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ABSTRACT 

 Dendritic encapsulation of poly(phenyleneethynylene)s or PPEs has been shown 

to enhance photoluminescent quantum efficiency and facilitate energy transfer by 

funneling photonic energy absorbed on the dendron periphery efficiently to the 

conjugated polymeric core.  The research presented herein focuses on incorporating 

degradable dendron onto PPEs, examining whether or not similar benefits were conferred 

upon the proposed system and controlling polymer luminescence through the elimination 

of the insulating macromolecules.  PPEs appended with disassembling dendrons of 

various generation sizes were synthesized and their optical properties studied.  Polymer 

luminescence was then quenched via chemical degradation of the disassembling 

dendrons.  Furthermore, the macromolecules resulting from disassembly exhibited 

tunable luminescence properties upon manipulation of pH.  Consequently, it was 

determined that polymer luminescence could be controlled upon forming phenolic 

moieties along the PPE backbone.  Tunable emission was later realized in the thin film as 

well through the integration of crosslinkable dendrons onto the polymer core.  

 Recently, helical synthetic linear polymers have demonstrated the ability to 

facilitate stereoselective processes such as catalysis, recognition and separation.  

Consequently, it has become increasingly desirable to develop new platforms capable of 

imparting asymmetry.  The work presented herein describes the synthesis of a series of 

polymers based upon chiral hydrobenzoin and the subsequent conformational analysis 

performed on these materials.  It was envisioned that these polymeric materials might 

inherently possess conformational asymmetry and as result could be able to impart 
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configurationally chirality by introducing a diastereomeric bias for the formation of one 

enantiomer over the other during the course of the reaction. 
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CHAPTER 1.  INTRODUCTION 

1.1 Generating Optical Activity from Helicity in Synthetic Linear Polymers 

A substance is classified as optically active if it exhibits the ability to rotate plane 

polarized light, a physical property that typically arises when a non-racemic mixture of 

enantiomers is present in a sample.1  The source of chirality in the analyte of interest can 

originate from asymmetry found in its configuration, conformation or both.2  In synthetic 

linear polymers, configurational chirality is simply the presence of a stereogenic center 

either on the main polymer chain or on a pendant side group, while conformational or 

macromolecular asymmetry occurs when the polymer adopts a chiral secondary structure, 

typically a helical morphology, rather than persisting in a random coil conformation.3 

Recently, it has become an increasingly desirable goal to develop polymeric 

materials that preferentially adopt a non-racemic mixture of helical conformations due to 

their potential applications as catalysts and auxiliaries in asymmetric transformations,4-9 

as chiral recognition and separation agents,10-22 and as biomimetics.23-25  Currently, there 

are three different methods available for generating optical activity derived from 

macromolecular asymmetry: (1) polymerize configurationally achiral monomers with a 

chiral initiator, (2) apply small, chiral molecules called chaperones to a configurationally 

achiral, random coil polymer in order to influence helicity through non-bonding 

interactions, and (3) synthesize macromolecules inherently possessing stereogenic centers 

in order to introduce a diastereomeric bias for the formation of one predominant helicity. 

Upon examining the various strategies, it is significant to note that optical activity 

stemming from helicity can be realized regardless of whether or not stereocenters are 
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present within the polymeric architecture.  However, when macromolecules are devoid of 

configurational chirality, conformational asymmetry can be produced with either kinetic 

or thermodynamic control.  For example, a prochiral monomer can be polymerized in a 

facially-selective manner using a chiral initiator to form helices of one predominant 

handedness, where the helix sense is mediated by the stereochemistry of the initiator 

molecule (Scheme 1.1).   

O

H

O
n

EtMgBr-(-)-sparteine

toluene

 

Scheme 1.1  Asymmetric polymerization of 3-phenylpropanal using chiral (-)-sparteine as an initiator.26 

Classic examples of helical substrates prepared by this method include polyisocyanides,27 

polychloral,28 and poly(triphenylmethyl methacrylate)29 (Scheme 1.2).   

N
R

CH3

O O
Ph Ph

Ph

CCl3

O
n

n

n
 

Figure 1.1  Examples of kinetically-controlled helicity induction. 

In comparing these systems, a prominent feature common to each is the presence of 

bulky side groups appended to the polymer backbone.  These large, sterically imposing 

substituents are necessary for maintaining helicity by inhibiting any potential helix 

unraveling or interconversion.  Such transitions are rendered energetically unfavorable 

due to steric inhibition, hence this is kinetically controlled. 
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In an example of thermodynamic control, configurationally achiral polymers, 

existing as random coils, can be directed to adopt helical conformations of one particular 

handedness through the application of small, chiral molecules called chaperones.  

Typically, upon exposing the ‘host’ polymer to these chiral ‘guest’ molecules, the two 

species interact through acid-base reactions to facilitate the formation of multiple ion-

pairs along the macromolecular backbone.  As a result of ionization, the stereogenic 

centers present within the chaperones are thus placed in direct contact with the main 

polymer chain and are capable of influencing macromolecular asymmetry by imparting a 

thermodynamic bias for one helix sense over the other.  The handedness of helicity 

assumed by the chemically modified polymers depends upon the stereochemistry of the 

chaperone molecule.   

A prototypical example of chaperone-mediated asymmetric induction can be 

found in the work of Novak.  In his studies with polyguanidines, he constructed a 

configurationally achiral polymer based on the aforementioned repeat unit that was found 

to exist as a racemic mixture of helical conformations.30  Upon protonating the acid-

sensitive macromolecule with increasing amounts of (S)-camphorsulfonic acid, the 

specific rotation of the sample gradually increased in a non-linear fashion with a sign 

opposite that of the chiral acid and an order of magnitude greater as well.30  Ultimately, 

Novak concluded that the application of (S)-CSA had caused tight ion pairs to form 

between the protonated polymer and the chiral counterions, which caused the equilibrium 

of helical conformations to shift and favor one predominant handedness over the other 

(Scheme 1.2).30   
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Scheme 1.2  Helicity induction through chaperone introduction in Novak’s work with polyguanidines.30 

Another intriguing aspect of imparting macromolecular asymmetry through 

chaperone addition has been that helicity was retained in some instances well after 

chaperone removal.  In particular, the ability of certain polymers to memorize and 

interconvert helicity was readily demonstrated by Yashima in his work with poly((4-

carboxyphenyl)acetylene)s.31  After synthesizing the target polymer and confirming it 

persisted in a random coil conformation, both helical architectures were separately 

prepared by subjecting the original macromolecule to two different chaperone molecules 

of opposite stereochemistry.  Yashima then demonstrated the ability to switch the helicity 
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of one sample to the opposite handedness via chaperone exchange.  Moreover, after 

replacing the inital chiral chaperone for an achiral analog, the conformational asymmetry 

displayed by the modified polymer remained stable for several months following 

substitution (Scheme 1.3). 31 

 

Scheme 1.3  Memorization and interconversion of helicity following chaperone exchange in poly((4-
carboxyphenyl)acetylene)s.31  
 

Both of the aforementioned strategies were used to develop conformational 

asymmetry in configurationally achiral materials, while cultivating helicity at different 

stages of the polymerization process.  Another method used to generate optical activity 

from macromolecular asymmetry entails synthesizing polymers that possess an inherent 

stereochemical bias.  Monomers containing stereogenic centers are polymerized in order 

to instill a natural diastereomeric bias for the formation of one specific helix sense over 
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the other.  The most abundant and thoroughly studied examples from this class are 

naturally occurring proteins and polypeptides.2   

Additional factors must be accounted for or manipulated in order to influence 

helix formation or shift the equilibrium of helices to favor one particular handedness over 

the other.  As a case in point, several researchers have concluded that if chiral centers 

present within polymer side chains are positioned closer to the main chain, their impact 

on the adoption and magnitude of helicity increases dramatically.2,32  For example, in a 

study involving a series of poly(phenyl isocyanates)s appended with various optically 

active ester side groups, Okamoto noted that by moving the chiral center further from the 

main polymer chain, a noticeable decrease in the magnitude of the ellipticity was 

observed.32  Furthermore, external factors such as solvent quality and temperature have 

also been identified as affecting whether or not helix formation persists and which 

handedess is selected.  To demonstrate the effect of solvent composition, Moore 

performed experiments on m-phenylene ethynylene oligomers possessing chiral ester side 

chains in which the polymers were dissolved in heptane and the percentage of chloroform 

in the solutions was gradually increased.33  Consequently, the resulting data indicated 

solvophobicity played a crucial role in whether or not helical architectures were acquired.  

Specifically, helicity was prevalent in apolar solutions whereas random coils were 

observed when the amount of chloroform increased.  Additionally, in heptane solutions 

this particular oligomer could be converted to a racemic mixture at elevated temperatures, 

while the equilibrium of conformations returned to a non-racemic mixture as the solution 

was allowed to cool.33  In a similar manner, Okamoto demonstrated the ability to perform 
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helix-helix inversions on poly(phenyl isocyanate)s adorned with pendant chiral side 

chains by varying both solvent and temperature (Scheme 1.4).34 
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Scheme 1.4  Tuning helix sense in poly(phenyl isocyanate)s bearing pendant chiral ester side chains by 
altering temperature and solvent quality.34 
 
 For the research presented in Chapter 2, the final strategy was employed to afford 

optical activity from helicity in a series of polymers based upon chiral hydrobenzoin.  

Consequently, given the resulting macromolecules inherently possessed configurational 

chirality on the main polymer chain, it was hypothesized that a helical conformation of 

one predominant handedness could readily be realized due to the natural stereochemical 

bias afforded by the chiral centers.  Furthermore, molecular modeling studies had been 

performed previously on the original proposed polymer and the resultant data indicated a 

stable 3/1 helix conformation could be acquired.35 

1.2 Development of Disassembling Dendrimer Technology 

As a unique class of branching polymers, dendrimers are generally prepared in a 

stepwise, iterative fashion which results in monodisperse macromolecules that possess a 

globular morphology.36  While numerous studies have concentrated on the utility of 

embedding a particular substrate within a dendrimer framework, recent research has 

shown that certain dendritic architectures can be chemically altered to undergo 
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spontaneous disassembly.37  This technology was discovered simultaneously by three 

independent research groups, namely McGrath,38 Shabat,39 and de Groot.40  While the 

dendritic architectures varied in each of these studies, they all were designed with three 

essential and common features: (1) a trigger group, (2) a specific substitution pattern 

within the dendrimer framework that was conducive to the genesis of one or more 

cleavage vectors following trigger removal, and (3) and the presence of one or more 

reporter groups.37  Additionally, all three systems followed the same general mechanism 

for dendrimer disassembly.   

Specifically, elimination was initiated by removal of the trigger group through the 

application of a very precise chemical reaction or triggering event, which was purposely 

chosen to impart selectivity in the process.  Following this chemical modification, the 

dendritic architecture then underwent a spontaneous electronic rearrangement that 

resulted in the cleavage of a dendritic subunit and a subsequent anion formation.  

Consequently, if analogous electronic structures remained following the first elimination, 

disassembly could be propagated throughout the macromolecule until no more cleavable 

subunits remained.  To validate the process, the degradable dendrimers were affixed with 

a terminal reporter molecule that could be specifically detected through a particular 

analytical technique.  In the short synopsis that follows, the initial development of each of 

the three dendrimeric systems is explored along with continued pursuits within this field. 

In the McGrath group, the ability of certain dendritic architectures to undergo 

chemical disassembly via an electronic rearrangement was first encountered while 

fabricating azobenzene-containing dendrimers for photoisomerization experiments.  
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Specifically, during a reaction sequence in which hydride and Pd were used to cleave an 

allyl moiety present on a 4-allyloxybenzyloxy side group, loss of the entire benzyl group 

was observed (Scheme 1.5).41 
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Scheme 1.5  Li and McGrath’s first encounter with dendritic disassembly via p-quinone methide formation. 

To account for this unexpected elimination mechanistically, it was hypothesized that the 

phenoxide resulting from deallylation had undergone an electronic rearrangement which 

liberated the corresponding p-quinonemethide and produced yet another oxyanion 

(Scheme 1.6). 
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Scheme 1.6  Proposed mechanism for chemical disassembly via a para cleavage vector. 

Additionally, the resulting quinone methide formed by this process was theorized to have 

undergone nucleophilic attack, possibly from excess hydride, in order to restore the 

aromaticity of the system.  After confirming the reproducibility of this process, a series of 

dendrons composed of a linear arrangement of para-benzyl ether linkages was 

synthesized to specifically evaluate the viability of performing quantitative dendritic 

disassembly through successive eliminations.  The dendrons were coupled to a reporter 
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group, p-nitrophenol, in order to monitor dendrimer disassembly spectroscopically 

(Figure 1.2).38   
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Figure 1.2  Linearly degradable dendrimers initially prepared by McGrath to validate disassembly 
technology. 
 
The reporter-labeled dendrimers were then subjected to deallylation conditions while the 

reaction progress was followed by UV-Vis, explicitly tracking the absorbance of released 

p-nitrophenoxide (ca. 421 nm) through time-course experiments and 1H NMR.  The 

degradation process was found to have proceeded nearly quantitatively in each of the 

experimental dendrimers.38   

Afterwards, by analyzing potential resonance structures within an analogous 

system, it became apparent that disassembly could likewise occur in macromolecules 

composed of only ortho benzyl ether linkages, thus affording an alternate vector for 

disassembly (Scheme 1.7). 
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Scheme 1.7  Proposed mechanism for disassembly via a ortho cleavage vector. 
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By integrating both substitution patterns into a single repeat unit, dendrimer disassembly 

could be accomplished in a geometric fashion, thus releasing an exponential number of 

terminal substrates or reporter groups (Scheme 1.8).42 
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Scheme 1.8  Integration of both ortho and para cleavage vectors to furnish geometrically disassembling 
dendrimers. 
 
Currently, disassembling dendrimers prepared by the McGrath group are prepared with 

para and/or ortho benzyl aryl ether linkages for branching points which serve as 

geometric or linear depolymerization vectors.  The reporter groups affixed to the 

periphery of these degradable subunits traditionally have been p-nitrophenol, with the 

corresponding phenoxide being released and detected from the disassembly process.  

Furthermore, the McGrath group has demonstrated the versatility of these systems by 

incorporating different trigger modalities, including allyl groups for metal-mediated 

chemical cleavage and o-nitrobenzyl derivatives to afford a photolabile trigger.37,43   

Currently, work by McGrath within this field has focused on developing and 

evaluating new dendritic building blocks and trigger groups.  Also, simplification of the 

synthetic strategy used to fabricate linearly degradable dendrons has been undertaken by 
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adopting a modular approach to dendron synthesis.  Termed the “progenitor” project, this 

particular protocol relies on preparing pre-packaged dendritic subunits that are 

orthogonally protected at the three key reactive sites.  By implementing this 

methodology, it has been proposed that a large library of structurally precise dendrimers 

can be forged in a rapid, iterative fashion.  Presently, efforts are underway to optimize the 

aforementioned process utilizing milder reagents in order to impart a higher tolerance to a 

variety of pendant functional groups. 

Around the same time McGrath first reported both linearly and geometrically 

degradable dendrimer technology, Shabat published similar research on geometrically 

disassembling dendritic macromolecules while identifying his compounds as ‘self-

immolative dendrimers.’ Though the two systems were very similar conceptually, the 

dendrimers synthesized by Shabat were prepared from 2,6-(bishydroxymethyl)-p-cresol, 

which intrinsically afforded a geometric basis for disassembly due to its two branching 

points.39  In these studies, each cresol group was preceded by an ethylenediamine spacer 

with the subunits connected via carbamate linkages (Figure 1.3).39    
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Figure 1.3  First and second generation ‘self-immolative dendrimers’ by Shabat.39 
 
Similarly, to establish the disassembly process and demonstrate the flexibility of his 

proposed dendrimers, Shabat examined two different series of degradable or ‘self 
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immolative’ dendrimers that varied in the reporter and trigger groups employed in each.  

For the first group, aminomethylpyrene served as the reporter group while an o-

nitrobenzyl derivative was incorporated in order to induce disassembly through a photo-

labile trigger.  For the other series of dendrimers, 4-nitroaniline was used as the reporter 

group, while acid cleavage of a BOC protecting group initiated dendritic disassembly.39   

After synthesizing several generations of each type of degradable dendrimer, 

disassembly experiments were initiated and the reaction followed by HPLC and UV 

spectroscopy.  Analogous to McGrath’s finding, Shabat concluded that dendritic 

disassembly had proceeded with near quantative efficiency; however, he noted the 

process had occurred through a slightly modified mechanism within his system.  In 

particular, after the trigger group was removed via stimulus-specific cleavage, a 

secondary amine was subsequently formed following decarboxylation.39  Thereafter, 

disassembly was unable to progress until the aforementioned amine had undergone a 

‘back-biting’ cyclization reaction that liberated the corresponding cyclic urea.  As a 

result, the rate limiting step in Shabat’s system was not the loss of the trigger moiety, as 

was the case in McGrath’s systems, but loss of the ethylenediamine linker through urea 

formation.  Upon removing the spacer group and forming the resultant phenoxide, 

subsequent eliminations were again feasible and the reporter groups released following 

ortho quinone methide formation.   Analogous to McGrath’s dendrimers, a secondary 

cleavage reaction could only be realized after restoring the aromaticity of the modified 

system via nucleophilic attack (Scheme 1.9).39 
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Scheme 1.9  Proposed mechanism of disassembly in Shabat’s dendrimers.39 

Following his initial discovery and establishing the concept of geometric 

dendrimer disassembly, Shabat’s subsequent endeavors have focused on developing the 

concept towards a more practical application, particularly as a platform for drug delivery.  

In several accounts, he has indicated that degradable dendrimers could serve as prodrugs 

which are specifically activated through disassembly by releasing an exponential number 

of pharmacologically active substrates after exposure to a single and specific biological 

stimulus.44-48  An example of this projected application was reported in which a 

degradable dendrimer was synthesized with three different drugs of known anti-cancer 

activity on its periphery.44  To trigger their release in a precise and biologically 
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significant manner, an enzyme-cleavable moiety was installed for a trigger group 

(Scheme 1.10).   

 

Scheme 1.10  Degradable dendrimer for prodrug applications by Shabat.44 

Specifically, the protecting group was eliminated upon exposure to antibody 38C2, which 

cleaved the labile subunit through a retro-aldol, retro-Michael reaction.44  After 

establishing quantitative disassembly through three cleavage vectors in a single dendritic 

repeat unit, the proposed heterotrimeric, prodrug dendrimer was prepared, disassembled 

and its efficacy for drug delivery surveyed by monitoring its ability to inhibit cell 

proliferation in human MOLT-3 leukemia cells.  Consequently, the resulting in vitro 

studies indicated all three drug molecules had been released simultaneously and inhibited 

cell growth with an IC50 value of 2.7 nM, confirming that these dendrimers may in fact be 

advantageous vehicles for developing therapeutics.44 

 Like Shabat, when de Groot initially developed disassembling dendrimer 

technology, he foresaw his degradable or “cascade-release” dendrimers could potentially 

serve as attractive platforms for drug delivery applications, particularly in selectively 

targeting tumors.40  However, unlike the other two groups that reported the discovery of 

this technology, de Groot actually monitored dendrimer disassembly in these systems by 
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following the release of an actual drug molecule, namely Paclitaxel, as a reporter group.   

Additionally, the dendrimers prepared for these studies differed in that they utilized an 

aromatic nitro group as a trigger for diassembly, which was activated through reduction 

to the corresponding amine.  To evaluate his proposed macromolecules, first and second 

generation dendrimers were prepared from 2-(4-nitrobenzylidene)propane-1,3-diol.  

Initially, this substrate was activated for reporter group/drug attachment by coupling 4-

nitrophenyl chloroformate to the unprotected diols (Scheme 1.11). 

 

Scheme 1.11  Synthesis and study of first generation ‘cascade release’ dendrimer by deGroot.40 
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These nitrophenyl moieties could then be exchanged for paclitaxel groups at low 

temperatures (ca. 0 °C).40  

After synthesizing the necessary reporter-labeled dendrimers, both generations 

were subjected to Zn metal and acetic acid, which reduced the nitro group to the 

corresponding aniline.  Accordingly, by forming a lone pair on the nitrogen, disassembly 

could then proceed through an electronic rearrangement and subsequent elimination that 

was nearly identical to the previous systems developed by McGrath and Shabat.  

Completion of the disassembly process was confirmed by 1H NMR spectroscopy, 

specifically tracking the signal corresponding to the 2’-hydroxy group appended to an 

alkyloxycarbonyl group at δ = 5.46.40  After verifying disassembly had occurred 

quantitatively in both generations of dendrimer, deGroot then referenced his future 

direction for the project, namely to develop a triple-release linker for a similar 

applications.  While relatively few publications have been presented by deGroot on this 

subject since his initial entry, his continued contributions appear to be driven towards the 

development of prodrug strategies and dendrimer-base therapeutics.  

1.3 Methods for Synthesizing Dendronized Polymers 

Dendrimers are highly branched, spherical macromolecules that inherently 

possess three distinct structural components: a core, regular branching patterns emanating 

from the core, and an exterior or periphery that can be tailored to display an exponential 

number of pendant end groups.49  As a result of their architecture, these unique 

macromolecules have demonstrated the ability to enhance the solubility of their core 
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material,50-59 encapsulate or site-isolate small ‘guest’ molecules,36,50-59 generate 

microenvironments,60-64 undergo significant conformational changes upon exposure to 

certain stimuli,38-40,65 and mimic photosynthesis by funneling photonic energy absorbed 

by the dendron periphery efficiently to the embedded substrate.50,66-68  Until recently 

though, dendrimer research had traditionally focused on appending dendritic arms or 

dendrons to small molecule cores in order to impart or enrich some property of interest.  

However, it has also been discovered that dendronization can be extended to synthetic 

linear polymers, resulting in a new class of macromolecules called dendronized or comb 

polymers.69-71  These unique, cylindrical materials represent an intriguing and promising 

new field of study by blending the aforementioned beneficial aspects inherent to 

dendrimers with those of their polymer cores.  Consequently, while the polymeric 

backbones utilized in these systems are still furnished through traditional chain or step 

growth polymerization reactions, dendronization can be accomplished through the 

application of three main strategies: (1) the “graft-to” route, (2) the “graft-from” route 

and (3) the “macromonomer” route (Figure 1.4).72   
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Figure 1.4  Three main synthetic strategies available for preparing dendronized polymers.72 
 

To produce comb polymers via the “graft-to” method, the proposed polymer 

backbones are assembled prior to dendronization with functional groups that are either 

masked or unaffected by the polymerization process.  Similarly, the desired generation of 

dendron is formed separately and with an appropriate functional group to facilitate its 

coupling to the polymer core.  After preparing both substrates independently, post-

polymerization chemical modification is enacted where deprotection is required to expose 
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the necessary polymeric functional groups.  The target dendronized polymer is then 

acquired via a convergent synthetic strategy using a predetermined coupling protocol.  A 

classic example of the “graft-to” process was previously illustrated in the work of 

Hawker.73  Initially, a polystyrene copolymer possessing pendant N-oxysuccinimide-

protected esters every five monomer units was generated using chain growth 

polymerization, while fourth generation Fréchet benzyl aryl dendrons were separately 

furnished as the amine.  Dendronization of the polymeric core was then successfully 

achieved through amide formation to yield the projected comb polymer (Scheme 

1.12).

 

Scheme 1.12  Attachment of Fréchet fourth generation benzyl aryl ether dendrons to a poly(styrene) 
copolymer utilizing the ‘graft-to’ process.73 
 
However, an inherent drawback associated with this method of post-polymerization 

dendronization was the occurrence of incomplete dendron coverage.  This phenomenon 

typically arises due to both inefficiency of the coupling strategy and partial encapsulation 
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of the reactive site, which is particularly prevalent when higher order dendron 

generations are affixed to the polymer core.  Consequently, acquiring high molecular 

weight comb polymers appended with larger generations of dendrons using the 

aforementioned strategy currently presents a difficult synthetic challenge for materials 

science. 

Dendronization of synthetic linear polymers can also be performed using the 

“grafting-from” process.  Employing this strategy, the polymeric cores are once again 

prepared prior to dendron attachment, with reactive moieties present along the backbone 

that are either immune to the polymerization reaction or protected to prevent any possible 

side reactions.  However, contrary to the “graft-to” method, the polymers in these cases 

essentially serve as templates on which the desired generation of dendron is prepared, 

thus resulting in a divergent synthetic method.   A prototypical example of the “graft-

from” strategy can be found in Fréchet’s work with dendronized poly(p-hydroxystyrene) 

(Scheme 1.13).74 
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Scheme 1.13  An example of the ‘graft-from’ method found in Fréchet’s work with poly(4-
hydroxystyrene).74 
 
Starting with poly(4-hydroxystyrene), the polymeric core was prepared for dendron 

attachment by reacting the phenolic moieties with a bisbenzal-protected anhydride, which 
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was subsequently unmasked to expose the protected diols via catalytic hydrogenation.  

Thereafter, successive generations of dendrons were formed by repeating the previous 

reaction sequence.  While this procedure has been used to furnish high molecular weight 

materials with fairly large generations of dendrons affixed to the polymeric cores, this 

strategy is hindered by the same coverage limitations experienced in the “graft-to” 

method.  Additionally, this method was also particularly susceptible to the occurrence of 

structural defects or imperfections within the dendrons resulting from incomplete 

synthetic transformations, which arose due to steric interactions.  

The final strategy used to fabricate dendronized polymers is the macromonomer 

approach.  This procedure entails affixing pre-formed dendrons to a monomer unit and 

then polymerizing the resultant macromonomer to yield the comb polymer of interest.  

An excellent example of this process was demonstrated in Aida’s efforts to develop 

soluble, molecular wires in dendronized poly(phenyleneethynylene)s or PPEs.  In this 

work, several generations of methoxy-terminated benzyl aryl ether dendrons were 

prepared and coupled to 1,4-diethynylhydroquinone to form a series of dendronized, 

diethynyl monomers.50  The resulting macromonomers were then polymerized with 1,4-

diiodobenzene via traditional Songashira polycondensation conditions to produce three 

generations of dendronized polymers (Scheme 1.14) 
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Scheme 1.14  Dendronized poly(phenyleneethynylene)s synthesized through the macromonomer 
approach.50 
 
While dendronized materials were obtained for each generation, this particular strategy 

was not without its own limitations.  In particular, even though dendronized polymers 

generated by this method possessed very precise structural configurations, there was a 

tendency for the dendritic arms to encapsulate or site-isolate the site of polymerization in 

the monomer unit, resulting in reduced polymerization efficiency in the case of higher 

generations of macromonomer.  Nonetheless, the macromonomer route remains a 

preferred method for acquiring comb polymers due to its inherent precision.   
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CHAPTER 2.  HELICAL HYDROBENZOIN-BASED RIGID, CHIRA L 

POLYMERS 

2.1 Introduction 

Since the discovery of chirality and its relationship to optical activity,1 

engineering materials to possess specific stereochemistry has become an increasingly 

necessary and attractive goal for both biological and materials science.  In most 

polymers, optical activity can arise from asymmetry present in the macromolecule’s 

configuration, conformation or both.2  While configurational chirality is simply the 

presence of a stereogenic center on the main polymer chain or an appended side group, 

conformational asymmetry results when a linear polymer adopts a chiral secondary 

structure, typically a helix, rather than existing as a random coil.3  Over the past decade, 

preparation of polymers that can adopt helical conformations has become increasingly 

desirable due to their multiple applications in enantioselective recognition,4-10 

separations,11-16 and catalysis.17-22  Fabrication of materials possessing macromolecular 

asymmetry has been demonstrated through three possible strategies: (1) the 

polymerization achiral monomers possessing sterically bulky side-groups using a chiral 

initiator;23-26 (2) the creation of non-bonding interactions between a configurationally 

achiral, random coil polymer and small chiral molecules called chaperones to induce 

helicity;27-29 (3) the incorporation of configurationally chiral subunits into a 

macromolecule that preferentially adopts a one helix sense through diastereomeric 

bias.2,6,30-32   
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Initially, the goal of this research was to synthesize a polymer composed of 

optically active hydrobenzoin subunits that preferentially formed a helical 

conformation.33  Hydrobenzoin was chosen as the repeat unit for its structural and 

chemical properties.  By synthesizing a polymer composed of hydrobenzoins, asymmetric 

centers would naturally be present in the main polymer chain, potentially rendering the 

substrate more likely to adopt helicity.2  Additionally, the specific architecture of the 

proposed polymer was engineered to enhance the probability of helix formation.  

Polymer 2.1 was envisioned to possess acetonide-protected hydrobenzoin moieties with 

each subunit separated by acetylenic spacer groups.33 

O

O

2.1

2n

 

This configuration was chosen to afford material with an inherently rigid backbone, 

present in the extended conjugation of the phenyl-ethynyl-phenyl groups, and an intrinsic 

chiral turn or twist due to the acetonide-protected asymmetric diols.  Protection of the 

diols with a tethering protecting group was essential in establishing this turn, and 

consequently potential helicity, because its presence inhibits free rotation about the bond 

connecting the diols, ‘locking in’ the chiral turn.  Additionally, facile synthesis of 

macromolecules composed of aryl-alkynyl groups using the well established Sonogashira 

polycondensation conditions34 was possible.  Furthermore, molecular modeling studies 
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performed on polymer 2.1 indicated a stable helical conformation could be formed in 

solution or the solid state and possess a 3/1 helical turn.33 

Numerous examples have been documented for the application of hydrobenzoins 

as chiral auxiliaries and catalyst ligands35-38 in asymmetric processes.  Within these 

studies, chirality was conferred upon the substrate through the formation of hydrogen-

bonds with hydrobenzoin.  While these examples detailed the use of small hydrobenzoin 

molecules, recent research has described the incorporation of hydrobenzoins onto solid 

supports resulting in accessable chiral properties on a reusable resin.39  However, 

examples of these chiral subunits being incorporated into a polymeric scaffold had yet to 

be realized and presented a new area of discovery.  To potentially study the proposed 

polymer’s capabilities in asymmetric reactions, the asymmetric diols required the 

removal of the acetal-protecting group through post-polymerization chemical 

modification.  Post-polymerization modification has found considerable use in yielding 

new polymers that would otherwise be synthetically inaccessible. 

Previously, hydrobenzoin-based polymer 2.1 had been synthesized by McGrath,33 

but the resulting chiroptical data suggested helix formation did not occur.  To determine 

whether or not conformational asymmetry was present, two types of analyses were 

performed: (1) a polymer/model comparision was used to gauge what contribution 

configurational and conformational asymmetry had on the polymer’s overall optical 

activity and (2) circular dichroism spectroscopy.  In the first analysis, model compound 

2.2 was generated to emulate a single chiral turn within the polymeric architecture and 

was theorized to exhibit optical activity only from its configuration.  
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O

O

2.2  

Therefore, by calculating and comparing the molar rotation per subunit for hydrobenzoin-

based polymer 2.1 and its model, any difference in the two values could be attributed to 

conformational asymmetry contributing to the macromolecule’s optical activity and as 

such be quantified by this study.  The model compound 2.2 and polymer were also 

examined by circular dichroism to confirm the presence of helicity, with the model acting 

as a baseline in this examination.   

However, to continue studying the proposed system, greater quantities of 

macromolecule 2.1 were necessary and a more efficient synthetic strategy was examined.  

Consequently, a revised synthetic strategy was developed that circumvented the 

problematic reaction sequences present in the original methodology and also decreased 

the number of steps required to generate polymer.  This revised methodology was also 

readily amenable to the manufacture of analog polymers 2.3-5 (Figure 2.1).  By 

examining the conformations adopted in these systems, it was hypothesized that the 

effect of aryl substituents on polymer helicity could be determined.   
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Figure 2.1  Analog polymers based upon chiral hydrobenzoin. 

Model compounds of the analogs were likewise necessary and their manufacture 

undertaken.  Additionally, the racemate of compound 2.1 was generated to provide an 

additional control in the conformational studies.  

2.2 Results and Discussion 

2.2.1 Synthesis 

2.2.1.1 Original Methodology 

Previously hydrobenzoin-based polymer 2.1 was prepared from the 

copolymerization of (+)-(R,R)-4,5-bis-(4-iodophenyl)-2,2-dimethyldioxolane 2.6 and (+)-

(R,R)-4,5-Bis-(4-ethynylphenyl)-2,2-dimethyldioxolane 2.7 using standard Sonogashira 

polycondensation conditions (Scheme 2.1).34   
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Scheme 2.1  Initial synthesis of polymer 2.1. 

The diethynyl monomer 2.7 was synthesized from the diiodo monomer via Pd-catalyzed 

coupling of compound 2.6 and trimethylsilylacetylene, followed by desilylation of the 

intermediate under mildly basic conditions (Scheme 2.2).40   

Pd(dba)2,

CuI, PPh3

TMS

O

O

TMS
O

O

K2CO3, CH3OH

Et3N, 55°C

I
O

O
I

92 %
83 %

TMS
2.72.6 2.8

CH2Cl2

 

Scheme 2.2  Previous strategy for preparing diethynyl compound 2.7 from diiodo monomer 2.6. 

Monomer 6 was generated by asymmetric dihydroxylation41 of 4,4’-diiodostilbene 2.9 

followed by acetonide protection of the resultant diol 2.10 (Scheme 2.3).33 
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Scheme 2.3  Formation of diiodo monomer 2.6 from 4,4’-diiodostilbene. 

The required stilbene (2.9) was prepared via Horner-Emmons coupling of 4-

iodobenzaldehyde and diethyl (4-iodobenzyl)phosphonate, both of which were generated 

from 4-iodobenzyl alcohol, obtained from the reduction of commercially available 4-

iodobenzoic acid.33 (Scheme 2.4)  
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Scheme 2.4  Original synthesis of stilbene 2.9 from commercially available 4-iodobenzoic acid. 

However, there were several problems associated with this method.  Since 

commercially available derivatives of 4-iodobenzoic acid were limited, this particular 
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strategy could not be used to access derivatives of the original polymer and thereby 

determine the effects of aryl substitution.  Additionally, the reduction of 4-iodobenzoic 

acid proceeded in poor yield (26 %),42 which hindered the amount of material that could 

be carried forward in the synthesis.  It is significant to note that while there have been 

recent reports in the literature43,44 of the quantitative reduction of the aforementioned 

benzoic acid to alcohol using borane derivatives, these reagents are relatively expensive 

while the revised methodology required fewer reaction sequences.  An alternative to 

TMS-acetylene, used to generate the diethynyl monomer 2.7, was also sought due to its 

relatively high cost and the quantities required for forming the polymer on larger scales.   

Furthermore, the polycondensation protocol required optimization as well.  The 

desired macromolecule was previously formed as a yellow solid and in 38 % yield 

(Scheme 3)33 and attempts to duplicate this work resulted in similar findings.  

Theoretically, these conditions were expected to provide macromolecule 2.1 as a white 

solid, in high yield and as a single peak by size exclusion chromatography.  Therefore, 

either a new polymerization strategy or optimized polycondensation conditions were 

necessary.  As a result of the aforementioned limitations and concerns, a new method for 

the preparation of stilbene 2.9, application of analogous protected acetylene moieties 

different polymerization conditions and strategies were explored.   

2.2.1.2 Revised Synthetic Protocol 

Within the literature, several new methods were found for the synthesis of 4,4’-

diiodostilbene 2.9, however the strategy that was ultimately chosen involved Pd-
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catalyzed tandem Tamao45 and Heck couplings between p-iodophenyldiazonium 

tetrafluoroborate 2.11 and triethoxyvinylsilane (Scheme 2.5).46 

HBF4, H2O

NaNO2

(95 %)

NH2

I

N

I

N BF4

Si(OEt)3

MeOH (reflux), 1 hr.

Pd(OAc)2,

I

I(15 %)

2.11 2.9  

Scheme 2.5  Revised protocol for furnishing 4,4’-diiodostilbene. 

With triethoxyvinylsilane commercially available, the diazonium salt 2.11 was readily 

prepared in excellent yield (95 %) via diazotization of 4-iodoaniline using NaNO2 as the 

nitrating agent.47 However, despite multiple attempts to synthesize stilbene 2.9, the 

compound was not obtained by following the literature procedure.46  Consequently, 

several studies were undertaken in which reaction time, solvent, catalyst loading, and the 

work-up procedure were evaluated in an attempt to optimize this reaction (Table 2.1). 

solvent time catalyst (and additive) yield 
MeOH 1 h Pd(OAc)2 (5% mol. Pd) 15 % 
MeOH 3 h Pd(OAc)2 (5% mol. Pd) 28 % 
CH3CN 1 h Pd(OAc)2 (5% mol. Pd) 28 % 
CH3CN 60 h Pd(OAc)2 (5% mol. Pd) 27 % 
CH3CN 1 h Pd(OAc)2 (5% mol. Pd), Et3N (3 eq.) 26 % 
CH3CN 1 h Pd(OAc)2 (5% mol. Pd), Et3N (3 eq.), PPh3 0 % 
CH3CN 1 h Pd2(dba)3 (1% mol. Pd) 20 % 
CH3CN 1 h Pd2(dba)3 (4% mol. Pd) 43 % 
CH3CN 1 h Pd2(dba)3 (5% mol. Pd) 52 % 
CH3CN 1 h Pd2(dba)3 (9% mol. Pd) 56 % 
CH3CN 1 h Pd(OAc)2 (10% mol. Pd) 57 % 

 

Table 2.1  Analysis of reaction conditions to optimize formation of 4,4’-diiodostilbene. 
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Eventually conditions were discovered that afforded the stilbene in an appreciable yield 

(56 %) and good purity (Scheme 2.6). 

2.92.11

N

I

Si(OEt)3

N

BF4

Pd(OAc)2, CH3CN

[7 % mol Pd], 1 h

56 %

I

I

 

Scheme 2.6  Optimized Tamao-Ito/Heck coupling conditions for generating compound 2.9. 

Upon synthesizing 4,4’-diiodostilbene, it was converted to the corresponding diol 2.10 

(84 %, > 99 % ee) using Sharpless asymmetric dihydroxylation conditions.41  The 

resulting compound was then protected as the acetonide33 to yield the diiodo monomer 

2.6 in 90 % yield. 

Conversion of the diiodo monomer to the diethynyl monomer 2.7 without the use 

of silyl-containing compounds was achieved by following work previously reported by 

Moore on the synthesis of phenylacetylene dendrimers.40 Instead of employing 

trimethylsilyl acetylene to introduce alkynyl groups, Moore used 2-methyl-3-butyn-2-ol 

as an alternate mono-protected acetylene.  Pd-catalyzed coupling of compound 2.6 and 

two equivalents of 2-methyl-3-butyn-2-ol generated intermediate 2.12 (92 % yield), 

which was deprotected under basic conditions (Scheme 2.7) to afford diethynyl monomer 

7 in good yield (83 %).40 
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Scheme 2.7  Modified procedure for synthesizing the diethynyl hydrobenzoin-based monomer from 
compound 2.6. 
 

   Having established a more economic and efficient synthetic route for acquiring 

the diiodo and diethynyl monomers, preparation of the hydrobenzoin-based polymers 

required optimization as well, either through the application of similar polycondensation 

protocol or other polymerization methods.  Examining the literature, various conditions 

for Sonagashira polymerizations were readily available in previous work by Heitz,48 

Moore,49 and Bunz50 with each utilizing different Pd catalyst sources, amines and co-

solvents.  However, almost identical aryl-alkynyl polycondensations had been performed 

with greater heteroatomic tolerance and efficiency by Bunz51 employing (PPh3)2PdCl2 as 

the palladium(0) source, CuI as the Cu(I) co-catalyst, and toluene and piperidine as co-

solvents.  Utilizing these conditions towards the hydrobenzoin-based system, polymer 2.1 

was generated in good yield (82 %) as an off-white powder (Scheme 2.8).    
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Scheme 2.8  Alternative polymerization conditions for manufacturing polymer 2.1. 

1H and 13C NMR confirmed that the resulting macromolecule was structurally precise and 

free of defects, while GPC analysis (Figure 2.2) indicated significantly higher number 

average molecular weights (Mn = 21240) were attained and a monomodal distribution of 

molecular weights with a corresponding a polydispersity index of 2.0.   
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Figure 2.2  GPC data for the hydrobenzoin-based polymers. 

Consequently, with revised methodology identified for both the monomeric intermediates 

and the final polymer, gram quantities of macromolecule 2.1 were prepared for 

conformational studies and to potentially serve as a template for post-polymerization 

chemical modifications.  Furthermore, this particular protocol was additionally attractive 

because it could be readily applied towards the synthesis of a racemic (2.17) and aryl-

substituted analog polymers (2.3-5). 

2.2.1.3 Synthesis of the Racemic Polymer 

 The racemic polymer 2.16 was prepared using the revised methodology described 

in the previous section.  Since the configurationally chiral polymer 2.1 and its racemate 
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differed only in enantiomeric excess ratios of the diols, modification of only the 

asymmetric dihydroxylation sequence was necessary to afford the optically inactive 

monomers and polymer (Scheme 2.9).  To synthesize a racemic mixture of the diols, 

quinuclidine was substituted for the accelerating ligand (DHQD)2PHAL in the AD 

reaction, affording compound 2.13 in good yield (81 %).52  

2) KOH, toluene

O

O

I
O

O
I

1) Pd(dba)2, CuI,

OH

1) 2.15 (97 %)
2) 2.16 (66 %)2.14

2.16
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2n

76 %

Mn = 27900, PDI = 2.1
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I
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I

I
OH

OH
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Scheme 2.9  Synthesis of racemic hydrobenzoin-based monomers and corresponding polymer from 4,4’-
diiodostilbene. 
 
 
After preparing diol 2.13, it was protected as the acetonide acetal to yield the racemic 

diiodo monomer 2.14 (89 % yield).33  This material was then coupled with two 

equivalents of 2-methyl-3-butyn-2-ol, using the previously mentioned Pd-catalyzed 

protocol, to afford intermediate 2.15, which was readily deprotected under strong base to 

provide the diethynyl monomer in modest yield (66 %).  Consequently, after preparing 

both of the necessary monomers, polymerization of compounds 2.14 and 2.16 yielded the 

racemic polymer as an off-white solid (76 % yield).   Similar to its non-racemic analog, 
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the structural purity of polymer 2.17 was characterized by NMR (both 1H and 13C), while 

GPC analysis (Figure 2.2) verified that high molecular weight materials had been formed 

(Mn = 27900) with a monomodal molecular weight distribution (PDI = 2.1).   

2.2.1.4 Synthesis of the Analog Polymers 

 After using the updated synthetic methodology to prepare hydrobenzoin-based 

polymer 2.1, several analogous polymers were produced.  The only structural 

requirement for polymer synthesis was that the starting materials be commercially 

available p-haloanilines.  Several compounds of this type were found and their potential 

macromolecules examined.  Ultimately the materials selected to be made into analog 

polymers were 4-iodo-2-methylaniline, 4-iodo-3-methylaniline and 2-fluoro-4-iodoanilne 

(Scheme 2.10).   
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Scheme 2.10  Projected hydrobenzoin-based analog polymers from commercially available anilines. 
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These substrates were chosen for the potential information they might provide in the 

resulting conformational studies, giving insight into what effect, if any, aryl substituents 

had on the adoption of an asymmetric conformation in the original hydrobenzoin-based 

polymer.   

Fabrication of the analogs was accomplished using the revised methodology, 

albeit with slight modifications becoming necessary for a couple of the polymers.  

Macromolecule 2.3 was prepared by following the aforementioned protocol precisely, 

with differences arising only in the efficiency of a few of the reaction sequences.  

Specifically, diminished yields were observed for the manufacture of 2,2’-difluoro-

4,4’diiodostilbene 2.19 (20 %) and diethynyl monomer 2.23 (65 %), relative to their non-

fluorinated counterparts (Scheme 2.11).  
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Scheme 2.11  Synthesis of the fluorine-containing monomers. 
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Copolymerization of 2.21 and 2.23 afforded the fluorine containing hydrobenzoin analog 

(Scheme 2.12), polymer 2.3, as an off-white solid (74 % yield).   
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Scheme 2.12  Fabrication of fluorine-containing analog polymer. 
 
 
Similar to the other hydrobenzoin-based polymers, the structural configuration of 

compound 2.3 was characterized by 1H and 13C NMR with the resulting spectral data 

indicating that polymerization had proceeded as anticipated.  Furthermore, examination 

by GPC (Figure 2.2) verified that the fluorinated analog possessed a monomodal 

distribution of high molecular weights (Mn = 24350) with a high polydispersity (PDI = 

2.9).   

Preparation of analogue polymers 2.4 and 2.5, however, required some 

modification of the synthetic strategy due to aryl bromides being present in the starting 

materials.  In the Pd-catalyzed coupling reactions already being utilized in this 

methodology, aryl iodides were the reactive substrate because they required low 

temperature conditions and were quickly and efficiently converted to product.   The 

difference in reactivity between aryl bromides and aryl iodides required either increasing 

the heat of the reactions, which did not necessarily guarantee success, or employing a 
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different protocol.  Modification of the synthetic strategy presented a greater chance of 

success and also afforded two potential options: introduction of an additional step, 

converting the bromide to iodides, or assaying different Sonagashira and 

polycondensation reactions.  Multiple examples of aromatic halogen exchange53-58 could 

easily be incorporated at various stages of the synthesis.  Additionally finding new Pd-

catalyzed reactions for bromine-containing monomers would have resulted in evaluating 

two new reaction conditions and consequently inclusion of the halogen exchange reaction 

was chosen.  
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2.31: R = H, R' = CH3; 99 %  

Scheme 2.13  Formation of methyl-containing analog monomers. 
 
 

Dibromohydrobenzoin acetonides 2.30 and 2.31 were prepared by analog 

procedures (Scheme 2.13).  Application of conditions discovered by Cheng for halogen 

exchange resulted in the formation of predominantly the diiodo monomers 2.32 and 2.33 

in 78 % and 94 % yield respectively,53 but with residual amounts of the dibromo starting 

materials remaining.  The incomplete conversion was attributed to the reaction 

equilibrium and was consistent with the literature.53  Unfortunately these impurities could 
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not be separated from the products by either flash chromatograpy or recrystallization, and 

had to be either removed later in the synthesis or remain unreacted throughout the 

polymerization process (Scheme 2.14). 
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Scheme 2.14  Formation of methyl-containing analog monomers (con’t). 
 
 

After preparing the necessary diiodo substrates for both polymer series, the 

remaining steps of the revised methodology were carried out to afford the diethynyl co-

monomers, which proceeded as described previously and in good yield.  Consequently, 

Sonagashira polycondensation of monomers 2.32 and 2.36 produced polymer 2.4 as an 

off-white solid albeit in poor yield (28 %).  Structural characterization by NMR 

confirmed that the ortho-methyl analog had been formed, though with several significant, 

unidentifiable impurities also present.  Likewise, GPC analysis (Figure 2.2) demonstrated 

that the sample was composed of several molecular weight populations (multimodal), 

though a majority of the material resided in one particular distribution (Figure 2.2).  

Consequently, examination of predominant molecular weight fraction indicated high 
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molecular weights had been attained (Mn = 23150) but with a high polydispersity (PDI = 

2.6).  In a similar manner, step growth polymerization of compounds 2.33 and 2.37 

(Scheme 2.15) yielded polymer 2.5 as a light orange solid (75 % yield). 

I
O

O
I

O

O

2n
(PPh3)2PdCl2, CuI

toluene, piperidine

50 ºC

R

R

R

R

2.4: R = CH3, R' = H; 28 %, [α]D
25 = +1381

      Mn = 23150, PDI = 2.6

2.5: R = H, R' = CH3; 75 %, [α]D
25 = +754

      Mn = 12100, PDI = 1.7

R'

R'

R'

R'

O

O

R

R

R'

R'

2.36: R = CH3, R' = H

2.37: R = H, R' = CH3

2.32: R = CH3, R' = H

2.33: R = H, R' = CH3

+

 

Scheme 2.15  Step growth polymerization of methyl-containing analog monomers. 
 
 
The resulting macromolecule was subsequently characterized by NMR spectroscopy 

(both 1H and 13C) and accordingly found to have been synthesized with excellent 

structural purity and devoid of defects.  Analysis via GPC (Figure 2.2) likewise indicated 

that a monomodal distribution of molecular weights had been formed with a lower 

polydispersity (PDI = 1.7).  However, while this substrate was produced in good overall 

yield, it possessed a surprisingly low molecular weight (Mn = 12100) and thus was found 

to have been generated as an oligomer.  Consequently, the diminished polymerization 
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efficiency observed in polymer 2.5 was thought to have resulted from steric interference 

by the aromatic methyl groups neighboring the site of polymerization. 

After synthesizing the original hydrobenzoin-based polymer and its analogues, the 

manufacture of their model compounds was undertaken to facilitate the conformational 

studies. 

2.2.1.5 Synthesis of the Model Compounds 

To mimic the chiral turn present within the corresponding polymer, model 

compounds were generated by application of Songashira coupling conditions40 to either 

the diiodo or diethynyl monomer of a particular polymer series and the appropriate end 

group.  Accordingly, the specific monomer chosen in the synthesis varied according to 

the commercial availability of the necessary end group.  For example, the hydrobenzoin-

based polymer’s model (Scheme 2.16) was obtained by coupling40 diethynyl monomer 

2.7 and iodobenzene to generate compound 2.2 in modest yield (70 %). 

Pd(dba)2, CuI, PPh3,
O

O

O

O
Et3N, 55°C

I

2.7 2.2

70 %

 

Scheme 2.16  Synthesis of model compound 2.2. 
 
 
Likewise, similar conditions were used to cap compound 2.36 with 3-iodotoluene (2 eq.) 

and thus afford compound 2.38 as a white crystalline solid (83 %).  Similar 

implementation of this protocol provided model 2.39 as an oil, but in poor yield (18 %).  
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However, the final compound needed in the proposed conformational studies was 

manufactured by reacting the fluorinated diiodo monomer 2.21 with 3-fluoro-

ethynylbenzene, thus generating model 2.40 (82 % yield) for comparison with 

hydrobenzoin-based polymer 2.3 (Scheme 2.17). 
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Scheme 2.17  Synthesis of model compounds for the analog polymers. 
 
 
Accordingly, with the polymers and corresponding models synthesized, conformational 

studies were carried out and the data compared for the determination of helix formation. 
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2.2.1.6 Alternative Polymerization Methodology 

An alternative polymerization strategy examined for the preparation of 

hydrobenzoin-based polymers was alkyne metathesis.  This type of condensation was 

particularly attractive for several reasons:  it necessitated the manufacture of only a single 

monomer, it had already been shown to outperform traditional Sonagashira 

polycondensations by generating higher molecular weight materials with enhanced 

polymerization efficiency, and the resulting materials were inherently free from structural 

defects common to Pd-catalyzed couplings such as halogen and phosphonium end 

groups, and the formation of diine defects.59  To assess whether or not this protocol could 

successfully be applied to a hydrobenzoin-based system, an appropriate dipropynyl 

monomer needed to be synthesized.  Under a propyne atmosphere and Pd-catalyzed 

coupling conditions, diiodo compound 2.6 and its racemate 2.14 were successfully 

transformed into dipropynyl monomers 2.41 and 2.42 respectively (Scheme 2.18). 
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Scheme 2.18  Preparation of racemic and non-racemic dipropynyl hydrobenzoin-based monomers for 
alkyne metathesis polymerizations. 
 
 
Using typical alkyne metathesis protocol59 in which the ‘instant catalyst’ was generated 

from Mo(CO)6 and 4-chlorophenol in 1,2-dichlorobenzene, polymerization of monomer 

resulted in the formation of a solid.  However, according to GPC, no polymerization 

occurred as only a low molecular weight peak corresponding to the starting material was 

present on the chromatogram.  This result was not entirely unexpected given these 

reaction conditions had previously been demonstrated to be incompatible with 

heteroatoms.60  Upon examining the literature further, a more recent article61 was 

discovered detailing the use of modified metathesis conditions to exhibit greater 

heteroatomic tolerance through the substitution of 2-fluorophenol for 4-chlorophenol as 

the activating group (Scheme 2.19).  Implementation of this protocol for the 
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polymerization of monomer 2.42 furnished slightly better results, with compound 2.43 

being obtained in modest yields (50 %) and as predominantly a pentamer according to 

GPC analysis.   
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Scheme 2.19  Attempted polymerizations via alkyne metathesis. 
 
 
From the results of these two examinations, current alkyne metathesis conditions still 

appear ill-suited for the preparation of high molecular weight hydrobenzoin-based 

polymers.  However, metathesis polymerizations may be used in future applications to 

synthesize oligomeric sequences of these macromolecules, potentially resulting in 

foldamers.    

2.2.2 Conformational Analysis 

2.2.2.1 Polymer/ Model Studies 
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 As previously stated, model compounds were prepared to emulate a single turn 

within the polymeric architecture.  The optical activity present in the models was thus 

hypothesized to have originated from configurational chirality only and as a result any 

discrepancy in optical activity per subunit between the polymer and its model would then 

be solely attributed to conformational asymmetry present within the polymer.  To 

facilitate these comparisons, the molar rotation per subunit of both model and polymer 

were calculated.  Initially, the optical activities of the compounds used in these studies 

were determined by measuring the specific rotation ([α]D
25) of chloroform solutions of 

each substrate via polarimeter.  These values were then converted to molar rotation 

([Φ]D) using Equation 2.1.   

 [Φ]D = {([ α]D
25)*M n}/100 

Equation 2.1  Formula for converting specific rotation to molar rotation. 
 
 
Conversion by this factor was necessary due to the difference in magnitude between the 

units of specific and molar rotation.  Molar rotation per subunit ([Φ]D/ Mn) was then 

ascertained by dividing the molar rotation by the number of repeat units within the 

substrate, which corresponded to unity for the models and the number average degree of 

polymerization (Χn) for the polymers (Table 2.2).   
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Sample polymer 

(2.1) 

model  

(2.2) 

polymer 

(2.3) 

model 

(2.40) 

polymer 

(2.4) 

model 

(2.38) 

polymer 

(2.5) 

model 

(2.39) 

[α]D
25 + 847 + 499 + 734 + 399 + 1381 + 478 + 775 + 365 

Mn 21244 454.56 24351 526.52 23154 510.66 12095 510.66 

[Φ]D + 179937 + 2270 + 178736 + 2101 + 319757 + 2441 + 93736 + 1864 

Χn 76.9 1 78.0 1 76.1 1 39.7 1 

[Φ]D/ Χn + 2340 + 2270 + 2291 + 2101 + 4202 + 2441 + 2361 + 1864 

Differential 

(% diff.) 

--- + 70 

(3 %) 

--- + 190 

(9 %) 

--- + 1761 

(72 %) 

--- + 497 

(27 %) 

 

[α]D
25 = specific rotation (10-1 deg cm2 g-1) 

[Φ]D = molar rotation (10 deg cm2 mol-1) 

Mn = number avg. molecular weight  

Χn = number avg. degree of polymerization 

Table 2.2  Summary of chiroptical data from model studies. 
 
 

Analysis of the resulting data was conducted by subtracting the molar rotation per 

subunit of the model compound from that calculated for the corresponding polymer.  The 

difference between these two values would thus represent any influence conformational 

chirality had on the polymer’s optical activity (per repeat unit).  Comparing the results 

obtained for the original polymer 2.1 and its model, only a + 70 difference was observed, 

representing only a 3 % enhancement of optical activity.  This minimal enhancement 

inplicated little helicity was present within this macromolecule.  Similar application of 

this technique upon polymer 2.3 and model 2.40 resulted in only a + 190 differential (9 % 

enhancement) and again corresponding to a lack of conformational asymmetry.   

However, the experiments afforded significant increases in optical activity due to 
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conformational asymmetry in the remaining analogs.  Studies performed on compound 

2.5 resulted in a + 497 differential (27 %) relative to model 2.39, which suggested some 

helicity may be present in this macromolecule.  However, conformational analysis of 

polymer 2.4 provided the largest difference in magnitude (+ 1761, 72 %) of all the 

hydrobenzoin-based polymers studied in this series.  These calculations indicated nearly 

an equal amount of optical activity arose from conformational asymmetry as from 

configurational chirality.  Furthermore, these findings were validated using circular 

dichroism measurements. 

2.2.2.2 Circular Dichroism Spectroscopy 

 Chloroform solutions of the hydrobenzoin-based polymers (ca. 1-2 µmol) and 

their models (ca. 27 µmol) were prepared and analyzed by CD spectroscopy.  The 

resulting spectra were then examined for the presence of excitonic coupling, which was 

represented by a sigmoidal shaped curve signifying the presence of asymmetry within the 

material conformation.  As anticipated, the chiroptical data generated for each model 

compound exhibited no Cotton effect, instead yielding ellipticity profiles that closely 

resembled their corresponding absorbance spectra (Figure 2.3).  



 

  

82 

  

-80

-60

-40

-20

0

20

40

60

80

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

260 280 300 320 340

wavelength (nm)

OO

2.2

-80

-60

-40

-20

0

20

40

60

80

0

1

2

3

4

260 280 300 320 340

260 280 300 320 340

wavelength (nm)

OO
FF

F F
2.40

 

-80

-40

0

40

80

0

0.5

1

1.5

2

2.5

3

3.5

4

260 280 300 320 340

wavelength (nm)

OO

2.38

-80

-60

-40

-20

0

20

40

60

0

0.5

1

1.5

2

2.5

3

3.5

260 280 300 320 340

wavelength (nm)

OO

2.39

 

Figure 2.3  CD spectra for model compounds.  
 
 
These results confirmed the absence of conformational chirality within the model 

compounds, which validated the hypothesis that optical activity is due only to 

configurational asymmetry as assumed by the model/polymer studies.   
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 CD spectra were similarly obtained for the hydrobenzoin-based polymers and the 

resulting plots used to confirm the presence, or lack thereof, of conformational chirality 

(Figure 2.4). 
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Figure 2.4  CD spectra for hydrobenzoin-based polymers. 
 
 
The chiroptical data obtained for polymers 2.1 and 2.3 exhibited no excitonic coupling and 

therefore no appreciable helicity, with CD profiles again resembling the absorbance spectra.  

Unlike the model/polymer analysis, which indicated that macromolecule 2.5 should possess 
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some degree of conformational asymmetry, the CD spectrum showed little evidence of helix 

formation and thus the differential observed in the model studies was attributed to 

insufficient data points.  However, the CD analysis of polymer 2.4 exhibited a distinct Cotton 

effect from ca. 315 – 275 nm, verifying the adoption of a helical structure by this 

macromolecule.  Consequently, application of the two methods for determining a 

conformational bias led to the conclusion that only hydrobenzoin-based polymer 2.4 

possessed conformational asymmetry through formation of helicity and as such represents 

the macromolecule with the greatest potential for future applications in asymmetric processes 

and post-polymerization studies.  

2.3 Conclusion 

 A series of rigid, chiral polymers composed of hydrobenzoin subunits was 

prepared utilizing methodology that was optimized from what was previously reported in 

the literature.  These macromolecules were designed to preferentially adopt a helical 

conformation and were envisioned to find future application in asymmetric processes 

upon post-polymerization modification.  The hydrobenzoin-based materials studied by 

this research possessed different aryl substituents and substitution patterns to determine 

what effect these factors exerted on helix formation.  The presence of conformational 

asymmetry was confirmed by two different forms of analysis: a model/polymer 

comparison and circular dichroism spectroscopy.  The model compounds used in these 

studies were fabricated to represent a single chiral turn within their corresponding 

polymer and consequently expressed optical activity originating from configurational 

asymmetry only.  Chloroform solutions of the polymers and models were examined and 
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the chiroptical data indicated that only polymer 2.4 preferrentially adopted a helical 

conformation.  An explanation of these results can be formulated by comparing the 

aromatic substituents present in macromolecules 2.1, 2.3, 2.4, and 2.5 with their effects in 

the conformational studies.  Since an asymmetric conformation was only observed in 

compound 2.4, the source of chirality was theorized to originate from steric crowding 

occurring between the dioxolane moiety and the neighboring aromatic methyl group. A 

similar analog, polymer 2.3, possessed fluorines at the equivalent position on the phenyl 

rings, but did not exhibit any Cotton effect and the difference in molar rotation per 

subunit in the comparison studies was minimal.  It was thus postulated that a minimum 

amount of steric bulk must be present ortho to the vicinal diols to exhibit an influence on 

polymer conformation.  Continued studies on helical, hydrobenzoin-based polymer 2.4 

require optimization of the copolymerization protocol used to perform the step growth 

polymerization of monomers 2.32 and 2.36 to generate the macromolecule in appreciable 

yields and with molecular weight purity.  Additionally, future work with hydrobenzoin-

based polymers will focus on the synthesis and study of macromolecules possessing 

larger side groups at the ortho position and application of more sterically challenging 

acetal protecting groups to influence the spatial environment surrounding the chiral turn.   

2.4 Experimental Procedures 

Nuclear magnetic resonance (NMR) spectra were acquired using either a Varian 

Unity-300 MHz FT-NMR or Bruker DRX-500 MHz FT-NMR spectrometer, operating 

XWinNMR software (Varian or Bruker respectively).  Mass spectrometry (MS) was 

performed by the MS Instrument Facility located at the University of Arizona.  Elemental 
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analysis for C, H, and N was performed by NuMega in San Diego, CA.  Gel permeation 

chromatography (GPC) data was performed in a tetrahydrofuran mobile phase with a 

Waters 1515 isocratic pump running three 5 µm PL gel columns (Polymer Labs, pore 

sizes 104, 103 102 Å) with a Waters 2414 differential refractometer and Waters 2487 dual 

wavelength UV-Vis spectrometer.  Molar masses were calculated using the Empower 

software (Waters) calibrating against low polydispersity linear polystyrene standards.  

UV-Vis spectra were acquired on a Shimadzu UV-2401 PC UV-VIS Recording 

spectrophotometer, while specific rotation was measured on a JASCO P-1020 

polarimeter.  Circular Dichroism spectra were taken with an Aviv 62A-DS 

spectrophotometer on 21- 33 µM solutions of the model compounds (in CHCl3) and 0.30 

– 2.4µM solutions of the polymers (in CHCl3).  CH2Cl2, CHCl3, DMF, CH3OH and 

acetone were dried over 3Å molecular sieves, while all other reagents were used as 

received from the supplier.  Flash chromatography was performed following the method 

of Still et. al33 using 40-63 µm silica gel (EMD Chemicals, Inc.).  Precoated plates 

containing a fluorescent indicator (Silica Gel 60 F254, EMD Chemicals, Inc.) were 

employed for thin layer chromatography.  

p-Iodophenyldiazonium tetrafluoroborate (2.11).47 A solution of HBF4 (69 

mL), water (69 mL), and p-iodoaniline (37.4 g, 171 mmol) was cooled to ca. 0 °C while 

stirring vigorously.  Aqueous NaNO2 (12.1 g in 26 mL of water, 175 mmol) was then 

added drop-wise to the reaction mixture over a 15-minute period.  The resulting slurry 

was filtered and washed with a minimal amount of cold water (ca. 20 mL).  The filtrant 

was again washed with a cold mixture of ether and methanol (4:1, 200 mL) and dried to 
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yield 2.11 (51.6 g, 95 %) as an off-white powder: mp 123-124 °C (lit. 123-124 °C); 1H 

NMR (300 MHz, d-DMSO): δ 8.42 and 8.34 (AB pattern, J = 8.8 Hz, 4H). 

4,4’-Diiodostilbene (2.9).  The diazonium salt 2.11 (45.0 g, 142 mmol) was 

added to a mixture containing triethoxyvinylsilane (27.0 g, 142 mmol), palladium(II) 

acetate (0.95 g, 4.25 mmol, 6 % mol Pd) and acetonitrile (200 mL).  The reaction mixture 

was maintained at reflux (91 °C) under Ar for 24 h, and then cooled to room temperature.  

Filtration and acetonitrile washes yielded the crude solid as a gray powder.  Hot CHCl3 

filtrations and subsequent recrystallization gave the pure product as a golden yellow 

powder 2.9 (13.8 g, 45 %): mp 270-273 °C; 1H NMR (300 MHz, CDCl3): δ 7.68 and 7.24 

(AB pattern, J = 8.5 Hz, 8H), 7.01 (s, 2H). 

(+)-(R,R)-1,2-Bis-(4-iodophenyl)ethane-1,2-diol (2.10).  To a slurry of 

K3Fe(CN)6 (31.0 g, 94.2 mmol), K2CO3 (12.7 g, 92.0 mmol), potassium osmate(VI) 

dihydrate (K2[OsO2(OH)4]) (162 mg, 0.44 mmol, 1.4 mol %), (DHQD)2PHAL (256 mg, 

0.33 mmol, 1.0 mol %), and methanesulfonamide (2.97 g, 31.2 mmol) in THF (96 mL) 

and water (96 mL) was added 2.9 (13.84 g, 32.0 mmol).  Stirring was continued at RT 

until TLC (SiO2, 3:2 hexanes-ethyl acetate) indicated consumption of starting material 

(64 hrs).  Na2SO3 (47.6 g, 0.38 mol) was added and allowed to mix for an hour.  The 

resulting green emulsion was extracted with ethyl acetate (4 x 100 mL).  The combined 

organic layers were washed with an aqueous 5 % NaOH solution, dried over MgSO4, 

filtered, and concentrated to yield crude diol.  The crude product was then dissolved in a 

minimal amount of ethyl acetate and precipitated by addition of hexanes to yield the diol 

2.10 (12.6 g, 84 %, > 99 % ee, Chiralcel OD 95:5 hexanes-isopropyl alcohol) as a light 
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orange crystalline solid: mp 168-170 °C; [α]D
25 = +175 (c = 0. 725, CHCl3); 

1H NMR 

(300 MHz, CDCl3): δ 7.58 and 6.84 (AB pattern, J = 6.6 Hz, 8H), 4.58 (s, 2H), 2.90 (br, 

2H).  

(+)-(R,R)-4,5-Bis-(4-iodophenyl)-2,2-dimethyl[1,3]dioxolane (2.6).  A solution 

of compound 2.10 (1.71 g, 3.68 mmol), 2,2-dimethoxypropane (23 mL), p-

toluenesulfonic acid monohydrate (29.0 mg, 0.15 mmol), and DMF (7.5 mL) was heated 

at reflux (103 °C) for 20 h.  The reaction mixture was cooled to RT, poured over 0.5 % 

NaHCO3 (30 mL), and extracted with CH2Cl2 (4 x 50 mL).  The combined organic 

extracts were dried (Na2SO4), filtered, and concentrated.  Recrystallization from hot 

hexane yielded acetal 2.6 (1.7 g, 90 %) as pale white crystals: mp 174-176 °C; [α]D
25 = 

+190 (c = 0. 67, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.66 and 6.94 (AB pattern, J = 

8.1 Hz, 8H), 4.60 (s, 2H), 1.65 (s, 6H); 13C NMR (75.4 MHz, CDCl3): δ 137.6, 136.2, 

128.5, 109.8, 94.1, 84.9, 27.1; Anal. Calcd for C17H16O2I2: C, 40.34; H, 3.19.  Found: C, 

40.31; H, 2.88. 

(+)-(R,R)-2,2-Dimethyl-4,5-bis-[4-(3-hydroxy-3-methyl-but-1-

ynyl)phenyl][1,3]dioxolane (2.12).  A procedure from the literature33,40 was modified as 

follows: a heavy-walled flask fitted with a Teflon valve closure was charged with 

compound 2.6 (3.00 g, 5.93 mmol), 2-methyl-3-butyn-2-ol (1.34 g, 15.9 mmol), Pd(dba)2 

(0.17 g, 0.30 mmol), CuI (0.59 g, 3.08 mmol), PPh3 (0.26 g, 1.01 mmol), and 

triethylamine (30 mL).  The mixture was freeze-pump-thaw degassed (four cycles), 

sealed, and heated to 55 °C with stirring for 18 h.  After this time, the reaction mixture 

was allowed to cool to RT, filtered, and the filter cake was washed copiously with 
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hexanes.  The combined filtrates were concentrated, heated, and the insolubles removed 

by filtration.  The product 2.12 was obtained by recrystallization from the filtrate to yield 

an opaque flaky solid (2.3 g, 92 %): mp 153-156 °C; [α]D
25 = +300 (c = 0.28, CHCl3); 

1H 

NMR (300 MHz, CDCl3): δ 7.37 and 7.12 (AB pattern, J = 8.2 Hz, 8H), 4.65 (s, 2H), 

2.02 (br, 2H), 1.67 (s, 6H), 1.62 (s, 12H); MS (FAB+) m/z: 417.4 ([M – H.]+, 1.2 %, 

C27H29O4 requires 417.2), 401.4 ([M –OH]+, 36 %). 

(+)-(R,R)-2,2-Dimethyl-4,5-bis-[4-(trimethylsilanylethynyl)phenyl][1,3]dioxolane 

(2.8).  Following a procedure reported in the literature,33 a heavy-walled flask fitted with a 

Teflon valve closure was charged with compound 2.6 (0.70 g, 1.38 mmol), 

trimethylsilylacetylene (0.36 g, 3.62 mmol), Pd(dba)2 (35.5 mg, 0.06 mmol), CuI (0.14 g, 

0.72 mmol), PPh3 (61.5 mg, 0.23 mmol), and triethylamine (7 mL).  The mixture was freeze-

pump-thaw degassed (three cycles), sealed, and heated to 55 °C with stirring for 17 h.  After 

this time, the reaction mixture was allowed to cool to RT, filtered, and the filter cake washed 

copiously with hexanes.  The filtrate was concentrated and the crude product was purified by 

flash chromatography (SiO2, 1:3 CH2Cl2-hexanes).  Upon recrystallization in CH3OH, a 

white flaky solid 2.8 (0.48 g, 79 %) was obtained: mp 119-121 °C; [α]D
25 = +319 (c = 0. 195, 

CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.41 and 7.10 (AB pattern, J = 7.9 Hz, 8H), 4.63 (s, 

2H), 1.67 (s, 6H), 0.25 (s, 18H). 

(+)-(R,R)-4,5-Bis-(4-ethynylphenyl)-2,2-dimethyl[1,3]dioxolane (2.7).  A 

solution of 2.12 (4.46 g, 10.7 mmol), KOH (3.45 g, 61.4 mmol), toluene (69 mL), and 

methanol (44 mL) was heated to reflux (110 °C) in a flask fitted with a Dean-Stark trap 

and a condenser, with stirring under Ar for 64 h.  After this time, the reaction was 
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allowed to cool and consumption of the starting material confirmed by TLC (SiO2, 3:2 

hexanes-ethyl acetate).  The crude product was extracted with ethyl acetate and a slightly 

acidic aqueous solution (ca. 3 mL of 6N HCl in 100 mL of water).  The organic fractions 

were combined, dried over MgSO4, filtered, and concentrated.  Purification by flash 

chromatography (SiO2, 19:1 hexanes-ethyl acetate, gradually increasing the ethyl acetate 

ratio) and subsequent recrystallization from hexanes afforded the product 2.7 (2.7 g, 83 

%) as an off-white solid: mp 100-102 °C; [α]D
25 = +339 (c = 0.485, CHCl3); 

1H NMR 

(300 MHz, CDCl3): δ 7.45 and 7.16 (AB pattern, J = 8.2 Hz, 8H), 4.67 (s, 2H), 3.09 (s, 

2H), 1.67 (s, 6H); 13C NMR (75.4 MHz, CDCl3): 137.2, 132.3, 126.6, 122.1, 109.8, 85.1, 

83.3, 77.6, 27.1; Anal Calcd for C21H18O2: C, 83.42; H, 6.00.  Found: C, 83.08; H, 5.70. 

Polymer (2.1).  A procedure from the literature33,51 was modified as follows: a 

heavy-walled flask fitted with a Teflon valve closure was charged with compound 2.6 

(0.111 g, 0.218 mmol), compound 2.7 (68.0 mg, 0.225 mmol), (PPh3)2PdCl2 (2.2 mg, 

0.003 mmol, 1.4 mol % Pd), CuI (1.2 mg, 0.006 mmol, 2.9 mol % Cu), piperidine (1 ml) 

and toluene (1 ml).  The mixture was freeze-pump-thaw degassed (four cycles), sealed, 

and heated to 50 °C with stirring for 41 h.  After this time, the reaction was allowed to 

cool to RT, quenched with water (2 mL), and dissolved in CHCl3 (ca. 100 mL).  Stirring 

continued for ca. 15 h to allow the polymer to fully dissolve, after which, the organic 

phase was washed with NH4OH (50 %), H2O, saturated NaHCO3, and H2O, and then 

dried over MgSO4.  Upon filtration, the solvent was removed in vacuo and the residue 

was copiously washed with methanol until the washings were colorless.  The residue was 

then dissolved in a minimum amount of CH2Cl2 (ca. 1.3 mL) and slowly added drop-wise 
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to rapidly stirring methanol (50 mL).  The slurry was centrifuged, the methanol decanted 

off, and the precipitation procedure repeated (twice more) on the resulting residue, 

ultimately yielding polymer 2.1 (0.11 g, 88 %) as a off-white solid: [α]D
25 = +847 (c = 0. 

30, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.49 and 7.19 (AB pattern, J = 8.2 Hz, 16H), 

4.71 (s, 4H), 1.68 (s, 12H); 13C NMR (75.4 MHz, CDCl3): 136.8, 131.7, 126.7, 123.2, 

109.8, 89.5, 85.2, 27.1; MS (SEC): monomodal. Mn = 21240, PDI = 2.0. 

(+)-(R,R)-2,2-Dimethyl-4,5-bis-(4-phenylethynylphenyl)[1,3]dioxolane (2.2). 

Compound 2.233 was prepared as follows: A heavy-walled flask fitted with a Teflon valve 

closure was charged with compound 2.7 (0.20 g, 0.66 mmol), iodobenzene (0.36 g, 1.76 

mmol), Pd(dba)2 (17.1 mg, 0.030 mmol), CuI (65.6 mg, 0.345 mmol) PPh3 (29.5 mg, 

0.113 mmol) and triethyl amine (3.3 mL).  The mixture was freeze-pump-thaw degassed 

(four cycles), sealed and heated to 55 °C with stirring for 22 h.  After this time, the 

reaction mixture was cooled to RT, filtered, and the filter cake washed copiously with 

hexanes.  The solvent was removed in vacuo, the resulting solid redissolved in CH2Cl2, 

and the organic solution washed with saturated NaHCO3, water, and brine.  The organic 

phase was dried over MgSO4, filtered and concentrated.  Purification of the crude solid 

by flash chromatography (SiO2, 3:2 hexanes-CH2Cl2) and subsequent recrystallization 

(2x) from hexanes afforded 2.2 (0.21 g, 70 %) as a white crystalline solid: mp 168-170 

°C; [α]D
25 = +500 (c = 0.295, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 7.55 – 7.34 (m, 

14H), 7.20 (d, J = 8.1 Hz, 4H), 4.71 (s, 2H), 1.70 (s, 6H); 13C NMR (75.4 MHz, CDCl3): 

δ 136.6, 131.7, 131.6, 128.3, 126.6, 123.3, 123.1, 109.7, 89.8, 89.0, 85.2, 27.1. 
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(1RS,2RS)-1,2-Bis-(4-iodophenyl)ethane-1,2-diol (2.13).  To a slurry of 

K3Fe(CN)6 (23.4 g, 71.1 mmol), K2CO3 (9.62 g, 69.6 mmol), potassium osmate(VI) 

dihydrate (K2[OsO2(OH)4]) (0.122 g, 0.33 mmol, 1.4 mol %), quinuclidine (27.9 mg, 

0.25 mmol, 1.0 mol %), and methanesulfonamide (2.24 g, 23.5 mmol) in THF (73mL) 

and water (73 mL) was added 2.9 (10.5 g, 24.3 mmol).  Stirring was continued at RT 

until TLC (SiO2, 3:2 hexanes-ethyl acetate) indicated consumption of starting material 

(96 hrs).  Na2SO3 (36.1 g, 0.286 mol) was added and allowed to stir for an hour.  The 

resulting green emulsion was extracted with ethyl acetate (4 x 100 mL).  The combined 

organic fractions were washed with 5 % NaOH, dried over MgSO4, filtered, and 

concentrated to yield crude diol.  The crude product was recrystallized in CH2Cl2 to yield 

the diol 2.13 (9.1 g, 81 %, 0.60 % ee, Chiralcel OD 95:5 hexanes-isopropyl alcohol) as a 

white solid: mp 196-199 °C; [α]D
25 = +3.63 (c = 0.14, CHCl3); 

1H NMR (300 MHz, 

CDCl3): δ 7.58 and 6.85 (AB pattern, J = 8.2 Hz, 8H), 4.60 (s, 2H), 2.82 (s, 2H).  

(4RS,5RS)-4,5-Bis-(4-iodophenyl)-2,2-dimethyl[1,3]dioxolane (2.14).  A 

solution of 2.13 (1.60 g, 3.43 mmol), 2,2-dimethoxypropane (21 mL), p-toluenesulfonic 

acid monohydrate (27.1 mg, 0.14 mmol), and DMF (7 mL) was heated at reflux (100 °C) 

for 24 h.  The reaction mixture was cooled to RT, poured over 0.5 % NaHCO3 (30 mL), 

and extracted with CH2Cl2 (4 x 75 mL).  The combined organic extracts were dried 

(Na2SO4), filtered, and concentrated.  Recrystallization from hexanes yielded acetal 2.14 

(1.5 g, 89 %) as off-white crystals: mp 149-151 °C; [α]D
25 = -0.47 (c = 0.70, CHCl3); 

1H 

NMR (300 MHz, CDCl3): δ 7.66 and 6.94 (AB pattern, J = 8.7 Hz, 8H), 4.60 (s, 2H), 



 

  

93 

  

1.65 (s, 6H); 13C NMR (75.4 MHz, CDCl3): δ 137.6, 136.2, 128.5, 109.8, 94.1, 84.9, 

27.1. 

(4RS,5RS)-2,2-Dimethyl-4,5-bis-[4-(3-hydroxy-3-methyl-but-1-

ynyl)phenyl][1,3]dioxolane (2.15).  A procedure from the literature33,40 was modified as 

follows: a heavy-walled flask fitted with a Teflon valve closure was charged with 

compound 2.14 (4.00 g, 7.90 mmol), 2-methyl-3-butyn-2-ol (1.77 g, 21.0 mmol), 

Pd(dba)2 (0.20 g, 0.35 mmol), CuI (0.78 g, 4.12 mmol), PPh3 (0.35 g, 1.35 mmol), and 

triethylamine (40 mL).  The mixture was freeze-pump-thaw degassed (four cycles), 

sealed, and heated to 55 °C with stirring for 21 h.  After this time, the reaction mixture 

was allowed to cool to RT, filtered, and the filter cake was washed copiously with 

hexanes.  The combined filtrates were concentrated, heated, and the insolubles removed 

by filtration.  The product 2.15 was obtained by recrystallization of the filtrate to yield an 

white, flaky solid (3.2 g, 97 %): mp 136-139 °C; [α]D
25 = -0.99 (c = 0.35, CHCl3); 

1H 

NMR (300 MHz, CDCl3): δ 7.37 and 7.12 (AB pattern, J = 8.2 Hz, 8H), 4.65 (s, 2H), 

2.00 (s, 2H), 1.67 (s, 6H), 1.62 (s, 12H). 

(4RS,5RS)-4,5-Bis-(4-ethynylphenyl)-2,2-dimethyl[1,3]dioxolane (2.16).  A 

solution of 2.15 (3.19 g, 7.63 mmol), KOH (2.47 g, 44.0 mmol), toluene (49 mL), and 

methanol (32 mL) was heated to reflux (110 °C) in a flask fitted with a Dean-Stark trap 

and a condenser with stirring under Ar for 28 h.  After this time, the reaction was allowed 

to cool to RT and a TLC taken to confirm the consumption of the starting material (SiO2, 

3:2 hexanes-ethyl acetate).  The crude product was extracted with ethyl acetate and water.  

The organic fractions were combined, washed with brine, dried over MgSO4, filtered, and 
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concentrated.  Purification by flash chromatography (SiO2, 19:1 hexanes-ethyl acetate, 

gradually increasing the ethyl acetate ratio) and subsequent recrystallization from 

hexanes afforded the product 2.16 (1.5 g, 66 %) as a white crystalline solid: mp 105-107 

°C; [α]D
25 = -0.76 (c = 0.50, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 7.45 and 7.16 (AB 

pattern, J = 8.4 Hz, 8H), 4.67 (s, 2H), 3.09 (s, 2H), 1.67 (s, 6H); 13C NMR (75.4 MHz, 

CDCl3): 137.2, 132.3, 126.6, 122.1, 109.8, 85.1, 83.3, 77.6, 27.1. 

Racemic Polymer (2.17).  A procedure from the literature33,51 was modified as 

follows: a heavy-walled flask fitted with a Teflon valve closure was charged with 

compound 2.14 (110.5 mg, 0.218 mmol), compound 2.16 (68.0 mg, 0.225 mmol), 

(PPh3)2PdCl2 (2.2 mg, 0.003 mmol, 1.44 mol % Pd), CuI (1.2 mg, 0.006 mmol, 2.89 mol 

% Cu), piperidine (1 ml) and toluene (1 ml).  The mixture was freeze-pump-thaw 

degassed (four cycles), sealed, and heated to 50° C with stirring for 40 h.  After this time, 

the reaction was allowed to cool to RT, quenched with water (2 mL), and dissolved in 

CHCl3 (ca. 75 mL).  Stirring was continued for ca. 15 h to allow the polymer to fully 

dissolve, after which the organic phase was washed with NH4OH (50%), H2O, saturated 

NaHCO3, and H2O, and then dried over MgSO4.  Upon filtration, the solvent was 

removed in vacuo and the residue was washed with methanol copiously until the 

washings were colorless.  The residue was then dissolved in a minimum of CH2Cl2 (ca. 

2.5 mL) and slowly added drop-wise to rapidly stirring methanol (100 mL).  The slurry 

was centrifuged, decanted, and the precipitation procedure repeated (twice) on the 

resulting residue to yield polymer 2.17 (101.6 mg, 84 %) as a cream colored solid: [α]D
25 

= +0.65 (c = 0.135, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.49 and 7.20 (AB pattern, J 
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= 8.1 Hz, 16H), 4.71 (s, 4H), 1.68 (s, 12H); 13C NMR (75.4 MHz, CDCl3): 136.7, 131.7, 

126.6, 123.1, 109.8, 89.5, 85.1, 27.1; MS (SEC): monomodal. Mn = 27900, PDI = 2.1.  

2-Fluoro-4-iodophenyldiazonium tetrafluoroborate (2.18).  A solution of 

HBF4 (43 mL), water (43 mL), and 2-fluoro-4-iodoaniline (25.4 g, 107 mmol) was cooled 

to     –2 °C while stirring vigorously.  Aqueous NaNO2 (7.56 g in 16 mL of water, 110 

mmol) was added drop-wise to the reaction mixture over a 30-minute period.  The 

resulting slurry was filtered, the filtrant washed with a cold mixture (4:1) of ether and 

methanol (ca. 250 mL), and dried.  The diazonium salt 2.18 (32.7 g, 91 %) obtained was 

a bright yellow powder: mp 155-157 °C; 1H NMR (300 MHz, d-DMSO): δ 8.64 (dd, J = 

9.3, 1.5 Hz, 1H), 8.39 (dd, J = 8.8, 6.4 Hz, 1H), 8.27 (dd, J = 8.7, 1.5 Hz, 1H); MS (ESI) 

m/z: 248.9 ([M - BF4
-]+, 100 %, C6H3N2FI requires 248.9). 

2,2’-Difluoro-4,4’-diiodostilbene (2.19).  The diazonium salt 2.18 (32.1 g, 95.5 

mmol) was added to a mixture containing triethoxyvinylsilane (18.2 g, 95.5 mmol), 

palladium(II) acetate (0.75 g, 3.34 mmol, 7 % mol Pd) and acetonitrile (135 mL).  The 

mixture was heated to reflux (87 °C) under Ar for 66 h, then cooled to RT, filtered, and 

washed with acetonitrile to yield the crude product as a metallic gray-green solid.  Hot 

CHCl3 filtrations, subsequent flash chromatography (SiO2, hexanes) and recrystallization 

in hexanes gave a white, crystalline solid 2.19 (4.4 g, 20 %): mp 163-165 °C; 1H NMR 

(300 MHz, CDCl3): δ 7.51 – 7.30 (m, 6H), 7.24 (s, 2H); MS (EI) m/z: 467.9 (M+, 100 %, 

C14H8F2I2 requires 467.9). 

(+)-(R,R)-1,2-Bis-(2-fluoro-4-iodophenyl)ethane-1,2-diol (2.20).  To a slurry of 

AD mix β (10.2 g), potassium osmate(VI) dihydrate (K2[OsO2(OH)4]) (36.6 mg, 0.10 
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mmol, 1.4 mol %), and methanesulfonamide (0.69 g, 7.26 mmol) in THF (22 mL) and 

water (22 mL) was added 2.19 (3.40 g, 7.26 mmol).  Stirring was continued at RT until 

TLC (SiO2, 3:2 hexanes-ethyl acetate) indicated consumption of starting material (66 h).  

Na2SO3 (10.8 g, 85.7 mmol) was added and allowed to stir for an hour.  The resulting 

brownish-gray emulsion was extracted with ethyl acetate (4 x 100 mL) and water.  The 

combined organic layers were washed with 5 % NaOH, dried (MgSO4), filtered, and 

concentrated to yield crude diol.  The crude product was purified by flash 

chromatography (SiO2, 7:3 hexanes-ethyl acetate) to yield diol 2.20 (3.5 g, 96 %, >99 % 

ee, Chiralcel OD 95:5 hexanes-isopropyl alcohol) as fluffy, white crystals: mp 161-163 

°C; [α]D
25 = +102 (c = 0.475, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 7.49 (dd, J = 7.9, 

1.3 Hz, 2H), 7.31 (dd, J = 9.3, 1.5 Hz, 2H), 7.20 (t, 2H), 5.07 (s, 2H), 2.71 (s, 2H); Anal. 

Calcd for C14H10O2F2I2: C, 33.49; H, 2.01.  Found: C, 33.11; H, 1.89; MS (FAB) m/z: 

634.7 ([M + Cs]+, 0.85 %, C14H10O2F2I2Cs requires 634.8). 

(1RS,2RS)-1,2-Bis-(2-fluoro-4-iodophenyl)ethane-1,2-diol.  To a slurry of 

K3Fe(CN)6 (1.03 g, 3.13 mmol), K2CO3 (0.42 g, 3.06 mmol), potassium osmate(VI) 

dihydrate (K2[OsO2(OH)4]) (5.4 mg, 0.015 mmol, 1.4 mol %), quinuclidine (1.2 mg, 

0.011 mmol, 1.0 mol %), and methanesulfonamide (0.10 g, 1.04 mmol) in THF (4 mL) 

and water (4 mL) was added 2.19 (0.50 g, 1.07 mmol).  Stirring was continued at RT 

until TLC (SiO2, 3:2 hexane-ethyl acetate) indicated consumption of starting material (95 

h).  Na2SO3 (1.59 g, 12.6 mmol) was added and allowed to stir for 4 h.  The resulting 

gray emulsion was extracted with ethyl acetate (4 x 50 mL) and water.  The combined 

organic layers were washed with 5 % NaOH, dried (MgSO4), filtered, and concentrated to 
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yield crude diol.  Recrystallization from CH2Cl2 afforded the diol (0.42 g, 78 %, 0.88 % 

ee, Chiralcel OD 95:5 hexanes-isopropyl alcohol) as a white, fluffy solid: mp 163-165 

°C; [α]D
25 = +0.05 (c = 0.725, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 7.49 (dd, J = 7.8, 

1.2 Hz, 2H), 7.31 (dd, J = 9.3, 1.5 Hz, 2H), 7.20 (t, 2H), 5.06 (s, 2H), 2.71 (s, 2H). 

(+)-(R,R)-4,5-Bis-(2-fluoro-4-iodophenyl)-2,2-dimethyl[1,3]dioxolane (2.21).  

A solution of 2.20 (3.19 g, 6.35 mmol), 2,2-dimethoxypropane (39 mL), p-

toluenesulfonic acid monohydrate (49.8 mg, 0.26 mmol), and DMF (13 mL) was heated 

at reflux (105 °C) for 14 h.  The reaction mixture was cooled to RT, poured over 0.5 % 

NaHCO3 (50 mL), and extracted with CH2Cl2 (4 x 50 mL).  The combined organic 

extracts were dried (Na2SO4), filtered, and concentrated.  Recrystallization from hexanes 

yielded acetal 2.21 (3.4 g, 98 %) as a white crystalline solid: mp 144-146 °C; [α]D
25 = 

+124 (c = 0.615, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.53 (dd, J = 7.9, 1.6 Hz, 2H), 

7.34 (dd, J = 9.6, 1.8 Hz, 2H), 7.29 (t, 2H), 5.04 (s, 2H), 1.64 (s, 6H); 13C NMR (75.4 

MHz, CDCl3): 160.1 (d, J = 253.4 Hz), 133.8 (d, J = 3.5 Hz), 129.4 (d, J = 4.5 Hz), 124.7 

(d, J = 24.1 Hz), 123.8 (d, J = 12.6 Hz), 110.1, 93.3 (d, J = 8.5 Hz), 77.8, 26.9; Anal. 

Calcd for C17H14O2F2I2: C, 37.67; H, 2.60.  Found: C, 37.58; H, 2.27; MS (FAB) m/z: 

542.9 ([M + H]+, 0.4 %, C17H15O2F2I2 requires 542.9). 

(+)-(R,R)-2,2-Dimethyl-4,5-bis-[2-fluoro-4-(3-hydroxy-3-methyl-but-1-

ynyl)phenyl][1,3]dioxolane (2.22).  A procedure from the literature33,40 was modified as 

follows: a heavy-walled flask fitted with a Teflon valve closure was charged with 

compound 2.21 (1.00 g, 1.84 mmol), 2-methyl-3-butyn-2-ol (0.42 g, 4.98 mmol), 

Pd(dba)2 (48 mg, 0.08 mmol), CuI (0.18 g, 0.97 mmol), PPh3 (0.08 g, 0.32 mmol), and 
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triethylamine (9.3 mL).  The mixture was freeze-pump-thaw degassed (five cycles), 

sealed, and heated to 55 °C with stirring for 21 h.  After this time, the reaction mixture 

was allowed to cool to RT, filtered, and the filter cake was washed copiously with 

hexanes.  The hexanes were removed in vacuo and the crude redissolved in CH2Cl2.  The 

organic layer was washed with sat. NaHCO3, H2O, and brine, dried (MgSO4), filtered 

and concentrated.  Recrystallization from CH2Cl2 and hexanes afforded 2.22 as a white 

solid (0.78 g, 93 %): mp 162-164 °C; [α]D
25 = +271 (c = 0.295, CHCl3); 

1H NMR (300 

MHz, CDCl3): δ 7.51 (t, 2H), 7.24 (dd, J = 8.1, 1.5 Hz, 2H), 7.00 (dd, J = 10.8, 1.5 Hz, 

2H), 5.08 (s, 2H), 1.99 (s, 2H), 1.67 (s, 6H), 1.61 (s, 12H); MS (FAB) m/z: 587.1 ([M + 

Cs]+, 5.0 %, C27H28O4F2Cs requires 587.1). 

(+)-(R,R)-4,5-Bis-(4-ethynyl-2-fluorophenyl)-2,2-dimethyl[1,3]dioxolane 

(2.23).  A solution of 2.22 (0.60 g, 1.33 mmol), KOH (0.43 g, 7.64 mmol), toluene (8.6 

mL), and methanol (5.5 mL) was heated to reflux (110 °C), with stirring under Ar, for 57 

h.  After this time, the reaction was allowed to cool to RT and a TLC taken to confirm the 

consumption of the starting material (SiO2, 3:2 hexanes-ethyl acetate).  The reaction 

mixture was then poured over an aqueous HCl solution (11 mL of 0.5 M HCl in 150 mL 

of water) and extracted with ethyl acetate (4 x 50mL).  The organic fractions were 

combined, washed with sat. NaHCO3, H2O and brine, dried (MgSO4), filtered, and 

concentrated.  Purification by flash chromatography (SiO2, 19:1 hexanes-ethyl acetate) 

and subsequent recrystallization from hexanes (2x) yielded the product 2.23 (0.29 g, 65 

%) as a white crystalline solid: mp 82-84 °C; [α]D
25 = +272 (c = 0.21, CHCl3); 

1H NMR 

(300 MHz, CDCl3): δ 7.54 (t, 2H), 7.32 (dd, J = 7.8, 1.5 Hz, 2H) 7.09 (dd, J = 10.6, 1.3 
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Hz, 2H), 5.10 (s, 2H), 3.11 (s, 2H), 1.66 (s, 6H); 13C NMR (75.4 MHz, CDCl3): 160.0 (d, 

J = 248.8 Hz), 128.3 (d, J = 3.5 Hz), 128.0 (d, J = 5.1 Hz), 124.9 (d, J = 13.0 Hz), 123.7 

(d, J = 9.6 Hz), 118.9 (d, J = 23.7 Hz), 110.1, 82.1 (d, J = 3.5 Hz), 78.5, 78.0, 27.0; Anal. 

Calcd for C21H16O2F2: C, 74.55; H, 4.77.  Found: C, 74.44; H, 4.46; MS (FAB) m/z: 

339.2 ([M + H]+, 13 %, C21H17O2F2 requires 339.1). 

Polymer (2.3).  A procedure from the literature33,51 was modified as follows: a 

heavy-walled flask fitted with a Teflon valve closure was charged with compound 2.21 

(0.118 g, 0.218 mmol), compound 2.23 (76.5 mg, 0.226 mmol), (PPh3)2PdCl2 (2.3 mg, 

0.003 mmol, 1.5 mol % Pd), CuI (2.1 mg, 0.011 mmol, 5.1 mol % Cu), piperidine (1 ml) 

and toluene (1 ml).  The mixture was freeze-pump-thaw degassed (four cycles), sealed, 

and heated to 51 °C with stirring for 41 h.  After this time, the reaction was allowed to 

cool to RT, quenched with 2.5 mL of water, and dissolved in CHCl3 (ca. 75 mL).  Stirring 

continued for ca. 24 h to allow the polymer to fully dissolve, after which, the organic 

phase was washed with NH4OH (50 %), H2O, saturated NaHCO3, and H2O, and dried 

over MgSO4.  Upon filtration, the solvent was removed in vacuo and the residue was 

copiously washed with methanol until the washings were colorless.  The residue was then 

dissolved in a minimal amount of CH2Cl2 (2.5 mL) and slowly added drop-wise to 

rapidly stirring methanol (100 mL).  The slurry was centrifuged, the methanol decanted 

off, and the precipitation procedure repeated (twice more) on the resulting residue, 

ultimately yielding polymer 2.3 (0.10 g, 74 %) as a pale yellowish-white solid: [α]D
25 = 

+734 (c = 0.145, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.58 (t, 4H), 7.35 (d, J = 7.5 

Hz, 4H), 7.12 (d, J = 10.8 Hz, 4H), 5.13 (s, 4H), 1.68 (s, 12H); 13C NMR (75.4 MHz, 
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CDCl3): 160.1 (d, J = 249.3 Hz), 128.1 (d, J = 4.5 Hz), 127.9 (d, J = 2.5 Hz), 124.6 (d, J 

= 12.6 Hz), 124.4 (d, J = 9.6 Hz), 118.4 (d, J = 23.2 Hz), 110.1, 89.1 (d, J = 3.0 Hz), 

78.1, 27.0; MS (SEC): monomodal. Mn = 24350, PDI = 2.9. 

(+)-(R,R)-2,2-Dimethyl-4,5-bis-[2-fluoro-4-(3-fluorophenylethynyl) 

phenyl][1,3]dioxolane (2.40).  Compound 2.4033 was prepared as follows: A heavy-

walled flask fitted with a Teflon valve closure was charged with 2.21 (0.24 g, 0.45 

mmol), 3-fluoroethynylbenzene (0.14 g, 1.19 mmol), Pd(dba)2 (11.6 mg, 0.020 mmol), 

CuI (44.3 mg, 0.233 mmol) PPh3 (19.9 mg, 0.076 mmol) and triethyl amine (2.2 mL).  

The mixture was freeze-pump-thaw degassed (four cycles), sealed and heated to 56 °C 

with stirring for 20 h.  After this time, the reaction mixture was cooled to RT, filtered, 

and the filter cake washed copiously with hexanes.  The solvent was removed in vacuo, 

the resulting solid redissolved in CH2Cl2, and the organic solution washed with saturated 

NaHCO3, water, and brine.  The organic phase was dried over MgSO4, filtered and 

concentrated.  Purification of the crude solid by flash chromatography (SiO2, 7:3 

hexanes-CH2Cl2) and subsequent recrystallization (2x) from hexanes afforded 2.40 (0.19 

g, 82 %) as an off-white crystalline solid: mp 126-127 °C; [α]D
24.8 = +399 (c = 0.305, 

CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.59 (t, 2H), 7.38 – 7.03 (m, 12H), 5.14 (s, 2H), 

1.69 (s, 6H); 13C NMR (75.4 MHz, CDCl3): δ 162.4 (J = 246.8 Hz), 160.1 (J = 248.8 

Hz), 130.0 (J = 8.60 Hz), 128.1 (J = 5.05 Hz), 127.9 (J = 3.55 Hz), 127.6 (J = 3.02 Hz), 

124.6 (J = 5.05 Hz), 124.5 (J = 12.07 Hz), 124.4 (J = 4.60 Hz), 118.4 (J = 22.70 Hz), 

118.4 (J = 23.16 Hz), 116.0 (J = 21.12 Hz) 110.1, 89.3 (J = 3.55 Hz), 88.7 (J = 3.02 Hz), 

78.1, 27.0;  Anal. Calcd for C33H22O2F4: C, 75.28; H, 4.21.  Found: C, 75.39; H, 4.43. 



 

  

101 

  

4-Bromo-2-methylphenyldiazonium tetrafluoroborate (2.24).  A solution of 

HBF4 (57 mL), water (57 mL), and 4-bromo-2-methylaniline (26.9 g, 144 mmol) was 

cooled to –5 °C while stirring vigorously.  Aqueous NaNO2 (9.96 g in 22 mL of water, 

144 mmol) was added drop-wise to the reaction mixture over a 15-minute period.  The 

resulting mixture was filtered and washed with a minimal amount of cold water (ca. 20 

mL).  The filtrant was then washed with a cold mixture (4:1) of ether and methanol (ca. 

250 mL) and dried.  The pure product 2.24 (39.4 g, 96 %) was a whitish-gray powder: mp 

125-127 °C; 1H NMR (300 MHz, d-acetone): δ 8.69 (d, J = 9.0 Hz, 1H), 8.24 (s, 1H), 

8.11 (dd, J = 9.0, 2.1 Hz, 1H), 2.95 (s, 3H). 

4,4’-Dibromo-2,2’-dimethylstilbene (2.26).  Diazonium salt 2.24 (39.4 g, 138 

mmol) was added to a mixture containing triethoxyvinylsilane (26.3 g, 138 mmol), 

palladium(II) acetate (1.09 g, 4.84 mmol, 7 % mol Pd) and acetonitrile (145 mL).  The 

mixture was heated to reflux (88 °C) under Ar for 25 h, then cooled to RT, filtered, and 

washed with acetonitrile to yield the crude product as a metallic gray solid.  Hot CHCl3 

filtrations and subsequent recrystallization of the filtrate yielded a white crystalline solid 

2.26 (12.2 g, 48 %): mp 184-187 °C; 1H NMR (300 MHz, CDCl3): δ 7.42 (dd, J = 6.4, 

2.5 Hz, 2H), 7.34 (s, 2H), 7.33 (dd, J = 6.6, 2.4 Hz, 2H), 7.09 (s, 2H), 2.38 (s, 6H). 

(+)-(R,R)-1,2-Bis-(4-bromo-2-methylphenyl)ethane-1,2-diol (2.28).  To a slurry 

of K3Fe(CN)6 (38.1 g, 116 mmol), K2CO3 (15.6 g, 113 mmol), potassium osmate(VI) 

dihydrate (K2[OsO2(OH)4]) (0.20 g, 0.54 mmol, 1.4 mol %), (DHQD)2PHAL (0.30 g, 

0.39 mmol, 1.0 mol %), and methanesulfonamide (3.64 g, 38.2 mmol) in THF (117 mL) 

and water (117 mL) was added 2.26 (14.4 g, 39.4 mmol).  Stirring was continued at RT 
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until TLC (SiO2, 3:2 hexanes-ethyl acetate) indicated consumption of starting material 

(64 hrs).  Na2SO3 (58.6 g, 0.465 mol) was added and allowed to mix for an hour.  The 

resulting bluish-green emulsion was extracted with ethyl acetate (4 x 100 mL) and water.  

The combined organic layers were washed with 5 % NaOH, dried (MgSO4), filtered, and 

concentrated to yield crude diol.  The crude product was purified by flash 

chromatography (SiO2, 9:1 CH2Cl2-hexanes) to yield the diol 2.28 (8.5 g, 54 %, 95.5 % 

ee, Chiralcel OD 95:5 hexane-isopropyl alcohol) as a white solid: mp 55-58 °C; [α]D
25 = 

+147, (c = 0.54, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.48 (d, J = 8.4 Hz, 2H), 7.34 

(dd, J = 8.8, 1.9 Hz, 2H), 7.11 (d, J = 2.1 Hz, 2H), 4.88 (s, 2H), 2.91 (s, 2H), 1.67 (s, 6H); 

Anal. Calcd for C16H16O2Br2: C, 48.03; H, 4.03.  Found: C, 47.98; H, 3.69; MS (FAB) 

m/z: 533.2 ([M + Cs]+, 6.0 %, C16H16O2Br2Cs requires 532.9). 

 (1RS,2RS)-1,2-Bis-(4-bromo-2-methylphenyl)ethane-1,2-diol (+ 2.28).  To a 

slurry of K3Fe(CN)6 (4.52 g, 13.7 mmol), K2CO3 (1.86 g, 13.4 mmol), potassium 

osmate(VI) dihydrate (K2[OsO2(OH)4]) (24.0 mg, 0.06 mmol, 1.4 mol %), quinuclidine 

(5.4 mg, 0.05 mmol, 1.0 mol %), and methanesulfonamide (0.43 g, 4.54 mmol) in THF 

(14 mL) and water (14 mL) was added 2.26 (1.72 g, 4.68 mmol).  Stirring was continued 

at RT until TLC (SiO2, 3:2 hexanes-ethyl acetate) indicated consumption of starting 

material (92 h).  Na2SO3 (6.97 g, 55.3 mmol) was added and allowed to stir for an hour.  

The resulting bluish-green emulsion was extracted with ethyl acetate (4 x 50 mL) and 

water.  The combined organic layers were washed with 5 % NaOH, dried (MgSO4), 

filtered, and concentrated to yield crude diol.  Recrystallization from CH2Cl2 afforded the 

diol + 2.28 (0.87 g, 46 %, 0.1 % ee, Chiralcel OD 95:5 hexane-isopropyl alcohol) as a 
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white crystalline solid: mp 157-160 °C; [α]D
25 = +1.83 (c = 0.56, CHCl3); 

1H NMR (300 

MHz, CDCl3): δ 7.47 (d, J = 8.4 Hz, 2H), 7.33 (dd, J = 8.2, 1.9 Hz, 2H), 7.11 (d, J = 1.8 

Hz, 2H), 4.87 (s, 2H), 2.94 (s, 2H), 1.66 (s, 6H). 

(+)-(R,R)-4,5-Bis-(4-bromo-2-methylphenyl)-2,2-dimethyl[1,3]dioxolane 

(2.30).  A solution of 2.28 (8.12 g, 20.3 mmol), 2,2-dimethoxypropane (124 mL), p-

toluenesulfonic acid monohydrate (0.16 g, 0.84 mmol), and DMF (41 mL) was heated at 

reflux (105 °C) for 21 h.  The reaction mixture was cooled to RT, poured into aqueous 

0.5 % NaHCO3 (150 mL), and extracted with CH2Cl2 (4 x 100 mL).  The combined 

organic extracts were dried (Na2SO4), filtered, and concentrated.  Recrystallization from 

hexane yielded acetal 2.30 (8.4 g, 94 %) as a white solid: mp 124-126 °C; [α]D
25 = +125 

(c = 0.57, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.50 (d, J = 8.4 Hz, 2H), 7.39 (dd, J = 

8.2, 1.9 Hz, 2H), 7.18 (d, J = 1.5 Hz, 2H), 4.89 (s, 2H), 1.69 (s, 6H), 1.64 (s, 6H); Anal. 

Calcd for C19H20O2Br2: C, 51.84; H, 4.58.  Found: C, 51.81; H, 4.29; MS (FAB) m/z: 

441.3 ([M + H]+, 2.0 %, C19H21O2Br2 requires 441.0). 

(+)-(R,R)-4,5-Bis-(4-iodo-2-methylphenyl)-2,2-dimethyl[1,3]dioxolane (2.32).  

A procedure from the literature53 was modified as follows: a mixture of 2.30 (7.14 g, 16.2 

mmol), Ni powder (9.59 g, 163 mmol), KI (10.8 g, 64.8 mmol), I2 (0.41 g, 1.61 mmol), 

and DMF (42 mL) was degassed and heated to reflux (155 °C) for 25 h under Ar.  The 

reaction mixture was cooled to RT, filtered, rinsed with CHCl3, and filtered a second 

time.  The organic fraction was washed with water (2x) and brine (2x), dried over 

MgSO4, filtered, and concentrated.  The crude product was purified by flash 

chromatography (SiO2, 2:1 chloroform-hexanes) and recrystallized in ethanol to yield the 
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acetal 2.32 (6.7 g, 78 %) as a white crystalline solid: mp 160-162 °C; [α]D
25 = +149 (c = 

0.91, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.59 (dd, J = 8.2, 1.3 Hz, 2H), 7.38 (d, J = 

1.2 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H), 4.88 (s, 2H), 1.68 (s, 6H), 1.61 (s, 6H); 13C NMR 

(75.4 MHz, CDCl3): δ 139.1, 138.2, 135.6, 134.2, 128.1, 109.4, 93.8, 81.4, 27.1, 18.4; 

MS (FAB) m/z: 535.3 ([M + H]+, 0.9 %, C19H21O2I2 requires 535.0). 

(+)-(R,R)-2,2-Dimethyl-4,5-bis-[4-(3-hydroxy-3-methyl-but-1-ynyl)-2-

methylphenyl][1,3]dioxolane (2.34).  A procedure from the literature33,40 was modified 

as follows: a heavy-walled flask fitted with a Teflon valve closure was charged with 

compound 2.32 (2.60 g, 4.87 mmol), 2-methyl-3-butyn-2-ol (1.09 g, 13.0 mmol), 

Pd(dba)2 (0.13 g, 0.22 mmol), CuI (0.48 g, 2.54 mmol), PPh3 (0.22 g, 0.83 mmol), and 

triethylamine (24 mL).  The mixture was freeze-pump-thaw degassed (four cycles), 

sealed, and heated to 55 °C with stirring for 16 h.  After this time, the reaction mixture 

was allowed to cool to RT, filtered, and the filter cake was washed copiously with 

hexanes.  Recrystallization of the filtrate afforded 2.34 as an off-white, flaky, crystalline 

solid (1.7 g, 78 %): mp 237-240 °C; [α]D
25 = +262 (c = 0.74, CHCl3); 

1H NMR (300 

MHz, CDCl3): δ 7.58 (d, J = 7.8 Hz, 2H), 7.31 (dd, J = 7.8, 1.5 Hz, 2H), 7.08 (s, 2H), 

4.94 (s, 2H), 1.99 (s, 2H), 1.71 (s, 6H), 1.61 (s, 12H) 1.59 (s, 6H); MS (FAB) m/z: 579.5 

([M + Cs]+, 5.5 %, C29H34O4Cs requires 579.2).  

(+)-(R,R)-4,5-Bis-(4-ethynyl-2-methylphenyl)-2,2-dimethyl[1,3]dioxolane 

(2.36).  A solution of 2.34 (1.42 g, 3.17 mmol), KOH (1.03 g, 18.3 mmol), toluene (21 

mL), and methanol (13 mL) was heated to reflux (110 °C) in a flask fitted with a Dean-

Stark trap and a condenser, with stirring under Ar, for 21 h.  After this time, the reaction 
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was allowed to cool to RT and a TLC taken to confirm the consumption of the starting 

material (SiO2, 3:2 hexanes-ethyl acetate).  The crude product was extracted with ethyl 

acetate and water.  The organic fractions were combined, dried over MgSO4, filtered, and 

concentrated.  Purification by flash chromatography (SiO2, 28:1:1 hexanes-ethyl acetate-

CH2Cl2) and subsequent recrystallization in hexanes afforded the product 2.36 (0.71 g, 67 

%) as a white crystalline solid: mp 95-97 °C; [α]D
25 = +274 (c = 0.78, CHCl3); 

1H NMR 

(300 MHz, CDCl3): δ 7.60 (d, J = 8.4 Hz, 2H), 7.39 (dd, J = 7.9, 1.3 Hz, 2H), 7.15 (s, 

2H), 4.95 (s, 2H), 3.06 (s, 2H), 1.71 (s, 6H), 1.60 (s, 6H); 13C NMR (75.4 MHz, CDCl3): 

136.1, 135.3, 133.9, 130.2, 126.3, 121.6, 109.4, 83.4, 81.5, 76.6, 27.2, 18.6; Anal. Calcd. 

for C23H22O2: C, 83.60; H, 6.71. Found: C, 83.34; H, 7.09; MS (FAB) m/z: 463.4 ([M + 

Cs]+, 3.5 %, C23H22O2Cs requires 463.1), 331.3 ([M + H]+, 4.0 %, C23H23O2 requires 

331.2). 

Polymer (2.4).  A procedure from the literature33,51 was modified as follows: a 

heavy-walled flask fitted with a Teflon valve closure was charged with compound 2.32 

(0.117 g, 0.218 mmol), compound 2.36 (74.3 mg, 0.225 mmol), (PPh3)2PdCl2 (2.2 mg, 

0.003 mmol, 1.4 mol % Pd), CuI (1.2 mg, 0.006 mmol, 2.9 mol % Cu), piperidine (1 ml) 

and toluene (1 ml).  The mixture was freeze-pump-thaw degassed (four cycles), sealed, 

and heated to 50 °C with stirring for 40 h.  After this time, the reaction was allowed to 

cool to RT, quenched with water (2.5 mL), and dissolved in CHCl3 (ca. 100 mL).  Stirring 

continued for ca. 24 h to allow the polymer to fully dissolve, after which, the organic 

phase was washed with NH4OH (50 %), H2O, saturated NaHCO3, and H2O, and then 

dried over MgSO4.  Upon filtration, the solvent was removed in vacuo and the residue 
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was copiously washed with methanol until the washings were colorless.  The residue was 

then dissolved in a minimum amount of CH2Cl2 (ca. 1.0 mL) and slowly added drop-wise 

to rapidly stirring methanol (50 mL).  The slurry was centrifuged, the methanol decanted 

off, and the precipitation procedure repeated (twice more) on the resulting residue, 

ultimately yielding polymer 2.4 (37 mg, 28 %) as a light yellowish-white solid: [α]D
25 = 

+1381 (c = 0.085, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.78 – 7.19 (m, 12H), 4.96 (m, 

4H), 1.89 – 0.53 (m, 24H); 13C NMR (75.4 MHz, CDCl3): ????; MS (SEC): multimodal. 

Primary peak: Mn = 23150, PDI = 2.6. 

(+)-(R,R)-2,2-Dimethyl-4,5-bis-[2-methyl-4-(3-methylphenylethynyl) 

phenyl][1,3]dioxolane (2.38).  Compound 2.3833 was prepared as follows: A heavy-

walled flask fitted with a Teflon valve closure was charged with 2.36 (0.20 g, 0.61 

mmol), 3-iodotoluene (0.35 g, 1.61 mmol), Pd(dba)2 (17.4 mg, 0.030 mmol), CuI (60.1 

mg, 0.316 mmol), PPh3 (27.0 mg, 0.103 mmol) and triethyl amine (3.0 mL).  The mixture 

was freeze-pump-thaw degassed (four cycles), sealed and heated to 55 °C with stirring 

for 20 h.  After this time, the reaction mixture was cooled to RT, filtered, and the filter 

cake washed copiously with hexanes.  The solvent was removed in vacuo, the resulting 

solid redissolved in CH2Cl2, and the organic solution washed with saturated NaHCO3, 

water, and brine.  The organic phase was dried over MgSO4, filtered and concentrated.  

Purification of the crude solid by flash chromatography (SiO2, 1:1 hexanes-CH2Cl2) and 

subsequent recrystallization from hexanes afforded 2.38 (0.26 g, 83 %) as a white 

crystalline solid: mp 130-132 °C; [α]D
24.5 = +478 (c = 0.40, CHCl3); 

1H NMR (300 MHz, 

CDCl3): δ 7.64 (d, J = 8.1 Hz, 2H), 7.43 (dd, J = 7.8, 1.5 Hz, 2H), 7.36 – 7.13 (m, 10H), 
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4.99 (s, 2H), 2.35 (s, 6H), 1.73 (s, 6H), 1.64 (s, 6H); 13C NMR (75.4 MHz, CDCl3): δ 

138.0, 136.1, 134.7, 133.4, 132.2, 129.6, 129.2, 128.6, 128.2, 126.3, 122.9, 122.8, 109.3, 

89.7, 88.9, 81.6, 27.2, 21.2, 18.6;  Anal. Calcd for C37H34O2: C, 87.02; H, 6.71.  Found: 

C, 86.82; H, 7.04; 

4-Bromo-3-methylphenyldiazonium tetrafluoroborate (2.25).  A solution of 

HBF4 (48 mL), water (48 mL), and 4-bromo-3-methylaniline (23.1 g, 124 mmol) was 

chilled to –5 °C while stirring vigorously.  Aqueous NaNO2 (8.55 g in 18 mL of water, 

124 mmol) was added drop-wise to the reaction mixture over a 15-minute period.  The 

resulting mixture was filtered and washed with a minimal amount of cold water (ca. 20 

mL).  The filtrant was then washed with a cold mixture (4:1) of ether and methanol (ca. 

200 mL) and dried.  The pure product 2.25 (29.9 g, 85 %) was a white powder: mp 115-

117 °C; 1H NMR (300 MHz, d-acetone) δ 8.77 (d, J = 2.4 Hz, 1H), 8.59 (dd, J = 8.8, 2.5 

Hz, 1H), 8.31 (d, J = 9.3 Hz, 1H), 2.61 (s, 3H). 

4,4’-Dibromo-3,3’-dimethylstilbene (2.27).  The diazonium salt 2.25 (29.0 g, 

102 mmol) was added to a mixture containing triethoxyvinylsilane (19.4 g, 102 mmol), 

palladium(II) acetate (0.69 g, 3.05 mmol, 6 % mol Pd) and acetonitrile (108 mL).  The 

mixture was heated to reflux (88 °C) under Ar for 18 h, then cooled to RT, filtered and 

washed with acetonitrile to yield the crude product as a metallic gray solid.  Hot CHCl3 

filtrations and subsequent recrystallization gave a pure white crystalline solid 2.27 (7.7 g, 

41 %): mp 149-151 °C; 1H NMR (300 MHz, CDCl3): δ 7.50 (d, J = 8.1 Hz, 2H), 7.35 (d, 

J = 2.1, 2H), 7.18 (dd, J = 8.2, 2.2 Hz, 2H), 6.99 (s, 2H), 2.42 (s, 6H); MS (EI) m/z: 365.9 

(M+, 100 %, C16H14Br2 requires 365.9). 
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(+)-(R,R)-1,2-Bis-(4-bromo-3-methylphenyl)ethane-1,2-diol (2.29).  To a slurry 

of K3Fe(CN)6 (21.5 g, 65.2 mmol), K2CO3 (8.80 g, 63.7 mmol), potassium osmate(VI) 

dihydrate (K2[OsO2(OH)4]) (0.112 g, 0.30 mmol, 1.4 mol %), (DHQD)2PHAL (0.177 g, 

0.23 mmol, 1.0 mol %), and methanesulfonamide (2.06 g, 21.6 mmol) in THF (66 mL) 

and water (66 mL) was added 2.27 (8.12 g, 22.2 mmol).  Stirring was continued at RT 

until TLC (SiO2, 3:2 hexanes-ethyl acetate) indicated consumption of starting material 

(64 hrs).  Na2SO3 (33.0 g, 0.26 mol) was added and allowed to stir for an hour.  The 

resulting bluish-green emulsion was extracted with ethyl acetate (4 x 80 mL) and water.  

The combined organic layers were washed with 5 % NaOH, dried (MgSO4), filtered, and 

concentrated to yield crude diol.  The crude product was then dissolved in a minimal 

amount of dichloromethane and precipitated by addition of hexanes to yield the pure diol 

2.29 (6.7 g, 76 %, 99.5 % ee, Chiralcel OD 95:5 hexane-isopropyl alcohol) as a white 

solid: mp 117-118 °C; [α]D
25 = +146 (c = 0.67, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 

7.39 (d, J = 8.4 Hz, 2H), 7.04 (d, J = 1.8 Hz, 2H), 6.75 (dd, J = 8.2, 2.2 Hz, 2H), 4.59 (s, 

2H), 2.84 (br, 2H), 2.33 (s, 6H); Anal. Calcd. for C16H16O2Br2: C, 48.03; H, 4.08.  Found: 

C, 47.83; H, 4.09; MS (FAB) m/z: 533.2 ([M + Cs]+, 10 %, C16H16O2Br2Cs requires 

532.9). 

(1RS,2RS)-1,2-Bis-(4-bromo-3-methylphenyl)ethane-1,2-diol (+ 2.29).  To a 

slurry of K3Fe(CN)6 (4.54 g, 13.8 mmol), K2CO3 (1.86 g, 13.5 mmol), potassium 

osmate(VI) dihydrate (K2[OsO2(OH)4]) (23.6 mg, 0.06 mmol, 1.4 mol %), quinuclidine 

(5.4 mg, 0.05 mmol, 1.0 mol %), and methanesulfonamide (0.45 g, 4.68 mmol) in THF 

(14 mL) and water (14 mL) was added 2.27 (1.72 g, 4.68 mmol).  Stirring was continued 
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at RT until TLC (SiO2, 3:2 hexanes-ethyl acetate) indicated consumption of starting 

material (92 h).  Na2SO3 (6.97 g, 55.3 mmol) was added and allowed to stir for an hour.  

The resulting bluish-green emulsion was extracted with ethyl acetate (4 x 50 mL) and 

water.  The combined organic layers were washed with 5 % NaOH, dried (MgSO4), 

filtered, and concentrated to yield crude diol.  Recrystallization from CH2Cl2 yielded the 

diol + 2.29 (1.5 g, 79 %, 2.1 % ee, Chiralcel OD 95:5 hexane-isopropyl alcohol) as a 

white solid: mp 119-121 °C; [α]D
25 = +1.14 (c = 0.60, CHCl3); 1H NMR (300 MHz, 

CDCl3): δ 7.38 (d, J = 8.4 Hz, 2H), 7.03 (d, J = 1.8 Hz, 2H), 6.74 (dd, J = 8.2, 1.9 Hz, 

2H), 4.57 (s, 2H), 2.90 (br, 2H), 2.33 (s, 6H). 

(+)-(R,R)-4,5-Bis-(4-bromo-3-methylphenyl)-2,2-dimethyl[1,3]dioxolane 

(2.31).  A solution of 2.29 (6.71 g, 16.8 mmol), 2,2-dimethoxypropane (102 mL), p-

toluenesulfonic acid monohydrate (0.132 g, 0.69 mmol), and DMF (34 mL) was heated at 

reflux (100 °C) for 18 h.  The reaction mixture was cooled to RT, poured over 0.5 % 

NaHCO3 (ca. 130 mL), and extracted with CH2Cl2 (4 x 75 mL).  The combined organic 

extracts were dried (Na2SO4,), filtered, and concentrated.  The crude was taken up in hot 

hexanes, filtered to remove any impurities and concentrated to yield the pure acetal 2.31 

(7.3 g, 99 %) as a light amber liquid: [α]D
25 = +149 (c = 0.62, CHCl3); 

1H NMR (300 

MHz, CDCl3): δ 7.46 (d, J = 8.1 Hz, 2H), 7.11 (d, J = 1.5 Hz, 2H), 6.84 (dd, J = 8.2, 1.9 

Hz, 2H), 4.61 (s, 2H), 2.37 (s, 6H), 1.66 (s, 6H); Anal. Calcd for C19H20O2Br2: C, 51.84; 

H, 4.58.  Found: C, 51.98; H, 4.62; MS (FAB) m/z: 441.0 ([M + H]+, 0.8 %, C19H21O2Br2 

requires 441.0). 
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(+)-(R,R)-4,5-Bis-(4-iodo-3-methylphenyl)-2,2-dimethyl[1,3]dioxolane (2.33).  

A procedure from the literature53 was modified as follows: a mixture of 2.31 (5.68 g, 12.9 

mmol), Ni powder (7.62 g, 130 mmol), KI (8.53 g, 51.4 mmol), I2 (0.32 g, 1.25 mmol), 

and DMF (34 mL) was degassed and heated to reflux (155 °C) for 24 h under Ar.  The 

reaction mixture was cooled to RT, filtered, rinsed with CHCl3, and filtered a second 

time.  The organic fraction was washed with brine (1x) and water (3x), dried over 

MgSO4, filtered, and concentrated.  The crude product was purified by flash 

chromatograpy (SiO2, chloroform) to yield the acetal 2.33 (6.5 g, 94 %) as a pale yellow 

liquid: [α]D
25 = +153 (c = 3.25 g/mL, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 7.74 (d, J 

= 7.8 Hz, 2H), 7.12 (d, J = 1.8 Hz, 2H), 6.68 (dd, J = 8.2, 1.9 Hz, 2H), 4.60 (s, 2H), 2.41 

(s, 6H), 1.65 (s, 6H); 13C NMR (75.4 MHz, CDCl3): δ 141.6, 138.9, 136.8, 127.8, 125.8, 

109.6, 100.8, 84.6, 28.1, 27.1; MS (FAB) m/z: 535.0 ([M + H]+, 2.0 %, C19H21O2I2 

requires 535.0). 

(+)-(R,R)-2,2-Dimethyl-4,5-bis-[4-(3-hydroxy-3-methyl-but-1-ynyl)-3-

methylphenyl][1,3]dioxolane (2.35).  A procedure from the literature33,40 was modified 

as follows: a heavy-walled flask fitted with a Teflon valve closure was charged with 

compound 2.33 (3.85 g, 7.20 mmol), 2-methyl-3-butyn-2-ol (1.64 g, 19.4 mmol), 

Pd(dba)2 (0.19 g, 0.33 mmol), CuI (0.72 g, 3.78 mmol), PPh3 (0.32 g, 1.24 mmol), and 

triethylamine (36 mL).  The mixture was freeze-pump-thaw degassed (four cycles), 

sealed, and heated to 55 °C with stirring for 17 h.  The reaction mixture was allowed to 

cool to RT, filtered, and the filter cake was washed copiously with hexanes.  The hexanes 

were removed in vacuo and the crude solid redissolved in CH2Cl2.  The organics were 
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washed with water (2x) and brine, dried over MgSO4, filtered, and the volume reduced.  

The crude product was purified by flash chromatograpy (SiO2, 4:1 CH2Cl2-ethyl acetate) 

to yield 2.35 as a cream colored foam (2.3 g, 72 %): mp 56-66 °C; [α]D
25 = +277 (c = 

0.445, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.31 (d, J = 7.8 Hz, 2H), 7.05 (s, 2H), 

6.91 (dd, J = 7.8, 1.5 Hz, 2H), 4.63 (s, 2H), 2.38 (s, 6H), 2.00 (s, 2H), 1.66 (s, 6H) 1.64 

(s, 12H); MS (FAB) m/z: 579.2 ([M + Cs]+, 6.0 %, C29H34O4Cs requires 579.2). 

(+)-(R,R)-4,5-Bis-(4-ethynyl-3-methylphenyl)-2,2-dimethyl[1,3]dioxolane 

(2.37).  A solution of 2.35 (2.18 g, 4.88 mmol), KOH (1.58 g, 28.1 mmol), toluene (32 

mL), and methanol (20 mL) was heated to reflux (110 °C) in a flask fitted with a Dean-

Stark trap and a condenser, with stirring under Ar, for 64 h.  After this time, the reaction 

was allowed to cool to RT and a TLC taken to confirm the consumption of the starting 

material (SiO2, 4:1 hexanes-ethyl acetate).  The crude product was extracted with ethyl 

acetate and water.  The organic fractions were combined, washed with brine (2x), dried 

(Na2SO4), filtered, and concentrated.  Purification by flash chromatography (SiO2, 19:1 

hexanes-ethyl acetate) yielded the product 2.37 (1.1 g, 71 %) as an amber liquid: [α]D
25 = 

+281 (c = 0.275 g/mL, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.40 (d, J = 7.8 Hz, 2H), 

7.08 (s, 2H), 6.94 (dd, J = 8.1, 1.2 Hz, 2H), 4.65 (s, 2H), 3.28 (s, 2H), 2.43 (s, 6H), 1.66 

(s, 6H); 13C NMR (75.4 MHz, CDCl3): 141.0, 137.2, 132.6, 127.5, 124.0, 121.9, 109.6, 

85.0, 82.3, 81.3, 27.1, 20.6; MS (EI) m/z: 330.2 (M+, 2.0 %, C23H22O2 requires 330.2), 

315.1 ([M – .CH3]
+, 3.0 %). 

Polymer (2.5).  A procedure from the literature33,51 was modified as follows: a 

heavy-walled flask fitted with a Teflon valve closure was charged with compound 2.33 
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(0.117 g, 0.218 mmol), compound 2.37 (74.3 mg, 0.225 mmol), (PPh3)2PdCl2 (2.2 mg, 

0.003 mmol, 1.4 mol % Pd), CuI (1.2 mg, 0.006 mmol, 2.9 mol % Cu), piperidine (1 ml) 

and toluene (1 ml).  The mixture was freeze-pump-thaw degassed (four cycles), sealed, 

and heated to 50 °C with stirring for 40 h.  After this time, the reaction was allowed to 

cool to RT, quenched with water (2.0 mL), and dissolved in CHCl3 (ca. 100 mL).  Stirring 

continued for ca. 24 h to allow the polymer to fully dissolve, after which, the organic 

phase was washed with NH4OH (50 %), H2O, saturated NaHCO3, and H2O, and then 

dried over MgSO4.  Upon filtration, the solvent was removed in vacuo and the residue 

was copiously washed with methanol until the washings were colorless.  The residue was 

then dissolved in a minimum amount of CH2Cl2 (ca. 1.3 mL) and slowly added drop-wise 

to rapidly stirring methanol (50 mL).  The slurry was centrifuged, the methanol decanted 

off, and the precipitation procedure repeated (twice more) on the resulting residue, 

ultimately yielding polymer 2.5 (0.10 g, 79 %) as a light orange powder: [α]D
25 = +754 (c 

= 0.16, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.46 (d, J = 7.8 Hz, 4H), 7.14 (s, 4H), 

7.00 (d, J = 7.2 Hz, 4H), 4.70 (s, 4H), 2.51 (s, 12H), 1.69 (s, 12H); 13C NMR (75.4 MHz, 

CDCl3): 140.2, 136.8, 131.9, 127.6, 124.1, 123.2, 109.6, 92.4, 85.1, 27.2, 21.0; MS 

(SEC): monomodal. Mn = 12100, PDI = 1.6. 

(+)-(R,R)-2,2-Dimethyl-4,5-bis-[3-methyl-4-(2-methylphenylethynyl) 

phenyl][1,3]dioxolane (2.39).  Compound 2.3933 was prepared as follows: A heavy-

walled flask fitted with a Teflon valve closure was charged with 2.37 (0.16 g, 0.48 

mmol), 2-iodotoluene (0.28 g, 1.28 mmol), Pd(dba)2 (13.9 mg, 0.024 mmol), CuI (48.0 

mg, 0.252 mmol), PPh3 (21.5 mg, 0.082 mmol) and triethyl amine (2.4 mL).  The mixture 
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was freeze-pump-thaw degassed (four cycles), sealed and heated to 55 °C with stirring 

for 23 h.  After this time, the reaction mixture was cooled to RT, filtered, and the filter 

cake washed copiously with hexanes.  The solvent was removed in vacuo, the resulting 

residue redissolved in CH2Cl2, and the organic solution washed with saturated NaHCO3, 

water, and brine.  The organic phase was dried over MgSO4, filtered and concentrated.  

Purification of the crude residue by flash chromatography (2x) (SiO2, 1:1 hexanes-

CH2Cl2, 18:1:1 hexanes-CH2Cl2-Et2O) and subsequent recrystallization from hexanes 

afforded 2.39 (44.4 mg, 18 %) as a clear residue: [α]D
24.4 = +365 (c = 0.11, CHCl3); 

1H 

NMR (300 MHz, CDCl3): δ 7.52 – 7.15 (m, 12H),  7.00 (dd, J = 7.8, 1.5 Hz, 2H), 4.70 (s, 

2H), 2.53 (s, 6H), 2.51 (s, 6H), 1.69 (s, 6H); 13C NMR (75.4 MHz, CDCl3): δ 140.2, 

140.0, 136.7, 131.9, 129.5, 128.3, 127.6, 125.6, 124.1, 123.3, 123.2, 109.6, 92.7, 92.1, 

85.1, 27.2, 21.0, 20.9;  MS (FAB) m/z: 510.6 (M+, 5.0 %, C37H34O2 requires 510.3). 

 (+)-(R,R)-4,5-Bis-(4-prop-1-ynylphenyl)-2,2-dimethyl[1,3]dioxolane (2.41).  

A procedure from the literature60 was modified as follows: a 100 mL oven-dried Schlenk 

flask containing 2.6 (0.200 g, 0.395 mmol), (PPh3)2PdCl2 (13.9 mg, 19.8 µmol), and CuI 

7.5 mg, 40 µmol) was degassed and sealed.  Upon addition of 1 atm of propyne gas, 

piperidine (1 mL) was added via syringe through a septum to the reaction and the mixture 

stirred.  Additional equivalents of propyne were introduced after 2 h and 4 h, and the 

reaction continued to stir for 22 h.  The mixture was then taken up in CH2Cl2 (ca. 50 mL), 

washed with sat. NaHCO3, water and brine, dried over MgSO4, filtered and concentrated 

in vacuo.  Purification by flash chromatography (SiO2, 13:7-hexanes:CH2Cl2) yielded 

2.41 (0.13 g, 97%) as an off-white foam: [α]D
25 = +337 (c = 0.13, CHCl3); 

1H NMR (300 
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MHz, CDCl3): δ 7.33 and 7.11 (AB pattern, J = 8.1 Hz, 8H), 4.65 (s, 2H), 2.05 (s, 6H), 

1.66 (s, 6H). 

(4RS,5RS)-4,5-Bis-(4-prop-1-ynylphenyl)-2,2-dimethyl[1,3]dioxolane (2.42).  

A procedure from the literature60 was modified as follows: a 100 mL oven-dried Schlenk 

flask containing 2.14 (0.600 g, 1.19 mmol), (PPh3)2PdCl2 (41.6 mg, 59.3 µmol), and CuI 

22.6 mg, 0.119 mmol) was degassed and sealed.  Upon addition of 1 atm of propyne gas, 

piperidine (3 mL) was added via syringe through a septum to the reaction and the mixture 

stirred.  Additional equivalents of propyne were introduced after 1 h and 4 h, and the 

reaction continued to stir for 18 h.  The mixture was then taken up in CH2Cl2 (ca. 50 mL), 

washed with sat. NaHCO3, water and brine, dried over MgSO4, filtered and concentrated 

in vacuo.  Purification by flash chromatography (SiO2, 1:1-hexanes:CH2Cl2) and 

recrystallization from hexanes yielded 2.42 (0.26 g, 66%) as a white, crystalline solid: mp 

113-115 °C; [α]D
25 =  -0.54 (c = 0.52, CHCl3); 

1H NMR (500 MHz, CDCl3): δ 7.33 and 

7.10 (AB pattern, J = 8.2 Hz, 8H), 4.65 (s, 2H), 2.04 (s, 6H), 1.66 (s, 6H). 

Polymer (2.43).  A procedure from the literature61 was modified as follows: a 

solution of diyne 2.42 (70.6 mg, 0.214 mol), Mo(CO)6 (5.6 mg, 21.4 µmol, 10 mol %), 

and 2-fluorophenol (24 mg, 0.214 mol) in chlorobenzene (10 mL) was refluxed until TLC 

(SiO2, 3:2 hexanes-ethyl acetate) indicated consumption of starting material (2 h).  The 

reaction was then diluted with CH2Cl2 and washed with aqueous NH4OH (50 % v/v), 

saturated NaHCO3, and H2O.  The organic phase was dried over MgSO4 and filtered.  

The solvent was then removed in vacuo and the residue copiously washed with methanol 

until the washings were colorless.  The crude polymer was dissolved in hot CHCl3 (ca. 
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3.0 mL) and slowly added drop-wise to rapidly stirring methanol (100 mL).  The 

resulting slurry was then centrifuged, the methanol decanted off, and the precipitation 

procedure repeated on the resulting solid to yield polymer 2.43 (29.7 g, 50 %) as an off-

white powder: 1H NMR (300 MHz, CDCl3): δ 7.50 and 7.17 (AB pattern, J = 8.1 Hz, 

8H), 4.67 (s, 2H), 1.71 (s, 6H); GPC (bimodal).  
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CHAPTER 3.  MANIPULATION OF FLUORESCENCE IN 

POLY(PHENYLENEETHYNYLENE)S APPENDED WITH LINEARLY 

DEGRADABLE DENDRONS THROUGH POST-POLYMERIZATION 

CHEMICAL MODIFICATION 

3.1 Introduction.   

Within the last couple of decades, it has become an increasingly attractive goal to 

integrate conjugated organic molecules and macromolecules into electronic display 

devices due to their comparatively low manufacturing costs, inherent flexibility, ease of 

processing and excellent emissive properties relative to the current liquid crystalline and 

inorganic technology being utilized.1-5  However, if unfunctionalized, many of these 

substrates tend to self-assemble/aggregate and consequently exhibit limited or negligible 

solubility and diminished photoluminescence quantum efficiency due to collisional 

quenching of the photo-excited state via excimer formation.  To circumvent these 

limitations, numerous studies have focused on encapsulating the conjugated materials of 

interest within a dendritic shell in order to inhibit possible intermolecular interactions.  

Such endeavors have consequently afforded dendrimers6-9 and comb polymers10-15 that 

exhibit drastically improved solubility in a variety of common organic solvents and 

enhanced optical and electronic properties.  Furthermore, in many cases dendronization 

has been shown to facilitate intramolecular energy transfer, essentially mimicking the 

process of photosynthesis by funneling photonic energy absorbed on the dendron 

periphery efficiently to the emissive core.11,16-19  
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With numerous benefits having been instilled through dendronization, the 

research presented herein sought to examine the possibility that similar enhancements 

could be conferred upon poly(phenyleneethynylene)s appended with the linearly 

disassembling dendrons, specifically examining the degradable macromolecules 

developed by McGrath and Ortiz.20  Based upon previous accounts found in the 

literature,11,13-15 it was hypothesized that the application of these disassembling dendrons 

regularly along the polymeric backbone would effectively shield the emissive core and 

thereby suppress any tendency for aggregation.  Accordingly, dendronization was 

projected to improve material processibility and the photoluminescence quantum 

efficiency of the modified PPEs.  The ability of this particular class of dendrons to initiate 

efficient energy transfer however was yet unknown and remained to be evaluated 

experimentally.  Moreover, the most interesting aspect of the proposed system was the 

potential consequences of selectively removing the insulating dendrons through post-

polymerization chemical disassembly.  It was theorized that dendritic depolymerization 

would enable polymer aggregation to occur and thus cause complete quenching of PPE 

luminescence through excimer formation (Figure 3.1). 

 

Figure 3.1  Projected optioelectronic outcome of stripping the dendritic cladding from dendronized PPEs. 
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In this chapter is presented the synthesis of a series of 

poly(phenyleneethynylene)s with increasing generations of linearly disassembling 

dendrons covalently affixed to the polymer backbone via the macromonomer approach21 

and the accompanying characterization by NMR (1H and 13C), gel permeation 

chromatography (GPC), and UV-vis and fluorescence spectroscopy (Scheme 3.1). 
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Scheme 3.1  Proposed synthetic strategy for PPEs appended with degradable dendrons via the 
‘macromonomer’ approach. 
 
 
After having assessed the photophysical characteristics of these materials, the benefits of 

dendronization were quantified through fluorescence quantum yield11,22 and energy 

transfer studies23 using known methodologies.  Likewise, dendritic disassembly 

experiments were accomplished by subjecting solutions of the dendronized PPEs to de-

allylation conditions previously developed by the McGrath group.20  As anticipated, the 

removal of the allyl trigger group resulted in the spontaneous decomposition of the 

insulating dendrons, causing an almost immediate loss of polymer emission.  However, 

the mechanism of luminescence quenching could not be ascertained solely from these 

studies and as a result model polymers had to be prepared to help elucidate the process 

(Figure 3.2).   
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Figure 3.2  Model PPEs. 
 
 

After synthesizing the necessary models, qualitative experiments were formulated 

and performed to determine whether or not the loss of emission had proceeded from 

excimer formation via aggregation or the electronic effects of phenoxide formation.  

From these tests, it was concluded that PPE photoluminescence was extinguished with 

oxyanion formation.24  This conclusion was further validated after attempting to 

neutralize the basic disassembly media.  With the addition of p-toluenesulfonic acid to 

the reaction, the fluorescence of the newly modified PPE was almost immediately 

restored.  Similarly, polymer emission was subsequently quenched again with the 

application of excess of base (typically TBA(OH)).  Furthermore, alternating exposure of 

the disassembly reaction to solutions of an organic acid and base caused the 

luminescence properties of phenolic PPE to reversibly switch from an ‘on’ and ‘off’ state 

due to the presence of pH-sensitive moieties along the PPE backbone.  Ultimately, this 

work represented the first reported account of poly(phenyleneethynylene)s exhibiting pH-

tunable luminescence properties.   

Results and Discussion  

3.2.1 Synthesis 



 

  

123 

  

3.2.1.1 Fabrication of Linearly Disassembling Dendrons 

The disassembling dendrons utilized in this research were previously designed, 

synthesized, and studied by the McGrath group.20  In general, they were fabricated  in an 

iterative fashion from an allylated vanillin trigger using p-benzyl aryl ether linkages to 

connect the successive generations.  In the original study, the completed dendrons were 

then coupled to a p-nitrophenol moiety that functioned as a reporter group for the 

disassembly process.  The cleavage vector inherent within these systems was linear due 

to their specific structural configuration, which lacked cleavable branching points.  

Additionally, these substrates possessed an auxiliary aromatic amine within the dendritic 

repeat unit which afforded greater selectivity during the fabrication process and 

additionally provided a means of attaching a wide array of side groups to the growing 

dendron through various coupling strategies.  In theory, it was postulated that the 

appended side groups could later be accessed upon dendritic disassembly.  Similar to the 

previous study, the dendrons employed in the proposed research possessed increasing 

generations of Fréchet dendrons appended side chains to impart a dendritic morphology.  

Note: the disassembling dendrons were distinguished from their more robust Fréchet 

counterparts by the prefix ‘ext.’, which also denoted the location of the trigger group 

within the dendritic architecture.20   

Dendritic disassembly was accomplished by exposing the reporter-labeled 

dendrons to KBH4, (PPh3)2PdCl2 and CH3OH, which selectively removed the allyl group 

present in the vanillin trigger and yielded the corresponding phenoxide.20  This unique 

structural configuration was then capable of spontaneously undergoing an electronic 
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rearrangement that released a p-quinone methide and formed yet another oxyanion.  

Depolymerization then proceeded until no more cleavable subunits, specifically p-

quinone methides, could be generated from the dendritic architecture.  After several 

generations of degradable dendrons were affixed to p-nitrophenol, the disassembly 

process was validated spectroscopically through time-course UV-vis experiments, which 

monitored the growing presence of the released reporter groups, specifically p-

nitrophenoxide (ca. 430 nm).  Examination of the absorbance spectra ultimately 

confirmed disassembly had proceeded smoothly and quantitatively within a matter of 

minutes.  Additionally, analysis of the reaction kinetics indicated that the rate of 

disassembly decreased exponentially with increasing dendrimer generation and that the 

rate-limiting step was found to be the removal of the allyl trigger group.20 

To perform the research presented herein, the disassembling dendrons were 

prepared following the procedures previously reported by McGrath and Ortiz.20  

Synthesis of the degradable substrates was commenced by generating the trigger group, 

4-allyloxy-3-methoxybenzyl chloride (3.6), and the dendritic repeat unit or building 

block, either ethyl or pentyl 4-hydroxy-3-nitrobenzoate (3.7 or 3.8).  Fabrication of the 

trigger was accomplished using a two step/one pot process that alkylated 4-hydroxy-3-

methoxybenzaldehyde with allyl bromide under mildly basic conditions.  The resultant 

aldehyde was then reduced (KBH4 ) without purification to provide 4-allyloxy-3-

methoxybenzyl alcohol (3.5) in 75 % yield over the two steps (Scheme 3.2).  

Chlorination of alcohol 3.5, using thionyl chloride and catalytic DMF in 

dichloromethane, provided the trigger group as benzyl chloride 3.6 (98 %).20  
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Scheme 3.2  Synthesis of allylated vanillin trigger as the benzyl chloride. 
 
 

Synthesis of the dendritic building blocks was accomplished by Fischer 

esterification of commercially available 4-hydroxy-3-nitrobenzoic acid in pentyl and 

ethyl alcohol (Scheme 3.3), which yielded esters 3.7 and 3.8 in high yield (95 and 97 % 

respectively).  

O OR

NO2

OH

O OH

NO2

OH

EtOH

H2SO4 (cat.)

3.7: R = C5H11 (95 %)

3.8: R = C2H5 (97 %)  

Scheme 3.3  Fischer’s esterification of 4-hydroxy-3-nitrobenzoic acid. 
 
 
The pentyl ester was preferentially employed in the earlier stages of the synthesis because 

the resulting compounds were more amenable to purification by recrystallization.20 

  To manufacture the first generation dendron, Williamson ether conditions were 

applied to benzyl chloride 3.6 and pentyl ester 3.7 to afford the corresponding nitro ester 

3.9 in 89 % (Scheme 3.4).   
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Scheme 3.4  Synthesis of first generation linearly degradable dendron. 
 
 
The nitro group present on compound 3.9 was subsequently reduced with iron metal and 

AcOH to unmask the corresponding aniline 3.10 (88 %), which was required for 

appending side groups (Scheme 3.5).  Benzaldehyde and acetaldehyde were sequentially 

coupled to aryl amine 3.10 using a reductive amination protocol, specifically 

NaBH(OAc)3 in DCE with sonication, to generate the first generation dendron as pentyl 

ester 3.11, which was obtained in 81 % yield over the two step process.20   
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Scheme 3.5  Synthesis of first generation linearly degradable dendron (con’t). 
 
 
Ester 3.11 was then reduced to the corresponding benzyl alcohol 3.12 with lithium 

aluminum hydride (87 %) and chlorinated to afford first generation dendritic chloride 

3.13 (Scheme 3.6) in good yield (86 %). 

X

O
N

OCH3

O

OC5H11

O
N

OCH3

O

O

LAH

THF

3.11
3.13: X = Cl (86 %)

SOCl2
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Scheme 3.6  Preparation of the first generation dendron as the benzyl chloride. 
 
 
 The second generation dendron was prepared using a slightly modified synthetic 

sequence.  Instead of applying Williamson ether conditions to attach the previous 

generation to the dendritic repeat unit, Mitsunobu protocol was utilized to couple benzyl 
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alcohol 3.12 and ester 3.8, which resulted in the corresponding nitro ester 3.14 (89 %).  

Compound 3.14 was then converted to the aromatic amine 3.15 (74 %) using SnCl2 and 

KBH4 in place of the aforementioned Fe0/AcOH conditions (Scheme 3.7). 
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Scheme 3.7  Formation of the second generation linearly diassembling dendron. 
 
 
Sequential reductive amination of Fréchet [G-1]-CHO (3.16) and acetaldehyde provided 

the second generation dendritic ester in 95 % yield over the two step process (Scheme 

3.8).20   
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Scheme 3.8  Formation of the second generation linearly diassembling dendron as the benzyl chloride. 

Ester 3.17 was then reduced using LAH to afford dendritic alcohol 3.18, which after 

halogenation afforded the final dendron (3.19) as the benzyl chloride.  Thus with zero, 

first and second generation degradable dendrons having been fabricated, the necessary 

macromonomers were readily synthesized by affixing the dendrons onto the monomer 

precursor, 2,5-diiodo-1,4-hydroquinone 3.1. 

3.2.1.2 Monomer Synthesis 

3.2.1.2.1 Diiodo Macromonomers 

 As stated previously, the comb polymers examined in this research were 

constructed utilizing the macromonomer approach, which necessitates the disassembling 

dendrons be covalently affixed to a monomer prior to polymerization.  This particular 

synthetic strategy was chosen because it yielded structurally precise comb polymers 

while typically only being limited by a slight decrease in polymerization efficiency, a 

constraint typically attributed to increasing encapsulation of the monomer reactive site.21  

Nonetheless, given poly(phenyleneethynylene)s prepared via Sonagashira 
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polycondensation conditions require the formation of both an appropriately 

functionalized diiodo and diethynyl monomer, the degradable dendrons needed to be 

appended to one of these monomer motifs.  After careful consideration, attachment of the 

dendron to the diiodo monomer was chosen due to accessibility.  Additionally, it seemed 

more prudent to avoid exposing the degradable subunits to the conditions required for the 

conversion of aryl iodides to alkynes.   

To prepare the necessary diiodo macromonomers, a monomeric precursor was 

required along with a method for furnishing it.  After surveying the literature, the ideal 

substrate was found in 2,5-diiodo-1,4-hydroquinone 3.1, which had been previously used 

in analogous PPE research performed by Swager25 and Wrighton.26,27    Employing a two 

step process, acquisition of the target compound was initiated by aromatic iodination25,27 

of commercially available 1,4-dimethoxybenzene, providing 2,5-diiodo-1,4-

dimethoxybenzene 3.20 in moderate yield (76 %).  The resulting diiodo substrate was 

then de-methylated in the presence of Al and I2 in CH3CN to afford 2,5-diiodo-1,4-

hydroquinone 3.1 in 93 % yield (Scheme 3.9).26   
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H2SO4, H2O
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91 °C

76 % 93 %

3.20 3.1  

Scheme 3.9  Methodology used to fabricate 2,5-diiodo-1,4-hydroquinone 3.1. 
 
 
 Afterward, several coupling strategies were explored in order to affix the 

dendrons onto the monomeric precursor.  Initially, Mitsunobu coupling of hydroquinone 
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3.1 and several different dendritic and non-dendritic alcohols were attempted.  However 

these trials typically resulted in only recovery of starting materials.  Subsequently, 

Williamson ether methodology was attempted and ultimately proved an adequate means 

of synthesizing the desired comb monomers, albeit in moderate yields.  Accordingly, the 

trigger group 3.6 and compound 3.1 were coupled in the presence of dry DMF and excess 

K2CO3 to furnish zeroth generation macromonomer 3.21 in 34 % yield (Scheme 3.10). 
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Scheme 3.10  Synthesis of ext.[G-0] diiodo macromonomer. 
 
 
Similarly, attachment of the first generation dendron to 2,5-diiodo-1,4-hydroquinone by 

the aforementioned conditions produced diiodo monomer 3.22 (Scheme 3.11) again in 

only modest yield (44 %). 
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Scheme 3.11  Preparation of ext.[G-1] diiodo macromonomer. 
 
 
Likewise, reaction of dendron 3.19 and precursor 3.1 with mild base afforded second 

generation macromonomer 3.23 in 39 % yield (Scheme 3.12). 
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Scheme 3.12  Formation of ext. [G-2] diiodo macromonomer. 
 
 

While the poor yields associated with these reactions were initially disconcerting, 

sufficient quantities of macromonomers were generated using this route.  However, 

several possible explanations were postulated for the reduction in coupling efficiency.  

The most plausible theory was that after the initial alkylation step either the electronics of 

monosubstituted intermediate disfavored the addition of a second dendron or the recently 
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attached dendron sterically shielded the opposing reactive site, thus inhibiting the 

reaction’s progress.  Additionally, 2,5-diiodo-1,4-hydroquinone was observed by TLC to 

disappear over time, which was thought to be due to decomposition and/or oxidization to 

the corresponding quinone.  Ultimately, no conclusive explanation was established for 

the resulting poor yields and therefore future work should focus on resolving this 

dilemma in order to optimize dendronized monomer formation.   

3.2.1.2.2 Diethynyl Co-monomer  

 To fashion the desired comb polymers using Sonagashira polycondensation 

protocol, an appropriate diacetylene co-monomer needed to be chosen and synthesized.  

After careful consideration, 1,4-didodecyloxy-2-5-diethynylbenzene was selected not 

only for the presence and orientation of the necessary acetylene functional groups, but 

also for the introduction of alkyloxy substituents.  The presence of dodecyloxy side 

chains were hypothesized to afford both the initial PPE and the modified polymer 

resulting from chemical disassembly of the insulating dendrons with solubilizing groups 

to potentially prevent the polymer from precipitating out of the disassembly solution.  

Additionally, preparation of the proposed monomer was readily feasible by application of 

previously utilized methodology.  Therefore, applying protocol reported by Wrighton on 

a similar compound, 1,4-didodecyloxybenzene was fabricated in good yield (89 %) via 

Williamson ether coupling of commercially available hydroquinone and 1-

bromodoecane.27  Subsequent aromatic iodination of 3.24 then provided 1,4-

didodecyloxy-2,5-diiodobenzene 3.25 in 81 % yield (Scheme 3.13).27  
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Scheme 3.13  Synthetic strategy used to manufacture diethynyl co-monomer 3.2. 
 
 
Conversion of the aryl iodides into acetylenes was readily accomplished following 

analogous protocol previously reported by Moore.28  1,4-didodecyloxy-2,5-

diiodobenzene and 2-methyl-3-butyn-2-ol (2 eq.) were coupled via Pd-catalysis to afford 

diethynyl intermediate 3.26 (95 % yield), which was then deprotected by methanolic 

KOH to obtain the diethynyl monomer, 1,4-didodecyloxy-2,5-diethynylbenzene 3.2, in 

excellent yield (92 %).28  Thus, with all the necessary monomers formed, 

polycondensation of these materials was affected to provide the comb polymers of 

interest. 

3.2.1.3 Comb Polymer Synthesis 

Dendronized polymers 3.27, 3.28 and 3.29 were prepared by application of 

conventional Sonagashira polycondensation conditions upon diethynyl monomer 3.2 and 
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diiodo macromonomers 3.21, 3.22, and 3.23.29,30  Specifically, polymerization was 

affected using (PPh3)2PdCl2 as the Pd(0) catalyst source, CuI for a co-catalyst, and 

toluene and piperidine as co-solvents.  Application of these conditions towards zeroth 

generation macromonomer 3.21 and 1,4-didodecyloxy-2,5-diethynylbenzene yielded PPE 

3.27 (Scheme 3.14) as a fibrous, dark yellow solid (29 % yield).  
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Scheme 3.14  Synthesis of zeroth generation dendronized PPE 3.27. 
 
 
Accordingly, the resulting comb polymer was structurally characterized by 1H and 13C 

NMR and found to be free of defects.  Likewise, analysis via GPC indicated that the 

projected had been formed in high molecular weight (Mn = 42460) and as monomodal 

molecular weight distribution with a somewhat large polydispersity index (PDI = 2.9) 

(Figure 3.3).   
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Figure 3.3  GPC data for the dendronized polymers and model PPEs. 
 
 
Similarly, condensation of diiodide 3.22 and the diethynyl monomer resulted in first 

generation dendronized PPE 3.28 (Scheme 3.15) as a fibrous yellow solid, in 71 % yield 

and monomodal based upon GPC analysis (Figure 3.3).  However, the macromolecule 

displayed significantly diminished molecular weights (Mn = 20960, PDI = 2.6). 
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Scheme 3.15  Synthesis of first generation dendronized PPE 3.28. 
 
 
Copolymerization of second generation dendritic monomer 3.23 and 1,4-didodecyloxy-

2,5-diethynylbenzene 3.2 likewise afforded the final dendronized polymer in this series, 

second generation PPE 3.29, as a dark yellow, fibrous material (Scheme 3.16) but in only 

modest yield (47 %).  Accordingly, structural determination was accomplished by NMR 

spectroscopy and the target polymer found to be configurationally precise.  Additionally, 

GPC analysis (Figure 3.3) verified that polymer 3.29 had been formed with a reasonably 
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high molecular weight (Mn = 42200), a monomodal molecular weight distribution, but 

with a large of polydispersity (PDI = 3.4). 

O

O

O

O

N

N
O

O

O

O

ON

N

H3CO O

O

OCH3O

OC12H25

C12H25O

n

O
I

I

O

O

O

N

N
O

O

O

O

O
N

N

H3CO

O

O

OCH3

O

(PPh3)2PdCl2, CuI

piperidine, toluene

47 %

Mn = 42200, PDI = 3.4,

50 °C

OC12H25

C12H25O

3.29

3.2

3.23  

Scheme 3.16  Synthesis of second generation dendronized PPE 3.29. 
 
 
3.2.1.4 Preparation of Model Polymers 

Two model polymers were prepared to aid in the elucidation of the quenching 

process: (1) a polymer having the same backbone but innocent side groups 3.3 and (2) a 

polymer that possessed removable phenolic protecting groups in place of the 

disassembling dendrons.  The model polymers were designed to facilitate two qualitative 

experiments that would identify if the loss of polymer emission had been caused by 
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collisional quenching of the photoexcited state upon macromolecular 

aggregation/excimer formation or from the electronic effects of phenoxide formation 

(vida infra). 

 Poly(phenyleneethynylene) 3.3 was composed of alternating methoxy and 

dodecyloxy groups, chosen to mimic the approximate size of the macromolecule 

generated upon dendron removal.  This particular composition was easily accessible and 

afforded a comparable amount of insulation to the PPE backbone as the deprotected 

polymer.  Application of the Pd-catalyzed polymerization protocol to 1,4-diiodo-2,5-

dimethoxybenzene 3.20 and diethynyl monomer 3.2 cleanly provided the 

methoxy/dodecyloxy-PPE (Scheme 3.17) as a bright yellow, fibrous material (69 %).29,30   
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Scheme 3.17  Preparation of methoxy/dodecyloxy PPE 3.3. 
 
 
The structure of analog polymer 3.3 was verified by FT-IR and 1H and 13C NMR.  

However, GPC analysis demonstrated that the model polymer possessed a broad, 

monomodal molecular weight distribution (Figure 3.3) with a correspondingly large 

polydispersity index (PDI = 8.1).   
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To prepare a PPE with phenolic protecting groups, several different protecting 

group strategies were explored.  Originally, allyl groups were chosen because they would 

require the same deprotection conditions as the disassembling dendrons.  Using 

traditional Williamson ether conditions, 2,5-diiodo-1,4-hydroquinone 3.1 was coupled 

with allyl bromide in an excess K2CO3 and DMF to obtain allylated monomer 3.30 as a 

crystalline solid in excellent yield (86 %).  However, polymerization of this compound 

with 1,4-didodecyloxy-2,5-diethynylbenzene (Scheme 3.18) using the aforementioned 

polycondensation conditions29,30 only afforded the desired macromolecule as an oligomer 

and in poor yield (12 %).   
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Scheme 3.18  Preparation of allyloxy/dodecyloxy PPE 3.31. 

Most of the material recovered from this reaction was in the form of an insoluble solid.  It 

was theorized the poor efficiency of the polycondensation reaction was the result of 

extensive crosslinking of the allyl groups present along the PPE backbone, which was 

also consistent with the observed gradual loss of solubility in the comb polymers when 

improperly stored.  Additional factors that attributed to the poor yield were primarily 

associated with the work-up procedure.  The aqueous wash protocol traditionally used to 
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work-up similarly constructed macromolecules proved excessively harsh (50 % NH4OH 

(v/v)), while polymer 3.32 was also exposed to ambient light and heat (ca. 50 °C) for a 

prolonged period of time.  If synthesized again, the worked-up method should be 

undertaken in the dark, with minimal exposure to heat (RT) and utilizing milder aqueous 

reagents.  Due to the resulting poor yields and photo-sensitive nature of the analog, it was 

deemed unsuitable for further studies.   

In another effort to protect the phenolic residues present in compound 3.1, use of 

photolabile protecting groups was examined.  O-nitro benzyl ether derivatives were 

selected because they were readily accessible and it has been well-documented that they 

undergo photolytic cleavage in the presence of light.31  Specifically, two nitrated 

piperonal derivatives, 6-nitropiperonyl alcohol 3.32 and 4-dodecyloxy-5-methoxy-2-

nitrobenzyl alcohol 3.34, were attached to 2,5-diiodo-1,4-hydroquinone using Mitsunobu 

coupling protocol (Scheme 3.19).  However, the materials resulting from this coupling 

reaction were completely insoluble in a variety of polar and non-polar organic solvents 

such as DMF, CH3OH, EtOH, CH2Cl2, Et2O, EtOAc, acetone, hexanes or benzene.   
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Scheme 3.19  Attempted synthesis of ortho-nitrobenzyl functionalized monomers.  

As a result, no spectroscopic data could be obtained to confirm their structures and thus 

the reactions could only be presumed to have occurred due to changes in the reaction 

TLC and obvious differences in the starting material and final product’s physical 

properties.  Thus, monomers possessing photo-sensitive triggers were likewise eliminated 

from this study. 

 Ultimately, a silyl-protecting group was successfully employed to afford a 

monomer and eventually a model polymer.  This protection strategy was additionally 

advantageous because simple exposure to fluoride ions could elicit desilylation in a 

facile, quantitative manner and without alteration of the polymer backbone.  To prepare 

the required silyl-protected monomer, 2,5-diiodo-1,4-hydroquinone was allowed to 

reacted with tert-butylchlorodiphenylsilane in the presence of imidazole and dry DMF to 

provide compound 3.36 (87 %) as a white powder.  Subsequent Sonagashira 

polymerization of 3.36 and diethynyl monomer 3.2 resulted in model polymer 3.4 

(Scheme 3.20) as a dark yellow, fibrous solid in 63 % yield.29,30 
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Scheme 3.20  Synthesis of silyl-protected PPE 3.4. 
 
 
Structural characterization was accomplished using 1H and 13C NMR and GPC.  While 

the target PPE possessed a precise configuration and thus was free of defects by NMR, 

GPC analysis (Figure 3.3) concluded that it had been formed with a high molecular 

weight (Mn = 20440) and a monomodal distribution that possessed modest polydispersity 

(PDI = 2.2).   

 With the proposed dendronized and model polymers manufactured and 

characterized, a series of experiments were subsequently performed to: (1) assess the 

optical and electronic benefits of appending linearly disassembling dendrons to PPE 

backbones, (2) determine the consequences of stripping away the insulating dendrons via 

post-polymerization chemical modification and (3) identify the source of 

photoluminescence quenching in these systems.   

3.2.2 Material Characterization and Photophysical Properties  

All of the polymers presented herein were purified through precipitation into 

methanol, characterized by 1H and 13C NMR and GPC, and displayed excellent solubility 

in a variety of common organic solvents such as CH2Cl2, CHCl3, DMF and THF.  

Additionally, PPEs 3.27 – 3.29 and 3.32 were found to exhibit decreased solubility over 
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time if not properly stored in the refrigerator and in the absence of light.  This 

phenomenon was theorized to have resulted from photo or thermal-crosslinking of the 

peripheral allyl triggers over time and was minimized, and even eliminated in most 

instances, by storing samples at < -35 °C in a dark environment.  It is also significant to 

note that while 13C NMR was performed and the resulting spectra assigned, not all of the 

expected peaks were observed.  The quaternary carbons present along the 

poly(phenyleneethynylene) backbone were difficult to distinguish from baseline noise.  

This was especially true for the acetylene carbons because of their elongated relaxation 

times and inhibited mobility within the polymer architecture.  However, it was found that 

the signal-to-noise ratio could be improved with the addition of Cr(acac)3, which 

accelerated relaxation, and application of a longer relaxation delay during spectral 

acquisition.    

The photophysical properties of all the PPEs were measured on UV-vis and 

fluorescence spectrophotometers utilizing THF solutions of the substrates (Figure 3.4-8).  

In general, the spectral profiles of the various polymers appeared nearly identical with a 

broad absorbance band centered on 440 nm, a corresponding emission peak with a 

maximum at approximately 470 nm and a smaller vibronic shoulder slightly red-shifted 

from the primary emission peak.  Additionally, the Stokes shift inherent to each of the 

dendronized macromolecules were calculated and found to be 28 nm for zeroth 

generation PPE 3.27, 33.5 nm for first generation PPE 3.28, 32 nm for second generation 

PPE 3.29, 25 nm for model PPE 3.3 and 29 nm for PPE 3.4. 
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Figure 3.4  Absorbance and emission spectra of [G-0]-PPE 3.27 in THF.  
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Figure 3.5  Absorbance and emission spectra of [G-1]-PPE 3.28 in THF. 
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Figure 3.6  Absorbance and emission spectra of [G-2]-PPE 3.29 in THF. 
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Figure 3.7  Absorbance and emission spectra of model polymer: CH3O/C12H25O-PPE 3.3 in THF. 
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Figure 3.8  Absorbance and emission spectra of model polymer: TBDPSO/C12H25O-PPE 3.4 in THF. 
 
 

According to previous accounts, dendronization enhances polymer solubility, 

prevents collisional quenching of the photo-excited state through chromophore 

encapsulation, and harvests photons on the dendron periphery and channels the light 

energy efficiently to the emissive polymer backbone.11-15,32  Consequently, one of the 

many goals of the proposed research was to assess whether or not affixing degradable 

dendrons to PPEs would confer the same advantageous properties.  As previously stated, 

all of the comb and model polymers presented herein displayed excellent solubility in a 

variety of halogenated and non-halogenated organic solvents.  However, there were also 

no distinguishable differences in solubility of polymers appended with smaller 
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substituents, such as the methoxy/dodecyloxy model, and those possessing the larger 

degradable dendrons or bulky silyl protecting groups.  This lack of differentiation was 

ultimately attributed to the presence of the n-dodecyloxy groups appended to all of the 

PPE backbones.  It was theorized that these long alkane side chains afforded their 

respective macromolecules with improved solubility while additionally aiding in the 

insulation of the material.  But to accurately and quantitatively assess how efficiently the 

degradable dendrons shielded their polymeric cores, fluorescence quantum yields 

measurements had to be performed, while analysis of the data indicated if and how PPE 

quantum efficiency varied with increasing generations of degradable dendrons.   

The fluorescence quantum yields of the polymers were calculated using an 

equation reported by Jenekhe22 (Equation 3.1),  

 

Фu = Фs[(A sFun
2)/(AuFsn0

2)] 

Equation 3.1  Formula for calculating of photoluminescence quantum efficiency. 
 
 
where A is the absorbance at the excitation wavelength, F is the integrated intensity of the 

resulting emission spectrum, n is the refractive index of the solvent the unknown is 

dissolved in, n0 is the refractive index of the solvent of the standard, and subscripts s and 

u refer to the standard and unknown respectively.  Coumarin 6 was chosen as the 

reference dye because its photophysical properties have been well documented and were 

most similar with those of the experimental materials.  To generate the data necessary for 

performing these calculations, solutions of the polymers were prepared in spectroscopic 

grade THF and analyzed by UV-vis and fluorescence spectroscopy.  Additionally, serial 
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dilutions were carried out for the comb polymers to determine concentration dependence 

(Figure 3.9).  
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Figure 3.9  Plot of quantum yield versus absorbance for all generations of dendronized polymers. 
 
 
Absorbance spectra were acquired over a range of 200 – 700 nm, while fluorescence 

spectra were obtained by exciting the sample at 380 nm and monitoring PPE emission 

from 400 – 700 nm.  After obtaining the necessary spectroscopic data, average 

fluorescence quantum yield (ΦFL) was calculated for PPEs 3.27 – 3.29 and found to be 

0.52, 0.34 and 0.42 respectively.  Consequently, upon comparing these values, no 

discernable trend between dendron generation and fluorescence quantum yield could be 

established, which was contrary to a previous report on similarly dendronized PPEs by 
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Aida.11  However, quantum efficiency did appear to correlate with the trend observed in 

degree of polymerization for the aforementioned comb polymer, though it is currently 

unknown if and how the two quantities are connected.  Nonetheless, while the 

corresponding values did not demonstrate a relationship between dendron generation and 

quantum efficiency as was observed in Aida’s work, these studies illustrated that there 

was little difference in the fluorescence quantum yields of these substrates with changing 

concentration.   

 To establish whether or not the disassembling dendrons possessed the appropriate 

architecture for harvesting light energy, a method described by Mugnier23 was used to 

determine their energy transfer efficiency.  These calculations were performed by 

normalizing the corresponding absorbance and excitation spectra to the acceptor peak 

(i.e, the PPE backbone which spanned approximately 350 – 480 nm).  The resulting 

spectral profiles were then integrated over the region associated with the donors (i.e, the 

degradable dendrons, 265 – 337 nm).  The product of the integrated excitation spectrum 

was then divided by that of the absorption spectrum and the resulting value multiplied by 

100 to afford the percent energy transfer observed for that particular macromolecule.  

From these calculations, it was found that zeroth generation 3.27 exhibited a 44.6 % 

transfer efficiency, first generation 3.28 44.3 % and second generation 3.29 33.5 %.  The 

decrease in energy transfer that correlated with increasing generation of encapsulating 

dendrons was the result of an increasing Förster Radius, which led to diminished orbital 

overlap and energy transfer.  While these values were significantly diminished relative to 

previous accounts,11 they did indicate that significant energy transfer was occurring in the 
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dendronized polymers presented herein.  Consequently, any deviations in percent energy 

transfer measured by this work and those in the previous publication by Aida11 can be 

attributed to application of differing methods for calculating this quantity.   

3.2.3 Dendron Disassembly Experiments 

Upon assessing the site-isolation and energy transfer capabilities of the 

degradable dendrons, disassembly studies were carried out to ascertain the optical and 

electronic effects of chemically stripping the insulating dendrons from their polymeric 

cores.  To perform these experiments, protocols and analytical techniques previously 

developed by Oritz and Shanahan were utilized.20  Accordingly, THF solutions of comb 

polymers 3.27, 3.28 and 3.29 were exposed to deallylation conditions, specifically KBH 4, 

(PPh3)2PdCl2, and catalytic CH3OH in DMF (Scheme 3.21). 
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Scheme 3.21  Chemical disassembly of degradable dendrons appended to PPE. 

Furthermore, the process was monitored and characterized by UV-vis and fluorescence 

spectroscopy. 
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Prior to disassembly activation, polymer solutions were observed under a long-

wave UV lamp and found to display an intense, blue photoluminescence.  Likewise, 

spectroscopic analysis afforded spectra nearly identical to those previously measured in 

THF.  However, upon introduction of the Pd-catalyst, polymer luminescence quickly 

dissipated over a period of seconds and ultimately resulted in a non-emissive solution.  

UV-vis spectroscopy of this mixture indicated dendron removal had caused the 

absorbance bands of the polymer to broaden and in many cases undergo a bathochromic 

shift.  Similarly, the fluorescence spectra of these substrates altered from a very narrow, 

distinct emission band to merely a baseline with no detectable intensity (Figures 3.10, 

3.11 and 3.12).   
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Figure 3.10  Spectroscopic analysis of disassembly and acidification experiments performed on PPE 3.27. 
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Figure 3.11  Spectroscopic analysis of disassembly and acidification experiments performed on PPE 3.28. 
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Figure 3.12  Spectroscopic analysis of disassembly and acidification experiments performed on PPE 3.29. 
 
 

Noting that removal of the dendrons generated an anionic backbone, a spatula tip 

of TsOH was introduced to protonate to the neutral form and as a result PPE 

luminescence was restored almost immediately.  The absorption spectra of the acidified 

solutions were subsequently measured and upon comparison closely resembled their 

initial measurements.  However, the resultant fluorescence spectra differed profoundly in 

both maxima and intensity.  Specifically, upon removing the degradable dendrons from 

zeroth generation PPE 3.27 and protonating the newly formed macromolecule, the 

emission spectrum was composed of two peaks that possessed an overall intensity of less 

than half that of the original polymer.  The material obtained upon initiating dendritic 

disassembly on polymer 3.28, followed with acidification, possessed a fluorescence 
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spectrum with a maximum analogous to its predecessor, but only half the initial 

magnitude.  De-dendronization followed by protonation of 3.29 resulted in a fluorescence 

intensity equal to its original magnitude, but with a significant bathochromic shift (ca. 30 

nm).   

The disassembly experiments demonstrated, as expected, that the emissive 

properties of the comb polymers could be extinguished upon removal of the shielding 

dendrons.  However, since PPE emission was subsequently restored with the addition of 

an organic acid, while the mechanism of fluorescence quenching appeared to be related to 

the ionic state of the polymer backbone, rather than aggregation tendency. 

3.2.4 Investigation of the Quenching Mechanism – Model Studies 

Qualitative experiments were formulated to determine if the observed loss of 

emission had originated from collisional quenching or the electronic effects of generating 

phenoxides along the polymer backbone.  Initially, non-radiative decay of the photo-

excited state was hypothesized to have occurred from excimer formation upon polymer 

aggregation.  To test this theory, solutions of model polymer 3.3 in THF were prepared at 

concentrations similar to those in the disassembly experiments and the samples visually 

inspected under a long-wave UV lamp.  Consequently, model polymer 3.3 exhibited no 

diminished photoluminescence intensity, even at higher concentrations than the 

disassembly experiments.  For this analysis, methoxy/dodecyloxy-PPE was chosen 

because it possessed a structure that closely resembled the de-dendronized 

macromolecule upon protonation.  The proposed study additionally assessed if the 

dodecyloxy side chains were capable of insulating the modified polymers from chain-
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stacking.  This specific structure also removed the effects of the phenoxides in the 

quenching process.  Thus, the theory that PPE luminescence had been quenched by 

excimer formation through polymer aggregation or collisional quenching was 

inconsistent with the observed results.   

Another hypothesis for the observed loss of emission was that luminescence in the 

modified polymer was quenched by the fragmented dendritic subunits released during 

disassembly.  To examine this postulate, a solution (1 mg/mL THF) of 3.3 was prepared 

and apportioned equally into four separate vials.  For the first sample, first generation 

dendron 3.12 was added to the polymer solution and disassembled in the presence of the 

model polymer.  Monitoring the interaction by long-wave UV, there was no observable 

change in PPE’s emissive properties.  In the second trial, dendron 3.12 was subjected to 

disassembly protocol separately from polymer 3.3, with the depolymerization reaction 

presumed to have been completed after ca. 10 minutes.  The resulting dendron fragments 

were then introduced into the polymer solution and resulting interaction followed by 

long-wave UV.  Similar to the previous sample, no visible change in PPE 

photoluminescence could be detected.  For the third and fourth samples, the 

aforementioned experimental conditions were repeated using compound 3.37 as the 

degradable substrate, which consisted of a first generation dendron affixed to a 4-

nitrophenol reporter group, instead of benzyl alcohol 3.12.  Again, the outcome of these 

experiments demonstrated that no visible loss of fluorescence had occurred upon 

exposing methoxy/dodecyloxy-PPE to the dendron fragments formed upon disassembly.  
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Therefore, it was concluded that quenching did not result from the polymer structure 

itself or the dendritic subunits present in disassembly. 

Having eliminated structural factors as possible causes of fluorescence quenching, 

the focus of the examinations then shifted towards studying the ionization state of the 

polymer backbone.  To examine this hypothesis, model polymer 3.4 was converted to the 

polyanionic macromolecule that resulted from dendritic disassembly by chemically 

removing the silyl-protecting groups while the reaction process was monitored under 

long-wave UV (Scheme 3.22).   
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Scheme 3.22  De-silylation experiments on PPE 3.4. 
 
 
Solutions (ca. 1 mg/mL THF) of 3.4 displayed an intense, blue photoluminescence prior 

to chemical modification, which was typical of these conjugated organic materials.  

However, exposure to tetrabutylammonium fluoride (TBAF) caused the fluorescence 

properties of the model polymer to instantaneously dissipate as the fluoride-containing 

reagent percolated throughout the analyte.  To confirm that oxyanion-formation triggered 

the quenching event, a spatula tip of TsOH was added to the reaction and upon 

dissolving, PPE emission was immediately restored to what appeared to be its original 

intensity.  Accordingly, the addition of base, specifically neat tetrabutylammonium 
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hydroxide, then extinguished the emission of the solution again within a matter of 

seconds.  Furthermore, alternating exposure of organic acid and base to the reaction 

caused the PPE’s luminescence properties to switch from an ‘on’ and ‘off’ state.  From 

these observations, several conclusions were drawn.  It was determined that the emissive 

properties of the dendronized polymers were being quenched when subjected to 

disassembly conditions due to the electronic consequences of forming a polyoxyanionic 

PPE.  Additionally, the resulting modified polymer’s emissive properties could be 

specifically manipulatd by controlling its electronic configuration through pH adjustment.  

3.3 Conclusions 

A series of poly(phenyleneethynylene)s appended with degradable dendrons were 

synthesized utilizing the macromonomer approach and characterized by 1H and 13C 

NMR, UV-vis and fluorescence spectroscopy, and SEC.  To assess the benefits of 

incorporating degradable dendrons onto a polymer core, photoluminescence quantum 

efficiency measurements and energy transfer calculation were performed using 

photophysical data generated for these materials.  The insulating dendrons were then 

stripped from the PPE backbone by application of dendritic disassembly technology, 

which resulted in a loss of emission.  Model polymers were then manufactured to mimic 

the resulting modified polymer in its protonated and unprotonated form and a series of 

experiments performed to elucidate the source of fluorescence quenching.  From these 

studies, the loss of PPE emission was found to occur upon phenoxide formation along the 

polymer backbone and not from collisional quenching/excimer formation.  Subsequent 

neutralization of the disassembly solutions with TsOH caused the restoration of the 



 

  

160 

  

emissive properties of the modified polymer which then afforded a PPE that possessed 

pH-tunable luminescence properties. 

3.4 Experimental Procedures. 

Nuclear magnetic resonance (NMR) spectra were acquired using either a Varian 

Unity-300 MHz FT-NMR or Bruker DRX-500 MHz FT-NMR spectrometer, operating 

XWinNMR software (Varian or Bruker respectively).  Mass spectrometry (MS) was 

performed by the MS Instrument Facility located at the University of Arizona.  Elemental 

analysis for C, H, and N was performed by NuMega in San Diego, CA.  Gel permeation 

chromatography (GPC) data was performed in a tetrahydrofuran mobile phase with a 

Waters 1515 isocratic pump running three 5 µm PLgel columns (Polymer Labs, pore 

sizes 104, 103 102 Å) with a Waters 2414 differential refractometer and Waters 2487 dual 

wavelength UV-Vis spectrometer.  Molar masses were calculated using the Empower 

software (Waters) calibrating against low polydispersity linear polystyrene standards.  

UV-Vis spectra were acquired on a Shimadzu UV-2401 PC UV-VIS Recording 

spectrophotometer, while fluorescence spectra were taken on a Photon Technology 

International spectrofluorometer.  CH2Cl2, CHCl3, DMF, CH3OH and acetone were dried 

over 3Å molecular sieves, while all other reagents were used as received from the 

supplier.  Flash chromatography was performed following the method of Still et. al33 

using 40-63 µm silica gel (EMD Chemicals, Inc.).  Precoated plates containing a 

fluorescent indicator (Silica Gel 60 F254, EMD Chemicals, Inc.) were employed for thin 

layer chromatography.  
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General procedure for disassembly experiments: Initially, solutions of PPEs 3.27 – 

3.29 (ca. 1 mg/mL THF), KBH4 (ca. 1 mg/mL DMF) and (PPh3)2PdCl2 (ca. 1 mg/ mL 

DMSO) were prepared.  Potassium borohydride (2.2 mL), a particular polymer sample 

(10 µL) and methanol (100 µL) were then added to a quartz cuvet and absorbance and 

emission spectra taken to confirm the photophysical properties of the polymer prior to 

dendron disassembly.  In these studies, the addition of methanol was found to catalyze 

the removal of the allyl trigger group, facilitating complete disassembly within seconds 

rather than minutes.  Following initial spectroscopic characterization, Pd catalyst (60 µL) 

was introduced and the contents of the cuvet agitated to promote efficient mixing while 

the reaction was monitored by longwave UV-vis.  After cleaving the dendritic envelope 

from the polymeric core, the photophysical properties of the modified polymer were 

measured.  A spatula tip of TsOH was then added to the disassembly media in order to 

both quench any unreacted potassium borohydride and protonate the resulting 

polyanionic species.  Similarly, the process was again examined under longwave UV-vis.  

After acidification, the resulting protonated phenolic-PPE was subsequently characterized 

by absorbance and emission spectroscopy. 

4-allyloxy-3-methoxybenzyl alcohol (3.5).  A mixture of vanillin (63.1 g, 414.7 mmol), 

allyl bromide (75.2 g, 621.6 mmol), K2CO3
 (114.5, 828.4 mmol) and DMF (500 mL) was 

heated to 60 ºC with stirring for 24 h.  After allowing the reaction to cool to RT, it was 

poured over H2O (500 mL) and extracted with Et2O (3 x 200 mL).  The combined 

organics were then washed with brine (3 x 100 mL), dried (MgSO4), filtered and 

concentrated.  The crude aldehyde was then reduced using KBH4 (33.5 g, 621.1 mmol) in 
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THF-CH3OH (2:1, 450 mL) while the mixture was maintained at 55 ºC with stirring.  

After 24 h, the reaction was poured over 1M HCl (500 mL) and extracted with Et2O (3 x 

200 mL).  The combined organics were then dried over MgSO4, filtered and concentrated 

in vacuo.  Purification of the crude product was accomplished by recrystallization from 

hexanes to afford alcohol 3.5 (58.9 g, 73 %) as a white, crystalline solid: 1H NMR (300 

MHz, CDCl3): δ 6.94 (s, 1H), 6.86 (d, J = 0.9 Hz, 2H), 6.15 – 6.02 (m, 1H), 5.40 (dd, J = 

17.1, 1.5 Hz, 1H), 5.29 (dd, J = 10.8, 1.5 Hz, 1H), 4.64 – 4.60 (m, 4H), 3.89 (s, 3H), 1.58 

(t, J = 5.8 Hz, 1H); 13C NMR (75.4 MHz, CDCl3): δ 149.6, 147.5, 133.9, 133.3, 119.3, 

118.0, 113.3, 110.8, 69.9, 65.3, 55.9; MS (FAB+) m/z 194.26 (M+, C11H14O3 requires 

194.09). 

4-allyloxy-3-methoxybenzyl chloride (3.6).  To a stirring solution of alcohol 3.5 (21.4 g, 

110.2 mmol), DMF (ca. 1 mL) and freshly distilled CH2Cl2 (300 mL) was added thionyl 

chloride (19.7 g, 165.6 mmol) dropwise over a period of 30 min.  Upon completion, the 

solution was quenched by proportion-wise addition of sat. NaHCO3 (50 mL) and allowed 

to stir for an additional 30 min.  The resulting mixture was then extracted with CH2Cl2 (3 

x 50 mL), dried (MgSO4), filtered through a short silica gel plug and concentrated to 

provide chloride 3.6 (22.8 g, 97 %) as a colorless, crystalline solid: 1H NMR (300 MHz, 

CDCl3): δ 6.92 – 6.81 (m, 3H), 6.14 – 6.01 (m, 1H), 5.40 (dd, J = 17.4, 1.5 Hz, 1H), 5.29 

(dd, J = 10.5, 1.5 Hz, 1H), 4.61 (dt, J = 5.3, 1.3 Hz, 2H), 4.56 (s, 2H), 3.89 (s, 3H) ; 13C 

NMR (75.4 MHz, CDCl3): δ 149.5, 148.2, 133.1, 130.3, 121.0, 118.1, 113.1, 112.1, 69.8, 

55.9, 46.6; MS (FAB+) m/z 212.23 (M+, C11H13O2Cl requires 212.06). 
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Pentyl 4-hydroxy-3-nitrobenzoate (3.7).  4-hydroxy-3-nitrobenzoic acid (100 g, 546 

mmol), 1-pentanol (500 mL) and concentrated H2SO4 (20 drops) were refluxed for 72 h 

in a 1L round bottom flask fitted with a Dean-Stark trap and a jacketed water condenser.  

Upon completion, the excess 1-pentanol was removed from the reaction via vacuum 

distillation and the resulting red oil dissolved into a solution of hexanes-CH2Cl2 (2:1, 80 

mL).  The dissolved product was then filtered through a short silica gel plug and 

concentrated in vacuo to afford compound 3.7 (131 g, 95 %) as a red oil: 1H NMR (300 

MHz, CDCl3): δ 8.81 (d, J = 2.1 Hz, 1H), 8.24 (dd, J = 8.7, 1.8 Hz, 1H), 7.22 (d, J = 9.0 

Hz, 1H), 4.34 (t, J = 6.9 Hz, 2H), 1.84 – 1.74 (m, 2H), 1.44 – 1.39 (m, 4H), 0.94 (t, J = 

6.9 Hz, 3H); 13C NMR (125.7 MHz, CDCl3): δ 164.3, 158.0, 137.9, 133.2, 127.2, 123.1, 

120.1, 65.8, 28.3, 28.1, 22.3, 13.9; MS (FAB+) m/z 254.30 (M+, C12H15O5N requires 

254.10). 

Ethyl 4-hydroxy-3-nitrobenzoate (3.8).  4-hydroxy-3-nitrobenzoic acid (100 g, 546 

mmol), ethanol (500 mL) and concentrated H2SO4 (20 drops) were refluxed for 72 h in a 

1L round bottom flask fitted with a Dean-Stark trap and a jacketed water condenser.  

Upon completion, Et2O (500 mL) was added to the reaction and the resulting phases 

separated.  The organic phase was then washed with brine (4 x 300 mL), dried over 

MgSO4, filtered and concentrated.  Subsequent recrystallization from hexanes- Et2O  

yielded 3.8 (112 g, 97 %) as yellow crystals: 1H NMR (300 MHz, CDCl3): δ 8.82 (d, J = 

2.4 Hz, 1H), 8.25 (dd, J = 9.0, 1.8 Hz, 1H), 7.22 (d, J = 8.7 Hz, 1H), 4.41 (q, J = 7.5 Hz, 

2H), 1.42 (t, J = 7.5 Hz, 3H); 13C NMR (125.7 MHz, CDCl3): δ 164.2, 158.0, 137.9, 
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133.2, 127.2, 123.1, 120.1, 61.6, 14.3; MS (ESI+) m/z 212.80 (M + H+, C9H10O5N 

requires 212.06). 

Pentyl 4-(4-allyloxy-3-methoxybenzyloxy)-3-nitrobenzoate (3.9).  A mixture of 3.7 

(79.6 g, 314.3 mmol), benzyl chloride 3.6 (79.4 g, 373.3 mmol), K2CO3 (86.5 g, 625.9 

mmol) and DMF (500 mL) was maintained at 50 ºC with stirring for 72 h.  After allowing 

the reaction to cool to RT, it was poured over H2O (500 mL) and extracted with Et2O (4 x 

300 mL).  The combined organics were then washed with 1M HCl (200 mL), dried over 

MgSO4, filtered and concentrated in vacuo.  Purification of the crude product by 

recrystallization from Et2O-hexanes (7:1) provided compound 3.9 (119 g, 88 %) as light 

yellow crystals: 1H NMR (300 MHz, CDCl3): δ 8.50 (d, J = 2.4 H, 1H), 8.18 (dd, J = 8.7, 

2.4 Hz, 1H), 7.17 (d, J = 8.7 Hz, 1H), 7.05 (d, J = 2.1 Hz, 1H), 6.93 (dd, J = 8.4, 2.1 Hz, 

1H), 6.87 (d, J = 7.8 Hz, 1H), 6.14 – 6.02 (m, 1H), 5.41 (dd, J = 17.1, 1.5 Hz, 1H), 5.29 

(dd, J = 10.5, 1.5 Hz, 1H), 5.24 (s, 2H), 4.62 (dt, J = 5.4, 1.3 Hz, 2H), 4.32 (t, J = 6.6 Hz, 

2H), 3.90 (s, 3H), 1.81 – 1.72 (m, 2H), 1.43 – 1.38 (m, 4H), 0.93 (t, J = 6.9 Hz, 3H); 13C 

NMR (75.4 MHz, CDCl3): δ 164.5, 154.9, 149.8, 148.1, 139.8, 135.1, 133.1, 127.6, 

127.1, 123.1, 119.4, 118.1, 114.6, 113.1, 110.6, 71.4, 69.9, 65.7, 56.0, 28.4, 28.1, 22.3, 

14.0; MS (FAB+) m/z 429.57 (M+, C23H27O7N requires 429.18). 

Pentyl 3-amino-4-(4-allyloxy-3-methoxybenzyloxy)benzoate (3.10).  A mixture of 

compound 3.9 (59.6 g, 138.8 mmol), AcOH-EtOH (1:1, 1L) and Fe0 powder (55.9 g, 1.00 

mol) was maintained at 55 ºC under Ar for 9 h with stirring.  After allowing the reaction 

to cool to RT, it was poured over H2O (700 mL) and extracted with Et2O (3 x 300 mL).  

The combined organics were then washed with sat. NaHCO3 (500 mL), dried (MgSO4), 
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filtered and concentrated in vacuo to provide the crude product as a light brown oil.  

Purification by crystallization from hexanes:CH2Cl2 (9:1) resulted in 3.10 (49.0 g, 88 %) 

as a white, crystalline solid: 1H NMR (300 MHz, CDCl3): δ 7.46 (dd, J = 8.4, 1.8 Hz, 

1H), 7.41 (d, J = 2.1 Hz, 1H), 6.97 – 6.86 (m, 4H), 6.16 – 6.03 (m, 1H), 5.42 (dd, J = 

17.1, 1.5 Hz, 1H), 5.30 (dd, J = 10.5, 1.2 Hz, 1H), 5.05 (s, 2H), 4.63 (d, J = 3.9 Hz, 2H), 

4.26 (t, J = 6.9 Hz, 2H), 3.90 (s, 2H), 3.89 (s, 3H), 1.79 – 1.70 (m, 2H), 1.43 – 1.35 (m, 

4H), 0.93 (t, J = 6.7 Hz, 3H); 13C NMR (125.7 MHz, CDCl3): δ 166.7, 150.0, 149.6, 

148.0, 136.1, 133.2, 129.2, 123.5, 120.8, 120.3, 118.1, 115.7, 113.2, 111.5, 110.9, 70.5, 

69.9, 64.8, 56.0, 28.5, 28.2, 22.4, 14.0; MS (FAB+) m/z 400.61 (M + H+, C23H30O5N 

requires 400.21). 

Pentyl 4-(4-allyloxy-3-methoxybenzyloxy)-3-(N-benzylamino)benzoate (3.11a).  A 

mixture of 3.10 (31.1 g, 77.9 mmol), benzaldehyde (7.92 mL, 78.0 mmol), AcOH (3 mL) 

and dry DCE (200 mL) was stirred at RT under Ar for 30 min.  To the reaction was added 

NaBH(OAc)3 (24.6 g, 116.1 mmol) and stirring continued for an additional 12 h.  Equal 

portions of CH2Cl2 (200 mL) and H2O (200 mL) were then added and the phases 

separated.  The organic phase was washed with brine (3 x 100 mL), dried over MgSO4, 

filtered and concentrated to yield the crude product as a light yellow oil.  Purification via 

flash chromatography (SiO2, 6:1-hexanes:EtOAc) and subsequent crystallization from 

CH2Cl2-hexanes (1:9) afforded 3.11a (32.2 g, 84 %) as a colorless, crystalline solid: 1H 

NMR (300 MHz, CDCl3): δ 7.43 – 6.84 (m, 11H), 6.15 – 6.02 (m, 1H), 5.41 (dd, J = 

17.1, 1.5 Hz, 1H), 5.29 (dd, J = 10.5, 1.2 Hz, 1H), 5.06 (s, 2H), 4.69 (t, J = 6.0 Hz, 1H), 

4.62 (dt, J = 5.4, 1.5 Hz, 2H), 4.39 (d, J = 5.4 Hz, 2H), 4.24 (t, J = 6.6 Hz, 2H), 3.83 (s, 
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3H), 1.77 – 1.68 (m, 2H), 1.41 – 1.36 (m, 4H), 0.92 (t, J = 7.0 Hz, 3H); 13C NMR (125.7 

MHz, CDCl3): δ 166.9, 149.5, 149.5, 148.0, 139.1, 137.9, 133.1, 129.1, 128.5, 127.5, 

127.2, 123.6, 120.2, 119.2, 118.0, 113.1, 111.3, 110.7, 110.0, 70.5, 69.8, 64.7, 55.9, 47.8, 

28.4, 28.2, 22.3, 14.0; MS (FAB+) m/z 490.69 (M + H+, C30H36O5N requires 490.26). 

Pentyl 4-(4-allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-ethylamino)benzoate 

(3.11).  Following the procedure for 3.11a, 3.11a (12.6 g, 25.7 mol), acetaldehyde (1.70 

mL, 30.3 mmol), AcOH (3 mL), dry DCE (60 mL) and NaBH(OAc)3 (6.53 g, 30.8 mmol) 

provided compound 3.11 (12.9 g, 97 %) as white crystals following recrystallization from 

hexanes-CH2Cl2 (9:1): 1H NMR (300 MHz, CDCl3): δ 7.68 – 6.82 (m, 11H), 6.15 – 6.02 

(m, 1H), 5.41 (dd, J = 17.1, 1.5 Hz, 1H), 5.29 (dd, J = 10.8, 1.5 Hz, 1H), 5.11 (s, 2H), 

4.62 (dt, J = 5.4, 1.5 Hz, 2H), 4.28 (s, 2H), 4.26 (t, J = 6.9 Hz, 2H), 3.77 (s, 3H), 3.15 (q, 

J = 7.2 Hz, 2H), 1.79 – 1.70 (m, 2H), 1.44 – 1.38 (m, 4H), 1.00 (t, J = 6.9 Hz, 3H), 0.93 

(t, J = 7.0 Hz, 3H); 13C NMR (125.7 MHz, CDCl3): δ 166.7, 156.2, 149.5, 147.8, 140.0, 

139.2, 133.2, 129.4, 128.4, 128.0, 126.8, 124.5, 123.1, 122.6, 120.0, 118.0, 113.1, 112.5, 

111.2, 70.5, 69.9, 64.8, 56.6, 55.8, 44.9, 28.5, 28.2, 22.4, 14.0, 12.2; MS (FAB+) m/z 

518.78 (M + H+, C32H40O5N requires 518.29).  

4-(4-Allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-ethylamino)benzyl alcohol (3.12).  

To a stirring slurry of LAH (0.950 g, 25.0 mmol) and freshly distilled THF (100 mL) was 

added ester 3.11 (10.80 g, 20.9 mmol) portion-wise.  Upon completion, the reaction was 

quenched by slow, drow-wise addition of H2O (0.95 mL), aq. NaOH (15 % wt, 0.95 mL) 

and H2O (2.85 mL) via pipet.  The slurry was then stirred for an additional 20 min., dried 

(MgSO4), filtered through a short silica gel plug and concentrated to yield alcohol 3.12 
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(9.0 g, 100 %) as a light yellow oil: 1H NMR (300 MHz, CDCl3): δ 7.31 – 6.82 (m, 11H), 

6.15 – 6.02 (m, 1H), 5.40 (dd, J = 17.1, 1.4 Hz, 1H), 5.29 (dd, J = 10.5, 1.2 Hz, 1H), 5.06 

(s, 2H), 4.61 (dt, J = 5.4, 1.2 Hz, 2H), 4.57 (d, J = 6.0 Hz, 2H), 4.29 (s, 2H), 3.77 (s, 3H), 

3.14 (q, J = 7.0 Hz, 2H), 1.51 (t, J = 5.8 Hz, 1H), 1.00 (t, J = 7.2 Hz, 3H); 13C NMR 

(125.7 MHz, CDCl3): δ 152.0, 149.4, 147.6, 140.7, 139.3, 133.7, 133.3, 130.2, 128.4, 

128.0, 126.7, 121.0, 120.6, 119.9, 117.9, 114.1, 113.1, 111.2, 70.8, 69.9, 65.4, 56.6, 55.8, 

44.8, 12.2; MS (FAB+) m/z 434.64 (M + H+, C27H32O4N requires 434.23). 

4-(4-Allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-ethylamino)benzyl alcohol, 4-

nitrophenyl ether (3.37).  To a stirring solution of alcohol 3.12 (1.06 g, 2.44 mmol), p-

nitrophenol (0.41 g, 2.95 mmol), PPh3 (0.77 g, 2.94 mmol) and freshly distilled THF (25 

mL) at 0 ºC was added DIAD (0.56 mL, 2.84 mmol) slowly, dropwise via syringe.  

Following complete addition of DIAD, the reaction was allowed to warm to RT and its 

progresss monitored by TLC (SiO2, 4:1 hexanes-EtOAc) until consumption of the starting 

material was confirmed (ca. 2h).  The reaction was then poured over Et2O (100 mL) and 

the organics washed with sat. NaHCO3 (5 x 50 mL), dried over MgSO4, filtered and 

concentrated to obtain the crude product as a light yellow oil.  Purification via 

crystallization from CH3OH resulted in compound 3.37 (0.65 g, 48 %) as a light yellow 

solid: 1H NMR (300 MHz, CDCl3): δ 8.20 – 8.15 (m, 2H), 7.27 – 6.82 (m, 13H), 6.15 – 

6.02 (m, 1H), 5.41 (dd, J = 17.1, 1.5 Hz, 1H), 5.29 (dd, J = 10.2, 1.5 Hz, 1H), 5.07 (s, 

2H), 5.03 (s, 2H), 4.62 (dt, J = 5.4, 1.5 Hz, 2H), 4.30 (s, 2H), 3.78 (s, 3H), 3.15 (q, J = 

7.2 Hz, 2H), 1.00 (t, J = 7.0 Hz, 3H); 13C NMR (125.7 MHz, CDCl3): δ 163.8, 152.5, 

149.5, 147.7, 141. 5, 140.6, 139.1, 133.3, 129.9, 128.3, 128.0, 127.9, 126.7, 125.8, 121.5, 
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121.0, 120.0, 118.0, 114.9, 114.0, 113.1, 111.3, 70.8, 70.7, 69.9, 56.4, 55.8, 45.1, 12.3; 

MS (FAB+) m/z 555.77 (M + H+, C33H35O6N2 requires 555.25).  

4-(4-Allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-ethylamino)benzyl chloride 

(3.13).  Following the procedure for 3.6, alcohol 3.12 (4.92 g, 11.3 mmol), SOCl2 (1.61 g, 

13.5 mmol), DMF (ca. 0.5 mL), and freshly distilled CH2Cl2 (50 mL) yielded chloride 

3.13 (4.70 g, 92 %) as a colorless oil: 1H NMR (500 MHz, CDCl3): δ 7.24 – 6.82 (m, 

11H), 6.12 – 6.04 (m, 1H), 5.40 (dd, J = 17.0, 1.5 Hz, 1H) 5.28 (dd, J = 10.5, 1.0 Hz, 1H), 

5.05 (s, 2H), 4.61 (dd, J = 5.5 Hz, 2H), 4.51 (s, 2H), 4.28 (s, 2H), 3.76 (s, 3H), 3.13 (q, J 

= 7.0 Hz, 2H), 1.00 (t, J = 7.0 Hz, 3H); 13C NMR (125.7 MHz, CDCl3): δ 152.5, 149.5, 

147.7, 140.7, 139.2, 133.3, 130.1, 130.0, 128.4, 128.0, 126.7, 122.5, 121.9, 120.0, 118.0, 

113.8, 113.1, 111.3, 70.7, 69.9, 56.6, 55.8, 46.8, 44.7, 12.2; MS (FAB+) m/z 452.58 (M + 

H+, C27H31O3NCl requires 452.20). 

Ethyl 4-(4-(4-allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-ethylamino)benzyloxy)-

3-nitrobenzoate (3.14).  Following the procedure for 3.37, alcohol 3.12 (17.5 g, 40.4 

mmol), compound 3.8 (8.56 g, 40.5 mmol), PPh3 (11.7 g, 44.6 mmol), DIAD (8.61 mL, 

43.7 mmol) and freshly distilled THF (350 mL) afforded the crude product as a yellow 

solid following precipitation from CH3OH-CH2Cl2 (9:1).  Subsequent purification via 

recrystallization from hexanes-Et2O (5:1) provided 3.14 (22.6 g, 89 %) as yellow needles: 

1H NMR (300 MHz, CDCl3): δ 8.49 (d, J = 2.4 Hz, 1H), 8.12 (dd, J = 8.7, 2.4 Hz, 1H), 

7.25 – 6.82 (m, 11H), 7.07 (d, J = 8.7 Hz, 1H), 6.15 – 6.02 (m, 1H), 5.41 (dd, J = 17.1, 

1.5 Hz, 1H), 5.29 (dd, J = 10.8, 1.5 Hz, 1H), 5.19 (s, 2H), 5.06 (s, 2H), 4.62 (dt, J = 5.4, 

1.5 Hz, 2H), 4.38 (q, J = 7.1 Hz, 2H), 4.30 (s, 2H), 3.77 (s, 3H), 3.15 (q, J = 7.2 Hz, 2H), 
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1.40 (t, J = 7.0 Hz, 3H), 1.00 (t, J = 7.2 Hz, 3H); 13C NMR (125.7 MHz, CDCl3): δ 164.5, 

155.0, 152.4, 149.4, 147.7, 140.6, 139.7, 139.1, 134.9, 133.3, 129.9, 128.3, 128.0, 127.2, 

127.0, 126.7, 122.8, 120.9, 120.3, 120.0, 118.0, 114.6, 113.9, 113.1, 111.3, 71.5, 70.7, 

69.9, 61.5, 56.3, 55.8, 45.1, 14.3, 12.2; MS (FAB+) m/z 627.83 (M + H+, C36H39O8N2 

requires 627.27).  

Ethyl 3-amino-4-(4-(4-allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-

ethylamino)benzyloxy)benzoate (3.15).  A mixture of 3.14 (14.7 g, 23.5 mmol), SnCl2 x 

2H2O (26.4 g, 117.0 mmol), absolute ethanol (300 mL) and freshly distilled THF (50 mL) 

was maintained at 50 ºC with stirring under Ar.  A suspension of finely ground NaBH4 

(0.88 g, 23.3 mmol) and absolute ethanol (50 mL) was then prepared and slowly added to 

the mixture over a 25 min. period via pipet.  Stirring was continued for an additional 20 

min, after which the reaction was quenched by successive addition of H2O (150 mL) and 

aq. NaOH (15 % wt., 10 mL).  The organics were then extracted with Et2O (3 x 200 mL), 

and the combined organic phase washed with sat. NaHCO3 (4 x 200 mL), dried (MgSO4), 

filtered and concentrated.  Crystallization from hexanes-CH2Cl2 (9:1) furnished 

compound 3.15 (10.4 g, 74 %) as a white, crystalline solid: 1H NMR (300 MHz, CDCl3): 

δ 7.45 – 6.80 (m, 14H), 6.15 – 6.03 (m, 1H), 5.41 (dd, J = 17.2, 1.5 Hz, 1H), 5.29 (dd, J = 

10.5, 1.5Hz, 1H), 5.08 (s, 2H), 5.00 (s, 2H), 4.62 (dt, J = 5.4, 1.5 Hz, 2H), 4.32 (q, J = 7.2 

Hz, 2H), 4.31 (s, 2H), 3.82 (br, 2H), 3.78 (s, 3H), 3.15 (q, J = 7.0 Hz, 2H), 1.37 (t, J = 7.2 

Hz, 3H), 1.01 (t, J = 7.0 Hz, 3H); 13C NMR (125.7 MHz, CDCl3): δ 166.7, 152.4, 150.1, 

149.5, 147.7, 140.5, 139.1, 136.2, 133.3, 130.1, 128.9, 128.4, 128.0, 126.7, 123.3, 121.7, 
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121.2, 120.8, 120.0, 118.0, 115.6, 113.9, 113.1, 111.3, 110.9, 70.7, 70.6, 69.9, 60.5, 56.5, 

55.8, 45.1, 14.4, 12.3; MS (FAB+) m/z 597.76 (M + H+, C36H41O6N2 requires 597.30). 

3,5-Dibenzyloxybenzaldehyde (3.16).  Compound 3.16 was prepared according to the 

literature.35 

Ethyl 4-(4-(4-allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-ethylamino)benzyloxy)-

3-(N’ -3,5-dibenzyloxybenzyl-N’ -ethylamino)benzoate (3.17).  A mixture of 3.15 (12.1 

g, 20.3 mmol), 3,5-dibenzyloxybenzaldehyde (8.36 g, 26.3 mmol), AcOH (3 mL) and 

anhydrous DCE (120 mL) was stirred at RT under Ar for 30 min.  To the eaction was 

added NaBH(OAc)3 (5.54 g, 26.1 mmol) and stirring continued for an additional 32 h.  

After time time, acetaldehyde (2.55 mL, 45.4 mmol) and an additional portion of 

NaBH(OAc)3 (5.54 g, 26.1 mmol) were added and stirring continued for 1 h.  The 

reaction was then dissolved in Et2O (200 mL) and the organics washed with brine (2 x 

200 mL), dried over MgSO4, filtered and concentrated.  Subsequent purification of the 

crude product by flash chromatography (SiO2, 4:1 hexanes-EtOAc) yielded compound 

3.17 (17.6 g, 94 %) as a colorless: 1H NMR (300 MHz, CDCl3): δ 7.69 – 6.81 (m, 24H), 

6.62 (d, J = 2.1 Hz, 2H), 6.48 (t, J = 2.2 Hz, 1H), 6.16 – 6.04 (m, 1H), 5.42 (dd, J = 17.2, 

1.6 Hz, 1H), 5.30 (dd, J = 10.2, 1.5 Hz, 1H), 5.07 (s, 2H), 4.94 (s, 2H), 4.88 (s, 4H), 4.62 

(dt, J = 5.4, 1.5 Hz, 2H), 4.35 (q, J = 7.0 Hz, 2H), 4.23 (s, 2H), 4.18 (s, 2H), 3.76 (s, 3H), 

3.13 (q, J = 7.0 Hz, 2H), 3.04 (q, J = 7.0 Hz, 2H), 1.38 (t, J = 7.0 Hz, 3H), 0.99 (t, J = 7.2 

Hz, 3H), 0.92 (t, J = 6.7 Hz, 3H); 13C NMR (125.7 MHz, CDCl3): δ 166.7, 159.7, 156.3, 

152.2, 149.4, 147.6, 142.0, 140.6, 139.8, 139.2, 137.0, 133.3, 130.1, 129.0, 128.5, 128.3, 

127.9, 127.8, 127.5, 126.7, 124.6, 122.9, 122.7, 121.5, 120.8, 120.0, 118.0, 113.7, 113.1, 
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112.3, 111.3, 107.3, 100.8, 70.6, 70.5, 69.9, 69.9, 60.6, 56.8, 56.4, 55.8, 44.8, 44.6, 14.4, 

12.3, 12.1; MS (MALDI) m/z 925.46 (M – H, C59H61O8N2 requires 925.44).  

4-(4-(4-Allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-ethylamino)benzyloxy)-3-(N’ -

3,5-dibenzyloxybenzyl-N’ -ethylamino)benzyl alcohol (3.18).  Following the procedure 

for 3.12, ester 3.17 (1.45 g, 1.56 mmol), LAH (0.12 g, 3.16 mmol) and freshly distilled 

THF (40 mL) afforded alcohol 3.18 (1.35 g, 98 %) as a colorless glass after purification 

by flash chromatography (SiO2, 2:1 hexanes-EtOAc): 1H NMR (300 MHz, CDCl3): δ 

7.38 – 6.79 (m, 24H), 6.59 (d, J = 1.8 Hz, 2H), 6.46 (t, J = 2.1 Hz, 1H), 6.15 – 6.02 (m, 

1H), 5.40 (dd, J = 17.7, 1.5 Hz, 1H), 5.29 (dd, J = 10.2, 1.5 Hz, 1H), 5.01 (s, 2H), 4.94 (s, 

2H), 4.86 (s, 4H), 4.60 (dt, J = 5.4, 1.5 Hz, 2H), 4.56 (d, J = 5.4 Hz, 2H), 4.23 (s, 2H), 

4.16 (s, 2H), 3.74 (s, 3H), 3.10 (q, J = 7.0 Hz, 2H), 3.02 (q, J = 7.0 Hz, 2H), 1.51 (t, J = 

5.8 Hz, 1H), 0.98 (t, J = 6.9 Hz, 3H), 0.90 (t, J = 7.0 Hz, 3H); 13C NMR (125.7 MHz, 

CDCl3): δ 159.7, 152.1, 152.0, 149.4, 147.6, 142.1, 140.5, 140.4, 139.3, 137.0, 133.5, 

133.3, 130.1, 129.7, 128.5, 128.4, 127.9, 127.8, 127.5, 126.6, 121.5, 121.1, 120.9, 120.7, 

119.9, 118.0, 113.9, 113.7, 113.1, 111.3, 107.3, 100.7, 70.7, 70.6, 69.9, 69.8, 65.4, 56.9, 

56.5, 55.7, 44.8, 44.6, 12.3, 12.1; MS (MALDI) m/z 885.00 (M + H+, C57H61O7N2 

requires 885.45). 

4-(4-(4-Allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-ethylamino)benzyloxy)-3-(N’ -

3,5-dibenzyloxybenzyl-N’ -ethylamino)benzyl chloride (3.19).  Following the 

procedure for 3.6, alcohol 3.18 (2.10 g, 2.37 mmol), SOCl2 (0.19 mL, 2.60 mmol), DMF 

(10 drops) and freshly distilled CH2Cl2 (50 mL) provided chloride 3.19 (2.10 g, 98 %) as 
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a colorless glass: 1H NMR (300 MHz, CDCl3): δ 7.38 – 6.80 (m, 24H), 6.57 (d, J = 2.4 

Hz, 2H), 6.47 (t, J = 2.2 Hz, 1H), 6.15 – 6.02 (m, 1H), 5.40 (dd, J = 17.4, 1.8 

Hz, 1H), 5.29 (dd, J = 10.5, 1.5 Hz, 1H), 5.01 (s, 2H), 4.94 (s, 2H), 4.86 (s, 4H), 4.61 (dt, 

J = 5.4, 1.5 Hz, 2H), 4.52 (s, 2H), 4.23 (s, 2H), 4.16 (s, 2H), 3.74 (s, 3H), 3.09 (q, J = 7.0 

Hz, 2H), 3.02 (q, J = 7.0 Hz, 2H), 0.99 (t, J = 6.9 Hz, 3H), 0.90 (t, J = 7.2 Hz, 3H); 13C 

NMR (125.7 MHz, CDCl3): δ 159.7, 152.5, 152.1, 149.4, 147.6, 141.9, 140.5, 140.4, 

139.3, 137.0, 133.3, 130.1, 129.9, 129.5, 128.5, 128.4, 127.9, 127.8, 127.5, 126.6, 122.5, 

121.9, 121.5, 120.9, 120.0, 118.0, 113.7, 113.6, 113.1, 111.3, 107.3, 100.8, 70.7, 70.6, 

69.9, 69.9, 56.8, 56.5, 55.8, 46.8, 44.7, 44.6, 12.4, 12.1; MS (MALDI) m/z 901.43 (M – 

H, C57H58O6N2Cl requires 901.40).  

1,4-Diiodo-2,5-dimethoxybenzene (3.20). Compound 3.20 was prepared according to 

the literature.25  

2,5-Diiodo-1,4-hydroquinone (3.1).  Compound 3.1 was prepared according to the 

literature.25,26 

1,4-Bis-(4-allyloxy-3-methoxybenzyloxy)-2,5-diiodobenzene (3.21).  A mixture of 2,5-

diiodo-1,4-hydroquinone 3.1 (0.812 g, 2.24 mmol), benzyl chloride 3.6 (1.00 g, 4.71 

mmol), K2CO3 (1.24 g, 8.97 mmol) and dry DMF (15 mL) was stirred at room 

temperature until TLC (SiO2, 4:1 CH2Cl2-hexanes) indicated consumption of starting 

materials (48 hrs).  The reaction was then dissolved in CH2Cl2 (ca. 80 mL), washed with 

H2O, saturated NaHCO3 and brine, dried over MgSO4, filtered through a short silica gel 

plug, and concentrated in vacuo.  Purification by flash chromatography (SiO2, 6:4:1 

hexanes-CH2Cl2-Et2O) and subsequent recrystallization from acetone afforded diiodide 



 

  

173 

  

3.21 (0.55 g, 0.77 mmol, 34 %) as a white, fluffy, solid: mp 163-165 °C; 1H NMR (500 

MHz, CDCl3): δ 7.28 (s, 2H), 7.09 (d, J = 1.5 Hz, 2H), 6.94 (dd, J = 8.2,1.2 Hz, 2H), 6.88 

(d, J = 8.0 Hz, 2H), 6.13 – 6.05 (m, 2H), 5.41 (dd, J = 17.2, 1.2 Hz, 2H), 5.29 (dd, J = 

11.0, 1.5 Hz, 2H), 5.00 (s, 4H), 4.62 (d, J = 5.5 Hz, 4H), 3.91 (s, 6H); 13C NMR (125.7 

MHz, CDCl3): δ 152.7, 149.5, 147.8, 133.2, 129.0, 123.7, 119.6, 118.0, 113.1, 111.1, 

86.7, 72.1 69.9, 56.0; HRMS (FT-ICR, ESI) calcd for C28H28O6I2Na (M + Na)+ requires 

736.9873; found 736.9889. 

1,4-Bis-(4-(4-allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-ethylamino)benzyloxy)-

2,5-diiodobenzene (3.22).  A mixture of compound 3.13 (2.39 g, 5.29 mmol), 2,5-diiodo-

1,4-hydroquinone 3.1 (0.89 g, 2.46 mmol), K2CO3 (1.35 g, 9.77 mmol) and dry DMF (35 

mL) was maintained at 50 °C with stirring.  After 24 h, the reaction was extracted into 

THF and Et2O, washed with brine (3x), dried (MgSO4), filtered and concentrated.  The 

crude residue was then triturated with Et2O (3x) and purified by flash chromatography 

(SiO2, 4:1-hexanes:EtOAc) and subsequent precipitation from hexanes and ethyl acetate 

to yield macromonomer 3.22 (1.3 g, 44%) as a white powder: mp 100-102 °C; 1H NMR 

(300 MHz, CDCl3): δ 7.30 – 6.82 (m, 24H), 6.15 – 6.02 (m, 2H), 5.44 – 5.27 (m, 4H), 

5.07 (s, 4H), 4.95 (s, 4H), 4.63 – 4.60 (m, 4H), 4.31 (s, 4H), 3.77 (s, 6H), 3.14 (q, J = 7.0 

Hz, 4H), 1.01 (t, J = 7.0 Hz, 6H); 13C NMR (125.7 MHz, CDCl3): 152.7, 152.2, 149.4, 

147.6, 140.6, 139.3, 133.3, 130.1, 128.8, 128.4, 128.0, 126.7, 123.6, 121.2, 120.8, 120.0, 

117.9, 113.9, 113.1, 111.3, 86.7, 72.1, 70.8, 69.9, 56.7, 55.8, 44.8, 12.3; HRMS 

(MALDI) calcd for C60H61O8I2N2 (M – H)+ requires 1191.2512; found 1191.2400. 
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1,4-Bis-(4-(4-(4-Allyloxy-3-methoxybenzyloxy)-3-(N-benzyl-N-

ethylamino)benzyloxy)-3-(N’ -3,5-dibenzyloxybenzyl-N’ -ethylamino)benzyloxy)-2,5-

diiodobenzene (3.23).  A mixture of 2,5-diiodo-1,4-hydroquinone 3.1 (0.227 g, 0.627 

mmol), ext.[G-2] benzyl chloride 3.19 (1.19 g, 1.32 mmol), K2CO3 (0.260 g, 1.88 mmol), 

a spatula tip of 18-crown-6 and acetone (60 mL) was stirred at RT while consumption of 

the starting materials was monitored periodically by TLC (SiO2, 4:4:1-

hexanes:CH2Cl2:Et2O).  After 4 days, no more hydroquinone was present in the reaction 

and thus an additional portion of compound 3.1 (0.113 g, 0.312 mmol) and acetone (ca. 1 

mL) was added to the mixture.  Similarly after 8 days, another portion of the 

hydroquinone (46.1 mg, 0.127 mmol) and acetone (ca. 2 mL) was required to drive the 

reaction to completion.  Upon consumption of chloride 3.19, the reaction was poured into 

a separatory funnel containing EtOAc (100 mL) and water (200 mL).  The organic phase 

was washed with water (200 mL) and brine (200 mL), dried over MgSO4, filtered and 

concentrated in vacuo.  The crude monomer was then purified by flash chromatography 

twice (1. SiO2, 5:4:1-hexanes:CH2Cl2:Et2O and 2. SiO2, 7:3:1-hexanes:CH2Cl2:acetone) 

to provide compound 3.23 (0.542 g, 39 %) as an off white-foam: 1H NMR (300 MHz, 

CDCl3): δ 7.36 – 6.79 (m, 50H), 6.60 (d, J = 2.1 Hz, 4H), 6.45 (t, J = 2.1 Hz, 2H), 6.15 – 

6.02 (m, 2H), 5.40 (dd, J = 17.1, 1.5 Hz, 2H), 5.28 (dd, J = 10.2, 1.5 Hz, 2H), 5.01 (s, 

4H), 4.93 (s, 4H), 4.92 (s, 4H), 4.85 (s, 8H), 4.60 (d, J = 5.4 Hz, 4H), 4.25 (s, 4H), 4.16 

(s, 4H), 3.74 (s, 6H), 3.12 (q, J = 7.2 Hz, 4H), 3.02 (q, J = 7.0 Hz, 4H), 0.99 (t, J = 6.9 

Hz, 6H), 0.90 (t, J = 7.0 Hz, 6H); 13C NMR (125.7 MHz, CDCl3): δ 159.7, 152.8, 152.2, 

152.1, 149.5, 147.6, 142.1, 140.6, 140.3, 139.4, 137.1, 133.4, 130.2, 129.7, 128.6, 128.4, 
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128.3, 127.9, 127.8, 127.5, 126.6, 123.7, 121.5, 121.3, 121.0, 120.9, 120.0, 117.9, 113.8, 

113.7, 113.2, 111.4, 107.3, 100.8, 86.7, 72.2, 70.7, 70.7, 69.9, 69.9, 56.9, 56.5, 55.8, 44.9, 

44.7, 12.4, 12.2; HRMS (MALDI) calcd for C120H119O14I2N4 (M – H)+ requires 

2093.6807; found 2093.6954. 

1,4-Didodecyloxybenzene (3.24).  Compound 3.2426 was prepared as follows: a mixture 

of p-hydroquinone (2.00 g, 18.2 mmol), 1-bromododecane (9.98 g, 40.0 mmol), K2CO3 

(6.07 g, 43.9 mmol) and acetone (147 mL) was maintained at reflux with stirring.  After 4 

days, an additional portion of K2CO3 (2.02 g, 14.6 mmol) was added to the reaction and 

refluxing continued for another 2 days.  The mixture was then reduced in vacuo and 

CH2Cl2 (ca. 250 mL) added.  The organics were then washed with H2O and brine, dried 

(MgSO4), filtered and concentrated.  Precipitation from hexanes afforded the product 

3.24 (7.18 g, 89 %) as an off-white powder: mp 72-74 °C (lit36 74-75 °C); 1H NMR (300 

MHz, CDCl3): δ 6.82 (s, 4H), 3.89 (t, J = 6.4 Hz, 4H), 1.79 – 1.70 (m, 4H), 1.48 – 1.26 

(m, 36H), 0.88 (t, J = 6.6 Hz, 6H). 

2,5-Didodecyloxy-1,4-diiodobenzene (3.25).  Compound 3.2526 was prepared as 

follows: a mixture of 1,4-didodecyloxybenzene  (18.6 g, 41.7 mmol), KIO3 (3.55 g, 16.6 

mmol), I2 (11.7 g, 45.9 mmol), glacial acetic acid (440 mL), conc. H2SO4 (4.8 mL) and 

water (44 mL) was heated to reflux (ca. 135 °C) under Argon for 24 h.  The reaction was 

then allowed to cool to RT and an aqueous Na2S2O4 solution (20 %) added pipet-wise to 

the stirring mixture until the purple iodine color disappeared.  The resulting precipitate 

was filtered and dissolved in CHCl3.  The organics were then washed with saturated 

NaHCO3, water and brine, dried over MgSO4, filtered and concentrated.  Purification by 
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flash chromatography (SiO2, hexanes) and subsequent recrystallization from hexanes 

afforded the product 3.25 (23.5 g, 81 %) as a white solid: mp 65-67 °C (lit. not reported); 

1H NMR (300 MHz, CDCl3): δ 7.17 (s, 2H), 3.92 (t, J = 6.4 Hz, 4H), 1.84 – 1.75 (m, 

4H), 1.54 – 1.27 (m, 36H), 0.88 (t, J = 6.9 Hz, 6H).  

1,4-Didodecyloxy-2,5-bis-(3-hydroxy-3-methyl-1-butynyl)benzene (3.26).  Compound 

3.2637 was prepared as follows: a heavy-walled flask fitted with a Teflon valve closure 

was charged with compound 3.25 (2.00 g, 2.86 mmol), 2-methyl-3-butyn-2-ol (0.641 g, 

7.62 mmol), Pd(dba)2 (73.9 mg, 0.129 mmol, 4.5 mol % Pd), CuI (0.284 g, 1.49 mmol), 

PPh3 (0.128 g, 0.487 mmol) and triethylamine (14.3 mL).  The mixture was freeze-pump-

thaw degassed (four cycles), sealed, and heated to 55 °C with stirring for 24 h.  After this 

time, the reaction mixture was allowed to cool to RT, filtered, and the filter cake was 

washed copiously with hexanes.  The organics were then concentrated in vacuo, 

redissolved in CH2Cl2, washed with saturated NaHCO3, water and brine, dried (MgSO4), 

filtered and concentrated.    The crude product was then purified by flash chromatography 

(SiO2, 19:1-CH2Cl2:EtOAc) followed by recrystallization from hexanes to yield 

compound 3.26 (1.65 g, 95 %) as a white, crystalline solid: mp 95-97 °C (lit37 93-94 °C); 

1H NMR (300 MHz, CDCl3): δ 6.85 (s, 2H), 3.93 (t, J = 6.4 Hz, 4H), 2.02 (s, 2H), 1.83 – 

1.74 (m, 4H), 1.63 (s, 12H), 1.53 – 1.26 (m, 36H), 0.88 (t, J = 6.6 Hz, 6H). 

1,4-Didodecyloxy-2,5-diethynylbenzene (3.2).  Compound 3.237 was prepared as 

follows: a solution of 3.26 (1.55 g, 2.53 mmol), KOH (0.818 g, 14.6 mmol), toluene (17 

mL), and methanol (11 mL) was maintained at reflux (110 °C) in a flask fitted with a 

Dean-Stark trap and a jacketed water condenser with stirring under Ar.  The reaction 
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proceeded until consumption of the starting material (92 h) was observed by TLC (SiO2, 

3:2 hexanes-ethyl acetate), after which the reaction was allowed to cool to RT.  The crude 

product was then poured into a separatory funnel containing ethyl acetate (100 mL) and 

extracted with water (3 x 200 mL).  The organics were dried over MgSO4, filtered, and 

concentrated.  Purification by flash chromatography (SiO2, 9:1 hexanes -CH2Cl2) 

followed by recrystallization from hexanes afforded diethynyl monomer 3.2 (1.15 g, 92 

%) as a white crystalline solid: mp 79-81 °C (lit37 81-82 °C); 1H NMR (300 MHz, 

CDCl3): δ 6.95 (s, 2H), 3.97 (t, J = 6.6 Hz, 4H), 3.32 (s, 2H), 1.84 – 1.75 (m, 4H), 1.51 – 

1.26 (m, 36H), 0.88 (t, J = 6.9 Hz, 6H). 

Polymer 3.27.  A procedure from the literature29,30 was modified as follows: a heavy-

walled flask fitted with a Teflon valve closure was charged with macromonomer 3.21 

(0.156 g, 0.218 mmol), diethynyl monomer 3.2 (0.111 g, 0.225 mmol), (PPh3)2PdCl2 (2.2 

mg, 3.1 µmol, 1.4 mol % Pd), CuI (1.8 mg, 9.5 µmol, 4.3 mol % Cu), piperidine (1.0 mL) 

and toluene (1.0 mL).  The mixture was freeze-pump-thaw degassed (four cycles), sealed 

and heated to 50 °C with stirring for 42 h.  The reaction was then allowed to cool to RT 

and dissolved in CHCl3 (ca. 15 mL).  Stirring was continued for 40 min to allow the 

polymer to fully dissolve, after which, the organics were washed with aq. NH4OH (50% 

v/v), H2O, saturated NaHCO3 and H2O, and dried over MgSO4.  Upon filtration, the 

solvent was removed in vacuo and the resulting residue copiously washed with methanol 

until the washings were colorless (3x).  The crude polymer was dissolved in a minimal 

amount of CHCl3 (6.0 mL) and slowly added drop-wise to rapidly stirring methanol (240 

mL).  The precipitate was centrifuged, the methanol decanted off, and the precipitation 
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procedure repeated (2x) on the resulting solid to yield dendronized polymer 3.27 (60.8 

mg, 29 %) as a dark yellow solid: 1H NMR (500 MHz, CDCl3): δ 7.11 – 6.83 (m, 10H), 

6.11 – 6.03 (m, 2H), 5.39 (d, J = 17.0 Hz, 2H), 5.27 (d, J = 10.5 Hz, 2H), 5.12 (s, 4H), 

4.59 (d, J = 4.5 Hz, 4H), 3.92 (br, 4H), 3.77 (s, 6H), 1.72 (br, 4H), 1.43 (br, 4H), 1.21 (br, 

32H), 0.86 (t, J = 6.7 Hz, 6H); 13C NMR (125.7 MHz, CDCl3): δ 153.5, 149.5, 147.7, 

133.3, 129.9, 119.5, 118. 5, 117.9, 117.1, 115.1, 114.6, 114.2, 113.0, 111.0, 92.0, 91.4, 

71.7, 69.9, 69.7, 55.8, 31.9, 29.7, 29.7, 29.5, 29.4, 29.3, 29.2, 26.0, 25.9, 22.7, 14.1; MS 

(SEC): monomodal. Mn = 42460, PDI = 2.9. 

Polymer 3.28.  A procedure from the literature29,30 was modified as follows: a heavy-

walled flask fitted with a Teflon valve closure was charged with diiodide 3.22 (0.260 g, 

0.218 mmol), compound 3.2 (0.111 g, 0.225 mmol), (PPh3)2PdCl2 (2.3 mg, 3.3 µmol, 1.5 

mol % Pd), CuI (3.6 mg, 18.9 µmol, 8.7 mol % Cu), piperidine (1.0 mL) and toluene (1.0 

mL).  The mixture was freeze-pump-thaw degassed (four cycles), sealed and heated to 50 

°C with stirring for 40 h.  The reaction was then allowed to cool to RT, dissolved in 

CHCl3 (ca. 15 mL), quenched with water (2.5 mL), and dissolved further in CHCl3 (ca. 

75 mL).  Stirring was continued for ca. 20 h to allow the polymer to fully dissolve, after 

which, the organics were washed with aq. NH4OH (50% v/v), H2O, saturated NaHCO3 

and H2O, and dried over MgSO4.  Upon filtration, the solvent was removed in vacuo and 

the resulting residue washed copiously with methanol until the washings were colorless 

(3x).  The crude material was then dissolved in a minimal amount of CH2Cl2 (4.0 mL) 

and slowly added drop-wise to rapidly stirring methanol (200 mL).  The precipitate was 

subsequently centrifuged, the methanol decanted off, and the precipitation procedure 
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repeated (3x) on the obtained solid to provide polymer 3.28 (0.222 g, 71 %) as a dark 

yellow solid: 1H NMR (300 MHz, CDCl3): δ 7.33 – 6.78 (m, 26H), 6.13 – 6.00 (m, 2H), 

5.38 (dd, J = 17.2, 1.0 Hz, 2H), 5.27 (dd, J = 10.5, 1.2 Hz, 2H), 5.10 (s, 4H), 5.00 (s, 4H), 

4.58 (d, J = 6.0 Hz, 4H), 4.21 (s, 4H), 3.91 (br, 4H), 3.73 (s, 6H), 3.06 (q, J = 6.7 Hz, 

4H), 1.73 (br, 4H), 1.42 (br, 4H), 1.19 (br, 32H), 0.93 – 0.82 (m, 12H); 13C NMR (125.7 

MHz, CDCl3): δ 153.6, 153.4, 152.1, 149.4, 147.6, 140.6, 139.3, 133.3, 130.1, 129.6, 

128.4, 128.0, 126.7, 121.2, 120.6, 119.9, 118.7, 117.9, 117.2, 115.0, 114.3, 113.8, 113.0, 

111.3, 91.8, 91.5, 71.7, 70.8, 69.9, 69.7, 56.7, 55.7, 44.5, 31.9, 29.7, 29.7, 29.5, 29.4, 

29.3, 26.0, 22.7, 14.1, 12.0; MS (SEC): monomodal. Mn = 20960, PDI = 2.6. 

Polymer 3.29.  A procedure from the literature29,30 was modified as follows: a heavy-

walled flask fitted with a Teflon valve closure was charged with compound 3.23 (0.343 g, 

0.164 mmol), diine 3.2 (83.3 mg, 0.168 mmol), (PPh3)2PdCl2 (1.6 mg, 2.3 µmol, 1.4 mol 

% Pd), CuI (3.2 mg, 16.8 µmol, 10.3 mol % Cu), piperidine (0.75 mL) and toluene (0.75 

mL).  The mixture was freeze-pump-thaw degassed (four cycles), sealed and heated to 50 

°C with stirring for 40 h.  The reaction was then allowed to cool to RT and dissolved in 

CHCl3 (ca. 40 mL).  Stirring was continued for ca. 30 min to allow the polymer to fully 

dissolve, after which, the organics were washed with aq. NH4OH (50% v/v), H2O, 

saturated NaHCO3 and H2O, and dried over MgSO4.  Upon filtration, the solvent was 

removed in vacuo and the resulting residue washed copiously with methanol until the 

washings were colorless (3x).  The crude polymer was dissolved in a minimal amount of 

CH2Cl2 (6.0 mL) and slowly added drop-wise to rapidly stirring methanol (200 mL).  The 

resulting precipitate was then centrifuged and the methanol decanted off to obtain ext.[G-
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2]/OC12H25-PPE 3.29 (0.178 g, 47 %) as a fibrous, dark yellow solid: 1H NMR (500 

MHz, CDCl3): δ 7.30 – 6.76 (m, 52H), 6.56 (d, J = 1.5 Hz, 4H), 6.40 (br, 2H), 6.09 – 

6.02 (m, 2H), 5.37 (dd, J = 17.5, 1.5 Hz, 2H), 5.26 (d, J = 10.5 Hz, 2H), 5.03 (br, 4H), 

4.93 (br, 4H), 4.85 (br, 4H), 4.78 (s. 8H), 4.57 (d, J = 5.0 Hz, 4H), 4.14 (br, 4H), 4.09 (s, 

4H), 3.88 (br, 4H), 3.70 (s, 6H), 3.03 (d, J = 6.5 Hz, 4H), 2.96 (q, J = 6.8 Hz, 4H), 1.70 

(br, 4H), 1.40 (br, 4H), 1.17 (br, 32H), 0.88 – 0.80 (m, 18H); 13C NMR (125.7 MHz, 

CDCl3): δ 159.6, 153.6, 153.4, 152.1, 152.1, 149.3, 147.5, 142.3, 140.5, 140.4, 139.4, 

137.1, 133.3, 130.1, 129.6, 129.4, 128.4, 128.3, 127.9, 127.7, 127.4, 126.6, 121.6, 121.2, 

120.9, 120.5, 120.0, 118.6, 117.9, 117.2, 115.0, 114.3, 113.5, 113.1, 111.3, 107.1, 100.8, 

71.6, 70.7, 70.6, 69.9, 69.7, 69.6, 57.0, 56.5, 55.7, 44.5, 31.9, 30.3, 29.7, 29.7, 29.7, 29.5, 

29.4, 29.3, 29.2, 26.0, 22.7, 14.2, 12.1, 12.1; MS (SEC): monomodal. Mn = 42200, PDI = 

3.4. 

(Methoxy/dodecyloxy-PPE) polymer (3.3).  A procedure from the literature29,30 was 

modified as follows: a heavy-walled flask fitted with a Teflon valve closure was charged 

with diiodide 3.20 (85.0 mg, 0.218 mmol), 1,4-didodecyloxy-2,5-diethynylbenzene 3.2 

0.111 g, 0.225 mmol), (PPh3)2PdCl2 (2.4 mg, 3.4 µmol, 1.6 mol % Pd), CuI (2.0 mg, 11 

µmol, 4.8 mol % Cu), piperidine (1.0 mL) and toluene (1.0 mL).  The mixture was 

freeze-pump-thaw degassed (five cycles), sealed and maintained at 50 °C with stirring for 

41 h.  The reaction was then allowed to cool to RT, dissolved in CHCl3 (ca. 15 mL), 

quenched with water (2.5 mL) and dissolved further in CHCl3 (ca. 75 mL).  Stirring was 

continued for ca. 40 h to allow the polymer to fully dissolve, after which, the organics 

were washed with aqueous NH4OH (50 % v/v), H2O, saturated NaHCO3 and H2O, and 
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dried over MgSO4.  Upon filtration, the solvent was removed in vacuo and the resulting 

residue copiously washed with methanol until the washings were colorless (2x).  The 

crude was then dissolved in a minimal amount of CHCl3 (6.0 mL) and slowly added 

drop-wise to rapidly stirring methanol (200 mL).  The precipitate was centrifuged, the 

methanol decanted off, and the precipitation procedure repeated twice more to yield 

polymer 3.3 (94.5 mg, 69 %) as a brilliant yellow solid: 1H NMR (300 MHz, CDCl3): δ 

7.04 (s, 4H), 4.05 (br, 4H), 3.91 (s, 6H), 1.93 – 1.82 (m, 4H), 1.59 – 1.49 (m, 4H), 1.42 – 

1.18 (m, 32H), 0.87 (t, J = 6.4 Hz, 6H); 13C NMR (125.7 MHz, CDCl3): 153.9, 153.7, 

116.9, 115.6, 114.1, 113.7, 91.8, 91.5, 69.6, 56.4, 31.9, 29.7, 29.5, 29.4, 26.0, 22.7, 14.1; 

MS (SEC): monomodal. Mn = 22050, PDI = 8.1. 

1,4-Bis-allyloxy-2,5-diiodobenzene (3.30).  A stirring mixture of compound 3.1 (1.00 g, 

2.76 mmol), allyl bromide (0.735 g/ 0.53 mL, 6.08 mmol), K2CO3 (1.53 g, 11.1 mmol) 

and dry DMF (15 mL) was heated to 55 °C under Ar.  Stirring was continued until 

consumption of the starting material (73 h) was confirmed by TLC (SiO2, 4:1-

hexanes:EtOAc).  The reaction was then poured over 0.5M HCl (ca. 100 mL) and 

extracted with CH2Cl2 (ca. 100 mL).  The aqueous phase was extracted with CH2Cl2 (2 x 

50 mL) and the organics combined.  The organic phase was washed with saturated 

NaHCO3, water (2x) and brine, dried (MgSO4), filtered and concentrated.  Flash 

chromatography (SiO2, 9:1-hexanes:CH2Cl2) and subsequent recrystallization in hexanes 

and dichloromethane yielded the product 3.30 (1.05 g, 86 %) as white crystals: mp 129-

132 °C; 1H NMR (300 MHz, CDCl3): δ 7.20 (s, 2H), 6.10 – 5.97 (m, 2H), 5.53 – 5.45 (m, 

2H), 5.34 – 5.29 (m, 2H), 4.54 – 4.51 (m, 4H); 13C NMR (125.7 MHz, CDCl3): δ . 
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(Allyloxy/dodecyloxy-PPE) polymer (3.31).  A procedure from the literature29,30 was 

modified as follows: a heavy-walled flask fitted with a Teflon valve closure was charged 

with monomer 3.30 (96.3 mg, 0.218 mmol), diethynyl monomer 3.2 (0.111 g, 0.225 

mmol), (PPh3)2PdCl2 (2.2 mg, 3.1 µmol, 1.4 mol % Pd), CuI (1.9 mg, 10 µmol, 4.6 mol 

% Cu), piperidine (1.0 mL) and toluene (1.0 mL).  The mixture was freeze-pump-thaw 

degassed (four cycles), sealed and maintained at 50 °C with stirring for 41 h.  The 

reaction was then allowed to cool to RT, dissolved in CHCl3 (ca. 15 mL), quenched with 

water (2.5 mL), and dissolved further in CHCl3 (ca. 70 mL).  Stirring was continued for 

ca. 24 h to allow the polymer to fully dissolve, after which, the organic phase was washed 

with aq. NH4OH (50% v/v), H2O, saturated NaHCO3 and H2O, and dried over MgSO4.  

Upon filtration, the solvent was removed in vacuo and the resulting residue copiously 

washed with methanol until the washings were colorless (2x).  The residue was then 

dissolved in a minimal amount of CHCl3 (1.0 mL) and slowly added drop-wise to rapidly 

stirring methanol (40 mL).  The precipitate was centrifuged and the methanol decanted 

off to afford polymer 3.31 (18.4 mg, 12 %) as an orangish-brown solid: 1H NMR (300 

MHz, CDCl3): δ 7.03 (br, 4H), 6.17 – 6.05 (m, 2H), 5.52 (d, J = 17.1 Hz, 2H), 5.30 (d, J 

= 10.2 Hz, 2H), 4.63 (br, 4H), 4.04 (br, 4H), 1.86 (br, 4H), 1.51 (br, 4H), 1.25 (br, 32H), 

0.87 (br, 6H); MS (SEC): monomodal. Mn = 2940, PDI = 1.9. 

6-Nitropiperonyl alcohol (3.32).  Compound 3.3238,39 was prepared according to the 

literature. 

1,4-Bis-(6-nitropiperonyloxy)-2,5-diiodobenzene (3.33).  To a cold (0 °C), stirring 

solution of 2,5-diiodo-1,4-hydroquinone 3.1 (0.543 g, 1.50 mmol), 6-nitropiperonyl 
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alcohol 3.32 (0.621 g, 3.15 mmol), PPh3 (0.826 g, 3.15 mmol), and dry THF (20 mL) was 

added DEAD (0.549 g/ 0.50 mL, 3.15 mmol) dropwise via pipet.  After 3 h, the reaction 

mixture was diluted with methanol, and the insolubles filtered to yield compound 3.33 

(0.78 g, 72%) as an off-white solid: no characterization could be performed due to the 

material’s insolubility in the following solvents: CHCl3, THF, DMSO, H2O, acetone, 

DMF, CH2Cl2, EtOH, Et2O and EtOAc.  Melting point analysis resulted in decomposition 

of the material. 

4-Dodecyloxy-5-methoxy-2-nitrobenzyl alcohol (3.34).  Compound 3.3439,40 was 

prepared according to the literature. 

1,4-Bis-(4-dodecyloxy-5-methoxy-2-nitrobenzyloxy)-2,5-diiodobenzene (3.35).  

Following the procedure for 3.33, compound 3.1 (0.543 g, 1.50 mmol), 4-dodecyloxy-3-

methoxy-6-nitrobenzyl alcohol 3.34 (1.16 g, 3.15 mmol), PPh3 (0.826 g, 3.15 mmol), dry 

THF (20 mL) and DEAD (0.549 g/ 0.50 mL, 3.15 mmol) afforded compound 3.36 (0.97 

g, 61%) as a flesh colored solid after cold methanol washings: no characterization data 

could be obtained due to the material’s insolubility in the following solvents: CHCl3, 

THF, benzene, acetone, hexanes, toluene, EtOAc and CH2Cl2.  Melting point analysis 

resulted in decomposition of the material around 215 °C. 

1,4-Bis-(t-butyldiphenylsilyloxy)-2,5-diiodobenzene (3.36).  A solution of 2,5-diiodo-

1,4-hydroquinone 3.1 (2.17 g, 6.00 mmol), tert-butylchlorodiphenylsilane (3.30 g/ 3.12 

mL, 12.0 mmol), imidazole (1.23 g, 18.0 mmol) and dry DMF (50 mL) was stirred at RT 

for 12.5 h.  The resulting mixture was then diluted with CH3OH (ca. 75 mL), stirred for 

an additional 30 m, chilled to 0 °C  for 5 h, filtered and the filtrant washed copiously with 
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CH3OH to yield product 3.36 (4.38 g, 87 %) as a white powder: mp 227-229 °C; 1H 

NMR (300 MHz, CDCl3): δ 7.70 – 7.67 (m, 8H), 7.50 – 7.37 (m, 12H), 6.69 (s, 2H), 1.11 

(s, 18H); 13C NMR (75.4 MHz, CDCl3): 149.6, 135.6, 131.9, 130.2, 127.9, 127.5, 88.2, 

26.6, 19.7.  

(t-Butyldiphenylsilyloxy dodecyloxy-PPE) polymer (3.4).  A procedure from the 

literature29,30 was modified as follows: a heavy-walled flask fitted with a Teflon valve 

closure was charged with diiodide 3.36 (0.183 g, 0.218 mmol), diethynyl monomer 3.2 

(0.111 g, 0.225 mmol), (PPh3)2PdCl2 (2.8 mg, 4.0 µmol, 1.8 mol % Pd), CuI (2.6 mg, 

13.7 µmol, 6.3 mol % Cu), piperidine (1.0 ml) and toluene (1.0 ml).  The mixture was 

freeze-pump-thaw degassed (four cycles), sealed and maintained at 50 °C with stirring 

for 40 h.  The reaction was then allowed to cool to RT, dissolved in CHCl3 (ca. 20 mL), 

quenched with water (2.5 mL) and dissolved further in CHCl3 (ca. 70 mL).  Stirring was 

continued for ca. 1 h to allow the polymer to fully dissolve, after which, the organic 

phase was washed with aqueous NH4OH (50% v/v), H2O, saturated NaHCO3 and H2O, 

and dried over MgSO4.  Upon filtration, the solvent was removed in vacuo and the 

resulting residue washed copiously with methanol until the washings were colorless (2x).  

The residue was then dissolved in a minimal amount of CH2Cl2 (ca. 3.5 mL) and slowly 

added drop-wise to rapidly stirring methanol (140 mL).  The precipitate was centrifuged, 

the methanol decanted off, and the precipitation procedure repeated (2x) on the resulting 

material to provide model polymer 3.4 (0.15 g, 63 %) as a dark yellow solid: 1H NMR 

(500 MHz, CDCl3): 7.79 – 7.68 (m, 8H), 7.46 – 7.31 (m, 12H), 6.90 – 6.77 (m, 2H), 6.62 

– 6.52 (m, 2H), 3.86 – 3.67 (m, 4H), 1.80 – 1.46 (m, 4H), 1.38 – 1.18 (m, 36H), 1.09 (br, 
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18H), 0.88 – 0.85 (m, 6H); 13C NMR (125.7 MHz, CDCl3): 153.2, 149.9, 135.5, 132.6, 

129.8, 127.7, 122.6, 117.0, 116.0, 114.0, 92.0, 91.0, 69.4, 31.9, 29.7, 29.7, 29.7, 29.4, 

29.2, 28.8, 26.7, 25.9, 25.6, 22.7, 19.8, 14.1; MS (SEC): monomodal. Mn = 20440, PDI = 

2.2. 
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CHAPTER 4.  SYNTHESIS AND APPLICATION OF PHOTO-

CROSSLINKABLE DENDRONS ONTO A POLY(PHENYLENEETHYNYL ENE) 

SCAFFOLD TO GENERATE A PH-TUNABLE, LUMINESCENT THIN  FILM 

4.1 Introduction 

Poly(phenyleneethynylene)s or PPEs are a class of conjugated, organic polymers 

that have recently been examined for possible applications utilizing their excellent 

photoluminescence properties.  Currently, research involving these substrates has focused 

on their potential to serve as the emissive material in electronic display devices such as 

OLEDs1 and in sensor technology, where they have successfully been harnessed to detect 

a variety of different analytes such as sugars,2,3 bacteria,4 oligonucleotides,5-7 proteins,8,9 

TNT,9-11 enantiomers12 and heavy metal ions.13,14  Recently, studies were performed by 

the McGrath group in which a series of dendronized PPEs were chemically stripped of 

their insulating dendrons to yield modified polymers possessing phenol moieties along 

the macromolecular backbone.15  Upon forming these functional groups, the emissive 

properties of the resultant PPE displayed the ability to reversibly switch with variation of 

solution pH, which enabled potential function as a pH sensor.  Initially, photophysical 

experiments on the phenolic polymers were conducted in solution, however to further 

develop this technology into a reusable, solid-state sensor platform, the preparation of 

macromolecules possessing masked phenols was required to enable casting into insoluble 

thin films.  In this chapter, we accomplish this goal by the integration of crosslinkable 

dendrons into these materials (Figure 4.1). 
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Figure 4.1  Proposed thin-film sensor application in photo-crosslinkable PPE. 
 

Before the target system could be fabricated, a series of PPEs appended with 

increasing generations of cinnamate-terminated dendrons were synthesized to ascertain 

the optimal combination of dendritic bulk and number of cinnamate groups to effectively 

insulate the backbone chromophore while rendering the material insoluble upon 

crosslinking.  With the appropriate generation of dendron needed to perform these studies 

identified, a PPE possessing both crosslinkable dendrons and silyl-protected phenols was 

synthesized, characterized, and its tunable photoluminescence properties were assessed in 

both thin film condensed phase and solution. 

4.2 Results and Discussion 

4.2.1 Synthesis 

4.2.1.1 Original Proposed Synthesis of Photocrosslinkable PPEs 
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The crosslinkable dendrons originally envisioned for application in the proposed 

system where first developed and employed in previous work with dendronized 

quinacridones (Figure 4.2).16 

2n – 1
O O

2n

C5H11O

O

O

R  

Figure 4.2  Cinnamate-terminated benzyl aryl ether dendrons developed previously by D’Ambruoso and 
McGrath. 
 
 
Synthesis of these cinnamate-terminated benzyl aryl ether dendrons started with 

commercially available 4-hydroxycinnamate which was converted to the corresponding 

ester with either ethyl or pentyl alcohol (87 and 100 % respectively).  A propyl tether was 

then affixed to esters 4.1 and 4.2 via Mitsunobu coupling to provide cinnamate chlorides 

4.3 and 4.4 (90 % and 73 % yield, respectively) (Scheme 4.1).16   

OH
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HO Cl

4.1: R = C5H11 (87 %)
4.2: R = C2H5 (100 %)

4.3: R = C5H11(90 %)
4.4: R = C2H5 (73 %)  

Scheme 4.1  Synthesis of photo-crosslinkable, cinnamate ester derivatives. 
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To prepare subsequent generations of the photo-crosslinkable dendrons, alkylation of 3,5-

dihydroxybenzyl alcohol with compound 4.4 (or 4.3) was performed followed by an 

iterative sequence of chlorination and alkylation.16  However, initial efforts to synthesize 

zeroth generation macromonomer 4.5 (or 4.6) were limited by extremely poor yields 

(Scheme 4.2) 
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4.4: R = C2H5

HO OH

I

I

O

O

RO

O

4.5: R = C5H11(5 %)
4.6: R = C2H5 (14 %)

I

I

O

O

O

OR

K2CO3

DMF

80 °C

3.1

 

Scheme 4.2  Formation of zeroth generation macromonomer. 
 

Consequently, a more efficient method for attaching the cinnamate moieties to 2,5-

diiodo-1,4-hydroquinone 3.1 was required. 

4.2.1.2 Modified Synthesis of Dendronized Polymers Using Click Chemistry 

While various coupling conditions could have been examined to optimize the 

aforementioned reaction, Click chemistry, specifically introduction of a Cu(I)-mediated 

triazole linker, was deemed as an attractive alternative due to its near quantitative 

efficiency, tolerance to a variety of solvents both aqueous and organic, utilization of non-

toxic reagents and excellent specificity and regioselectivity.17  Furthermore, as seen 

below, the revised methodology resulting from the application of this strategy facilitated 

both the coupling of cinnamate groups to the dendron periphery and attachment of the 
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completed dendron to a diiodo monomeric precursor, ultimately affording the 

macromonomers necessary for polymerization (Scheme 4.3) 
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Scheme 4.3  Proposed synthesis of crosslinkable dendrons utilizing Click chemistry. 
 
 
Furthermore, to implement the modified protocol, only preparation of propargyl-

terminated dendrons, which had successfully been fabricated and reported previously in 

the literature,18 and minor modifications to the existing materials were required.   

4.2.1.3 Preparation of Cinnamate Azide and Propargylated Diiodo Monomer 

To facilitate the application of Click chemistry, slight alteration of the 

crosslinkable substrate and the diiodo monomeric precursor needed to be performed.  

Specifically, pentyl (E)-4-(3-azidopropoxy)cinnamate (4.8), or the zeroth generation 
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crosslinking dendron, was prepared from the corresponding chloride, and propargyl 

groups were appended to diiodo compound 3.1 to give 4.7.  Exposure of pentyl (E)-4-(3-

chloropropoxy)cinnamate 4.3 to sodium azide and DMF furnished azide 4.8 in 79 % 

yield (Scheme 4.4),18 while 2,5-diiodo-1,4-hydroquinone and propargyl bromide were 

allowed to react under Williamson ether conditions (Scheme 4.5) to provide diiodide 4.7 

(61 %).19 
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70 °C

79 %4.3 4.8  

Scheme 4.4  Formation of pentyl (E)-4-(3-azidopropoxy)cinnamate 4.8. 
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Scheme 4.5  Propargylation of 2,5-diiodo-1,4-hydroquinone 3.1. 
 
 
With the necessary modifications completed, only the synthesis of Click-able dendrons 

remained for the assembly of crosslinkable macromonomers. 

4.2.1.4 Fabrication of Propargyl-terminated Dendrons for Click Chemistry 

The propargyl-terminated dendrons employed in this research were constructed 

following the work of Hawker.18  Starting with commercially available 3,5-

dihydroxybenzoic acid,20 Fischer’s esterification was performed using methanol and 
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catalytic H2SO4, to obtain compound 4.9 in excellent yield (89 %).  The resulting methyl 

ester was then coupled with propargyl bromide under basic conditions (84 %) and the 

ensuing product reduced with LAH to provide the propargyl-terminated [G-1] dendron as 

the alcohol (Scheme 4.6).18  
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Scheme 4.6  Synthesis of first and second generation, propargyl-terminated dendrons. 
 
 
Bromination of compound 4.11 was performed using Appel conditions (95 %)  and the 

dendritic bromide affixed to commercially available 3,5-dihydroxybenzyl alcohol to 

afford the second generation propargyl-terminated dendron in 81 % yield as the benzyl 

alcohol (Scheme 4.6).18    

4.2.1.5 Preparation of Crosslinkable Dendrons 
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Only modest yields were obtained for preliminary Click reactions involving azide 

4.8 and first generation dendritic bromide 4.12 (44 %) with the diminished efficiency of 

this process being  attributed to the presence of a competitive side reaction involving the 

formation of CuBr.  To circumvent this limitation, chlorination of the aforementioned 

alcohols was instead proposed and performed.  Consequently, exposure of the first and 

second generation dendritic alcohols to thionyl chloride and catalytic DMF in CH2Cl2 

(Scheme 4.7) proceeded smoothly to afford the target benzyl chlorides in near 

quantitative yield (97 and 93 % respectively).21 
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4.15: R = Cl (93 %)

DMF
CH2Cl2

R

O O

SOCl2 4.11: R = OH

4.14: R = Cl (97 %)

DMF
CH2Cl2  

Scheme 4.7  Chlorination of first and second generation dendritic alcohols. 
 
 

Thus, with a more robust functional group present, cinnamate azide 4.8 could then be 

affixed to chlorides 4.14 and 4.15 to present the first and second generation crosslinkable 

dendrons. 

Appending crosslinkable moieties onto the periphery of the propargyl-terminated 

dendrons was accomplished by implementing standard Click chemistry protocol 
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previously reported in the literature.18 Pentyl (E)-4-(3-azidopropoxy)cinnamate (4.8) and 

4.14 were readily coupled in the presence of CuSO4
.5H2O, Na L-ascorbate, and THF/H2O 

(2:1) to afford compound 4.16 in 85 % yield (Scheme 4.10).  Similarly, application of the 

aforementioned conditions upon dendritic chloride 4.15 provided second generation 

crosslinkable dendron in slightly decreased yield (63 %). 
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Scheme 4.8  Attachment of crosslinkable groups via Click protocol. 
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Having attached the cinnamate groups, dendritic chlorides 4.16 and 4.17 were converted 

to azides 4.18 and 4.19 exposure to sodium azide in DMF18 (92 and 88 % yield, 

respectively) (Scheme 4.8).   

4.2.1.6 Formation of Macromonomers 

With the necessary functional group present on the crosslinkable dendrons, Click 

chemistry was once again utilized to prepare a series of dendronized monomers.  

Macromonomers were prepared by coupling the cinnamate-terminated dendritic azides to 

diiodo monomeric precursor 4.7.  Following a procedure reported by Hawker for 

performing Click reactions in non-aqueous media,18 zeroth generation dendronized 

monomer 4.20 was obtained in 45% yield by coupling diiodide 4.7 and pentyl (E)-4-(3-

azidopropoxy)cinnamate in the presence of Cu(PPh3)3Br and (iPr)2NEt in THF (Scheme 

4.9). 
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Scheme 4.9  Synthesis of cinn2[G-0] diiodo macromonomer 4.20 using Click chemistry. 
 
 
When identical conditions were employed for the synthesis of the first and second 

generation macromonomers 4.21 and 4.22, no product was formed after several days.  

The inability of these substrates to couple was ultimately attributed to poor solubility of 

the azide dendrons in THF.  Therefore, to better solubilize these reagents and thereby 

enable their participation in this process, CH2Cl2 was exchanged for THF as the reaction 

solvent.  Applying the revised conditions, first generation dendron 4.18 was readily 
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coupled to diiodide 4.7 (Scheme 4.10) to provide first generation macromonomer 4.21 in 

modest yield (61 %).   
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Scheme 4.10  Synthesis of cinn2[G-1] diiodo macromonomer 4.21 using Click chemistry. 
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Similarly, dendritic azide 4.19 and 1,4-diiodo-2,5-bis-prop-2-ynyloxy-benzene were 

subjected to the modified protocol to generate second generation macromonomer 4.22 

(Scheme 4.11) in 59 % yield. 
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Scheme 4.11  Synthesis of cinn8[G-2] diiodo macromonomer 4.22 using Click chemistry. 
 
With the necessary crosslinkable macromonomers fabricated, Sonagashira 

polycondensations were subsequently performed to access the desired comb polymers.  

4.2.1.7 Preparation of Crosslinkable Comb Polymers 
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Step growth polymerization of the cinnamate-terminated dendronized monomers 

and 1,4-didodecyloxy-2,5-diethynylbenzene was initially undertaken by implementing 

Pd-catalyzed protocol previously reported by Bunz,22 in which (PPh3)2PdCl2 served as the 

Pd(0) catalyst source, CuI the co-catalyst, and toluene and piperidine were used as co-

solvents.  Applying these conditions, zeroth generation macromonomer and diethynyl 

compound 3.2 were polymerized to afford zeroth generation dendronized polymer 4.23 as 

a fibrous yellow solid in 28 % yield (Scheme 4.12). 
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Scheme 4.12  Synthesis of crosslinkable, dendronized PPEs 4.23 – 4.25. 
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n = x co-solvent yield  Mn PDI 

0 (4.20) toluene 28 % (4.23) 30380 1.6 

1 (4.21) CH2Cl2 72 % (4.24) 36910 2.5 

2 (4.22) CH2Cl2 67 % (4.25) 23110 1.4 

 
Table 4.1  Results of polymerization reactions used to synthesize crosslinkable, dendronized PPEs 4.23 - 
4.25. 

 

Characterization by 1H and 13C NMR confirmed that the target PPE had been synthesized 

without any structural defects, specifically the crosslinkble cinnamate groups appeared 

unaffected by the polymerization process.  Additionally, Gel Permation Chromatography 

(GPC) analysis indicated the polymer had generated as a high molecular weight material 

(Mn = 30380) that possessed a monomodal and reasonably narrow molecular weight 

distribution (PDI = 1.6).  Accordingly, the values determined by GPC analysis were 

calculated using a series of commercially available polystyrene standards (Figure 4.3). 
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Figure 4.3  Gel Permeation Chromatography data for PPEs 4.23 – 4.25 and 4.30.   

Nonetheless, the polymerization process was not without limitations as a poor 

material yield due to the formation of a considerable amount of insoluble material was 

also noted.  Consequently, a couple of theories were proposed to account for the poor 

overall efficiency.  Based upon the spectroscopic analysis of PPE 4.23, it was 

hypothesized that the crosslinkable substituents provided insufficient insulation to 

prevent aggregation and as a result a significant amount of material was lost from 

precipitation.  Also, the work-up conditions associated with Sonagashira polymerization 

may have been too harsh for these substrates and thus were thought to have contributed to 

the diminished amount of polymer that was recovered from purification.  Nonetheless, 
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sufficient quantities were acquired to perform both characterization and crosslinking 

experiments.   

 However, application of the aforementioned polycondensation conditions upon 

macromonomers 4.21 and 4.22 resulted in no observable polymer formation and starting 

material were recovered.  Low solubility was again the culprit, and when exchanging 

toluene for dichloromethane as the co-solvent, diiodido monomer 4.21 and 1,4-

didodecyloxy-2,5-diethynylbenzene readily co-polymerized to afford the corresponding 

first generation comb polymer 4.24 (Scheme 4.12) as tacky, yellow solid in good yield 

(72 %).  Analogous to the previous generation of dendronized PPE, structural 

determination via NMR indicated that the polycondensation reaction had progressed 

cleanly with the crosslinkable cinnamate remaining unaffected by the step growth 

process.  Likewise, GPC analysis (Figure 4.3) verified that high molecular weight 

materials (Mn = 36910) had been formed with a monomodal, but modest distribution of 

molecular weights (PDI = 2.5).   

Similarly, second generation dendronized polymer 4.25 was formed in 67 % yield 

as a bright yellow foam from step growth polymerization of second generation 

macromonomer 4.22 and diethynyl compound 3.2 through application of the revised 

conditions (Scheme 4.12).  The structural configuration of the resulting dendronized 

macromolecule was again characterized using 1H and 13C NMR and found to be precise 

and devoid of defects.  Likewise, the corresponding GPC chromatogram (Figure 4.3) 

possessed a monomodal distribution of molecular weights with reasonably low 

polydispersity (PDI = 1.4), however only a modest number-average molecular weight 
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was observed for PPE 4.25 (Mn = 23110) and consequently this analysis suggested the 

target substrate had been formed as an oligomer.  Still, a low degree of polymerization 

for second generation dendronized polymer 4.25 was not completely unanticipated in 

light of previous literature reports that indicated higher generations of dendronized 

monomers exhibiting limited or no polymerizability due to partial or complete 

encapsulation of the reactive sites.   

4.2.1.8 Synthesis of Silyl-protected Monomer 

Protection of 2,5-diethynyl-1,4-hydroquinone with tert-butylchlorodiphenylsilane 

was expected to afford the necessary co-monomer 4.27 for the aforementioned 

polymerization.  However, while the preparation of hydroquinone 4.26 had already been 

reported,23 none of the accounts offered detailed procedures.  Consequently, a new 

synthetic route to this compound and the resultant monomer was developed utilizing 

established methodology (Scheme 4.13).   
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Scheme 4.13  Methodology used to furnish 1,4-bis-(t-butyldiphenylsilyloxy)-2,5-diethynylbenzene 4.27. 
 
 
Aromatic iodination of commercially available 1,4-dimethoxybenzene provided diiodide 

3.20 in 76 % yield.24  Exchange of the newly formed aryl iodides for protected-acetylenes 

was then accomplished by reacting methyl-3-butyn-2-ol and compound 3.20 under Pd-

catalyzed coupling conditions,25 which afforded 2,5-bis-(3-hydroxy-3-methyl-1-butynyl)-

1,4-dimethoxybenzene (4.28) in excellent yield (94 %).  2,5-Diethynyl-1,4-

dimethoxybenzene (4.29) was subsequently generated (56 %) by exposing diol 4.28 to 

strong base, which facilitated deprotection of the acetylenic groups.25  Compound 4.29 

was de-methylated using Al and I2 in CH3CN to afford the target diethynyl hydroquinone, 

albeit in poor yield (15 %).26  With the necessary phenolic monomer-precursor generated, 

tert-butyldiphenylsilyl moieties were affixed to 2,5-diethynyl-1,4-hydroquinone 4.26 

under mildly basic conditions to provide target compound 4.27 in 76 % yield.  

Consequently, having prepared the diethynyl co-monomer and isolating the appropriate 
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diiodo macromonomer from crosslinking studies, the proposed pH-sensitive emissive 

polymer was manufactured and its ability to act as a sensor evaluated in both solution and 

the solid state. 

4.2.1.9 Preparation of Crosslinkable, Sensor PPE 

First generation macromonomer 4.21 was chosen for copolymerization with 

diethynyl compound 4.27 because it possessed both an adequate cinnamate composition 

to impart sufficient photo-crosslinking and the optimal amount of dendritic bulk 

necessary to inhibit intermolecular interactions such as aggregation while not impeding 

polymer preparation.  Consequently, Sonagashira polycondensation of first generation 

macromonomer 4.21 and 1,4-bis-(t-butyldiphenylsilyloxy)-2,5-diethynylbenzene 4.27 

yielded PPE 4.30 (50 % yield) as a bright orange, fibrous solid (Scheme 4.14). 
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Scheme 4.14  Synthesis of (click/pentyl)cinn4[G-1]/TBDPSO-PPE 4.30. 
 
 
Structural characterization of the target comb polymer was subsequently performed via 

NMR (C and H nuclei) and GPC analysis, and the resulting macromolecule found to be 

free of defects.  Analogous to second generation dendronized polymer 4.25, PPE 4.30 

possessed a single distribution of molecular weights with a modest polydispersity (PDI = 

1.5), but existed as an oligomer according to GPC analysis (Figure 4.3).  Additionally, in 

solution compound 4.30 displayed an intense green photo-luminescence under long-wave 
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UV, which was indicative of a greater extent of conjugation and planarity than that 

observed in the dendronized PPEs reported herein.   

4.2.2 Material Characterization and Photophysical Properties 

 Comb polymers 4.23, 4.24, 4.25 and 4.30 were unambiguously characterized by 

NMR (1H and 13C) and size exclusion chromatography (GPC).  However, analogous to 

our previous work on dendronized PPEs, not all of the expected carbons were observed in 

the 13C NMR spectra.15  Specifically, some of the quaternary carbons present along the 

PPE backbone were difficult to distinguish from baseline noise due to their inherent 

longer relaxation times and limited mobility within the polymer configuration.  In several 

instances the signal-to-noise ratio was sufficiently enhanced with the addition of 

Cr(acac)3 and application of a longer relaxation delay during spectral acquisition.   All of 

the macromolecules displayed excellent solubility in a variety of halogenated and non-

halogenated solvents.   

The photophysical properties of the dendronized PPEs were analyzed both in 

solution and the solid state using UV-vis and fluorescence spectroscopy.  Performing 

measurements on THF solutions of crosslinkable polymers 4.23 – 4.25, the resultant 

absorbance spectra exhibited similar peak profiles, possessing a broad band centered 

around 450 nm that corresponded to the polymer backbone and a large peak at 310 nm 

belonging to the cinnamate groups appended to the dendron periphery (Figure 4.4).   
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Figure 4.4  Absorbance spectra of dendronized PPEs 4.23 – 4.25 in THF. 
 
 
Comparing the data, it was noted as dendronized polymer generation increased the 

magnitude of the cinnamate absorbance band grew accordingly, correlating 

proportionally with the exponential doubling of the number of pendant crosslinkable 

groups present.  Likewise, UV-vis analysis was performed on thin films of the 

aforementioned substrates and an analogous trend in peak intensity was observed, but 

with the PPE band slightly red-shifted relative to the solution data (Figure 4.5).    
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Figure 4.5  Thin film absorbance spectra of dendronized PPEs 4.23 – 4.25. 
 
 
Additionally, one small, albeit noticeable difference among the thin film absorption 

spectra was the presence of a shoulder peak in the polymer region of 4.23, which 

suggested macromolecular aggregation had occurred in the solid-state.  This conclusion 

was also verified by fluorescence spectroscopy (vida infra).   

Solution and thin film absorbance measurements were also acquired for the 

proposed pH-tunable, sensor PPE with the resulting spectra displaying both similarities 

and differences to the previous series of crosslinkable polymers.  In THF solutions, the 

peak associated with the pendant cinnamate moieties (ca. 311 nm) and the band 

correlating to the polymer backbone were both observed for macromolecule 4.30.  
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However, PPE absorbance had undergone a significant bathochromic shift relative to 

polymers 4.23 – 4.25, drifting by nearly 20 nm (abs = 470 nm), and another peak was 

again present in this region (Figure 4.6).   
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Figure 4.6  Solution and solid state absorbance spectra of PPE 4.30. 
 
 
A shift of the polymer band to a longer wavelength was not surprising given the substrate 

was formed as an orange solid when PPEs typically exist as yellow fibers and  solutions 

of compound 4.30 appeared bright green under long-wave UV as opposed the 

characteristic blue color.  Both of the perceived changes in color were consistent with a 

lengthening of conjugation and/ or extension of planarity, which additionally coincided 

with the observed shift in absorbance.  With respect to the formation of an additional 

absorption peak in this region for PPE 4.30, its presence was initially theorized to have 
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signaled the formation of aggregates, but examination of the sample’s emissive properties 

ultimately indicated none had occurred.  Thin film absorbance data was likewise acquired 

for compound 4.30 and found to closely resemble the solution spectrum.  The only 

discernable differences in these spectra were an anticipated red-shift in the polymer 

region upon transition to the solid state and the secondary peak present in the PPE 

absorbance band appeared less pronounced in the films.   

 The emissive properties of the comb polymers were measured by fluorescence 

spectroscopy.  Utilizing dilute solutions in THF (absPPE ≤ 0.1), the emission spectra 

generated for PPEs 4.23 – 4.25 appeared practically identical, consisting of a large, 

narrow peak around 467 nm and a smaller vibronic shoulder centered on 500 nm (Figure 

4.7).  Similarly, fluorescence data acquired for 4.30 afforded the same spectral profile, 

but again red-shifted (ca. 20 nm) relative to PPEs 4.23 – 4.25. 
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Figure 4.7  Fluorescence spectra for all the dendronized PPEs in THF. 
 
 
Conversely, several notable differences were apparent from examining in the emission 

spectra of the corresponding thin films.  Spectroscopic analysis of PPEs 4.24 and 4.25 

afforded almost indistinguishable fluorescence traces (Figure 4.8), resembling their 

solution profiles in shape but with an anticipated bathochromic shift (ca. 20 nm) upon 

being processed into films.  Additionally, the profiles were so similar, it was concluded 

little to no aggregation had occurred upon casting these substrates into thin films and thus 

their emissive properties were fairly insulated.  However, spectra generated for zeroth 

generation 4.23 and macromolecule 4.30 appeared drastically broader and spanned a 

much wider range of wavelengths, denoting the presence of a considerable amount of 
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aggregation in these samples.  Consequently, diminished quantum efficiencies were 

predicted for these materials. 
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Figure 4.8  Thin film fluorescence spectra of dendronized PPEs 4.23 - 4.25 and 4.30. 
 
 

Additionally, after acquiring photophysical data for all of the dendronized 

polymers both in solution and the solid state, the Stokes shifts associated with these 

spectra were determined.  For substrates dissolved in THF, the Stokes shifts were found 

to be 21.5 nm for 4.23, 21.5 nm for 4.24, 24.5 nm for 4.25 and 17.5 nm for 4.30.  

Similarly, from the thin film measurements, this distance was calculated to be 22.5 nm 

for 4.23, 26.0 nm for 4.24, 26.0 nm for 4.25 and 81.0 nm for 4.30.  

4.2.3 Crosslinking and Patterning Experiments 
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 To perform solid state characterization and experiments, solutions of the comb 

polymers (ca. 4.3 mg/mL) were processed into thin films by spin coating onto quartz 

slides.  The thicknesses of the cast materials were then measured by ellipsometry and 

found to be ca. 43 nm for 4.23, ca. 40 nm for 4.24, ca. 44 nm for 4.25 and ca. 36 nm for 

4.30.  After preparing the films, irradiation crosslinking studies were subsequently 

undertaken by first measuring the initial absorbance of the polymers and then exposing 

the substrates to an assortment of solvents, specifically CHCl3, CH2Cl2 and THF for 

increasing intervals of time to assess both the optimal solvent and amount of time needed 

to remove the dendronized macromolecules from the quartz interface.16  From these 

initial studies, it was determined that exposure to THF for ca. 20 min. most effectively 

stripped the polymers from the quartz slide.  Thereafter, each polymer sample was 

irradiated at the absorption band of the cinnamate groups (ca. 310 nm) for specified 

periods of time using a Xe arc lamp.  The absorbance properties of the modified polymers 

were then re-evaluated by UV-vis and the films soaked for ca. 20 min. in THF.  Upon 

drying, absorption spectra were subsequently acquired and compared to the previous 

spectral profiles to evaluate whether or not any polymer had washed away, specifically 

focusing on the band (ca. 455 nm) corresponding to the PPE backbone (Figure 4.9). 
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Figure 4.9  Example of PPE thin film irradiation experiments monitored by UV-vis spectrometer. 
 
 

If any polymer had been removed, then greater irradiation times were examined.  

Conversely, when the dendronized polymers already demonstrated sufficient 

crosslinking, then a shorter lamp exposure was invoked to assess the minimum amount of 

irradiation time needed to effectively render the films insoluble.  Furthermore, after 

establishing the proper amount of irradiation, the extent of crosslinking was calculated by 

integrating and comparing the absorbance band corresponding to the cinnamate groups 

(ca. 255 – 370 nm) before and after photo-crosslinking.  Consequently, from these 

experiments, it was determined that 4.23 was not completely insoluble even after ca. 90 

minutes irradiation and thus was never able to be fully crosslinked.  However, 4.24 was 

O

OC12H25

C12H25O

O

O

O

O

O

O

C5H11O

OC5H11

OC5H11

O

OC5H11

O

O

O

O

O

O

O

O

OC5H11

C5H11O

C5H11O

O

C5H11O

O

 



 

  

218 

  

fully crosslinked after only 15 minutes (9.9 % of cinnamates crosslinked), 4.25 required 

only 10 minutes of lamp exposure (13.6 % crosslinked), and 15 minutes were sufficient 

to convert macromolecule 4.30 into an insoluble film (11.9 % crosslinked). 

 After establishing the individual irradiation times, patterning experiments were 

undertaken using a mask during the crosslinking process.  After depositing the samples 

onto treated quartz, a 10 micron Ronchi Ruling photomask was placed on top of the films 

and irradiation periods at least three times the prescribed amount were performed.  

Extended exposure times were implemented to counteract the limited transmittance of 

glass, which the mask itself was patterned upon.  After photo-crosslinking the polymers, 

any unreacted material was subsequently washed away by soaking in THF.  To assess 

whether or not precise features had formed from this process, the modified films were 

examined by AFM and fluorescence microscopy (Figure 4.10a - c). 
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Figure 4.10a  Fluorescence microscopy on patterned thin film of PPE 4.30 using a 40x objective. 
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Figure 4.10b  Low pass AFM image of patterned thin film of PPE 4.30. 
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Figure 4.10c  Flattened AFM image on patterned thin film of PPE 4.25. 
 
 
In both of these imaging techniques, the inherent topography of the films and the 

configuration generated by photo-lithography were observed in all of the experimental 

dendronized polymers, indicating any of these materials could readily be patterned to 

provide micron features.   

4.2.4 Fluorescent Quantum Yield Analysis 

 Solution and solid state photoluminescent quantum efficiency values were 

calculated for the experimental comb polymers utilizing the equation provided by 

Jenekhe (Equation 3.1).27  
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Фu = Фs[(A sFun
2)/(AuFsn0

2)] 

Equation 3.1  Formula for calculating of photoluminescence quantum efficiency. 
 
 
In this formula, A corresponds to the absorbance value at the excitation wavelength, F the 

integrated intensity of the resultant emission spectrum, n the refractive index of the 

solvent the unknown was dissolved in, n0 the refractive index of the reference solvent, 

and subscripts s and u signified standard and unknown respectively.  For solution-based 

experiments, coumarin 6 (Ф = 0.85 in EtOH) chosen for the reference dye due to its 

analogous spectroscopic properties.  Additionally, a serial dilution was performed on 

each analyte to assess whether or not the pendant dendrons afforded their polymeric cores 

with sufficient insulation to limit or prevent intermolecular interaction and subsequent 

excimer formation, an observation that would have been increasingly evident at higher 

concentrations.  The polymer solutions were analyzed by UV-Vis spectroscopy from 200 

– 700 nm, while fluorescence measurements were taken by exciting the analyte at 400 nm 

and monitoring the resulting emission profile from 420 – 700 nm.  The pertinent data was 

then incorporated into Equation 4.1 and the results plotted versus absorbance at the 

excitation wavelength (Figure 4.11 and 4.12). 
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Figure 4.11  Plot of photoluminescence quantum efficiency versus absorbance for solutions of comb 
polymers 4.23 – 4.25 in THF. 
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Figure 4.12  Plot of photoluminescence quantum efficiency versus absorbance for solutions of PPE 4.30 in 
THF. 
 
 
Average fluorescence quantum yield was calculated for PPEs 4.23 – 4.25 and 4.30 and 

found to be 0.59, 0.83, 0.76 and 0.38 respectively.  Additionally, the graphical results 

indicated a slight and gradual decrease in PL quantum efficiency had occurred in all of 

the experimental PPEs as concentration increased.  However, contrary to a previous 

report23 detailing quantum yield analysis on a series of PPEs appended with similar 

dendrons, no discernable trend could be established from these figures.  Furthermore, the 

fluorescence spectra associated with these measurements exhibited no signs of 

aggregation and by default excimer formation, an observation that might have been used 

to explain the discrepancies in the values.  Consequently, some unknown factor 



 

  

225 

  

unbeknownst to the author must have been responsible for the variations in the solution 

data. 

Photoluminescence quantum efficiency measurements were also acquired in the 

solid state.  However, to accomplish this examination, a reference dye possessing similar 

photophysical properties had to be identified, embedded into a polymer matrix and 

processed into thin films from solution.  Examining the literature, an appropriate standard 

and polymer scaffold were found in the work of Swager.1  Furthermore, detailed 

conditions for casting the reference dye into thin films were described in an analogous 

study by Stokes.28 A modification of their procedures was used to prepare thin films of 

9,10-diphenylanthracene in PMMA (ca. 1:100), specifically by spin coating THF 

solutions (ca. 100 mg PMMA (120,000 MW)/mL) onto quartz slides.   

Accordingly, photophysical measurements were carried out for both the 

experimental polymers and the reference dye, and the data used to calculate 

photoluminescent quantum efficiency.  Absorbance spectra were taken while monitoring 

from 200 – 800 nm and the corresponding fluorescence data was generated by exciting 

the sample at 370 nm and following the resulting luminescence from 385 – 720 nm.  

Upon obtaining the necessary data, average fluorescence quantum yield values of 0.0088, 

0.056, 0.071 and 0.014 were obtained for comb polymers 4.23 – 4.25 and 4.30 

respectively.   The relatively high luminescence efficiency exhibited by the first and 

second generation dendronized polymers were not particularly surprising given their 

emission profiles exhibited little to no evidence of aggregation and the films displayed an 

appropriate bluish-green luminescence that was similar to their solution properties.  
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Conversely, the low ΦFL values generated for 4.23 and 4.30 reflected a significant loss of 

emission intensity presumably due to collisional quenching via excimer formation, a 

conclusion similarly validated with the corresponding fluorescence spectra and the visible 

yellow photo-luminescence in the samples.  Having quantified the optical properties of 

the dendronized polymers both in solution and the solid state, post-polymerization 

chemical modification was undertaken to assess the ability of macromolecule 4.30 to 

function as a luminescent pH-sensor. 

4.2.5 Solution and Solid State Desilylation and pH-variation Experiments 

 Initially, qualitative studies were performed on a solutions of 4.30 (ca. 1 mg/mL 

THF) to assess whether or not tunable luminescence properties, akin those described 

previously in analogous PPEs,15 could be generated with desilylation and subsequent pH-

modification.  Specifically, under long-wave UV, a drop of TBAF (1.0 M in THF) was 

introduced and the solution gently agitated to promote efficient mixing of the reagents.  

The yellow-green luminescence, characteristic of PPE 4.30, immediately changed to a 

bright red luminescence (Figure 4.13).  After several minutes of observation with no 

detectable variation in sample color or intensity, toluenesulfonic acid (TsOH) was added 

to the analyte and upon dissolving the solution luminescence instantaneously changed to 

a yellow hue.  To confirm the electronic state of the newly formed phenolic residues 

present along the polymer backbone were responsible for the noted shifts in color, a small 

of amount of base, TBA(OH), was applied to the recently acidified solution and PPE 

luminescence reverted back to the previous red color.  The emissive properties of the 
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modified substrate were found to switch reversibly with alternating addition of acid and 

base to the reaction media (Figure 4.13). 

 

 

Figure 4.13  Qualitative analysis of projected sensor application for PPE 4.30 in THF following post-
polymerization chemical modification. 
 
 
 To assess the viability of the proposed sensor application in the solid state, thin 

films of 4.30 were generated by spin-coating and irradiated using the previously 

described procedure and conditions.  After sufficiently crosslinking the substrate, it was 

submerged in THF.   As anticipated, an intense, bright yellow photoluminescence was 

initially observed upon excitation (longwave UV).  However, when a drop of TBAF (1.0 

4.30 

O OTBDPS

TBDPSO

OO

O OC5H11OC5H11O

O O

OC5H11O C5H11O
O

O

O O

O

OO

O OC5H11OC5H11O

O O

OC5H11O C5H11O O

O

O OH

HO

OO

O OC5H11OC5H11O

O O

OC5H11O C5H11O O

O

TBAF TsOH 

TBA(OH) 



 

  

228 

  

M in THF) was added to the solution, the emissive properties of the film were gradually 

transformed into the aforementioned red color (Figure 4.14).   

 

Figure 4.14  Qualitative analysis of projected sensor application on thin films of PPE 4.30 following post-
polymerization chemical modification. 
 
 
Successive exposure to TsOH and TBA(OH) solutions (ca. 1mM in THF) caused PPE 

luminescence to shift reversibly between a yellow and red hue.  However, it was 

significant to note that the emission intensity of the protonated polymer appeared 

significantly diminished relative to that of 4.30.  Nonetheless, after establishing the 

capacity of 4.30 to function as tunable luminescent pH-sensor both in solution and the 

solid state, spectroscopic studies were subsequently undertaken to measure the process 

quantitatively. 

 Utilizing dilute solutions of macromolecule 4.30 (absPPE = ca. 0.1), the 

aforementioned post-polymerization chemical modification experiments were repeated 

and each step of the process characterized by UV-vis and fluorescence spectroscopy.  The 

absorbance properties of the substrate were measured from 200 – 700 nm, while the 
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corresponding fluorescence spectra were generated by exciting the sample at 400 nm and 

then monitoring the resulting emission from 420 – 700 nm.   

Comparing the resulting absorbance data, several noticeable changes were evident 

in the polymer band throughout these studies whereas, as anticipated, the peak associated 

with the cinnamate groups remained relatively unaffected.  With initial phenoxide 

formation via exposure to TBAF, PPE absorbance appeared to widen and slightly red-

shift, though subsequent addition of acid surprisingly afforded little change in the spectral 

profile (Figure 4.15). 
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Figure 4.15  Absorbance spectra for the protonated and deprotonated form of the phenolic PPE in THF. 
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With the application of base, a lower energy shoulder band emerged in the 

polymer region while PPE absorbance itself was further broadened and slightly blue-

shifted back towards its original wavelength.  The appearance of the shoulder band upon 

addition of base seemed to indicate that aggregation had occurred.  Successive cycling of 

solution pH was found to yield spectra that resembled previous acidic or basic 

measurements, although with a continuous loss of intensity due to increasing dilution of 

the analyte.   

To account for the color changes that accompanied the variation of pH, the 

corresponding emission spectra were examined.  Comparing the associated luminescence 

data generated from the solution studies, initially the most striking feature prominent in 

these measurements was the considerable loss of emission intensity sustained upon 

chemically altering the sample.  After removing the silyl groups and protonating the 

ensuing phenoxides, at most only 11 % of the original PPE photo-luminescence was 

calculated to have been regenerated (Figure 4.16). 
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Figure 4.16  Fluorescence spectra for the protonated and deprotonated form of the phenolic PPE in THF. 
 
 
To explain the dramatic decrease in magnitude, it was hypothesized a large portion of the 

polymeric phenoxides had formed salts with tetrabutylammonium cations present in 

solution, thus leading to a diminished emissive capacity for the modified PPE.  This 

theory was subsequently developed after progressively increasing amounts of precipitate 

materialized within several desilylated solutions that were left unreacted.  Additionally, 

solution luminescence was found to only partially be restored with the introduction of 

acid, a phenomenon that appeared to decrease proportionally with time.  Nonetheless, 

despite the disconcerting loss of intensity from chemical modification of the polymer, a 
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distinct pattern of fluctuation in PPE photo-luminescence was observed in the emission 

spectra, which correlated directly with variation of solution acidity (Figure 4.17).   
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Figure 4.17  Fluorescence spectra for the protonated and deprotonated form of the phenolic PPE in THF 
(expanded). 
 
 
In particularly, the peak associated with polymer emission (ca. 480 nm) appeared most 

prominent when the newly formed phenolic moieties were protonated and assumed to be 

uncharged.  Conversely, upon the addition of base and subsequent oxyanion formation, 

luminescence in this region dissipated almost entirely.  However, though a spectral 

profile corresponding to the emitted red photo-luminescence was evident in the 

measurement acquired after TBAF exposure, it was somewhat disturbing that analogous 

peaks were not present in subsequent formations of phenoxides.  Still, the transition of 
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polymer emission to the lower energy wavelength was readily observed spectroscopically 

in similar quantitative studies undertaken upon the proposed sensor in the solid state.   

To perform chemical modification experiments on photo-crosslinked thin films of 

compound 4.30 and generate viable spectra, it was determined that the polymer samples 

had to be submerged in the appropriate reagents in order to witness the desired shifts in 

PPE photo-luminescence.   Consequently, the easiest method of acquiring this data was 

found to entail placing the thin film in a fluorescence cuvet and then introducing the 

various reagents by pipet.  Therefore, matching Teflon film holders had to be fabricated 

to ensure both the area of exposure and angle of incidence were constant throughout the 

spectroscopic acquisitions.  After manufacturing the required fittings, the proposed 

chemical modification studies were again performed with each stage of the process being 

assessed spectroscopically.  The parameters used to acquire absorbance and emission 

spectra for the thin film studies were the same as those described above. 

Analogous to the solution-based experiments, distinct trends in the absorbance 

spectra were readily established for both the protonated and unprotonated form of the 

modified polymer.  Furthermore, since the rigid rod-like chromophores had been cast into 

films and render insoluble, measurements taken on the samples were resistant to the 

effects of dilution and as a result exhibited greater consistency and spectral overlap 

throughout the various trials (Figure 4.18). 
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Figure 4.18  Absorbance spectra for the protonated and deprotonated form of the phenolic PPE in the solid 
state. 
 
 
Performing a comparative analysis on the absorbance data, it was found upon removing 

the silyl-protecting groups present in cinn4[G-1]/OTBDPS-PPE the polymer band not 

only was broadened as before, but also a secondary, lower energy peak of equivalent size 

was formed.  The emergence of the more prominent red-shifted band seemed to indicate 

an even greater amount of aggregation had taken place with phenoxide formation in the 

solid state.  However, with exposure to the TsOH solution, PPE absorbance almost 

immediately reverted back to its original shape and intensity though slightly red-shifted 

relative to the initial spectrum.  Unlike prior studies in THF though, the addition of the 

TBA(OH) solution caused a much more striking change in polymer absorption.  With the 
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application of base, the PPE band was once again split into two distinct peaks, but with a 

majority of the absorbance residing in the longer wavelength region similarly signifying 

the macromolecules were possible undergoing intermolecular interactions.  Thereafter, 

successive measurements performed in acidic or basic media again closely resembled 

prior corresponding spectra.   

The fluorescence data correlating to the modification experiments performed on 

films of PPE 4.30 displayed emission profiles that demonstrated both similarities and 

differences to the previous measurements in THF.  For example, with desilylation and 

subsequent protonation of the ensuing polymer, a considerable decline in photo-

luminescence intensity was likewise present in the solid state measurements.  However, a 

greater extent of emission, 28 % of the original intensity specifically, was estimated to 

have been restored the thin film studies with subsequent acidification of the reaction 

media (Figure 4.19). 
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Figure 4.19  Fluorescence spectra for the protonated and deprotonated form of the phenolic PPE in the 
solid state. 
 
 
Furthermore, the spectra associated with protonation of the phenolic moieties in the 

modified PPE typically exhibited a broad emission band centered around 500 nm, 

whereas polyoxyanion formation accordingly resulted in a significant loss of 

luminescence intensity within this region (Figure 4.20). 
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Figure 4.20  Fluorescence spectra for the protonated and deprotonated form of the phenolic PPE in the 
solid state (expanded). 
 
 
Furthermore, with the disappearance of the main polymer band, two smaller peaks 

remained, located on the outer boundaries of the original PPE spectrum (ca. 570 and 430 

nm).  Consequently, as previously stated, the thin film luminescence profiles provided 

better spectroscopic evidence for the appearance of red emission with phenoxide 

formation, which was specifically assigned to the higher wavelength species.  

Additionally, the proposed system was similarly demonstrated acceptable reversibility in 

the solid state, a conclusion again attributed to the remarkable degree of spectral overlap 

present among the measurements. 
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To establish a mechanism for the fluorescence quenching observed in the 

aforementioned qualitative studies and photophysical data, two different theories were 

examined utilizing analogous research found in the literature.  Initially, both the 

previously described loss of polymer photoluminescence15 and the current bathochromic 

shift in emission hue were hypothesized to have originated from the electronic 

consequences of phenoxide formation.  Specifically, PPE luminescence was theorized to 

have been altered by photo-induced electron transfer that resulted from enhanced orbital 

overlap between the lone pairs of the newly formed oxyanions and the chromophore.  In 

similar studies, the presence of lone pairs in neighboring nitrogen containing groups had 

been shown to quench emission in variety of conjugated substrates.29-32  Furthermore, in a 

report by Krauss,33 theoretical calculations and experimental data established ‘anion 

formation strongly deactivates fluorescence’ in phenols, an conclusion that was readily 

extrapolated to the polyphenolic PPE discussed herein.  The proposed hypothesis though 

provided little rationale for the appearance of red emission in the desilylated and 

deprotonated samples of polymer 4.30.  To account for the shift color, the transition was 

at first postulated to have potentially arisen from an extension of conjugation due to the 

formation of an exponential number of phenoxides, thus shifting the polymer’s optical 

properties to a lower energy state.  However, another hypothesis was also evaluated to 

account for the interconversion in PPE emission. 

Analogous variations in the visual and spectroscopic properties of conjugated, 

organic polymers were also reported by Swager, in which alterations to the emissive 

substrates were thought to proceed through ion-mediated self-assembly, which was 
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appropriately deemed an ionochromic effect.  In particular, PPEs covalently affixed with 

pendant crown ethers were exposed to increasing concentrations of various metallic ions 

and the corresponding changes to the macromolecule’s absorption and emission 

properties assessed.34  From this analysis, it was determined that with a larger potassium 

ion content, the absorbance profiles of the crown containing polymers progressively 

displayed a more prominent red-shift in their spectra while chromophore emission was 

completely quenched.  Swager hypothesized that a bridging effect was resulting from the 

introduction of K+ cations, with the metal ion facilitating interchain interactions that 

afforded the corresponding aggregation present in the photophysical properties.  

Comparing the spectra obtained for cinn4[G-1]/OTBDPS-PPE with aforementioned 

studies, this theory seemed to account for the significant aggregation monitored in the 

absorbance spectra and the loss of emission intensity in the fluorescence measurements, 

with an ionochromic effect possibly arising from the presence of tetrabutylammonium 

cations in solution.  However, analogous to the previous hypothesis, there was little 

precedence or evidence for the red emission displayed in the phenoxide PPE.  

Additionally, to validate either theory, it would seem prudent to analyze the effect of 

applying or exchanging different cations in the presence of the phenoxide form of the 

modified PPE and monitor for any change in polymer photo-luminescence.  

4.3 Conclusions 

 Tunable luminescence was demonstrated in photo-crosslinkable PPE 4.30 after 

the application of post-polymerization desilylation and subsequent variation of pH.  In 

order to generate the aforementioned macromolecule, a series of crosslinkable 
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dendronized PPEs were manufactured, characterized and irradiation experiments 

performed to assess the optimal generation of cinnamate-terminated dendron needed to 

fabricate the target polymer.  Additionally, prior methodology16 for constructing the 

required dendrons was optimized using Click chemistry to couple both the cinnamate 

moieties onto the dendron periphery and the completed dendrons upon the intended 

monomeric precursor.  After synthesizing cinn4[G-1]/OTBDPS-PPE utilizing traditional 

Pd-catalyzed Sonagashira polycondensation conditions, post-polymerization chemical 

modification were successfully performed on solutions and thin films of the polymer to 

evaluate its ability to function as pH-tunable luminescent senor.  Furthermore, the process 

of fluorescence interconversion was monitored spectroscopically and theories proposed 

for the precise mechanism of quenching.  

4.4 Experimental procedures 

Nuclear magnetic resonance (NMR) was performed using either a Varian Unity-

300 MHz FT-NMR or Bruker DRX-500 MHz FT-NMR spectrometer, operating 

XWinNMR software (Varian or Bruker respectively).  Mass spectrometry (MS) was 

performed by the MS Instrument Facility also located at the University of Arizona.  

Elemental analysis for C, H, and N was performed by NuMega in San Diego, CA.  Gel 

permeation chromatography (GPC) data was performed in a tetrahydrofuran mobile 

phase with a Waters 1515 isocratic pump running three 5 µm PLgel columns (Polymer 

Labs, pore sizes 104, 103 102 Å) with a Waters 2414 differential refractometer and Waters 

2487 dual wavelength UV-Vis spectrometer.  Molar masses were calculated using the 

Empower software (Waters) calibrating against low polydispersity linear polystyrene 
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standards.  UV-Vis spectra were acquired on a Shimadzu UV-2401 PC UV-VIS 

Recording spectrophotometer, while fluorescence spectra were taken on a Photon 

Technology International spectrofluorometer.  Atomic Force Microscopy images were 

taken with a Digital Instruments Dimension 3100 Scanning Probe Microscopy system.  

CH2Cl2, CHCl3, DMF, CH3OH and acetone were dried over 3Å molecular sieves, while 

all other reagents were purchased and used as received from the supplier.  Flash 

chromatography was performed following the method of Still et. al35 using 40-63 µm 

silica gel (EMD Chemicals, Inc.), while precoated plates containing a fluorescent 

indicator (Silica Gel 60 F254, EMD Chemicals, Inc.) were employed for thin layer 

chromatography.  Fused quartz slides were obtained from GM Associates, Inc. and were 

sectioned into smaller 9-10 mm x 25 mm mounts courtesy of the University of Arizona, 

Department of Chemistry Glass Shop.  Irradiation for photo-crosslinking experiments 

was performed with a Photon Technology International Xenon arc lamp at the 

appropriate λmax (ca. 311 nm). 

Obtaining the fused quartz slides. 

 The quartz slides utilized in the aforementioned thin film experiments were 

acquired and cut into 9 mm x 1 inch pieces by the Glass shop at the University of 

Arizona.  After obtaining the substrates from this facility, a small ‘b’ was engraved into 

the lower right-hand corner of every slide using a glass cutter.  This etching was 

performed to denote the ‘back’ of the subtrate. 

Cleaning the fused quartz slides. 
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 Initially, the freshly cut quartz slides were rinsed under tap water while gently 

rubbing away any noticeable solid impurities by hand.  Using a microfiber cloth, the 

substrates were then scrubed with a triton-x solution and placed in a slide holder.  Upon 

emersing the slides in the Triton-x solution, the substrates were sonicated for ca. 10 – 15 

minutes.  After this time, the surfactant was discarded and the holder and slides rinsed 

thoroughly under tap water.  The quartz slides were then rinsed excessively (3x) and 

sonicated in nanopure water for ca. 10 – 15 min.  Following sonication, the water was 

discarded, the slides were then rinsed (3x) and sonicated in absolute ethanol for ca. 10 – 

15 min.  After sonicating in ethanol, the slides were individually removed, rinsed with 

absolute ethanol and dried with compressed air.  Upon drying, the quartz slides were 

typically stored in a disposable, plastic case available in the Armstrong lab. 

General procedure for spin-coating.   

 Protocol for proper usage of the spin-coater can be found above the equipment in 

the Armstrong lab.  If not, contact a member the Armstrong group.  The settings of the 

spin coater generally vary according to the requirements of the previous user and thus the 

parameters of the instrument should be input prior to usage.  For these experiments, 

acceleration was set to 3000 rpm, the power level 10 and the timer 1 min.  Upon entering 

these parameters, a quartz slide was then placed inside the spin-coater on the appropriate 

spot, secured under vacuum and the lid closed.  A solution of the analyte of interest 

(typically in dissolved in THF, CH2Cl2 or CHCl3) was then drawn up into a disposable 

syringe, a 2 micron filter placed over the syringe and the slide coated heavily with the 

aforementioned solution.  Upon complete addition of the solution, hit ‘start’ to begin the 
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spinning process.  After the equipment has finished spinning, release the vacuum, remove 

the slide and wipe off any excess material from the back of the slide with a cotton swab 

dipped in CHCl3.  Repeat as necessary.   

Preparing the quartz slides for patterning experiments. 

To ensure even coverage and minimize chipping or flaking of the polymer films, 

the pre-cut, quartz slides were cleaned as described above and pre-treated with a 

hydrophobizing agent prior to spin coating.  Specifically, the mounts were sonicated in a 

1mM solution of 1,1,1,3,3,3-hexamethyldisilylazane (in CHCl3) for ca. 20 min., rinsed 

off with CHCl3 and then blown dry.    

Chemical Modification Experiments on Thin Films of 4.30.   

A sample was placed in a beaker, submerged in ca. 50 mL of THF and this 

apparatus placed inside a Kodak EDAS 290 Imaging system.  With long-wave UV 

emanating from the base of the apparatus, images were captured from overhead using a 

Kodak DC290 Zoom camera and a UV filter lens to remove ambient light from the lamp.  

Upon collecting images for a specific reaction, the polymer films was removed with 

forseps, placed in a different solution and images taken with the camera. 

Pentyl (E)-4-hydroxycinnamate (4.1).  A procedure from the literature36 was modified 

as follows: a stirring solution of p-hydroxycinnamic acid (21.3 g, 0.129 mol) and conc. 

H2SO4 (ca. 4.0 mL) in pentanol (ca. 400 mL) was maintained at 110 °C under Ar.  

Heating was continued until TLC (SiO2, 5:1-hexanes:EtOAc) confirmed consumption of 

the starting material (15 h).  Upon cooling to room temperature, the reaction was 

quenched with aqueous NaOH (2N, ca. 2-3 mL) and poured over water (200 mL).  The 
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organic phase was then washed with brine, dried (MgSO4), filtered and concentrated.  

The crude product was purified by flash chromatography (SiO2, 5:1-hexanes:EtOAc), the 

residual pentanol removed by vacuum distillation, and the resulting material 

recrystallized from hexanes and EtOAc (ca. 100:1) to provide 4.1 (26.5 g, 87 %) as a 

colorless solid: mp 51 – 53 °C; 1H NMR (500 MHz, CDCl3): δ 7.63 (d, J = 16.0 Hz, 1H), 

7.41 and 6.87 (AA’BB’ pattern, J = 8.5 Hz, 4H), 6.30 (d, J = 15.5 Hz, 1H), 4.20 (t, J = 

6.7 Hz, 2H), 1.74 – 1.68 (m, 2H), 1.41 – 1.34 (m, 4H), 0.92 (t, J = 7.0 Hz, 3H);13C NMR 

(125.7 MHz, CDCl3): δ 168.1, 158.0, 144.7, 130.0, 126.9, 115.9, 115.3, 64.9, 28.4, 28.1, 

22.3, 14.0. 

Ethyl (E)-4-hydroxycinnamate (4.2).  Compound 4.236 was prepared according to the 

literature.   

Pentyl (E)-4-(3-chloropropoxy)cinnamate (4.3).  A procedure from the literature16 was 

modified as follows: a stirring solution of pentyl (E)-4-hydroxycinnamate (10.3 g, 44.1 

mmol), 3-chloropropanol (5.00 g/ 4.42 mL, 52.9 mmol), triphenylphosphine (13.9 g, 52.9 

mmol) and freshly distilled THF (100 mL) was chilled in an ice bath under Ar.  After 

cooling to ca. 0 °C, diisopropylazodicarboxylate (10.7 g/ 10.4 mL, 52.9 mmol) was added 

slowly, dropwise via an addition funnel and upon completion the reaction solution was 

allowed to warm to RT.  Stirring was continued until TLC (SiO2, 2:1-hexanes:EtOAc) 

indicated consumption of the starting materials (ca. 22 h), after which the reaction was 

quenched with water (ca. 20 mL) and concentrated in vacuo.  The organics were then 

dissolved in CH2Cl2 (ca. 250 mL), washed with saturated NaHCO3 and brine, dried over 

MgSO4, filtered through a short silica gel plug and concentrated.  Purification of the 
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crude product by flash chromatography (SiO2, 1:1-CH2Cl2:hexanes) followed by 

recrystallization from methanol and water (ca. 200:1) afforded chloride 4.3 (12.3 g, 90 

%) as a colorless crystals: mp 31 – 32 °C; 1H NMR (500 MHz, CDCl3): δ 7.63 (d, J = 

16.0 Hz, 1H), 7.47 and 6.90 (AA’BB’ pattern, J = 8.7 Hz, 4H), 6.31 (d, J = 16.0 Hz, 1H), 

4.18 (t, J = 6.7 Hz, 2H), 4.15 (t, J = 6.0 Hz, 2H), 3.74 (t, J = 6.2 Hz, 2H), 2.27 – 2.22 (m, 

2H), 1.73 – 1.67 (m, 2H), 1.41 – 1.34 (m, 4H), 0.95 – 0.90 (m, 3H); 13C NMR (125.7 

MHz, CDCl3): δ 167.3, 160.4, 144.1, 129.7, 127.4, 115.9, 114.8, 64.6, 64.4, 41.3, 32.1, 

28.5, 28.2, 22.4, 14.0. 

Ethyl (E)-4-(3-chloropropoxy)cinnamate (4.4).  Compound 4.416 was prepared 

according to the literature. 

1,4-Bis-(pentyl (E)-4-(3-oxypropoxy)cinnamate)-2,5-diiodobenzene (4.5).  A mixture 

of 2,5-diiodo-1,4-hydroquinone 3.1 (0.362 g, 1.00 mmol), pentyl (E)-4-(3-

chloropropoxy)cinnamate 4.3 (0.684 g, 2.20 mmol), K2CO3 (0.553 g, 4.00 mmol) and dry 

DMF (10 mL) was maintained at 80 °C with stirring under Ar.  Heating was continued 

until TLC (SiO2, 3:2-hexanes:EtOAc) indicated consumption of the starting materials.  

The reaction was then cooled to RT, poured over water (ca. 200 mL) and extracted with 

EtOAc (3 x 50 mL).  The aqueous phase was acidified with aq. HCl (0.5M, ca. 50 mL) 

and extracted with EtOAc (2 x 50 mL).  The combined organics were washed with brine, 

dried over MgSO4, filtered and concentrated.  Purification of the crude product by flash 

chromatography (SiO2, 4:1-hexanes:EtOAc) afforded diode monomer 4.5 (45.4 mg, (5 

%) as a white solid: 1H NMR (500 MHz, CDCl3): δ 7.62 (d, J = 16.0 Hz, 2H), 7.46 and 

6.92 (AA’BB’ pattern, J = 9.0 Hz, 8H), 7.19 (s, 2H), 6.30 (d, J = 16.0 Hz, 2H), 4.25 (t, J 
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= 6.0 Hz, 4H), 4.18 (t, J = 6.5 Hz, 4H), 4.12 (t, J = 5.7 Hz, 4H), 2.30 – 2.25 (m, 4H), 1.73 

– 1.67 (m, 4H), 1.41 – 1.33 (m, 8H), 0.92 (t, J = 7.0 Hz, 6H);13C NMR (75.4 MHz, 

CDCl3): δ 167.3, 160.5, 152.7, 144.1, 129.6, 127.2, 122.8, 115.8, 114.8, 86.3, 66.5, 64.5, 

64.4, 29.1, 28.5, 28.1, 22.4, 14.0. 

1,4-Bis-(ethyl (E)-4-(3-oxypropoxy)cinnamate)-2,5-diiodobenzene (4.6).  A stirring 

mixture of 2,5-diiodo-1,4-hydroquinone 3.1 (0.724 g, 2.00 mmol), ethyl (E)-4-(3-

chloropropoxy)cinnamate 4.4 (1.13 g, 4.20 mmol), K2CO3 (1.11 g, 8.00 mmol) and dry 

DMF (20 mL) was maintained at 80 °C under Ar.  Heating was continued until TLC 

(SiO2, 3:2-hexanes:EtOAc) confirmed consumption of the starting materials (9 days).  

The reaction was then cooled to RT, poured over EtOAc (ca. 30 mL) and washed with 

0.5M HCl (ca. 110 mL).  The resulting aqueous phase was extracted with EtOAc (3 x 50 

mL) and the combined organics washed with water and brine, dried (MgSO4), filtered 

and concentrated in vacuo.  Purification of the crude product was accomplished by flash 

chromatography (SiO2, 6:3:1-hexanes:CH2Cl2:Et2O) and subsequent recrystallization 

from hexanes and CH2Cl2 to yield diiodo monomer 4.6 (0.230 g, (14 %) as a white, 

fibrous solid: mp 177 – 180 °C; 1H NMR (300 MHz, CDCl3): δ 7.64 (d, J = 15.9 Hz, 2H), 

7.47 and 6.93 (AA’BB’ pattern, J = 8.5 Hz, 8H), 7.20 (s, 2H), 6.31 (d, J = 16.2 Hz, 2H), 

4.29 – 4.22 (m, 8H), 4.13 (t, J = 5.8 Hz, 4H), 2.33 – 2.25 (m, 4H), 1.33 (t, J = 7.2 Hz, 

6H); 13C NMR (75.4 MHz, CDCl3): δ 167.3, 160.5, 152.7, 144.2, 129.7, 127.2, 122.8, 

115.7, 114.8, 86.3, 66.5, 64.4, 60.3, 29.1, 14.3. 

1,4-Diiodo-2,5-bis-prop-2-ynyloxy-benzene (4.7).  Compound 4.719 was prepared 

according to the literature. 
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Pentyl (E)-4-(3-azidopropoxy)cinnamate (4.8).  Following a procedure reported in the 

literature,18 a stirring solution of compound 4.3 (6.18 g, 19.9 mmol), sodium azide (3.88 

g, 59.7 mmol) and dry DMF (18 mL) was heated to 70 °C under Ar for 22 h.  After this 

time, the reaction was cooled to RT and dissolved in EtOAc (ca. 150 mL).  The organics 

were then washed with water (ca. 200 mL) and brine (ca. 200 mL), dried (MgSO4), 

filtered and concentrated in vacuo.  Subsequent purification of the crude product by flash 

chromatograpy (SiO2, 3:1-hexanes:Et2O) resulted in azide 4.8 (4.97 g, 79 %) as a clear, 

colorless oil: 1H NMR (500 MHz, CDCl3): δ 7.63 (d, J = 16.0 Hz, 1H), 7.47 and 6.89 

(AA’BB’ pattern, J = 9.0 Hz, 4H), 6.31 (d, J = 16.0 Hz, 1H), 4.18 (t, J = 6.7 Hz, 2H), 

4.08 (t, J = 6.0 Hz, 2H), 3.52 (t, J = 6.5 Hz, 2H), 2.09 – 2.04 (m, 2H), 1.73 – 1.67 (m, 

2H), 1.40 – 1.35 (m, 4H), 0.94 – 0.91 (m, 3H); 13C NMR (75.4 MHz, CDCl3): δ 167.4, 

160.3, 144.1, 129.7, 127.4, 115.9, 114.7, 64.5, 64.5, 48.1, 28.6, 28.4, 28.1, 22.3, 13.9. 

Methyl 3,5-dihydroxybenzoate (4.9).  Compound 4.920 was prepared according to the 

literature. 

(Acet)2-[G-1]-COOMe (4.10).  Compound 4.1018 was prepared according to the 

literature. 

(Acet)2-[G-1]-OH (4.11).  Compound 4.1118 was prepared according to the literature. 

(Acet)2-[G-1]-Br (4.12).  Compound 4.1218 was prepared according to the literature. 

(Acet)2-[G-1]-Cl (4.14).  Compound 4.1421 was prepared as follows: thionyl chloride 

(0.282 g, 0.17 mL, 2.37 mmol) was added slowly, dropwise (10 min.) via syringe to a 

stirring solution of compound 4.11 (0.466 g, 2.16 mmol), DMF (10 drops) and freshly 

distilled CH2Cl2 (70 mL) at RT.  Stirring was continued until TLC (SiO2, CH2Cl2) 
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indicated consumption of the starting material (6 h), after which portion-wise addition of 

saturated NaHCO3 (ca. 30 mL) was used to quench the reaction, which was then allowed 

to stir for an additional 10 min.  Upon separating the layers, the aqueous phase was 

extracted with CH2Cl2 (1 x 25 mL) and the combined organic phase washed with brine.  

The organics were then dried (MgSO4), filtered through a short silica gel plug and 

concentrated in vacuo to afford chloride 4.14 (0.489 g, 97 %) as light yellow oil: 1H 

NMR (500 MHz, CDCl3): δ 6.65 (d, J = 2.0 Hz, 2H), 6.57 (t, J = 2.2 Hz, 1H), 4.68 (d, J = 

2.5 Hz, 4H), 4.52 (s, 2H), 2.54 (t, J = 2.5 Hz, 2H). 

(click/pentyl)cinn2[G-1]-Cl (4.16).  A procedure from the literature18 was modified as 

follows: A mixture of (acet)2-[G-1]-Cl (0.397 g, 1.69 mmol), 4.8 (1.19 g, 3.73 mmol), 

CuSO4
.5H2O (42.3 mg, 0.169 mmol), Na L-ascorbate (67.1 mg, 0.339 mmol), THF (12 

mL) and water (6 mL) was stirred at RT until TLC (SiO2, 1:1 CH2Cl2-EtOAc) indicated 

consumption of the starting materials (23 h).  Upon completion, the reaction was poured 

over CH2Cl2 (ca. 100 mL) and wash with brine (200 mL).  The aqueous phase was then 

extracted with CH2Cl2 (1 x 50 mL) and the combined organics dried (MgSO4), filtered 

and concentrated.  Purification of the crude product by flash chromatography (SiO2, 1:1 

CH2Cl2-EtOAc) provided 4.16 (1.25 g, 85 %) as a white solid: mp 123 – 124 °C; 1H 

NMR (500 MHz, CDCl3): δ 7.62 (d, J = 16.0 Hz, 2H), 7.62 (s, 2H), 7.46 and 6.85 

(AA’BB’ pattern, J = 8.5 Hz, 8H), 6.61 (d, J = 2.0 Hz, 2H), 6.57 (t, J = 2.2 Hz, 1H), 6.31 

(d, J = 16.0 Hz, 2H), 5.17 (s, 4H), 4.60 (t, J = 7.0 Hz, 4H), 4.48 (s, 2H), 4.18 (t, J = 6.7 

Hz, 4H), 3.99 (t, J = 5.7 Hz, 4H), 2.45 – 2.40 (m, 4H), 1.73 – 1.67 (m, 4H), 1.39 – 1.35 

(m, 8H), 0.95 – 0.90 (m, 6H); 13C NMR (125.7 MHz, CDCl3): δ 167.3, 160.0, 159.5, 
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143.9, 143.8, 139.7, 129.7, 127.7, 123.2, 116.2, 114.7, 107.9, 101.9, 64.6, 64.2, 62.1, 

47.1, 46.1, 29.8, 28.5, 28.1, 22.4, 14.0. 

(click/pentyl)cinn2[G-1]-N3 (4.18).  A stirring solution of chloride 4.16 (1.18 g, 1.36 

mmol), sodium azide (0.177 g, 2.72 mmol) and DMF (15 mL) was maintained at 70 °C 

under Ar for 41 h.  The reaction was then cooled to RT and poured over EtOAc (ca. 100 

mL).  The organics were then washed with brine (ca. 150 mL) and the aqueous phase 

extracted with EtOAc (1 x 50 mL).  The combined organics were washed with water (ca. 

200 mL) and brine (ca. 150 mL), dried over MgSO4, filtered and concentrated in vacuo.  

Purification of the crude product by flash chromatography (SiO2, 4:1-EtOAc:CH2Cl2) and 

subsequent precipitation from hexanes and dichloromethane resulted in dendritic azide 

4.18 (1.09 g, 92 %) as a white solid: mp 75 – 77 °C; 1H NMR (500 MHz, CDCl3): δ 7.62 

(s, 2H), 7.62 (d, J = 16.0 Hz, 2H), 7.46 and 6.86 (AA’BB’ pattern, J = 9.0 Hz, 8H), 6.59 

(t, J = 2.2 Hz, 1H), 6.54 (d, J = 2.0 Hz, 2H), 6.31 (d, J = 16.0 Hz, 2H), 5.18 (s, 4H), 4.59 

(t, J = 6.7 Hz, 4H), 4.24 (s, 2H), 4.18 (t, J = 6.7 Hz, 4H), 4.00 (t, J = 5.7 Hz, 4H), 2.45 – 

2.40 (m, 4H), 1.73 – 1.67 (m, 4H), 1.40 – 1.35 (m, 8H), 0.94 – 0.91 (m, 6H); 13C NMR 

(125.7 MHz, CDCl3): δ 167.3, 160.0, 159.6, 143.9, 143.8, 137.8, 129.7, 127.7, 123.2, 

116.2, 114.7, 107.4, 101.7, 64.6, 64.2, 62.1, 54.7, 47.1, 29.8, 28.5, 28.1, 22.4, 14.0. 

(Acet)4-[G-2]-OH (4.13).  Compound 4.1318 was prepared according to the literature. 

(Acet)4-[G-2]-Cl (4.15).  Following the procedure for 4.14, (acet)4-[G-2]-OH (2.15 g, 

4.00 mmol), SOCl2 (0.524 g/ 0.32 mL, 4.40 mmol), DMF (15 drops) and freshly distilled 

CH2Cl2 (70 mL) yielded compound 4.15 (2.06 g, 93 %) as an off-white solid: Tg? °C ; 1H 

NMR (500 MHz, CDCl3): δ 6.67 (d, J = 2.5 Hz, 4H), 6.61 (d, J = 2.0 Hz, 2H), 6.57 (t, J = 
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2.5 Hz, 2H), 6.52 (t, J = 2.2 Hz, 1H), 4.98 (s, 4H), 4.67 (d, J = 2.5 Hz, 8H), 4.50 (s, 2H), 

2.52 (t, J = 2.5 Hz, 4H); 13C NMR (125.7 MHz, CDCl3): δ 159.8, 158.8, 139.6, 139.2, 

107.8, 106.8, 102.2, 101.8, 78.3, 75.8, 69.8, 56.0, 46.2. 

(click/pentyl)cinn4[G-2]-Cl (4.17).  A procedure from the literature18 was modified as 

follows: A mixture of (acet)4-[G-2]-Cl (1.46 g, 2.63 mmol), azide 4.8 (3.68 g, 11.6 

mmol), CuSO4
.5H2O (65.7 mg, 0.263 mmol), Na L-ascorbate (0.104 mg, 0.526 mmol), 

THF (18 mL) and water (9 mL) was stirred at RT until TLC (SiO2, 9:1 EtOAc-CH2Cl2) 

indicated consumption of the starting materials (9 h).  Upon completion, the reaction was 

poured over CH2Cl2 (ca. 75 mL) and wash with brine (250 mL).  The aqueous phase was 

then extracted with CH2Cl2 (2 x 50 mL) and the combined organics dried over MgSO4, 

filtered and concentrated.  The crude product was purified by flash chromatography 

(SiO2, 19:1 EtOAc-acetone; loaded onto column in CH2Cl2) to generate dendritic chloride 

4.17 (3.04 g, 63 %) as an off-white foam: 1H NMR (500 MHz, CDCl3): δ 7.62 (s, 4H), 

7.61 (d, J = 15.5 Hz, 4H), 7.44 and 6.85 (AA’BB’ pattern, J = 8.7 Hz, 16H), 6.65 (d, J = 

2.0 Hz, 4H), 6.59 (d, J = 2.0 Hz, 2H), 6.56 (t, J = 2.2 Hz, 2H), 6.49 (t, J = 2.2 Hz, 1H), 

6.30 (d, J = 16.0 Hz, 4H), 5.15 (s, 8H), 4.95 (s, 4H), 4.57 (t, J = 7.0 Hz, 8H), 4.49 (s, 2H), 

4.17 (t, J = 6.7 Hz, 8H), 3.99 (t, J = 5.7 Hz, 8H), 2.43 – 2.38 (m, 8H), 1.71 – 1.66 (m, 

8H), 1.39 – 1.34 (m, 16H), 0.93 – 0.90 (m, 12H); 13C NMR (125.7 MHz, CDCl3): δ 

167.3, 160.0, 159.8, 159.5, 143.9, 143.8, 139.6, 139.3, 129.7, 127.6, 123.2, 116.1, 114.7, 

107.8, 106.4, 102.0, 101.4, 69.8, 64.6, 64.2, 62.0, 47.1, 46.2, 29.8, 28.5, 28.1, 22.4, 14.0 

(click/pentyl)cinn4[G-2]-N3 (4.19).  Following the procedure for 4.18, 

(click/pentyl)cinn4[G-2]-Cl (2.83 g, 1.55 mmol), sodium azide (0.201 g, 3.10 mmol) and 
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dry DMF (16 mL) afforded dendritic azide 4.19 (2.50 g, 88 %) as a white foam after 

purification by flash chromatography (SiO2, 9:1-EtOAc:acetone): 1H NMR (500 MHz, 

CDCl3): δ 7.63 (s, 4H), 7.61 (d, J = 17.5 Hz, 4H), 7.44 and 6.85 (AA’BB’ pattern, J = 8.7 

Hz, 16H), 6.65 (d, J = 2.0 Hz, 4H), 6.56 (t, J = 2.2 Hz, 2H), 6.51 (br, 3H), 6.30 (d, J = 

15.5 Hz, 4H), 5.15 (s, 8H), 4.96 (s, 4H), 4.57 (t, J = 6.7 Hz, 8H), 4.25 (s, 2H), 4.17 (t, J = 

6.7 Hz, 8H), 3.99 (t, J = 5.7 Hz, 8H), 2.43 – 2.38 (m, 8H), 1.71 – 1.66 (m, 8H), 1.39 – 

1.34 (m, 16H), 0.93 – 0.90 (m, 12H);13C NMR (125.7 MHz, CDCl3): δ 167.2, 160.0, 

160.0, 159.5, 143.9, 143.8, 139.3, 137.7, 129.7, 127.6, 123.2, 116.1, 114.7, 107.3, 106.4, 

101.8, 101.4, 69.8, 64.6, 64.2, 62.0, 54.7, 47.1, 29.8, 28.5, 28.1, 22.4, 14.0. 

(click/pentyl)cinn2[G-0] diiodo monomer (4.20).  A procedure from the literature18 was 

modified as follows: a solution of azide 4.8 (0.750 g, 2.36 mmol), 1,4-diiodo-2,5-bis-

prop-2-ynyloxy-benzene (0.513 g, 1.17 mmol), Cu(PPh3)3Br (0.221 g, 0.238 mmol), 

(iPr)2NEt (0.455 g/ 0.61 mL, 3.52 mmol) and THF (17 mL) was stirred at RT until TLC 

(SiO2, 9:1-CH2Cl2:EtOAc) confirmed consumption of the starting materials (5 days).  

The resulting mixture was then dissolved in CH2Cl2 (ca. 110 mL) and the organics 

washed with saturated NaHCO3 (ca. 200 mL).  The aqueous phase was extracted with 

CH2Cl2 (ca. 50 mL) and the combined organics washed with brine, dried (MgSO4), 

filtered and concentrated in vacuo.  Purification by flash chromatography (SiO2, solvent 

gradient (9:1 to 8:1-CH2Cl2:EtOAc)) and subsequent precipitation from hexanes and 

CH2Cl2 resulted in macromonomer 4.20 (0.567 g, 45 %) as a white powder: mp 162 – 

163°C; 1H NMR (500 MHz, CDCl3): δ 7.68 (s, 2H), 7.62 (d, J = 16.0 Hz, 2H), 7.46 and 

6.87 (AA’BB’ pattern, J = 8.7 Hz, 8H), 7.30 (s, 2H), 6.31 (d, J = 16.0 Hz, 2H), 5.16 (s, 
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4H), 4.62 (t, J = 6.7 Hz, 4H), 4.19 (t, J = 6.7 Hz, 4H), 3.99 (t, J = 5.7 Hz, 4H), 2.46 – 

2.41 (m, 4H), 1.73 – 1.68 (m, 4H), 1.41 – 1.37 (m, 8H), 0.94 – 0.91 (m, 6H); 13C NMR 

(125.7 MHz, CDCl3): δ 167.3, 160.0, 152.6, 143.9, 143.7, 129.7, 127.7, 123.7, 123.3, 

116.2, 114.8, 86.7, 64.7, 64.6, 64.0, 47.1, 29.8, 28.5, 28.2, 22.4, 14.0. 

(click/pentyl)cinn4[G-1] diiodo monomer (4.21).  A procedure from the literature18 was 

modified as follows: a solution of dendritic azide 4.18 (2.88 g, 3.29 mmol), diiodide 4.7 

(0.686 g, 1.57 mmol), Cu(PPh3)3Br (0.291 g, 0.313 mmol), (iPr)2NEt (0.607 g/ 0.82 mL, 

4.70 mmol) and CH2Cl2 (ca. 65 mL) was stirred at RT until TLC (SiO2, 19:1-

CH2Cl2:CH3OH) confirmed consumption of the starting materials (5 days).  The resulting 

mixture was then dissolved in additional CH2Cl2 (ca. 300 mL), the organics washed with 

brine (ca. 400 mL), dried over MgSO4, filtered and concentrated.  The crude solid was 

then purified by flash chromatography (SiO2, 19:1-CH2Cl2:CH3OH) followed by 

precipitation from hexanes and CH2Cl2 to yield diiodide 4.21 (2.08 g, 61 %) as a white 

solid: mp 202 – 206 °C; 1H NMR (500 MHz, CDCl3): δ 7.65 (s, 2H), 7.63 (s, 4H), 7.61 

(d, J = 16.0 Hz, 4H), 7.44 and 6.84 (AA’BB’ pattern, J = 8.5 Hz, 16H), 7.31 (s, 2H), 6.59 

(br, 2H), 6.48 (d, J = 2.0 Hz, 4H), 6.30 (d, J = 15.5 Hz, 4H), 5.43 (s, 4H), 5.14 (s, 4H), 

5.11 (s, 8H), 4.58 (t, J = 7.0 Hz, 8H), 4.17 (t, J = 7.0 Hz, 8H), 3.99 (t, J = 5.7 Hz, 8H), 

2.43 – 2.38 (m, 8H), 1.72 – 1.66 (m, 8H), 1.39 – 1.34 (m, 16H), 0.93 – 0.90 (m, 12H); 13C 

NMR (125.7 MHz, CDCl3): δ 167.3, 160.0, 159.8, 152.7, 143.9, 143.4, 136.9, 129.7, 

127.6, 124.0, 123.4, 123.2, 116.1, 114.7, 107.2, 102.0, 86.8, 64.6, 64.6, 64.2, 62.0, 54.1, 

47.2, 29.8, 28.5, 28.1, 22.4, 14.0. 
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(click/pentyl)cinn8[G-2] diiodo monomer (4.22).  A procedure from the literature18 was 

modified as follows: a solution of azide 4.19 (2.39 g, 1.30 mmol), 1,4-diiodo-2,5-bis-

prop-2-ynyloxy-benzene (0.272 g, 0.621 mmol), Cu(PPh3)3Br (0.235 g, 0.252 mmol), 

(iPr)2NEt (0.241 g/ 0.33 mL, 1.86 mmol), THF (12 mL) and CH2Cl2 (ca. 250 mL) was 

stirred at RT until TLC (SiO2, 39:1-CH2Cl2:CH3OH) confirmed consumption of the 

starting materials.  The resulting mixture was then dissolved in additional CH2Cl2 (ca. 

200 mL) and the organic phase washed with water (ca. 300 mL).  The aqueous phase was 

then extracted with CH2Cl2 (2 x 50 mL), and the combined organics washed with 

saturated NaHCO3 and brine, dried over MgSO4, filtered and concentrated in vacuo.  The 

crude macromonomer was purified by flash chromatography (SiO2, 39:1-

CH2Cl2:CH3OH) and subsequent precipitation from CH2Cl2 and methanol to afford 

compound 4.22 (1.51 g, 59 %) as an off-white solid: 1H NMR (500 MHz, CDCl3): δ 7.65 

(s, 8H), 7.62 (s, 2H), 7.59 (d, J = 16.0 Hz, 8H), 7.43 and 6.83 (AA’BB’ pattern, J = 8.5 

Hz, 32H), 7.28 (s, 2H), 6.61 (d, J = 2.0 Hz, 8H), 6.54 (t, J = 2.0 Hz, 4H), 6.49 (t, J = 2.0 

Hz, 2H), 6.42 (d, J = 2.0 Hz, 4H), 6.29 (d, J = 16.0 Hz, 8H), 5.42 (s, 4H), 5.13 (s, 16H), 

5.08 (s, 4H), 4.89 (s, 8H), 4.55 (t, J = 6.7 Hz, 16H), 4.16 (t, J = 6.7 Hz, 16H), 3.97 (t, J = 

5.7 Hz, 16H), 2.41 – 2.36 (m, 16H), 1.71 – 1.66 (m, 16H), 1.40 – 1.32 (m, 32H), 0.93 – 

0.90 (m, 24H); 13C NMR (125.7 MHz, CDCl3): δ 167.2, 160.1, 160.0, 159.5, 152.6, 

143.9, 143.8, 143.7, 139.1, 136.9, 129.7, 127.6, 123.9, 123.3, 116.1, 114.7, 107.0, 106.4, 

102.0, 101.4, 86.8, 69.8, 64.5, 64.4, 64.2, 62.0, 54.0, 47.1, 29.8, 28.4, 28.1, 22.3, 14.0. 

1,4-Didodecyloxy-2,5-diethynylbenzene (3.27).  Compound 3.2715 was prepared 

according to the literature. 
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(cinn2[G-0]/OC12H25-PPE) polymer (4.23).  A procedure from the literature22,37 was 

modified as follows: a heavy-walled flask fitted with a Teflon valve closure was charged 

with diiodide 4.20 (0.215 g, 0.200 mmol), diethynyl monomer 3.27 (0.102 g, 0.206 

mmol), (PPh3)2PdCl2 (2.3 mg, 3.3 µmol, 1.6 mol % Pd), CuI (5.6 mg, 29.4 µmol, 14.7 

mol % Cu), piperidine (1.0 mL) and dry THF (1.0 mL).  The mixture was freeze-pump-

thaw degassed (four cycles), sealed and heated to 40 °C with stirring for 40 h.  The 

reaction was then cooled to RT and fully dissolved in CH2Cl2 (ca. 100 mL).  Stirring was 

continued for ca. 30 min to allow the polymer to fully dissolve, after which, the organics 

were washed with 0.5M HCl, 1M NH4OH and H2O, dried over MgSO4, filtered and 

concentrated.  The crude polymer was dissolved in a minimal amount of CH2Cl2 (4.0 mL) 

and slowly added drop-wise to rapidly stirring methanol (160 mL).  The resulting 

precipitate was then centrifuged, the methanol decanted off, and the precipitation 

procedure repeated (2x) to provide dendronized polymer 4.23 (73.4 mg, 28 %) as a 

fibrous, yellow solid: 1H NMR (500 MHz, CDCl3): δ 7.73 (br, 2H), 7.58 (d, J = 16.0 Hz, 

2H), 7.41 and 6.81 (AA’BB’ pattern, J = 8.5 Hz, 8H), 7.14 (br, 2H), 7.04 (br, 2H), 6.26 

(d, J = 16.0 Hz, 2H), 5.33 (br, 4H), 4.52 (t, J = 5.7 Hz, 4H), 4.15 (t, J = 6.5 Hz, 4H), 4.01 

– 3.96 (m, 8H), 2.34 (t, J = 5.2 Hz, 4H), 1.76 (br, 4H), 1.68 (br, 4H), 1.43 – 1.20 (m, 

44H), 0.91 – 0.84 (m, 12H);13C NMR (125.7 MHz, CDCl3): δ 167.2, 160.0, 153.7, 153.3, 

144.3, 143.9, 129.7, 127.6, 123.2, 119.0, 117.6, 116.1, 115.4, 114.7, 113.7, 70.1, 64.6, 

64.2, 47.1, 31.9, 29.9, 29.7, 29.7, 29.4, 29.4, 29.3, 29.2, 28.5, 28.1, 26.4, 25.9, 22.7, 22.4, 

14.1, 14.0; MS (SEC): monomodal. Mn = 30380, PDI = 1.6. 
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(cinn4[G-1]/OC12H25-PPE) polymer (4.24).  A procedure from the literature22,37 was 

modified as follows: a heavy-walled flask fitted with a Teflon valve closure was charged 

with macromonomer 4.21 (0.219 g, 0.100 mmol), diethynyl monomer 3.27 (51.0 mg, 

0.103 mmol), (PPh3)2PdCl2 (1.8 mg, 2.6 µmol, 2.6 mol % Pd), CuI (1.7 mg, 8.9 µmol, 8.9 

mol % Cu), piperidine (0.5 mL) and CH2Cl2 (2.5 mL).  The mixture was freeze-pump-

thaw degassed (four cycles), sealed and heated to 35 °C with stirring for 114 h.  The 

reaction was then cooled to RT, dissolved in CHCl3 (ca. 20 mL), quenched with water 

(2.5 mL) and allowed to stir for ca. 60 min to fully dissolve the polymer.  After this time, 

an additional portion of CHCl3 (ca. 50 mL) was added, and the organics washed with 

saturated NaHCO3, water and brine, dried (MgSO4), filtered and concentrated in vacuo.  

The residue was then dissolved in a minimal amount of CH2Cl2 (3.0 mL) and slowly 

added drop-wise to rapidly stirring methanol (125 mL).  The resulting precipitate was 

then centrifuged, the methanol decanted off, and the precipitation procedure repeated (4x) 

to yield polymer 4.24 (0.174 g, 72 %) as a amorphous, brittle, yellow solid: 1H NMR 

(500 MHz, CDCl3): δ 7.79 (br, 2H), 7.61 (s, 4H), 7.58 (d, J = 16.0 Hz, 4H), 7.40 and 6.80 

(AA’BB’ pattern, J = 8.5 Hz, 16H), 7.17 (br, 2H), 6.97 (br, 2H), 6.52 (br, 2H), 6.40 (br, 

4H), 6.27 (d, J = 16.0 Hz, 4H), 5.34 (br, 4H), 5.28 (br, 4H), 5.02 (br, 8H), 4.49 (t, J = 6.7 

Hz, 8H), 4.15 (t, J = 6.7 Hz, 8H), 3.94 (t, J = 5.5 Hz, 8H), 3.89 (br, 4H), 2.32 (t, J = 5.7 

Hz, 8H), 1.67 (br, 12H), 1.36 – 1.17 (m, 52H), 0.91 – 0.81 (m, 18H); 13C NMR (125.7 

MHz, CDCl3): δ 167.2, 160.0, 159.7, 153.6, 153.3, 144.4, 143.9, 143.3, 137.0, 130.0, 

127.5, 123.4, 123.3, 119.1, 117.6, 116.0, 115.4, 114.7, 113.7, 107.1, 101.8, 70.0, 64.6, 
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64.4, 64.3, 61.8, 53.9, 47.2, 31.9, 29.8, 29.7, 29.7, 29.4, 29.4, 29.2, 28.5, 28.1, 26.4, 25.9, 

22.7, 22.4, 22.3, 14.1, 14.0; MS (SEC): monomodal. Mn = 36910, PDI = 2.5. 

(cinn8[G-2]/OC12H25-PPE) polymer (4.25).  A procedure from the literature22,37 was 

modified as follows: a heavy-walled flask fitted with a Teflon valve closure was charged 

with diiodo monomer 4.22 (0.205 g, 50.0 µmol), diethynyl compound 3.27 (25.5 mg, 

51.5 µmol), (PPh3)2PdCl2 (1.2 mg, 1.7 µmol, 3.4 mol % Pd), CuI (1.2 mg, 6.3 µmol, 12.6 

mol % Cu), piperidine (0.5 mL) and CH2Cl2 (2.5 mL).  The mixture was freeze-pump-

thaw degassed (four cycles), sealed and heated to 35 °C with stirring for 8 days.  After 

this time, the reaction was cooled to RT, dissolved in CHCl3 (ca. 40 mL), quenched with 

water (2.5 mL), further diluted with an additional portion of CHCl3 (ca. 30 mL) and 

stirred for ca. 90 min to allow the product to fully dissolve.  The organics were then 

washed with saturated NaHCO3, water and brine, dried (MgSO4), filtered and 

concentrated.  The resulting residue was then dissolved in a minimal amount of CHCl3 

(2.0 mL) and slowly added drop-wise to rapidly stirring methanol (80 mL).  The 

precipitate was then centrifuged, the methanol decanted off, and the precipitation 

procedure repeated (2x) to afford comb polymer 4.25 (0.144 g, 67 %) as a yellow foam: 

1H NMR (500 MHz, CDCl3): δ 7.65 – 7.37 (m, 34H), 7.11 (br, 2H), 6.96 (br, 2H), 6.83 – 

6.23 (m, 42H), 5.31 (br, 4H), 5.20 (br, 4H), 5.01 (br, 16H), 4.77 (br, 8H), 4.55 – 4.47 (m, 

16H), 4.14 (d, J = 5.5 Hz, 16H), 3.98 – 3.91 (m, 20H), 2.37 – 2.29 (m, 16H), 1.66 (br, 

20H), 1.34 – 1.13 (m, 68H), 0.89 – 0.70 (m, 30H); 13C NMR (125.7 MHz, CDCl3): δ 

167.2, 160.0, 159.5, 159.5, 153.5, 153.2, 143.9, 143.7, 143.5, 139.1, 137.0, 129.6, 127.4, 

123.4, 123.3, 118.6, 117.5, 116.0, 115.1, 114.7, 113.7, 106.9, 106.3, 101.9, 101.2, 92.4, 
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91.2, 69.6, 64.5, 64.3, 64.2, 64.1, 61.8, 53.9, 47.1, 31.9, 30.1, 30.0, 29.8, 29.7, 29.6, 29.3, 

29.3, 28.4, 28.1, 26.7, 23.2, 22.6, 22.3, 14.2, 14.1; MS (SEC): monomodal. Mn = 23110, 

PDI = 1.4. 

1,4-Diiodo-2,5-dimethoxybenzene (3.20). Compound 3.20 was prepared according to 

the literature.24 

2,5-Bis-(3-hydroxy-3-methyl-1-butynyl)-1,4-dimethoxybenzene (4.28).   Following a 

procedure reported in the literature,25 a heavy-walled flask fitted with a Teflon valve 

closure was charged with diiodide 3.20 (1.17 g, 3.00 mmol), 2-methyl-3-butyn-2-ol 

(0.671 g/ 0.77 mL, 7.98 mmol), Pd(dba)2 (77.6 mg, 0.135 mmol, 4.5 mol % Pd), CuI 

(0.298 g, 1.56 mmol), PPh3 (0.134 g, 0.510 mmol) and triethylamine (15 mL).  The 

mixture was freeze-pump-thaw degassed (four cycles), sealed and heated to 55 °C with 

stirring for 42 h.  After this time, the reaction mixture was allowed to cool to RT, 

dissolved in CH2Cl2 (ca. 50 mL) and filtered.  The organics were then washed with 

saturated NaHCO3, water and brine, dried over MgSO4, filtered and concentrated in 

vacuo.    Purification by flash chromatography (SiO2, 2:1-CH2Cl2:EtOAc) and subsequent 

precipitation from CH2Cl2 yielded diol 4.28 (0.852 g, 94 %) as a white solid: mp 163 – 

165 °C; 1H NMR (300 MHz, CDCl3): δ 6.87 (s, 2H), 3.82 (s, 6H), 2.24 (s, 2H), 1.64 (s, 

12H); 13C NMR (75.4 MHz, CDCl3): δ 153.8, 115.8, 112.8, 99.3, 78.2, 65.8, 56.4, 31.4. 

2,5-Diethynyl-1,4-dimethoxybenzene (4.29).  Following a procedure reported in the 

literature,25 a stirring solution of diol 4.28 (3.00 g, 9.93 mmol), KOH (3.21 g, 57.2 

mmol), toluene (65 mL) and methanol (41 mL) was maintained at reflux (110 °C), under 

Ar, in a flask fitted with a Dean-Stark trap (4 Å sieves) and a jacketed water condenser.  
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Heating was continued until consumption of the starting material (59 h) was observed by 

TLC (SiO2, 4:1 CH2Cl2-EtOAc), after which the reaction was allowed to cool to RT.  The 

resulting mixture was then dissolved in Et2O (ca. 75 mL) and washed with water (ca. 350 

mL).  The aqueous phase was extracted with Et2O (2 x 125 mL) and the combined 

organics washed (brine), dried (MgSO4), filtered and concentrated.  The crude product 

was purified by flash chromatography (SiO2, 9:1-CH2Cl2:hexanes) and subsequent 

recrystallization from CH2Cl2 and hexanes (ca. 2:1) to afford compound 4.29 (1.03 g, 56 

%) as pale, white crystals: 1H NMR (500 MHz, CDCl3): δ 6.98 (s, 2H), 3.86 (s, 6H), 3.40 

(s, 2H); 13C NMR (125.7 MHz, CDCl3): δ 154.4, 116.2, 112.6, 82.7, 79.6, 56.4. 

2,5-Diethynyl-1,4-hydroquinone (4.26).  Compound 4.2623,26 was prepared as follows: a 

stirring mixture of Al granules (0.347 g, 12.8 mmol) and dry acetonitrile (15 mL) was 

chilled in an ice bath under Ar.  Upon cooling to ca. 0 °C, I2 (2.44 g, 9.61 mmol) was 

added to the mixture and stirring continued for 20 min.  The reaction was then allowed to 

slowly warm to RT and gradually heated to reflux (90 °C).  Heat was maintained until the 

brownish-purple iodine color gave way to a yellowish, white slurry, after which the 

reaction was allowed to cool to RT.  Upon cooling, compound 4.29 (0.955 g, 5.13 mmol) 

and dry acetonitrile (5 mL) were added to the mixture and the reaction was again 

maintained at 90 °C until consumption of the starting material (24 h) was observed by 

TLC (SiO2, 3:2- hexanes:EtOAc).  The organics were then dissolved in Et2O (ca. 75 mL) 

and washed with 0.5 M HCl (200 mL).  The aqueous phase was extracted with Et2O (2 x 

100 mL) and the organics combined.  The organic phase was then extracted with aqueous 

NaOH (5 % wt/wt, 200 mL), the resulting aqueous phase acidified with conc. HCl (ca. 12 
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mL) and the product extracted with Et2O (3 x 100 mL).  The organics were dried over 

MgSO4, filtered and concentrated.  Purification by flash chromatography (SiO2, 3:2- 

hexanes:acetone) and subsequent precipitation from CH2Cl2 provided hydroquinone 4.26 

(0.124 g, 15 %) as a golden yellow powder: mp 204 °C (decomposed); 1H NMR (500 

MHz, d-acetone): δ 8.19 (s, 2H), 6.90 (s, 2H), 3.83 (s, 2H); 13C NMR (125.7 MHz, d-

acetone): δ 152.2, 120.0, 112.2, 84.6, 80.0. 

1,4-Bis-(t-butyldiphenylsilyloxy)-2,5-diethynylbenzene (4.27).  A solution of 2,5-

diethynyl-1,4-hydroquinone 4.26 (0.362 g, 2.29 mmol), tert-butylchlorodiphenylsilane 

(1.26 g/ 1.19 mL, 4.58 mmol), imidazole (0.468 g, 6.87 mmol) and dry DMF (18 mL) 

was stirred at RT for 41 h.  The resulting mixture was then diluted with CH3OH (ca. 75 

mL), chilled to -35 °C  for 0.5 h, filtered and the filtrant washed copiously with cold 

CH3OH to afford diethynyl monomer 4.27 (1.11 g, 76 %) as a white powder: mp 201-204 

°C; 1H NMR (500 MHz, CDCl3): δ 7.71 – 7.69 (m, 8H), 7.45 – 7.35 (m, 12H), 6.49 (s, 

2H), 3.11 (s, 2H), 1.07 (s, 18H); 13C NMR (125.7 MHz, CDCl3): δ 150.6, 135.5, 132.4, 

130.0, 127.8, 123.2, 115.1, 82.4, 80.3, 26.6, 19.6. 

(cinn4[G-1]/OTBDPS-PPE) polymer (4.30).  A procedure from the literature22,37 was 

modified as follows: a heavy-walled flask fitted with a Teflon valve closure was charged 

with cinn4[G-1] macromonomer 4.21 (0.219 g, 0.100 mmol), diethynyl monomer 4.27 

(65.6 mg, 0.103 mmol), (PPh3)2PdCl2 (2.5 mg, 3.6 µmol, 3.6 mol % Pd), CuI (2.9 mg, 

15.2 µmol, 15.2 mol % Cu), piperidine (0.5 mL) and CH2Cl2 (2.5 mL).  The mixture was 

freeze-pump-thaw degassed (five cycles), sealed and heated to 35 °C with stirring for 6.5 

days.  After this time, the reaction was cooled to RT, dissolved in CHCl3 (ca. 30 mL), 
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quenched with water (2.5 mL), further diluted with an additional portion of CHCl3 (ca. 70 

mL) and allowed to stir for 45 min to fully dissolve the product.  The organics were then 

washed with saturated NaHCO3, water and brine, dried (MgSO4), filtered and 

concentrated.  The resulting film was then washed with methanol until the washings were 

colorless (2x), dissolved in a minimal amount of CH2Cl2 (3.5 mL) and slowly added 

drop-wise to rapidly stirring methanol (140 mL).  The precipitate was then centrifuged, 

the methanol decanted off, and the precipitation procedure repeated (2x) to afford 

dendronized polymer 4.30 (0.129 g, 50 %) as a dark orange, fibrous solid: 1H NMR (500 

MHz, CDCl3): δ 7.76 (br, 8H), 7.56 (br, 10H), 7.36 (br, 20H), 6.75 (br, 10H), 6.61 – 6.22 

(m, 12H), 5.47 – 4.89 (m, 16H), 4.45 (br, 8H), 4.13 (br, 8H), 3.88 (br, 8H), 2.27 (br, 8H), 

1.75 – 1.10 (m, 42H), 0.88 (br, 12H); 13C NMR (125.7 MHz, CDCl3): δ 167.2, 160.0, 

159.7, 143.9, 143.4, 143.3, 137.1, 135.5, 132.5, 130.1, 129.6, 127.9, 127.5, 123.4, 123.4, 

116.0, 114.7, 113.7, 112.7, 107.2, 101.9, 64.5, 64.3, 61.8, 61.7, 53.9, 47.1, 29.8, 28.4, 

28.1, 26.7, 22.3, 19.8, 14.0; MS (SEC): monomodal. Mn = 13070, PDI = 1.5. 
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CHAPTER 5.  FUTURE RESEARCH 

5.1 Rigid, Helical Polymers Based Upon Chiral Hydrobenzoin 

Several derivatives of hydrobenzoin were successfully integrated into rigid, 

polymeric architectures, utilizing the modified protocol presented in Chapter 2, to afford 

a series of configurationally chiral macromolecules capable of adopting a non-racemic 

mixture of helical conformations.  Additionally, the polymers employed in this research 

possessed different aryl substituents, varying both in type and orientation about the 

benzene rings, which likewise facilitated an evaluation of the effects of aromatic 

substitution on helix formation.  After synthesizing the proposed macromolecules and 

their corresponding model compounds, chloroform solutions were subsequently prepared 

to assess whether or not conformational asymmetry was present using two different 

methods of analysis: CD spectroscopy and model studies via polarimetry.  Upon 

analyzing the resulting chiroptical data, it was evident that only one polymer in this 

series, compound 2.4, had preferentially assumed a chiral secondary structure (Figure 

5.1).   
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Figure 5.1  Helical, hydrobenzoin-based polymer 2.4. 
 
 
However, fabrication of this material was particularly limited due to poor 

polycondensation efficiency (28 %) and the presence of multiple molecular weight 
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fractions (polymodiality).  Consequently, future research pertaining to this project should 

initially focus on the development of revised polycondensation conditions or the 

application of an altogether different polymerization strategy in order to manufacture the 

helical polymer in appreciable quantities and with high molecular weight purity.   

To optimize the polymerization reaction used to furnish compound 2.4, evaluation 

of the current Pd-catalyzed conditions should be performed, specifically varying factors 

such as the source and equivalents of Pd catalyst and Cu co-catalyst, solvent quality, and 

reaction temperature and atmosphere.  Additionally, similar protocol reported by Heitz1 

could also be explored since only slight modification of the current methodology would 

be required.  Nonetheless, should improved conditions not be attainable, different types 

of polymerizations would then be investigated.  In particular, alkyne metathesis 

represents an intriguing alternative given its previous application was found to convert an 

appropriate hydrobenzoin-based monomer into a monodisperse, oligomeric species.  As a 

result, it was proposed that the more heteroatomically tolerant conditions reported by 

Grela2 could be specifically exploited to generate a series of hydrobenzoin-based 

oligomers.  This concept was particularly attractive since it was hypothesized that shorter 

polymer chain lengths might exhibit a greater tendency to adopt a helical conformation, 

while the fabrication of these macromolecules would concurrently provide an excellent 

basis for comparison.  Polymerizations via alkyne metathesis were also appealing 

because their application would simplify the synthetic process by necessitating only the 

formation and reaction of a single monomer unit (Scheme 5.1). 
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Scheme 5.1  Proposed modification of monomer 2.32 and subsequent polymerization via alkyne 
metathesis. 
 
 
Nonetheless, regardless of the method of polymerization, if greater quantities of 

hydrobenzoin-based macromolecules were acquired, then the viability of performing 

post-polymerization chemical modifications on both the helical and non-helical substrates 

can be examined in several different and intriguing ways. 

Originally, the hydrobenzoin-based polymers were designed to serve as platforms 

for post-polymerization transformations that would yield materials that were otherwise 

unattainable synthetically.  Specifically, it was initially envisioned that the acetonide 

protecting groups could be stripped away using acidic media and thus re-exposing the 

asymmetric diols.  Consequently, the resulting modified macromolecule should then be 

capable of engaging in hydrogen-bonding interactions with small guest molecules and 

potentially be used to facilitate enantioselective processes such as recognition, separation, 

and catalysis as a solid support.  Precedence for the proposed studies was previously 

demonstrated in an analogous study by Gaertner,3 in which various hydrobenzoins were 

affixed to resin beads and their capabilities as a chiral auxiliaries or catalysts evaluated.  

Furthermore, the polydiol-containing polymer could also be used in another experiment 
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to ascertain if the memorization of helicity was possible in these systems following 

acetonide removal.4  

Another potential research project pertaining to post-polymerization chemical 

modification of the hydrobenzoin-based polymers was developed while synthesizing the 

analog polymers.  Specifically, functionalization of the aromatic methyl groups present in 

polymers 2.4 or 2.5 using radical bromination conditions could be performed to introduce 

benzyl bromide moieties along the polymer backbone.  These highly reactive 

functionalities could then be used to graft alkoxy side chains of varying size, structural 

complexity and/or unique functionality onto the macromolecule through Williamson 

ether coupling (Scheme 5.2). 
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Scheme 5.2  Proposed post-polymerization bromination and structural modification through polyether 
formation in polymer 2.4. 
 
 
Such modifications to the polymer architecture were particularly intriguing because of 

the potential consequences these alterations might have on conformational asymmetry.  

As discussed previously in Chapter 2, the presence of methyl groups ortho to the 

acetonide-protected diols in compound 2.4 was hypothesized to have induced helix 

formation due to enhanced steric interactions around the chiral turn.  With the proposed 

research, this hypothesis could be further evaluated by collecting and comparing 

chiroptical data generated both before and after affixing the various alkoxy groups onto 
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the polymer backbone.  Furthermore, the implementation of these studies would be 

readily feasible after obtaining an improved synthetic protocol for the necessary 

polymeric precursor. 

In a similar experiment, protection of the asymmetric, vicinal diols in compound 

2.10 using a series of aldehydes varying in size and structural complexity was proposed 

in order to influence the formation and magnitude of helicity again by altering the steric 

environment surrounding the chiral turn.  The various monomers projected for these 

experiments would then either be converted to a corresponding diethynyl equivalent and 

polymerized, or copolymerized with another hydrobenzoin-based diacetylene co-

monomer.  Solutions of the ensuing macromolecules would then be generated, analyzed 

by CD spectroscopy and the data compiled to assess if a certain size requirement became 

necessary to impart conformational asymmetry.  A specific example of the proposed 

work was conceived while deliberating on the source of helicity in the original 

experiments.  The aldehyde of a Fréchet second generation benzyl aryl ether dendron was 

envisioned to serve as an ideal protecting group, given its inherent size and ease of 

synthesis.  As with any other potential aldehyde protecting group, formation of the 

dendronized monomer should readily be accomplished by reacting [G-2]-CHO and (+)-

(R,R)-1,2-bis-(4-iodophenyl)ethane-1,2-diol in the presence of a Lewis acid catalyst 

(Scheme 5.3). 
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Scheme 5.3  Proposed protection of the chiral, vicinal diols found in compound 2.10 using various 
aldehydes. 
 
 
However, while developing this concept, it was anticipated that with large pendant 

dendrons present on both monomers, the efficiency of the polymerization reaction might 

be inhibited by partial encapsulation or shielding of the reactive sites.  To circumvent this 

potential limitation, copolymerization with a smaller, less bulky diethynyl monomer was 

suggested.  Therefore, upon forming the target dendronized diiodo monomer, Pd-

catalyzed polycondensation with diethynyl compound 2.7 was proposed to afford a 

perfectly alternating copolymer of the desired architecture (Scheme 5.4). 
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Scheme 5.4  Proposed synthesis of an alternating, comb copolymer based upon chiral hydrobenzoin. 
 
 
This specific configuration was particularly desirable because it not only introduced 

dendrons at every other repeat unit along the main polymer chain, but also between 

adjacent turns within the projected helical structure (Figure 5.2). 
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Figure 5.2  Model of projected helical conformation in proposed alternating, comb copolymer. 
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Consequently, it was theorized that such an arrangement would be more energetically 

favorable for helix formation relative to dendronization at each repeat unit.  Additionally, 

should the application of bulkier aldehyde protecting groups be found to influence 

conformational asymmetry in hydrobenzoin-based substrates, subsequent experiments 

could be performed to again determine whether or not hydrobenzoin-based polymers can 

retain or memorize helicity after post-polymerization diol deprotection. 

5.2 Manipulation of Fluorescence in Poly(phenyleneethynylene)s Appended with 

Linearly Degradable Dendrons through Post-Polymerization Chemical Modification 

 A series of poly(phenyleneethynylene)s was prepared with increasing generations 

of degradable dendrons appended to the polymer backbone.  After unambiguous 

characterization of the comb polymers, the benefits of dendronization were assessed by 

calculating intramolecular energy transfer and photoluminescence quantum efficiency.  

The insulating dendritic subunits were then chemically removed and the effects of the 

disassembly process monitored both visually and by UV-vis and fluorescence 

spectroscopy.  Ultimately, the loss of the encapsulating dendrons caused the emissive 

properties of modified PPE to extinguish.  However, the precise mechanism of quenching 

could not be ascertained solely from these studies.  As a result, model polymers were 

manufactured and a series of qualitative experiments were developed to assess the source 

of emission loss.  From the ensuing analysis, photoluminescence quenching was found to 

have arisen from the electronic effects of phenoxide formation, which was more 

specifically attributed to photo-induced electron transfer.5-9 The hypothesized mechanism 

was later verified with the introduction of p-toluenesulfonic acid to the disassembly 
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media, which caused the protonation of the phenoxide moieties and the immediate 

restoration of polymer emission (Figure 5.3).   
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Figure 5.3  pH-tunable photoluminescence in phenolic PPEs generated by dendritic disassembly. 
 
 
Afterwards, alternating addition of an organic acid and base was discovered to reversibly 

switch PPE photoluminescence from an ‘on’ and ‘off’ state respectively, and therefore it 

was concluded that the resultant phenolic polymer exhibited pH-tunable luminescence 

properties.  

 In examining the original research for future experiments or ways to improve 

upon the project, only a few minor complications and inconsistencies arose and thus 

suggestions to rectify these issues are presented herein.  Specifically, variable processing 

conditions were employed while working up the comb polymers, the quantum yield 
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values calculated for the experimental PPEs displayed no discernable trend, and poor 

coupling efficiencies resulted from appending disassembling dendrons onto the diiodo 

monomeric precursor.  With respect to inconsistent purification practices, this work 

represented the author’s first endeavors in synthesizing and studying conjugated, organic 

polymers and as a result several subtle yet important experimental techniques were 

discovered throughout the process.  In particular, it was determined after multiple 

attempts to prepare the target macromolecules that reaction yield and material solubility 

could be optimized by purifying the crude materials in the absence of light and 

temperatures above ca. 40 ºC.  As a result, it would seem advantageous and prudent if the 

proposed comb polymers were generated again while employing identical experimental 

and processing conditions.  Furthermore, the inconsistent purification methods may have 

contributed to the discrepancies observed in the quantum efficiency data.  

In a previous account by Aida, quantum yield measurements were performed on a 

analogous series of dendronized PPEs10 and the resulting data indicated that a progressive 

increase in photoluminescence efficiency had occurred corresponding directly with the 

application of larger generations of dendrons.  At first, a similar trend was anticipated for 

the proposed research, however after acquiring and processing the spectroscopic data no 

detectable pattern could be established from these studies.  Therefore, to confirm the 

accuracy of these values, quantum yield experiments should be performed again using the 

projected new samples, furnished using uniform processing conditions, and degassed 

spectroscopic grade solvents.  Previous trials were undertaken without bubbling argon 

through the solvent prior to sample preparation, but it was discovered after the fact that 
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such precautions are necessary in order to diminish or eliminate the effects of oxygen 

quenching. 

In addition, the synthetic protocol for macromonomer formation should also be 

optimized from the evaluation of the Williamson ether protocol currently being 

employed.  Within the literature, various reaction conditions have been described for 

these types of couplings and a thorough analysis of these strategies would prove 

extremely beneficial.  Moreover, the original coupling conditions should be performed 

again but in an oxygen-free environment to avoid any possible loss of starting material to 

oxidation, specifically the conversion of 2,5-diiodohydroquinone to the corresponding 

quinone.  However, if the yield for macromonomer formation cannot be enhanced, then 

alternative coupling strategies might be assessed.  Specifically, Click chemistry could be 

utilized to affix the degradable subunits by incorporating a triazole linker, similar to the 

manner described in the crosslinkable dendronized PPEs project.  As stated before, this 

methodology is particularly attractive due to typically near-quantitative efficiencies, 

tolerance to a variety of solvents both aqueous and organic, application of non-toxic 

reagents and excellent specificity and regioselectivity.11  Furthermore, the substrates 

needed to implement this method have either already been prepared, such as diiodide 4.7, 

or would be readily accessible from pre-existing reagents (Scheme 5.5).    
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Scheme 5.5  Proposed application of Click chemistry to optimize macromonomer formation and the 
resulting revised polycondensation reaction. 
 

Furthermore, it was hypothesized that the integration of a triazole unit within the 

disassembly pathway would have little to no effect on dendritic depolymerization, with 

only the formation of a corresponding diazaanion or methylene triazole being different 

from the previous disassembly studies (Figure 5.4) 
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Figure 5.4  Projected polymeric product of disassembly from dendronized PPEs prepared through Click 
chemistry. 
 
5.3 Synthesis and Application of Photo-crosslinkable Dendrons onto a 

Poly(phenyleneethynylene) Scaffold to Generate a Thin Film, pH-tunable 

Luminescent Sensor 

 With the discovery of tunable photoluminescence properties inherent to phenolic 

PPEs obtained via post-polymerization chemical modification,12 the cultivation of this 

technology into a solid-state sensor application was proposed by introducing 

crosslinkable dendrons onto the polymer backbone.  However, in order to establish the 

optimal generation of cinnamate-terminated dendron required for fabrication of the target 
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macromolecule, a series of PPEs appended with increasing generations of 

photocrosslinkable dendrons had to be prepared, via the macromonomer approach, and 

irradiation and patterning experiments performed.  Additionally, Click chemistry was 

incorporated into the synthetic strategy to optimize the formation of both the proposed 

dendrons and the dendronized monomers needed for polymerization.  After identifying 

the appropriate diiodo macromonomer through the crosslinking studies and preparing the 

desired silyl-protected diethynyl co-monomer, the target PPE was obtained through 

traditional Sonagashira polymerization conditions and its structural and photophysical 

properties characterized.  Consequently, the proposed comb polymer displayed the 

projected sensor capabilities both in solution and as a thin film upon desilylation, while 

the process was monitored both qualitatively and spectroscopically. 

 Nonetheless, though PPE luminescence was quenched reversibly following 

chemical modification, the target precursor macromolecule could be furnished only as an 

oligomer.  To account for the observed low degree of polymerization, it was 

hypothesized that the bulky silyl protecting groups had interfered in the polycondensation 

reaction, a plausible theory given prior polymerizations with macromonomer 4.21 yielded 

a high molecular weight material.  Therefore, future work on this project should initially 

focus on the application of a smaller silane protection strategy, specifically utilizing 

triisopropylsilyl groups (Scheme 5.6 and 5.7), in an effort to generate a polymeric 

phenyleneethynylene species rather than an oligomer.   
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Scheme 5.7  Proposed synthesis of TIPS-protected, crosslinkable PPE. 
 
 
Additionally, the revised macromolecule’s tunable emissive properties should then be 

examined using the previous experimental parameters.  It was theorized that the 

appearance and spectroscopic properties of the modified sensor polymer should be more 

consistent with those of traditional PPEs, unlike macromolecule 4.30, and as a result 

produce different photoluminescent changes with pH-fluctuation.   

 Additionally, the application of different bases to facilitate phenoxide formation, 

after desilylation and subsequent protonation, could be performed to specifically assess 
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the effects of having different cationic counterions present in solution.  This research 

would be particularly useful in evaluating the two hypothesized mechanisms for emission 

loss, specifically quenching via an ionochromic effect or photo-induced energy transfer.  

While a consistent, fairly strong base such as hydroxide would be required to deprotonate 

the phenolic PPE quantitatively, the cations employed in the proposed studies should 

vary in size and ionic strength to determine whether or not excimer formation via 

aggregation caused the polymers to lose emission intensity and if so, whether or not the 

process can be harnessed in a reversible manner when using other cations.   
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