometers (1H at 400 MHz) with 

proton chemical shifts referenced to residual solvent isotopomers (7.26 ppm for CDCl3 and 2.50 

ppm for DMSO-d6).  ATR-FTIR spectra were obtained using (will update).  Mass spectra were 

obtained using an Agilent 6220 instrument using direct infusion and operating in positive ion 

mode.  Melting point information was obtained using open capillaries and a Buchi B-545 melting 

point apparatus. 

4.3.2 Reaction of Diene 1 and p-Cresol:  Preparation of Diene 2.  A mixture of p-cresol (0.15 g, 

1.4 mmol), potassium carbonate (0.29 g, 2.1 mmol), DMAC (10 mL), and toluene (8 mL) was 
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prepared in a Schlenk flask under N2.  The system was then fitted with a Dean-Stark apparatus 

mounted by a condenser and heated at 180 °C.  The azeotrope of water and toluene was collected 

over 12 h.  The mixture was then cooled to room temperature, and diene 1 (0.50 g, 0.67 mmol) 

was added.  The mixture was stirred at 125 °C for a period of 24 h.  Upon completion, DMAC was 

removed under vacuum, and the residue was subjected to silica gel chromatography, eluting with 

10% dichloromethane in hexanes.  After evaporation of the solvent, the crude product was 

recrystallized from hexane to afford 0.48 g (0.64 g, 86%) of an off-white solid.  mp. 152.6-155.3 

°C.  1H NMR (400 MHz, CDCl3) δ 7.18-7.13 (m, 2H), 6.97-6.92 (m, 2H), 6.45 (s, 1H), 3.71 (s, 

2H), 2.34 (s, 6H), 1.32 (s, 9H).  19F NMR (376 MHz, CDCl3) δ: −137.81 to -138.67 (m, 8F), 

−139.53 (m, 2F), −140.24 (m, 2F), −153.44 (m, 4F).  HRMS (ESI) m/z calcd for C47H26F16O2 (M-

H)- 925.1627, found 925.1618.  Anal. calcd for C47H26F16O2: C, 60.92; H, 2.83.  Found: C, 60.71; 

H, 2.99. 

4.3.3 Model DA Reactions of Diene 2 and FMI.  A mixture of diene 2 (0.20 g, 0.24 mmol), FMI 

(0.46 g, 2.4 mmol, 10 equiv), and o-dichlorobenzene (5 mL) was prepared in a small Schlenk flask 

under nitrogen.  The mixture was stirred at 125 °C for 72 h, and then the solvent was removed to 

a cold-trap using a vacuum pump.  The residue was subjected to silica gel chromatography, eluting 

with 20% ethyl acetate in hexane.  A forerun containing traces of the unreacted diene was 

discarded.  A band containing the crude product as a mixture of isomers was collected and 

evaporated; unreacted FMI was left behind on the column. 1H and 19F NMR spectrometry 

suggested that the product mixture was directly analogous to the product mixture shown in Chapter 

2 to arise from the reaction of diene 1 with FMI.  In order to “clean up” the proton NMR spectrum 

and enable a more direct comparison, a portion of the crude product was subjected further to 

preparative TLC on silica gel (200 µm plate).  The band at highest Rf was extracted to afford a 
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white solid that was found by 1H NMR to contain 90% of adduct 5a and 10% of adduct 5c, which 

were characterized by correspondence of their 1H NMR spectra to the analogous C12F9-substituted 

adducts.   

4.3.4 Poly(arylene ether) Synthesis.  A mixture of BPA (0.152 g, 0.666 mmol), potassium 

carbonate (0.28 g, 1.8 mmol), DMAc (5 mL), and toluene (4 mL) was prepared in a small Schlenk 

flask flushed with nitrogen.  The system was then fitted with a Dean-Stark apparatus mounted by 

a condenser and heated at 180 °C.  The azeotrope of water and toluene was collected over 12 h.  

After cooling the mixture to room temperature, diene 1 (0.500 g, 0.666 mmol) was added (using 

about 2 mL of DMAc to ensure quantitative transfer) and the mixture was stirred at 125 °C for 72 

h.  After cooling, the polymer was precipitated in water, and collected on a filter.  The crude 

product was re-precipitated twice by addition of a concentrated chloroform solution to rapidly 

stirred methanol and then dried in a vacuum oven at 70 °C for 24 h (0.49 g, 67% yield).  The 

synthesis of BPAF-based polymer was carried out in the same manner, using 0.0896 g (0.266) of 

BPAF and 0.200 g (0.266 mmol) of diene 1 (0.20 g, 72 % yield).  Data for BPA-CPD polymer 

PBPA: 1H NMR (CDCl3) δ 7.20 (m, 4H), 6.93 (m, 4H), 6.43 (s, 1H), 3.69 (s, 2H), 1.66 (s, 6 H), 

1.30 (s, 9H). 19F NMR (376 MHz, CDCl3) δ: −137.83 to −138.55 (m, 8F), −139.50 (m, 2F), 

−140.19 (m, 2F), −153.21 (m, 4F).  19F NMR (376 MHz, CDCl3) δ: −64.10 (s, 6F, 2 CF3), −137.29 

(m, 4F), −138.01 to −138.58 (m, 4F), −139.33 (m, 2F), −140.40 (m, 2F), −152.73 (m, 4F).  

4.3.5 Synthesis of PEEKMOHs.  The general procedure of Wang and coworkers28a was adapted 

and described here as targeted for Mn = 2000.  A mixture of methylhydroquinone (2.109 g, 16.99 

mmol, 1.35 equiv relative to difluorobenzophenone), potassium carbonate (2.68 g, 19.3 mmol, 

1.14 eq), NMP (9 mL), and toluene (8 mL) was prepared in a small Schlenk flask fitted with a stir 

bar.  The system was then fitted with a Dean-Stark apparatus mounted by a condenser and heated 
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at 180 °C.  The azeotrope of water and toluene was collected over 4 h.  The system was cooled to 

100 °C and 4,4’-difluorobenzophenone (2.746 g, 12.58 mmol) was added, using 1 mL of NMP to 

ensure quantitative transfer.  The mixture was then stirred at 185 °C for 4 h.  After cooling the 

product was precipitated by adding the NMP solution into rapidly stirred water (60 °C) over a 

period of 10 min.  The crude product was re-precipitated twice by addition of a concentrated 

chloroform solution to rapidly stirred methanol and then dried in a vacuum oven at 70 °C for 24 h 

(2.9 g, 58% yield).  Synthesis of 5-kDA PEEKMOH used 2.044 g (16.47 mmol, 1.125 equiv) of 

methylhydroquinone and 3.194 g (14.64 mmol) of difluorobenzophenone (3.5 g, 67% yield). 

Synthesis of 10-kDa PEEKMOH used 2.380 g (19.17 mmol, 1.06 equiv) of methylhydroquinone 

and 3.9460 g (18.08 mmol) of difluorobenzophenone (3.6 g, 62% yield).  Other aspects of the 

procedure were the same.  Number average molecular weight information was determined by 1H 

NMR end-group analysis and confirmed by GPC as described in the text. 1H NMR (CDCl3): δ 7.81 

(m, 4H), 7.09-6.69 (m, 7H), 2.21 (s, 3H).   

4.3.6 Synthesis of CPD- and Arene-linked PEEKMOH-based telomers.  A known mass of 

phenoxy-terminated methylPEEK oligomer (see Table 3 for mass information) and potassium 

carbonate (0.0773 g, 0.56 mmol, 1.14 eq.) were rinsed into a Schlenk flask using 10 mL of NMP 

and 8 mL of toluene.  The system was then fitted with a stir bar and a Dean-Stark apparatus 

mounted by a condenser and stirred at 180 °C.  The azeotrope of water and toluene was collected 

over 4 h.  After cooling, the linker (diene 1 or arene 3, masses provided in Table 3) was rinsed into 

the reaction flask with about 1 mL of NMP.  The reaction was then stirred at 180 °C for 18 h.  

After cooling, the product was precipitated by adding the NMP solution into rapidly stirred water 

over a period of 10 min.  The crude product was re-precipitated twice by addition of a concentrated 

chloroform solution to rapidly stirred methanol and then dried in a vacuum oven at 70 °C for 24 
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h.  % yield, see Table 3.  CPD-linked: 1δ 7.79 (m, 4H), 7.10 to 6.80 (m, 7H), 6.42 (s, 1H), 3.69 

(s, 2H), 2.19 (s, 3H), 1.29 (s, 9H).  19F NMR (376 MHz, CDCl3) δ -136.45 to -141.15 (m, 14F), -

152.48 to -155.02 (m, 4F).  Arene-linked:  1δ 7.79 (m,4H), 7.66 (m, 1H), 7.55 (m, 1H), 7.28 (m, 

3H), 7.20 (m, 2H), 7.10 to 6.81 (m, 7H), 2.19 (s, 3H), 1.23 (s, 9H).  19F NMR (376 MHz, CDCl3) 

δ -137.38 to -141.28 (m, 14F), -152.62 to -155.15 (m, 4F). 

Table 3.  Masses of reactants used to make PEEKMOH telomers.  

Linker 

PEEKMOH 

Mn (Da) 

PEEKMOH 

mass (g) 

PEEKMOH 

mmol 

Linker 

mass (g) 

Linker 

mmol 

Yield 

% 

CPD 2k 0.970 0.491 0.368 0.491 93 

CPD 5k 1.025 0.188 0.141 0.188 88 

CPD 10k 0.974 0.103 0.0774 0.0103 89 

Arene 2k 0.158 0.0885 0.0661 0.0885 91 

Arene 5k 0.326 0.0599 0.0502 0.0599 89 

Arene 10k 0.244 0.0259 0.0217 0.0259 94 

 

4.3.7 Crosslinking Experiments.  Method 1: A stock solution of 25 % w/w of polymer PBPA 

(.30 g) was dissolved in dimethylacetamide (1.20 g, 1.28 mL) and separated into ten glass vials.  

A stock solution of 25 % w/w 1,12-bis(maleimido)dodecane (0.054 g) was dissolved in 

dimethylacetamide (0.22 g) and added to each vial so that the increment by weight of 1,12-

bis(maleimido)dodecane:polymer PBPA varied from 0.5-5.0 % w/w.  The vials were then capped 

and placed in an oven at 165 °C for 24 hours.  The vials were then allowed to cool to room 

temperate and 0.5 mL of chloroform was added to each vial to determine if the resulting film was 

still soluble or swelled, indicative of crosslinking.  Crosslink density for swelling occurred between 

1.0-1.5 % w/w bis-maleimide:polymer, and combined with emergence of a C=O stretch at 1710 
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cm-1 using ATR-FTIR was indicative of crosslinking. Reference: csc-3-79 Method 2: 10 kDa-

linked CPD polymer (74 kDa, 0.0972g, 0.00131 mmol) and a stoichiometric amount of 1,6-

bis(maleimido)hexane (0.0013 g, 0.0039 mmol) were placed in a reaction vial and dissolved in 

NMP (0.9839 g).  The reaction vial was purged with N2, capped, and placed into an oven at 140 

°C for 48 h.  The vials were allowed to cool to room temperature and 1.0 mL of chloroform was 

added to each vial to determine if the resulting film was still soluble or swelled, indicative of 

crosslinking.  This reaction was repeated with both the 2 kDa-linked CPD polymer (0.062 g, 

0.0036 mmol) and 5 kDa CPD-linked polymer (0.0687 g, 0.00146 mmol) resulting in films that 

swelled after the addition of chloroform.  

4.3.8 Backbone Modification Experiments. CPD linked-2 kDa PEEKMOH P2KCp (0.055 g, 

0.0035 mmol) and FMI (0.0034 g, 0.017 mmol, 5 eq.) were dissolved in 2.0 mL of NMP and 

placed in a Schlenk flask fitted with a stir bar under N2.  The mixture was heated at 165 oC for 24 

hours and the resulting polymer was precipitated in methanol.  The polymer was dissolved in 0.5 

mL of NMP and fitted with a DMSO-d6 insert for locking purposes.  In an attempt to resolve the 

signal associated with norbornene formation, NMR was conducted at 100 °C.  Disappearance of 

the free FMI fluorine signal at -115.63 ppm and the emergence of the norbornene fluorine signal 

associated with FMI at -113.92 ppm were indicative of cycloaddition occurring.  Reference: csc-

1-151-3   

4.3.9 Synthesis of 1,2-bis(nonafluorobiphenyl)-3-phenyl-5-tert-butylbenzene. (“Arene Linker” 

3).  A mixture of ketone 4 (0.19 g, 0.26 mmol) and phenylacetylene (0.065 g, 0.64 mmol, 2.5 eq.) 

in m-cresol (2 mL) was prepared in a Schlenk tube fitted with a Teflon valve.  The tube was fitted 

with a stir bar and degassed by means of two freeze-pump-thaw cycles. The mixture was then 

stirred at 150 °C for 2 d.  The reaction mixture was transferred directly to a column of silica gel 
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and subjected to chromatography using hexanes as the mobile phase.  A forerun containing 

unreacted phenylacetylene was discarded.  The product was collect in a single band, evaporated, 

and the crude product recrystallized from hexanes to afford a white solid (0.18 g, 84% yield). mp. 

65.4-67.6 °C.  1δ 7.67 (d, 1H, J = 2 Hz), 7.55 (d, 1H, J = 2 Hz), 7.30 (m, 3H), 7.20 (m, 2H), 1.46 

(s, 9H).  19F NMR (376 MHz, CDCl3) δ −137.45 to −138.39 (m, 8F), −138.92 (m, 2F), −139.59 

(m, 2F), −150.04 to −150.42 (m, 2F), −160.35 to −160.92 (m, 4F).  HRMS (ESI) m/z calcd for 

C40H16F18 (M+Cl)- 766.9294, found 766.9272.  Anal. calcd for C40H16F18: C, 57.29; H, 1.92.  

Found: C, 57.09; H, 1.93. 

4.3.10 Synthesis of Diene 2. A mixture of 4-methylphenol (0.15 g, 1.4 mmol), potassium 

carbonate (0.29 g, 2.1 mmol), DMAc (10 mL), and toluene (8 mL) was prepared in a small Schlenk 

flask.  The system was then fitted with a stir bar and a Dean-Stark apparatus mounted by a 

condenser and stirred at 180 °C.  The azeotrope of water and toluene was collected over 12 h.  

After cooling, diene 1 (0.20 g, 0.67 mmol) was added, and the mixture was stirred at 125 °C for 

24 h.  The crude reaction mixture was diluted with dichloromethane (50 mL), extracted with water 

(3 x 10 mL), dried over anhydrous magnesium sulfate, filtered, concentrated using a rotary 

evaporator, and purified by silica gel chromatography using 10% dichloromethane in hexane as 

the mobile phase.  Recrystallization of the crude product from hexanes afforded a pale yellow solid 

(0.64 g, 86% yield).  mp 152.6-155.3 °C.  1H NMR  (400 MHz, CDCl3) δ 7.16 (d, 4H, J = 8 Hz), 

6.94 (d, 4H, J = 8 Hz), 6.45 (s, 1H), 3.71 (s, 2H), 2.34 (s, 6H), 1.32 (s, 9H).  19F NMR (376 MHz, 

CDCl3) δ: −137.97 to −138.48 (m, 8F), −139.53 (m, 2F), −140.22 (m, 2F), −153.45 (m, 4F). HRMS 

(ESI) m/z HRMS (ESI) m/z calcd for C47H26F16O2 (M-H)- 925.1627, found 925.1618.  Anal. calcd 

for C47H26F16O2: C, 60.92; H, 2.83.  Found: C, 60.71; H, 2.99. 
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4.3.11 Synthesis of Model Norbornene Adducts.  A mixture of diene 2 (0.059 g, 0.064 mmol), 

FMI (0.0245 g, 0.128 mmol) and 1,2-dichlorobenzene (2 mL) was stirred at 165 °C for 2 d.  A 

silica gel column was used to separate the reaction mixture and isolate the crude product mixture 

(0.0386 g, 54% yield).  Data for Exo-Adduct (5c). mp 226.4-238.6 °C.  1H NMR  (400 MHz, 

CDCl3) δ 7.16 (m, 4H), 6.94 (m, 4H), 3.87 (s, 2H), 3.34 (s, 2H), 2.04 (s, 1H), 1.03 (s, 9H).  19F 

NMR (376 MHz, CDCl3) δ −111.66 (m, 1F), −136.75 (m, 4F), −137.56 to −137.90 (m, 8F), 

−153.07 (m, 4F).  

4.4 Conclusion 

Poly(arylene ether)s and segmented PEEKMOH-linked CPD and arene type polymers were 

synthesized from the tri-substituted perfluoroaryl cyclopentadiene monomer.  The introduction of 

a kink via the arene and CPD linkers provided increased solubility, while still maintaining the 

thermal characteristics inherent in these polymer types.  Cyclopentadiene provides a platform for 

both pre-functionaliation, in the form of the arene linker, and post-functionalization, in the form 

of DA cycloadditions, of polymers as well as allowing for an avenue towards crosslinking with 

bis(maleimide)s.  The finding herein confirm that our CPD monomer is not a good candidate for 

reversibility, but the utility of the CPD and ketone moiety can be useful in polymer modification. 
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Chapter 5. Overall Conclusions and Future Work 

This dissertation has described the use of cyclopentadiene and cyclopentadienone moieties in 

macromolecular synthesis.  Because of the somewhat different areas of chemistry explored in 

Chapters 2, 3, and 4, the conclusions for each area are summarized at the end of those chapters.  

This chapter focuses on the future outlook for this area of chemistry more generally.   

In Chapter 2 of this dissertation, we observed the formation of an interesting a tertiary carbinol 

(Scheme 1).  In Chapter 2, this compound was an unwanted by-product in the synthesis of a 

perfluoroaryl perfluoroalkyl ketone.  However, the tertiary carbinol itself may be of interest to us 

for possible use as a fluorous monomer that would be susceptible to nucleophilic (SNAr) 

substitution.  The ability to vary the length of the ponytail could provide an opportunity to 

introduce tunable fluorine content into an aromatic polymer.  The OH would need to be protected 

or possibly even converted to the corresponding fluoride by use of a reagent such as DAST64 or 

Fluolead.44b  If a protecting group is used, subsequent removal would provide a platform for further 

modification of the polymer in the form of crosslinking or functionalization along the backbone.  

Scheme 1.  Proposed fluorous monomers for aromatic polymer synthesis. 

 

As further discussed in Chapter 2, the conversion of the C=O functionality of our ponytail 

ketone to the desired CF2 group was problematic.  It was discovered through a collaboration with 

Dr. Kyle Felling that this ponytail ketone could be converted, in good yield, to the desired CF2 

ponytail using SF4.  The lack of facilities here to perform this type of chemistry limits the use of 
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this ponytail in our monomer systems.  We would like to consider alternatives.  Initial experiments 

using DAST were not successful, but the new compound Fluolead is more reactive and seems 

worth trying.  An issue with this approach is that examples in Umemoto’s 2010 article and in citing 

references do not include perfluroaryl or perfluoroalkyl ketones.65  It is believed that the electron 

withdrawing character of those substituents strengthen the C=O bond making conversion difficult.  

Investigations into the various fluorinating reagents and their additives would be of use in 

converting this ketone to the desired CF2 moiety.  

Scheme 2.  Conversion of C=O to CF2 groups next to both C6F5 and perfluoroalkyl groups. 

 

It was discovered in Chapter 4 of this dissertation that our tri-substituted cyclopentadiene 

moiety was not a good platform for reversible polymer post-modification.  Instead, we found that 

it could be used for an essentially irreversible, click-type functionalization reaction.  It was 

discovered in my colleague Jeremy Stegall’s dissertation that di-substituted CPDs can undergo 

rDA in the range 120–140 °C.  Therefore, the telechelic approach described in Chapter 4 could be 

reconfigured using a disubstituted CPD end group capping reagent (Scheme 3).  

Scheme 3.  Telechelic AlkylPEEK oligomers capped with disubstituted CPD groups. 
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In fact, discussions of this idea with Prof. Deck and with a new student in our group, Kevin 

Kaurich, led to the chemistry shown in Scheme 3 as part of his dissertation work.  A key problem 

facing this chemistry is the same problem that Stegall faced in his research – the relatively high Tg 

of MePEEK.  Kaurich is exploring different alkyl substituents (R in Scheme 3) to address this 

problem.  Ultimately, the hope is to prepare polymers having hard and soft segments connected by 

thermally reversible linkages to improve the annealing of microphase-separated morphologies in 

the bulk.  
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Appendix A Supporting Information for Chapter 2 

 

Figure A1. 1H NMR spectrum (CDCl3 solution, 400 MHz) of bis(diene) 2 
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Figure A2. 19F NMR spectrum (CDCl3 solution, 376 MHz) of bis(diene) 2 
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Figure A3. 1H NMR spectrum (CDCl3 solution, 400 MHz) of bis(ketone) 3 
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Figure A4. 19F NMR spectrum (CDCl3 solution, 376 MHz) of bis(ketone) 3 
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  Figure A5. 1H NMR spectrum (CDCl3 solution, 400 MHz) of polymer 4a 
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Figure A6. 19F NMR spectrum (CDCl3 solution, 376 MHz) of polymer 4a 
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 Figure A7. 1H NMR spectrum (CDCl3 solution, 400 MHz) of polymer 4b 
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Figure A8. 19F NMR spectrum (CDCl3 solution, 376 MHz) of polymer 4b 
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Figure A9. 19F NMR spectrum (CDCl3 solution, 376 MHz) of ketone 5 
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Figure A10. 1H NMR spectrum (CDCl3 solution, 400 MHz) of ketone 5 
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Figure A11. 19F NMR spectrum (CDCl3 solution, 376 MHz) of tertiary carbinol 6 
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Figure A12. 1H NMR spectrum (CDCl3 solution, 400 MHz) of tertiary carbonol 6 
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Gel permeation chromatogram (GPC) of polymer 4a (THF solution, RI trace). 
 

 

 

Gel permeation chromatogram (GPC) of polymer 4a (THF solution, RI trace). 
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Differential scanning calorimetric (DSC) thermogram of polymer 4a (10 °C/min) 
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Differential scanning calorimetric (DSC) thermogram of polymer 4b (10 °C/min) 
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Thermogravimetric analysis (TGA) of polymer 4a at (10 °C/min, N2 atmosphere) 
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Thermogravimetric analysis (TGA) of polymer 4b at (10 °C/min, N2 atmosphere) 
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Figure A13. Ellipsoid plot (50% probability) of crystalline adduct C bis(diene) 3 with Hydrogen and Fluorine atoms numbered 

according to the carbon atoms that they are attached. 
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Crystallographic Data Table 

Identification code Bis-ketone 3 

Empirical formula C44H20F22O2 

Formula weight 998.60 

Temperature 100.05(10) K 

Wavelength 1.54178 Å 

Crystal system triclinic 

Space group P -1 

a= 12.5061(3) Å 

b= 12.6519(3) Å 

c= 12.9396(3) Å 

α= 90.3004(19)°. 

β= 99.1473(19)°. 

γ= 98.492(2)°. 

Volume 1998.32(8) Å3 

Z 2 

Density (calculated) 1.660 Mg/m3 

Absorption coefficient 1.555 mm-1 
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F(000) 996 

Crystal size 0.2466 x 0.1367 x 0.0291 mm3 

Theta range for data collection 3.46 to 76.40°. 

Index ranges -15<=h<=15, -15<=k<=15, -16<=l<=16 

Reflections collected 47431 

Independent reflections 8297 [R(int) = 0.0285] 

Completeness to theta = 76.38° 98.8 % 

Absorption correction Gaussian 

Max. and min. transmission 1.172 and 0.867 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8297 / 42 / 730 

Goodness-of-fit on F2 1.053 

Final R indices [I>2sigma(I)] R1 = 0.0502, wR2 = 0.1329 

R indices (all data) R1 = 0.0540, wR2 = 0.1360 

Largest diff. peak and hole 1.107 and -0.750 e.Å-3 
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Appendix B Supporting Information for Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B1. 1H NMR (400 MHz, CDCl3) of dimethylfulvene. 
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Figure B2. 1H NMR of (400 MHz, CDCl3) tert-butyl cyclopentadiene. 
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Figure B3. 1H NMR (400 MHz, CDCl3) of compound 1a. 

 



 

139 
 

 

Figure B4. 19F NMR (CDCl3 solution, 376 MHz) of compound 1a. 
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Figure B5. 1H NMR (400 MHz, CDCl3) of FMI. 
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Figure B6. 19F NMR (CDCl3 solution, 376 MHz) of FMI 
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Figure B7. 1H NMR (CDCl3 solution, 400 MHz) of N-phenylmaleimide 
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B

C

 

Figure B8. 19F NMR (CDCl3 solution, 376 MHz)overlay of the reaction of diene 1 with FMI at (A) 165  °C and (B) 125 °C at t = 96 

h and (C) Diene 1 at t = 0 in DMSO-d6 to illustrate the presence of diene 1 after 96 h in both reactions. 
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Figure B9. 1H NMR (CDCl3 solution, 400 MHz) of Adduct 2c. 
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Figure B10. 1H NMR (CDCl3 solution, 376 MHz) of Adduct 2c. 
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  Figure B11. 1D 1H NOESY NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 2c irradiated at 3.85 ppm. 
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Figure B12. 1D 1H NOESY NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 2c irradiated at 3.30 ppm. 
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Figure B13. 1D 1H NOESY NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 2c irradiated at 1.95 ppm. 
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Figure B14. 1D 1H NOESY NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 2c irradiated at 0.99 ppm. 
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Figure B15. 1H NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 2a 
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Figure B16. 19F NMR (CDCl3 solution, 376 MHz) spectrum of Adduct 2a  
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Figure B17. 1D 1H NOESY NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 2a irradiated at 6.74 ppm. 
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Figure B18. 1D 1H NOESY NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 2a irradiated at 3.26 ppm. 
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Figure B19. 1D 1H NOESY NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 2a irradiated at 4.07 ppm. 



 

155 
 

  

  Figure B20. 1D 1H NOESY NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 2a irradiated at 2.86 ppm. 
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Figure B21. 1D 1H NOESY NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 2a irradiated at 2.30 ppm. 
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Figure B22. 1H NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared from diene 1 and 

FMI.  Integrated peaks represent minor isomer adduct 2g. 
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Figure B23.  1H NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared from diene 1 and 

FMI.  Expansion plot of vinyl CH region showing 2b (7.08 ppm), 2h (6.88 ppm), and 2g (6.41 ppm).  Broadening of the signals is 

likely due to long-range H–H and F–H couplings. 
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Figure B24. Crude 19F NMR (CDCl3 solution, 376 MHz) spectrum (96 h, 125 °C) of  the distribution of adducts 2a, 2b, 2c, 2g, 2h in 

CDCl3.  Inset illustrates the separation of the adduct fluorine signals originating from the C6H4F group on the maleimide and free FMI. 
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Figure B25. 19F NMR (CDCl3 solution, 376 MHz) of mixture of adducts 2b, 2g, and 2h.  The inset illustrates how the overall 

integration of the fluorine signal originating from the C6H4F group was used in assigning the vinyl peaks in the 1H NMR. 
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Figure B26. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 6.40 ppm (proton Ha of 2g).  A weak NOE enhancement of He and a strong enhancement 

of the protons on the vicinal CMe3 group are observed. 
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Figure B27. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 4.00 ppm (proton Hb of adduct 2g).  NOE enhancements of C6H4F protons (7.24 ppm) 

and the bridgehead methine (Hc, 3.74 ppm) are observed.  Enhancements of endo methine protons Hd (3.23 ppm) and He (3.58 ppm) 

are weak. 
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Figure B28. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 3.74 ppm (proton Hc of adduct 2g).  NOE enhancements of the Hb (4.00 ppm), Hd 

(3.23 ppm), and the vicinal CMe3 group (0.97) are observed. 
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Figure B29. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 3.58 ppm (proton He of adduct 2g).  NOE enhancement of the vicinal methine Hd is 

observed. 
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Figure B30. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 3.23 ppm (proton Hd of adduct 2g).  NOE enhancements of vicinal protons Hc (3.74 

ppm) and He (3.58 ppm) as well as the CMe3 protons are observed. 
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Figure B31.  1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 0.97 ppm (CMe3 group of adduct 2g).  NOE enhancements of the vinyl proton Ha 

(6.41 ppm), bridgehead methine Hc (3.74 ppm), and carbonyl-alpha methine Hd (3.23 ppm) are observed. 
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Figure B32. 1H NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared from diene 1 and 

FMI.  Integrated peaks represent minor isomer adduct 2h. 
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Figure B33. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 6.88 ppm (proton He of adduct 2h).  NOE enhancement of the CMe3 group at 0.85 

ppm is observed 
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Figure B34. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 4.41 ppm (proton Hb of adduct 2h).  NOE enhancements of the bridgehead methine 

Hc and both carbonyl-alpha methines (Hd and He) are observed in the region 3.98-3.81 ppm. 
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Figure B35.  1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 3.96 ppm (proton Hd of adduct 2h).  NOE enhancements of proton Hb (4.41 ppm) and 

bridgehead methine proton Hc (3.83 ppm) are observed.  The expected enhancement of proton He (3.88 ppm) is not observed, likely 

because its chemical shift is too close to the irradiation frequency. 
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Figure B36.  1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 3.88 ppm (proton He of adduct 2h).  NOE enhancement of Hb (4.41 ppm) and very 

weak enhancement of the CMe3 group at 0.85 ppm (ascribed to a difference artifact from subtraction of large signals)   are observed.  

The expected enhancement of proton Hd (3.96 ppm) is not observed, likely because its chemical shift is too close to the irradiation 

frequency. 
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Figure 37.  1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 3.83 ppm (proton Hc of adduct 2h).  NOE enhancement of Hb (4.41 ppm), Hd (3.96 ppm), 

and the CMe3 group at 0.85 ppm are observed.  Irradiation at 3.83 ppm also irradiates the Hd proton of adduct 2b (3.85 ppm), and the 

(weak) enhancement at 4.52 ppm corresponds to the vicinal carbonyl-alpha proton He of adduct 2b. 
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Figure B38. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 0.85 ppm (CMe3 group of adduct 2h).  NOE enhancements of the bridgehead methine 

Hc (3.83 ppm) and the vinyl proton Ha (6.88 ppm), and an interaction with the endo-directed C6H4F group (7.21 ppm) are observed. 
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Figure B39. 1H NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared from diene 1 and 

FMI.  Integrated peaks represent minor isomer adduct 2b. 
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Figure B40. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 4.52 ppm (proton He of adduct 2b).  NOE enhancements of the vicinal methine Hd and 

one of the methylene protons (Hb) are observed. 
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Figure B41. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 7.07 ppm (proton Ha of adduct 2b).  NOE enhancement of the CMe3 group at 1.27 

ppm is observed. 



 

177 
 

 

 

Figure B42. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 2.76 ppm (proton Hc of adduct 2b).  NOE enhancement of vicinal proton Hb (2.28 

ppm), and the CMe3 group at 1.27 ppm is observed.  
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Figure B43. 1H 1-D difference NOE NMR spectrum (400 MHz, CDCl3) of a mixture of Diels-Alder adducts 2b, 2g, and 2h prepared 

from diene 1 and FMI.  Sample is irradiated at 2.28 ppm (proton Hb of adduct 2b).  NOE enhancement of vicinal proton Hb (2.7 ppm), 

the (weak) enhancement at 4.52 ppm corresponds to the vicinal carbonyl-alpha proton He of adduct 2b, and the (weak) enhancement 

of \the CMe3 group at 1.27 ppm is observed.  
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Figure B44. 1H NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 4c 
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Figure B45. 19F NMR (CDCl3 solution, 376 MHz) spectrum of Adduct 4c 
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Figure B46. 1H NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 4a 
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Figure B47. 19F NMR (CDCl3 solution, 376 MHz) spectrum of Adduct 4a 
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Figure B48. 1H NMR (CDCl3 solution, 400 MHz) spectrum of Adduct 4g 
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Figure B49. 19F NMR (CDCl3 solution, 376 MHz) spectrum of Adduct 4g. 
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Figure B50. 19F NMR (CDCl3 solution, 376 MHz) of Adduct 4g.  Inset (middle) illustrates the broadened singlet associated 

with restricted rotation of the C6F5 group. 
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Figure B51. Ellipsoid plot (50% probability) of crystalline product 1a.  Hydrogen and Fluorine atoms numbered according to the 

carbon atoms that they are attached.   
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Figure B52. Ellipsoid plot (50% probability) of crystalline adduct 2c exhibiting exo stereochemistry.  Hydrogen and Fluorine atoms 
numbered according to the carbon atoms that they are attached.   
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Figure B53. Ellipsoid plot (50% probability) of crystalline adduct 2a exhibiting exo stereochemistry.  Hydrogen and Fluorine and 

Hydrogen atoms have been removed to better illustrate Carbon numbering. 
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Figure B54. Ellipsoid plot (50% probability) of crystalline adduct 2a exhibiting exo stereochemistry.  Hydrogen and Fluorine atoms 

numbered according to the Carbon atoms in the previous Figure B53. 
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Figure B55. Ellipsoid plot (50% probability) of crystalline adduct 4c exhibiting exo stereochemistry.  Hydrogen and Fluorine and 

Hydrogen atoms have been removed to better illustrate Carbon numbering. 
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Figure B56. Ellipsoid plot (50% probability) of crystalline adduct 4c exhibiting exo stereochemistry.  Hydrogen and Fluorine atoms 

numbered according to the Carbon atoms in the previous Figure B55. 
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Figure B57. Ellipsoid plot (50% probability) of crystalline adduct 4g exhibiting exo stereochemistry.  Hydrogen and Fluorine and 

Hydrogen atoms have been removed to better illustrate Carbon numbering. 
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Figure B58. Ellipsoid plot (50% probability) of crystalline adduct 4g exhibiting exo stereochemistry.  Hydrogen and Fluorine atoms 

numbered according to the Carbon atoms in the previous Figure B57. 
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Crystallographic Data Table 

Identification code 3c 2a 3g C12F9-Diene C12F9-Ketone 

Empirical formula C31H18F11NO2 C43H18F19NO2 C31H18F11NO2 C33 H12 F18 C33H10 F18O 

Formula weight 645.46 941.58 645.46 793.51 807.49 

Temperature 99.90(14) K 100 K 100.00(10) K 100.00(10) K 100.00(10) K 

Wavelength 1.5418 Å 0.71073 Å 1.5418 Å 1.54184 Å 1.54184 Å 

Crystal system monoclinic Triclinic triclinic Triclinic Triclinic 

Space group P 1 21/n 1 P-1 P -1 P-1 P -1 

a= 13.6583(4) Å 11.4954(5) Å 1.6496(4) Å 7.8435(2) Å 11.9284(4) Å 

b= 9.5980(2) Å 12.7275(6) Å 11.8843(4) Å 12.6345(4) Å 12.3486(4) Å 

c= 21.1068(6) Å 15.8061(8) Å 19.8497(6) Å 16.9399(4) Å 13.0457(4) Å 

α= 90° 80.768(4)° 91.879(3)° 93.356(2)° 95.943(3)° 

β= 92.833(3)° 73.034(4)° 90.848(3)° 98.115(2)° 107.787(3)° 

γ= 90° 89.480(4)° 93.796(3)° 106.776(3)° 110.869(3)° 

Volume 2763.58(13) Å3 2181.51(18) Å3 2740.22(16) 

Å3 

1582.42(8) Å3 1660.31(11) Å3 
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Z 4 2 4 2 2 

Density (calculated) 1.551 Mg/m3 1.433 Mg/m3 1.565 Mg/m3 1.665 Mg/m3 1.615 Mg/m3 

Absorption 

coefficient 

1.311 mm-1 0.144 mm-1 1.322 mm-1 1.544 mm-1 1.508 mm-1 

F(000) 1304 940 1304 794 806 

Crystal size 0.298 x 0.1875 

x 0.0197 mm3 

0.3367 x 0.2473 

x 0.1741 mm3 

0.20 x 0.16 x 

0.04 mm3 

0.3985 x 0.0529 x 

0.0464 mm3 

0.1831 x 0.1497 x 

0.0342 mm3 

Theta range 3.77 to 76.03°. 3.556 to 

30.033°. 

3.73 to 

74.82°. 

3.674 to 74.870°. 3.945 to 74.823°. 

Index ranges -16<=h<=17, -

12<=k<=9, -

26<=l<=25 

-16<=h<=16, -

17<=k<=17, -

22<=l<=22 

-14<=h<=14, 

-14<=k<=12, 

-23<=l<=24 

-8<=h<=9, -

15<=k<=15, -

21<=l<=20 

-14<=h<=14, -

15<=k<=15, -

16<=l<=16 

Reflections collected 24804 52451 27249 25972 27760 

Independent 

reflections 

5685 [R(int) = 

0.0415] 

12743 [R(int) = 

0.0785] 

11110 [R(int) 

= 0.0394] 

6444 [R(int) = 

0.0518] 

6779 [R(int) = 

0.0364] 

Completeness to 

theta = 74.25° 

99.70 % 99.7 % 98.68 % 100.0 % 99.9 % 

Absorption 

correction 

Gaussian Semi-empirical Gaussian Gaussian Analytical 
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Max. and min. 

transmission 

0.974 and 0.799 1.000 and 

0.91197 

0.949 and 

0.812 

0.940 and 0.735 0.953 and 0.814 

Refinement method Full-matrix 

least-squares on 

F2 

Full-matrix 

least-squares on 

F2 

Full-matrix 

least-squares 

on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

5685 / 0 / 409 12743 / 0 / 589 11110 / 0 / 

817 

6444 / 0 / 492 6779 / 0 / 500 

Goodness-of-fit on 

F2 

1.033 1.032 1.030 1.049 1.042 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0431, 

wR2 = 0.1133 

R1 = 0.0658, 

wR2 = 0.2070 

R1 = 0.0407, 

wR2 = 0.0964 

R1 = 0.0382, 

wR2 = 0.0995 

R1 = 0.0447, wR2 

= 0.1227 

R indices (all data) R1 = 0.0520, 

wR2 = 0.1230 

R1 = 0.1100, 

wR2 = 0.2472 

R1 = 0.0547, 

wR2 = 0.1086 

R1 = 0.0483, 

wR2 = 0.1075 

R1 = 0.0526, wR2 

= 0.1312 

Largest diff. peak 

and hole 

0.349 and -

0.240 e.Å-3 

0.605 and -

0.531 e.Å-3 

0.302 and -

0.246 e.Å-3 

0.243 and -0.292 

e.Å-3 

0.728 and -0.669 

e.Å-3 
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Appendix C Supporting Information for Chapter 4 

 

Figure C1. 1H NMR (CDCl3 solution, 400 MHz) spectrum of diene 2  
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Figure C2. 19F NMR (CDCl3 solution, 376 MHz) spectrum of diene 2 
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Figure C3. 1H NMR (CDCl3 solution, 400 MHz) spectrum of adduct 5c 
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Figure C4. 19F NMR(CDCl3 solution, 376 MHz) spectrum of adduct 5c 
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Figure C5. Stacked 19F NMR (CDCl3 solution, 376 MHz) spectra of 2a and 5c 
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Figure C6. 1H NMR (CDCl3 solution, 400 MHz) spectrum of Polymer PBPA  
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Figure C7. 19F NMR (CDCl3 solution, 376 MHz) spectrum of Polymer PBPA 
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Figure C8. 1H NMR (CDCl3 solution, 400 MHz) spectrum of Polymer PBPAF 
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Figure C9. 19F NMR (CDCl3 solution, 376 MHz) spectrum of Polymer PBPAF. 
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Figure C10. Overlay of 1H NMR (CDCl3 solution, 400 MHz) spectrum of diene 1 (top) and Polymer P9KCp (bottom). 
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Figure C11. Overlay of 19F NMR (CDCl3 solution, 376 MHz) spectrum of diene 1 (top) and Polymer P9KCp (bottom). 
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Figure C12. 1H NMR (CDCl3 solution, 400 MHz) spectrum of ketone 1 
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Figure C13. 19F NMR (CDCl3 solution, 376 MHz) spectrum of ketone 1 
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Figure C14. 19F NMR (CDCl3 solution, 376 MHz) spectrum of Polymer PBPA 
 



 

211 
 

 

Figure C15. Ellipsoid plot (50% probability) of crystalline ketone 1.  Hydrogen and Fluorine atoms numbered according to the 

Carbon atoms 
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Figure C16. 1H NMR (CDCl3 solution, 400 MHz) spectrum of arene 4 linker  
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Figure C17. 19F NMR (CDCl3 solution, 376 MHz) spectrum of arene linker 4 
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Figure C18. Overlay of 1H NMR (CDCl3 solution, 400 MHz) spectrum of arene linker 4 (top) and Polymer P5KAr (bottom) 
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Figure C19. Overlay of 19F NMR (CDCl3 solution, 376 MHz) spectrum of arene linker 4 (top) and Polymer P5KAr (bottom)  
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Figure C20. Gel permeation chromatogram (GPC) of polymer PBPA (THF solution, RI trace). 

 

Figure C21. Gel permeation chromatogram (GPC) of polymer PBPAF (THF solution, RI trace). 
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Figure C22. Gel permeation chromatogram (GPC) of polymer P2K (THF solution, RI trace). 
 

 

Figure C23. Gel permeation chromatogram (GPC) of polymer P5K (THF solution, RI trace). 

0 5 10 15 20 25 30

Elution Time, min.

0 5 10 15 20 25 30

Elution Time, min.



 

218 
 

 

Figure C24. Gel permeation chromatogram (GPC) of polymer P10K (THF solution, RI trace). 
 

 

Figure C25. Gel permeation chromatogram (GPC) of polymer P2KCp (THF solution, RI trace). 
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Figure C26. Gel permeation chromatogram (GPC) of polymer P5KCp (THF solution, RI trace). 
 

 

Figure C27. Gel permeation chromatogram (GPC) of polymer P10KCp (THF solution, RI trace). 
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Figure C28. Gel permeation chromatogram (GPC) of polymer P2KAr (THF solution, RI trace). 
 

 

Figure C29. Gel permeation chromatogram (GPC) of polymer P5KAr (THF solution, RI trace). 
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Figure C30. Gel permeation chromatogram (GPC) of polymer P10KAr (THF solution, RI trace). 
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Figure C31. Thermogravimetric analysis (TGA) of polymer PBPA at (10 °C/min, N2 atmosphere) 
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Figure C32. Thermogravimetric analysis (TGA) of polymer PBPAF at (10 °C/min, N2 atmosphere) 
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Figure C33. Thermogravimetric analysis (TGA) of polymer P2K at (10 °C/min, N2 atmosphere) 
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Figure C34. Thermogravimetric analysis (TGA) of polymer P5K at (10 °C/min, N2 atmosphere) 
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Figure C35. Thermogravimetric analysis (TGA) of polymer P10K at (10 °C/min, N2 atmosphere) 

 



 

227 
 

 

Figure C36. Thermogravimetric analysis (TGA) of polymer P2KCp at (10 °C/min, N2 atmosphere) 
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Figure C37. Thermogravimetric analysis (TGA) of polymer P5KCp at (10 °C/min, N2 atmosphere) 
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Figure C38. Thermogravimetric analysis (TGA) of polymer P10KCp at (10 °C/min, N2 atmosphere) 
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Figure C39. Thermogravimetric analysis (TGA) of polymer P2KAr at (10 °C/min, N2 atmosphere) 
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Figure C40. Thermogravimetric analysis (TGA) of polymer P5KAr at (10 °C/min, N2 atmosphere) 
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Figure C41. Thermogravimetric analysis (TGA) of polymer P10KAr at (10 °C/min, N2 atmosphere) 
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Figure C42. Differential scanning calorimetric (DSC) thermogram of polymer PBPA (10 °C/min) 
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Figure C43. Differential scanning calorimetric (DSC) thermogram of polymer PBPAF (10 °C/min) 
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Figure C44. Differential scanning calorimetric (DSC) thermogram of polymer P2K (10 °C/min) 
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Figure C45. Differential scanning calorimetric (DSC) thermogram of polymer P5K (10 °C/min) 
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Figure C46. Differential scanning calorimetric (DSC) thermogram of polymer P10K (10 °C/min) 
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Figure C47. Differential scanning calorimetric (DSC) thermogram of polymer P2KCp (10 °C/min) 
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Figure C48. Polymer Differential scanning calorimetric (DSC) thermogram of polymer P5KCp (10 °C/min) 
 

 

162.07°C(W)
0.2233J/(g·°C)

-0.30

-0.25

-0.20

-0.15

-0.10

H
e
a
t 
F
lo

w
 (
W

/g
)

120 140 160 180 200

Temperature (°C)

Sample: csc-1-133-6
Size:  5.0000 mg
Method: Heat/Cool/Heat
Comment: 5K PEEKMOH Linked with tBu Cp

DSC
File: C:\TA\Data\DSC\Chuck\csc-1-133-6.001
Operator: CC
Run Date: 11-Mar-2015 12:34
Instrument: DSC Q2000 V24.10 Build 122

Exo Up Universal V4.5A TA Instruments



 

240 
 

 

Figure C49. Differential scanning calorimetric (DSC) thermogram of polymer P10KCp (10 °C/min) 
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Figure C50. Differential scanning calorimetric (DSC) thermogram of polymer P2KAr (10 °C/min) 
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Figure C51. Differential scanning calorimetric (DSC) thermogram of polymer P5KAr (10 °C/min) 
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Figure C52. Polymer Differential scanning calorimetric (DSC) thermogram of polymer P10KAr (10 °C/min) 
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