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Abstract 

 

New Methods Towards the Synthesis of Graphene Nanoribbons and 

Study of the Polymerization of Acetylnaphthalene 

 

Christopher R. Johnson M.A. 

The University of Texas at Austin, 2013 

 

Supervisor:  Guangbin Dong 

 

Chapter 1 describes work towards the synthesis of graphene nanoribbons with 

varying widths and edge structures.  Interest in graphene comes from the high electron 

mobility at room temperature, exceptional thermal conductivity, and superior mechanical 

properties.
1
  These properties enable graphene’s use in numerous applications such as 

transparent conducting electrodes, gas detection, transistors, energy storage devices, and 

polymer composites.
1
  Density functional theory has predicted that the electronic 

properties of GNRs differ with changes in length, width, and differences in edge 

structure.
5
  First polyacetylene ladder polymers were developed as intermediates for 

nanoribbons with zig-zag edge structures.  Experiments have shown evidence for 

polyacetylene structures within the material although conversion is too low to be used as 

a precursor for graphene nanoribbons.  Next tetraethynylethene monomers were 

synthesized to study their use as monomers for Bergman polymerization in hopes of 

producing armchair edged nanoribbons.  Polymers were made with both alkyl and 

carboxylic acid functionality. 
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ortho-Acylphenols are useful reagents in the synthesis of many natural products, 

pharmaceuticals, agrichemicals, flavors, and fragrances
27, 28

.  For this reason, ketone 

directed hydroxylation of arenes catalyzed by Pd was developed by Dong and coworkers.  

During this work it was discovered that 1-acetylnaphthalene would polymerize under the 

reaction conditions.  Chapter 2 describes the author’s efforts to understand the 

polymerization mechanism through the synthesis of a variety of substituted 

acetylnaphthalene derivatives and their polymerization. 
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Chapter 1: Graphene Nanoribbons 

1.1. INTRODUCTION TO GRAPHENE STRUCTURES 

The Nobel Prize in Physics 2010 was awarded to Andre Geim and Konstantin 

Novoselov “for ground breaking experiments regarding the two-dimensional material 

graphene,” one of carbon’s many allotropes (fullerene, nanotubes, etc.).  Interest in 

graphene comes from the high electron mobility at room temperature (250,000 cm
2
/V

.
s), 

exceptional thermal conductivity (5000 W/m
.
K), and superior mechanical properties 

(Young’s modulus of 1TPa).
1
  These properties enable graphene’s use in numerous 

applications such as transparent conducting electrodes, gas detection, transistors, energy 

storage devices, and polymer composites.
1
  Although graphene is simply a single layer of 

graphite, a cheap and commercially available material, it is difficult to isolate single 

layers of graphene due to low solubility 

and aggregation from π-stacking.  This 

difficulty has lead researchers to pursue 

many ways of producing this material 

using either top-down approaches, such 

as unzipping carbon nanotubes,
2
 or 

bottom-up syntheses using organic 

chemistry to build graphene.  Although 

graphene is insoluble, the oxidized form 

can be easily dispersed in water and 

then reduced to regain much of it’s 

original properties although many 

structural defects are imparted.
3
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Chemical vapor deposition on metal surfaces cannot provide perfect monolayers of 

graphene but recent efforts have made it one of the most widely used techniques 

available
4
.  Organic synthesis of large graphene sheets from small molecules is a 

challenge that has not been met, but synthesis of graphene nanoribbons (GNRs) is a much 

more realistic goal.  GNRs electronic properties differ from graphene because as the 

number of carbons decreases there is splitting of the HOMO and LUMO resulting in 

larger band gaps as GNRs become thinner.  Density functional theory has predicted that 

the electronic properties of GNRs differ with changes in length, width, and differences in 

edge structure.
5
  To date there have been only two syntheses of GNRs from small 

molecules (c.f. Figure 1).  First in 2008, Suzuki-Miyaura coupling of phenylene 

monomers produced short polymers which were then cyclodehydrogenated using FeCl3.
6
  

Then in 2010, thermal deposition of 10,10’-dibromo-9,9’-bianthryl precursors on Au 

surfaces followed by heating to dehalogenate and fuse aryl radicals followed by higher 

temperatures to cause cyclodehydrogenation and form insoluble GNRs on the Au 

surface.
7
  Although these methods have provided a great advance in the synthesis of 

GNRs, they can only form GNRs three or four rings wide with arm-chair edge structures.  

Therefore, new methods need to be developed to provide GNRs with different edge 

structures and widths.  
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1.2. ZIG-ZAG NANORIBBONS 

 

 

The planned route to synthesize zigzag GNRs is described in Scheme 1.1.  This 

route includes three steps: a) Selective polymerization of alkene moieties in enediynes 1 

to form polymer 2, b) subsequent metathesis of the alkyne side chains to form conjugated 

ladder polymers 3, and c) dehydrogenation and aromatization to form the target GNR 4.  

Each of these three steps are major challenges that have not been accomplished in the 

literature.  One challenge arises from conducting alkyne metathesis along a polymer due 

to steric congestion, cross-linking of polymer chains, and insolubility of ladder polymers.  

Alkyne metathesis of 1,6-heptadiynes has been accomplished with both terminal
8
 and 

substituted
9
 monomers to form conjugated polymers with six membered rings, but there 

have been no examples of using alkyne metathesis to form fused-ring polymers.  Once 

formation of the fused ring system is elucidated, cyclodehydrogenation to form fused 

aromatic rings may be facilitated by the use of Ir or Rh catalysts
10

. 

 



 4 

 

Figure 1.2:  Polymer 7 was deprotected to varying degrees before reacting with Grubbs 

catalyst.  Only at 90% deprotection or greater was conjugation observed. 

 This approach to zigzag GNR 4 was begun by focusing on a simpler system to 

form conjugated ladder polymer 8 via Scheme 1.2.  Sonagashira coupling provided enyne 

5 which when heated with azobisisobutyronitrile (AIBN) produced polymer 6
11a

.  This 

was followed by deprotection of the alkyne to form 7 as described by Fréchet.
11b

  When 

polymer 7 is reacted with a Grubbs catalyst (2
nd

 generation, Hoveyda, or 3
rd

 generation) 

the solution quickly became deep purple and insoluble polymer 8 began to precipitate out 

of solution.  Due to the insolubility of the polymer characterization by GPC was ruled 

out.  The decrease in solubility could be attributed to reduced flexibility in the polymer 

backbone, cross-linking, or backbiting of polymer chains.  While the color of the polymer 

could be attributed to the catalyst this is unlikely for two reasons: both the polymer and 

catalyst solutions were nearly colorless before the reaction, and the color did not change 

when ethyl vinyl ether was added to quench the reaction.  In an attempt to reduce cross-

linking of polymer chains the reaction was conducted at high dilution and samples were 

filtered before taking NMR spectra.  It was observed that a broad peak appeared at 5.1 

ppm over the course of the reaction which may correspond to alkenes formed after 
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metathesis.  In a control experiment, polymer 6 was deprotected to varying degrees (0%, 

35%, and 90%) and each was reacted with Hoveyda-Grubbs catalyst as shown in Figure 

1.2.  Without deprotection there was no reaction, at 30% there was an increase in 

molecular weight (as observed by GPC), but no color change, and at 90% purple 

insoluble polymer was formed.  While these results support the formation of polymer 8 

they do not rule out the possibility that the color results from Ru.  The metal scavenger 

Quadrasil MP
®
, made by Johnson-Matthey, is known to absorb Ru and decolorize 

products after Grubbs’ metathesis.  When a solution of polymer 8 was stirred with 

Quadrasil MP
®
 there was no decrease in color observed even after several days.  UV-Vis 

spectra were then collected as shown in Figure 1.3.  The purple ladder polymer shows a 

very broad absorbance, as would be expected for a conjugated polymer, which does not 

overlap with either the spectra for the catalyst or that of the starting polymer.  As further 

evidence, a sample of polymer 8 was placed in a soxhlet with CH2Cl2 for two days to 

remove residual catalyst and starting material.  When the color remained, and even 

appeared darker, the sample and polymer 7 were investigated with X-ray photoelectron 

spectroscopy (XPS).  None of the peaks characteristic of Ru were observed by XPS, 

therefore any Ru present was below the detection level of XPS (0.1–1%).  All evidence to 

date suggests that the observed color is due to conjugation introduced to the polymer and 

not a result of catalyst contamination.   
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Figure 1.3:  UV-Vis spectra of polymers 7 and 8 as well as Grubbs II-Hoveyda Catalyst. 

 

 

 In order to improve the solubility of polymer 8 a methyl ester was added to the 

polymer backbone as shown in Scheme 1.3.  Bromination of methyl acrylate followed by 

dehydrobromination provides 11.
12

  Sonagashira coupling of 11 with TMS acetylene in 
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the presence of a radical inhibitor gave monomer 12
13

 which quickly underwent 

uncontrolled polymerization to form polymer 13 with very high MW when concentrated 

or heated.  All attempts to deprotect polymer 13 failed to show appearance of the 

acetylenic proton by NMR even when TMS was removed.  Reaction of Hoveyda-Grubbs 

catalyst with the deprotected polymer did not produce any color change or insoluble 

product possibly due to increased steric congestion in the polymer. 

 

In order to evaluate whether substitution on the polymer backbone is tolerated 

during alkyne metathesis polymer 16 was synthesized in a similar manner to polymer 7.  

With the new polymer 16 in hand, it was subjected to alkyne metathesis although this 

time the insoluble polymer formed was red instead of purple.  It has been shown that as 

conjugation length increases, the HOMO-LUMO gap decreases, resulting in a blue shift 

of absorbance
14

.  This could mean that polymer 8 has a longer conjugation length than 

polymer 17, but it could also be argued that the methyl groups change electron density or 

interrupt the planarity of the conjugated alkenes.  If polyacetylene structures are present 

in the material it may be possible to dope the polymer with I2 which would result in an 

increase in conductivity over orders of magnitude.
15

  Polymers 8 and 17 were drop-cast 

onto interdigitated electrodes and doped with iodine vapor under partial vacuum.  Over 

time the films changed from red or purple to dark brown.  Conductivity measurements 

were conducted inside a N2 atmosphere glovebox before and after oxidation.  In every 

sample the films behaved as insulators both before and after oxidation.  Although this 
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could show that polyacetylene structures are not present, it is also possible that the iodine 

oxidation damaged the films or that polyacetylene fragments are too infrequent within the 

material to provide a continuous bridge for current between the electrodes.  

 

Figure 1.4:  The 
13

C CP MAS NMR spectra recorded for 7 (top) and 8 (bottom) at a 12 

kHz spinning rates.  

To provide evidence to the structure of the polymer, magic angle spinning (MAS) 

NMR studies were conducted with solid samples of 7 and 8.  The 
13

C CP MAS NMR 

(Figure 1.4) shows two new peaks in polymer 8 at δ = 123 and 138, as well as a decrease 

in intensity of the peaks at δ = 68 and 84.  The two new peaks appear in a range shown in 

the literature to correspond to the conjugated alkenes in polyacetylene.
16

  While 

monitoring the reaction of polymer 8 it was observed that the acetylenic proton gradually 

disappeared from the 
1
H NMR in CDCl3 over the course of the reaction.  This, along with 

the previous evidence, strongly supports that the terminal alkynes of polymer 7 are 

showing partial conversion to polyacetylene within the material, while the majority of 

remained alkynes are being converted to something else, most likely cross-linking or 

back-biting of polymer chains.  In order to produce a material with the structure 

consisting of only the ladder polyacetylene shown in Scheme 1.2 it will be necessary to 



 9 

begin alkyne metathesis at a single end of each polymer and sequentially react along the 

length of the polymer chain.  This is a significant challenge that has not yet been 

addressed.  This would likely require a way to sequentially deprotect the alkynes as the 

catalyst is performing metathesis.   

 

 It was demonstrated with polymer 17 that substitution on the polymer backbone 

does not prevent alkyne metathesis; therefore the next step towards structures as shown in 

Scheme 1.1 is to develop polymers with alkynes on each carbon of the polymer 

backbone.  If enediynes can be used to selectively polymerize the alkene instead of the 

alkynes then these structures could be developed.  Due to steric congestion at the 

propogating radical, 1,2-disubstituted alkenes are difficult to polymerize and often result 

in low molecular weight polymers.  This difficulty can be overcome by using sterically 

small substituents or by placing the alkene in a ring.
17

  In order to determine whether or 

not 1,2-alkynylethenes can selectively polymerize the alkene moieties, cyclic enediynes 

are being synthesized as shown in Schemes 1.5 and 1.6.  Enediynes are well known to 

undergo Bergman cycloaromatization and enediyne moieties have been found in natural 

products with cytotoxic properties such as esperamicin A.
18

  Enediynes 22 and 27 were 

originally synthesized in the search of compounds that may undergo Bergman cyclization 
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at near physiological temperature.  Scheme 1.5 shows the synthesis by Jones et al. to 

produce 22 which has a half-life of less than 18 hours at 37 
o
C.

18
  Work has progressed to 

21 but formation of the macrocycle 22 is currently ongoing.  Scheme 1.6 shows another 

approach to cyclic enediynes using Mg
2+

 to form the macrocycle (t1/2 = 2.2 hours) which 

could be tuned through choice of metal ion.
19

  Once again 26 has been made, but 

formation of macrocycle 27 has been elusive.  Due to the tendency for cyclic enediynes 

to cycloaromatize at high temperatures, it will be necessary to attempt polymerization 

with low temperature radical initiators such as peroxycarbonates or redox initiators.
20
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1.3. ARM-CHAIR NANORIBBONS 

 

 

 Bergman cycloaromatization has been shown to produce polyphenylenes when 

heated without the presence of radical donors.
21

  Although cycloaromatization is common 

for enediynes, it has not yet been observed for enetetraynes.  As shown in Scheme 1.7, if 

cycloaromatization were to occur in enetetraynes such as 28, then polymerization could 

form GNRs with arm-chair edge structures such as 30.  In 1995, Diederich and coworkers 

observed that some enetetraynes formed polymeric products with aromatic peaks 

appearing in the 
13

C NMR but Bergman cyclization was ruled out based on force-field 

calculations and no further characterization was conducted.
22

  In order to understand how 

tetraethynylethenes polymerize, 35 was synthesized as shown in Scheme 1.8.
23

  When 35 

was heated at 140 
o
C overnight in benzene a black insoluble precipitate was isolated.  An 

NMR study was then done by slowly heating the same solution from 60 to 120 
o
C and 

monitoring the reaction by 
1
H NMR at regular intervals.  Complete conversion of starting 

material to a soluble product was observed, but no aromatic peaks appeared in the 
1
H 

NMR.  The IR spectrum was identical in each case and mass spectrometry confirmed the 

presence of oligomers in solution.   
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 It has been shown that when graphene structures are oriented perpendicular to an 

electrode surface, charge transfer will be increased due to momentum.
24

  Professor 

Xiaoyang Zhu’s group has been using carboxylic acid functionalized graphenes to self-

assemble on electrode surfaces and test their electrical and optical properties.  For this 

reason it became desirable to synthesize carboxylic acid substituted tetraethynylethene 

polymers for them to test.  The synthesis of polymer 46 was conducted as shown in 

Scheme 1.9.  Polymer 45 was made analogously to polymer 36 with subsequent 

hydrolysis of the methyl ester to produce the carboxylic acid substituted polymer.   
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In conclusion, these results confirm that polymerization of tetraethynylethenes is 

possible but cycloaromatization has not yet been proven.  It has been shown that 

diethynylbenzene derivatives can undergo cycloaromatization to form naphthalenes under 

irradiation with UV light.
25

  It has also been shown that [(η
5
-C5Me5)Fe(CH3CN)3]PF6 can 

cyclize enediynes followed by photochemical liberation of the aromatic ring from Fe.
26

  

In order to overcome any issues with possible decomposition from heating of 

tetraethynylethenes, Bergman cyclization by photochemistry and catalysis should be 

examined. 
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Chapter 2:  Polymerization of Acetylnaphthalene Derivatives 

2.1. INTRODUCTION TO KETONE-DIRECTED HYDOXYLATION OF ARENES 

 

 

ortho-Acylphenols are useful reagents in the synthesis of many natural products, 

pharmaceuticals, agrichemicals, flavors, and fragrances
27, 28

.  Traditionally o-acylphenols 

are synthesized through acylation of a phenol followed by a Fries rearrangement of the 

phenyl ester intermediate,
29

 or to directly use Friedel-Crafts acylation of the phenol 

(Scheme 2.1a)
30

.  Unfortunately these approaches often lead to mixtures or ortho and 

para isomers and the diversity of ketones available may be limited
31

.  Instead of 

beginning with a phenol and acylating, an alternate approach would be to begin with an 

aryl ketone and hydroxylate via arene oxidation.  Aryl ketones are widely available 

through a variety of methods: electrophilic aromatic acylation
32

, benzylic oxidation
33

, 

Wacker oxidation
34

, and other means
35

.  Hydroxylation of arylketones has been 

accomplished through a radical approach
36

, through heterogeneous catalysis
37

, and more 
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recently through Pd catalyzed C-H activation/oxidation by Dong and coworkers (Scheme 

2.1b)
38

. 

2.2. STUDY OF POLY(ACETYLNAPHTHALENE) 

 

 

In the work by Mo, Trzepkowski, and Dong, they were able to show high ortho 

selectivity for a wide variety of diaryl and aryl alkyl ketones, although electron 

withdrawing substituents were unfavorable.  Optimization resulted in two different 

reaction conditions; a) 5 mol% Pd(TFA)2, 2 equiv BTI, in DCE at 80 
o
C, b) 5 mol% 

Pd(OAc)2, 2 equiv K2S2O8, in TFA at 50 
o
C.  While expanding the substrate scope it was 

found that 1-acetylnaphthalene would polymerize under the conditions b.  The polymer 

obtained had very low solubility in everything other than DMF which made 

characterization difficult.  A MALDI spectrum, Figure 2.1a, was obtained due to the 

polymers slight solubility in THF although the observed molecular weight is most likely 

representative of the more soluble low molecular weight molecules.  The mass spectrum 

shows a very complicated pattern with molecules between 550 and 2700 Da.  The 

spectrum in Figure 2.1a shows regions separated by a mass of ~170 which is close to the 

molecular weight of the substrate.  By zooming in on one of those regions, Figure 2.1b, 

there is also splitting into regions separated by ~16 (the mass of an oxygen atom) and by 

1 (the mass of a hydrogen atom).  This seems to show that a very complicated polymer is 

being formed which contains oligomers containing 4 to 14 monomer units with varying 
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degrees of oxidation/hydroxylation.  In order to study this reaction a variety of 

naphthalene derivatives were synthesized and subjected to the reaction conditions. 

 

Figure 2.1:  a) MALDI spectrum for polymer 47.  b) Area enlarged from 945 – 973 amu. 

It was envisioned that if C-H activation led to fusing of naphthalene rings then 

structures such as 53 could be intermediates.  A subsequent C-H activation directed by 

the ketone may then be able to cycloaromatize into graphene nanoribbons.  For these 

reasons the synthesis in Scheme 2.3 was followed.  Triflation of 1-acetyl-naphth-2-ol 

followed by Suzuki coupling with 2-naphthylboronic acid afforded product 53.  

Compound 53 was unable to cyclize when subjected to conditions as shown in Scheme 

2.2 without oxidant.  When 53 was reacted with base only the aldol product was isolated 

along with decomposition of the substrate.   

The next step was to determine which C-H bonds were bridging between naphthyl 

subunits in polymer 47.  It is very likely that the C-H bond ortho to the acetyl group is 

being activated
38

 and if a polymerization is occurring then at least one other position of 

the molecule needs to be reacting.  We then sought out to sequentially block each of the 

hydrogens on the second phenyl ring to see if one of these would prevent the 
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polymerization.  To do this a variety of methyl substituted 1-acetylnaphthalene 

derivatives were synthesized as shown in Scheme 2.4.  Compound 54 was synthesized 

according to the literature
39

 followed by Negishi coupling
40

 to form 55 and then 

methylation of the carboxylic acid
41

 to obtain the desired product 56.  Fortunately 

compounds 58
42

 and 60
43

 were both obtainable directly from the literature.  Compound 

63 was synthesized according to the literature
44

 and then made into a Weinreb amide 

followed by methylation and finally dehydrogenation to afford the final substrate 66. 

When each of the methylated acetylnaphthalene derivatives were subjected to the 

reaction conditions shown in Scheme 2.2 MALDI analysis revealed the same complex 

patterns as shown in Figure 2.1.  This suggests that the polymerization can proceed 

through more than one substitution pattern.  In order to further understand these results a 

few control experiments were conducted.  There is precedence in the literature that 

phenols can be fused to arenes using Cu(OAc)2, KOAc, and K2S2O8 in acetic acid
45

.  

When 1-acetylnaphthalene was subjected to these conditions a dark brown polymer was 

isolated although a MALDI spectrum was never obtained.  Further tests showed that 

when Pd(OAc)2 was removed from the reaction in Scheme 2.2, a dark brown polymer 

was isolated and all attempts to produce a MALDI failed as well.  Furthermore, when 

only K2S2O8 was removed from the reaction there was no reaction.  It is possible that the 

underlying mechanism for naphthylene ring fusion is the Scholl reaction as shown in 

Figure 2.2.   
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Figure 2.2:  Mechanistic pathways for the Scholl reaction. 

 The Scholl reaction has been used since 1910 as a way of oxidatively fusing 

aromatic rings
46

.  It is has been widely debated whether the Scholl reaction goes through 

an arenium cation or a radical cation pathway and there is strong evidence to support 

each
47

.  In all cases an oxidant such as FeCl3, PIFA, or DDQ are necessary for the 

reaction to take place although some oxidants such as DDQ also require a strong acid
48

.  

The reaction conditions in Scheme 2.2 are strongly oxidizing in acidic media therefore it 

is possible that polymer 47 was formed with one of the mechanisms in Figure 2.2.  

MALDI spectra may have been unobtainable for the conditions without Pd due a lack of 

hydroxyl groups on the polymer to allow ionization in the mass spectrometer.  While 

Scholl oxidative coupling was not observed for simple arylketones, it is likely that the 

arenium or radical cation intermediates were more stable for 1-acetylnaphthalene 

allowing Scholl oxidations to polymerize the substrate. 
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Chapter 3:  Experimental 

3.1. SYNTHESIS FOR CHAPTER 1 

 

Polymer 8:  Polymer 7 was prepared according to the literature
11

. Hoveyda-Grubbs II 

catalyst (0.5 mg, 8*10
-4 

 mmol) was dissolved in 0.2 mL distilled DCM.  In a separate 

flask, polymer 7 (18.4 mg) was dissolved in in 10 mL distilled DCM.  The catalyst 

solution was added to the polymer solution and stirred at 45 
o
C for 8 days.  Every 2 days 

an aliquot of catalyst (0.25mg, 4*10
-4 

mmol) in 0.1 mL DCM was added over the course 

of the reaction.  Within minutes of adding the catalyst the color changed from pale yellow 

to grey and then dark purple, eventually precipitates were observed.  Ethyl vinyl ether (60 

µL, 1µmol) was then added and stirred another 30min at 45 
o
C.  Solvent was removed in 

vacuo and a purple solid was obtained.  
1
H MAS NMR (400 MHz, 12KHz spin rate):  

4.6, 1.7, 0.8, 0.4, -0.4. 
13

C MAS NMR (100 MHz, 12KHz spin rate):  138.3, 123.6, 83.1, 

68.4, 36.5, 24.4, -2.6.  IR: 3317, 2926, 2861, 2115, 1617 cm
-1

. 

 

 

Polymer (17):  Hoveyda-Grubbs II catalyst (2 mg, 3.2*10
-3 

 mmol) was dissolved in 1 

mL distilled DCM.  In a separate flask, polymer 7 (45 mg) was dissolved in in 30 mL 

distilled DCM.  The catalyst solution was added to the polymer solution and stirred at 45 
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o
C in the glovebox.  Within minutes of adding the catalyst the color changed from pale 

yellow to grey and then dark red, eventually precipitates were observed.  Every 2 days 

another aliquot of catalyst solution was added.  Ethyl vinyl ether (60 µL, 1µmol) was 

added after 7 days then stirred another 30 min at 45 
o
C.  Solvent was removed in vacuo 

and a red, insoluble solid was obtained.  IR: 3031, 2928, 1606, 1496, 1466, 1083, 1031, 

727, 694. 

 

 

Synthesis and electrochemistry of (18):  Polymer 17 was concentrated from the reaction 

solution down to a couple of milliliters.  A drop of solution was placed onto an 

interdigitated gold electrode in a glovebox under N2 atmosphere.  The sample was dried 

first under ambient glove box conditions (1 h) and then under vacuum (14 h). The 

electrode and one crystal of I2 were sealed in a vial under static vacuum (24 h). The 

remaining I2 was removed and the electrode kept under dynamic vacuum (24 h). A 

potentiostat from a cyclic voltammetry instrument was used to apply a potential across 

the film, and the current was measured.  A two electrode connection was made by 

combining the red (auxiliary) and white (reference) leads together as one electrode and 

the black (working) lead as the other electrode. 

 

Interdigitated electrodes were purchased from the Case Western Reserve University 

Electronics Design Center (item # 102). 
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Heptadeca-7,10-diyn-9-one (32):  1-octyne (2.15 mL, 14.55 mmol) was dissolved in 

distilled THF (23 mL) and cooled to -78 
o
C under N2.  2.55 M N-butyllithium (6.33mL, 

14.55 mmol) was added by syringe then warmed to -50 
o
C and stirred 15 min.  Ethyl 

formate (0.5 mL, 6.22 mmol) was then added dropwise over 30 min then slowly warmed 

to -10 
o
C over 4 hours.  The reaction was quenched with sat. NH4Cl (1.75mL) then the 

organic phase was washed with brine, NaHCO3, and H2O.  The solvent was evaporated 

and the crude 28 was dissolved in dry DCM (40 mL) before adding MnO2 (3 g) and 

stirred for 12 hours at room temp.  The mixture was then filtered through celite, solvent 

removed in vacuo, and SGC (3 hexanes:1 DCM) provided a yellow oil (63% yield).  
1
H 

NMR (400 MHz, CDCl3): δ 2.37 (t, J = 7.1 Hz, 4H), 1.58 (p, J = 7.7 Hz, 4H), 1.45-1.2 

(m, 12H), 0.88 (t, J = 7.0 Hz, 6H).  
13

C NMR (100 MHz, CDCl3): δ 161.4, 94.7, 82.4, 

31.3, 28.6, 27.6, 22.5, 19.1, 14.0.  HRMS: calcd. C17H26O [M+H]
+
: 247.3973 Found 

247.2058 

 

 

9-(dibromomethylene)heptadeca-7,10-diyne (33):  Triphenylphosphine (25.3 g, 96 

mmol) was dissolved in DCM (180 mL) and cooled in an ice bath.  CBr4 (6.39 g, 19 

mmol) was added and then stirred another 45 min at 0 oC.  32 (2.37 g, 9.6 mmol) 

dissolved in DCM (14 mL) was then added to the solution and warmed slowly to room 

temperature overnight.  Hexanes (50 mL) was then added and then filtered through a 
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silica plug.  SGC (5 hexanes : 1 DCM) provided 2.1 g of a yellow oil (54 % yield).  The 

product was used in the next step immediately due to instability. 

 

 

(3-(heptadeca-7,10-diyn-9-ylidene)penta-1,4-diyne-1,5-diyl)bis(trimethylsilane) (34):  

33 (100 mg, 9.4 mmol) was dissolved in dry toluene (2.5 mL), distilled n-butylamine 

(0.17 mL) and degassed trimethylsilylacetylene (0.1 mL, 0.7 mmol) before adding 

PdCl2(PPh3)2 (15.3 mg, 0.03 mmol) and CuI (4.3 mg, 0.0023 mmol) under N2 and stirred 

overnight.  Hexanes (10 mL) was added and then filtered through a silica plug.  SGC (30 

hexanes : 1 DCM) provided 91.7mg of yellow liquid (84% yield)  
1
H NMR (400 MHz, 

CDCl3): δ 2.41 (t, J = 7.3 Hz, 4H), 1.57 (p, J = 7.4 Hz, 4H), 1.46-1.23 (m, 12H), 0.88 (t, J 

= 7.0 Hz, 6H). 
13

C NMR (100 MHz, C6D6): δ 121.1, 115.4, 103.1, 101.5, 101.1, 78.9, 

31.5, 28.8, 28.6, 22.6, 20.2, 14.2, -0.02. IR: 2963, 2936, 2863, 2215, 2149 cm
-1

. 

 

9-(penta-1,4-diyn-3-ylidene)heptadeca-7,10-diyne (35):  34 (5.4 mg, 12 µmol) was 

dissolved in ether (2 mL) and separately K2CO3 (38 mg, 0.28 mmol) was dissolved in 

MeOH (5 mL).  The ether solution was then slowly added to the MeOH solution and 

stirred at room temperature for 30 min.  The solution was then poured into water then 

extracted once with water and once with brine before drying the organic phase with 

MgSO4.  
1
H NMR (400 MHz, C6D6): δ 3.50 (s, 2H), 2.33 (t, J = 7.0 Hz, 4H), 1.54-1.07 

(m, 16H), 0.79 (t, J = 7.0 Hz, 6H).  
13

C NMR (100 MHz, C6D6): δ 123.0, 114.1, 101.6, 

85.7, 81.1, 79.4, 31.6, 28.7, 28.5, 22.9, 20.1, 14.3.  
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Polymer (36):  35 was dissolved in benzene and degassed by three freeze, pump, thaw 

cycles.  The solution was then heated to 100 
o
C for 4 hours.  Removal of the solvent in 

vacuo provided a brown solid (100% yield).  
1
H NMR (400 MHz, C6D6): δ 1.8-0.7 (br 

m), 0.50-0.25 (br s).  
13

C NMR (100 MHz, C6D6): δ 154.0-116 (br), 90.0-75.0 (br), 31, 

28, 23.5, 20.4, 14.3. IR: 2937, 2930, 2859, 1726, 1623, 1461 cm
-1

. GPC (THF dn/dc = 

1.86) Mn too high to analyze. 

 

 

Dimethyl 4,4'-(3-(1,5-bis(trimethylsilyl)penta-1,4-diyn-3-ylidene)penta-1,4-diyne-

1,5-diyl)dibenzoate (43):  In a schlenk flask 42 (250 mg, 0.78 mmol), 39 (233 mg, 1.45 

mmol), distilled n-butylamine (0.46 mL), and distilled toluene (6.6 mL) were combined 

and then freeze-pump-thawed twice.  Then CuI (11.2 mg, 0.059 mmol) and Pd(PPh3)4 (49 

mg, 0.042 mmol) were added before freeze-pump-thawing two more times. After stirring 

at room temperature overnight and removing the solvent it was purified by SGC (1:1, 

hexanes:DCM to 1:2, hexanes:DCM) (Rf = 0.57 with 3:1 hexanes:EA).  The Glaser 

coupling product (white crystals) can be recrystallized from diethyl ether being careful 

not to crystallize out the yellow crystalline product, 43.  If allowed to crystallize long 

enough from ether, yellow crystals will grow up the sides of the glassware (The Glaser 

product has a lower solubility) Yield 17%.  
1
H NMR (400 MHz, CDCl3): δ 8.00 – 8.05 

(m, 4H), 7.56 – 7.61 (m, 4H), 3.93 (s, 6H), 0.26 (s, 18H).  
13

C NMR (100 MHz, CDCl3): 
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δ 166.5, 131.9, 130.4, 129.7, 127.1, 118.7, 118.5, 106.6, 101.2, 98.2, 89.4, 52.5, 0.1. IR: 

2959, 2146, 1727, 1606, 1437, 1277, 1177, 1104, 1020, 848, 768, 696. HRMS: calcd. 

C17H26O [M]
+
: 536.18 Found 536.1835 

 

 

 

 

Dimethyl 4,4'-(3-(penta-1,4-diyn-3-ylidene)penta-1,4-diyne-1,5-diyl)dibenzoate (44):   

43 (68 mg, .13 mmol) was dissolved in ether (23.2 mL) and separately K2CO3 (440 mg, 

3.2 mmol) was dissolved in MeOH (55 mL).  The ether solution was then slowly added to 

the MeOH solution and stirred at room temperature for 30 min.  The solution was then 

poured into water then extracted once with water and once with brine before drying the 

organic phase with MgSO4.  
1
H NMR (400 MHz, CDCl3): δ 8.01 – 8.07 (m, 4H), 7.59 – 

7.64 (m, 4H), 3.94 (s, 6H), 3.71 (s, 2H).  Decomposes rapidly. 
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Polymer (45):  A 1M solution of 44 in distilled benzene was heated at 100 
o
C for 3 

hours.  After removing the solvent a brown polymer was obtained.  Monomer and 

oligomers were removed by size exclusion chromatography with Bio-Rad Bio Beads S-

X1 keeping only the brown fractions.  40% yield.  Mn = 190,000, Mw/Mn = 1.10.  
1
H 

NMR (400 MHz, CDCl3): δ 6.00 – 8.50 (br), 3.4 – 4.1 (br), 0.00 – 1.10 (br).  IR: 2955, 

2872, 1721, 1623, 1436, 1405, 1274, 1198, 1107, 1018, 861, 768, 692 

 

Polymer (46):  Polymer 7 (14.8 mg) was dissolved in THF (0.5 mL) under nitrogen and 

then 2M KOH in MeOH (0.11 mL) was added and stirred at room temperature overnight.  

The reaction was quenched with 5% HCl(aq) and stirred for 30 min.  The polymer was 

extracted with THF (15 mL) and then washed with water (5 mL) then brine (5 mL).  

Quantitative.  
1
H NMR (400 MHz, DMSO): 12.00 – 13.50 (br) δ 6.00 – 8.50 (br), 3.4 – 

4.1 (br), 0.00 – 1.10 (br).  IR: 3721 – 2350 (br, COOH) 2927, 2856, 1693,1623, 1436, 

1405, 1274, 1200, 1107, 1019, 857, 768, 695 

3.2. SYNTHESIS FOR CHAPTER 2 

 

 

Polymer (47):  1-acetylnaphthalene (680 mg, 4.0 mmol), Pd(OAc)2 (45 mg, 0.2 mmol), 

K2S2O8 (2.16g, 8 mmol), and TFA (20 mL) were combined and stirred at 50 
o
C for 2 hrs.  

Solvent was then removed before precipitating from DMF into 1:1 H2O:MeOH, 

centrifuged, then washed with H2O:MeOH once more.  After removing the solvent by 
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vacuum a brown solid was obtained.  
1
H NMR (400 MHz, DMSO): 9.00 – 6.50 (br) δ 

2.00 – 1.30 (br), IR: 3709 – 3138 (br) 3072, 1722, 1511,1354, 1128, 829, 778. 

 

 

1-acetylnaphthalen-2-yl trifluoromethanesulfonate (52):  1-acetyl-2-naphthol (1.3 g, 

7.0 mmol) was added to a dry schlenk flask under nitrogen and dissolved in distilled 

DCM (13 mL).  Distilled 2,6-lutidine (1.21 mL, 10.5 mmol) was then slowly added and 

the flask was cooled to -78 
o
C.  Triflic anhydride (1.77 mL, 10.5 mmol) was added 

dropwise then the system was allowed to warm slowly to room temperature overnight.  

Ether was then added before washing with 1M HCl(aq) twice, then brine, and dried with 

MgSO4.  After removing the solvent it was purified by SGC (3:1, hexanes:ether) Rf = 

0.53. Quantitative.  
1
H NMR (400 MHz, CDCl3): δ 7.98 (d, J = 9.6 Hz, 1H), 7.91 – 7.96 

(m, 1H), 7.79 – 7.85 (m, 1H), 7.58 – 7.66 (m, 2H), 7.46 (d, J = 9.1 Hz, 1H), 2.73 (s, 3H).  

13
C NMR (100 MHz, CDCl3): δ 200.8, 142.5, 132.6, 132.1, 131.8, 128.8, 128.7, 127.7, 

125.1, 119.2, 117.0, 32.9. 
19

F NMR (376 MHz, CDCl3): δ -73.35. IR: 1708, 1511, 1425, 

1208, 1138, 927, 829, 751, 706, 682. LRMS: calcd. C17H26O [M]
+
: 318.27 Found 319.0 
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1-([2,2'-binaphthalen]-1-yl)ethanone (53):  52 (500 mg, 1.57 mmol), and 2-

naphthylboronic acid (297 mg, 1.73 mmol) were dissolved in distilled dioxane (20.4 mL) 

and then K3PO4 (584 mg, 2.75 mmol), and Pd(PPh3)4 (109 mg, 94 µmol) were added.  

The solution was stirred overnight under nitrogen at 90 
o
C.  After cooling to room 

temperature H2O (70 mL) was added.  The aqueous layer was then extracted with DCM 

(50 mL) twice and the combined organic layers were washed with brine then dried with 

Na2SO4.  After removing the solvent it was purified by SGC (6:1, hexanes:ethyl acetate) 

Rf = 0.70. Recrystallized from 3:1 hexanes:ether allowing the ether to evaporate slowly.  

White crystals 55% yield.  
1
H NMR (400 MHz, CDCl3): δ 7.87 – 8.00 (m, 7H), 7.51 – 

7.65 (m, 6H), 2.07 (s, 3H), 0.26 (s, 18H).  
13

C NMR (100 MHz, CDCl3): δ 207.7, 138.7, 

137.8, 136.1, 133.4, 132.8, 132.8, 129.6, 129.1, 128.9, 128.7, 128.5, 128.4, 127.9, 127.8, 

127.7, 127.2, 126.8, 126.7, 126.5, 125.0, 33.0.  IR: 3057, 1685, 1594, 1506, 1353, 1221, 

1129, 966, 920, 863, 809, 745. HRMS: calcd. C17H26O: 296.1201 Found: 296.1204 
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5-methyl-1-naphthoic acid (55):  In a nitrogen glovebox 54 (100 mg, 0.4 mmol), 1.2M 

dimethylzinc in toluene (0.67 mL), Pd(dppf)Cl2 (4.2 mg, 5.1 * 10
-6

 mol), and distilled 

dioxane (1.2 mL) were added to a sealed vial and stirred at 110 
o
C for 2 hours.  After 

cooling to room temperature the reaction was quenched with MeOH (0.1mL), diluted 

with t-butyl methyl ether, washed with 1M HCl, water, and dried with MgSO4.  The 

product was recrystallized from toluene. Solid, 46 mg (62% yield).  Literature known 

compound:  Herbert, J. M. Tet. Lett. 2004, 817. 

 

 

1-(5-methylnaphthalen-1-yl)ethan-1-one (56):  55 (280 mg, 1.5 mmol) was dissolved in 

distilled THF (10.5 mL) and cooled to 0 
o
C.  1.6M MeLi in ether (7.56 mL) was added 

rapidly and stirred for 2 hours at 0 
o
C.  Distilled Me3SiCl (3.78mL) was then added 

rapidly and allowed to warm to room temperature.  1M HCl (15 mL) was then added and 

stirred for 30 min.  The solution was then extracted with ether * 3 (25 mL), washed with 

water (20 mL) dried with MgSO4, and the solvent evaporated.  SGC hexanes : ether (3:1) 

Rf = 0.46.  151 mg white solid 55% yield.  Literature known compound:  Herbert, J. M. 

Tet. Lett. 2004, 817. 
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N-methoxy-N,8-dimethyl-1,2,3,4-tetrahydronaphthalene-1-carboxamide (64):  63 

(100 mg, 0.53 mmol), and MeNHOMe
.
HCl (61.6 mg, 0.64 mmol), were dissovled in 

DCM (2.6 mL) and cooled to 0 
o
C.  Triethylamine (0.1 mL, 0.64 mmol), DMAP (3.2 mg, 

2.7 * 10
-5

 mol), and dicyclohexylcarbodiimide (114.8 mg, 0.56 mmol) were then added 

and the solution was allowed to warm to room temperature overnight.  The reaction was 

then diluted with DCM and quenched with H2O.  The aqueous layer was extracted with 

DCM and the combined organic fractions were washed with NaHCO3, water, brine then 

dried with MgSO4.  SGC with hexanes:ethyl acetate (3:1) Rf = 0.32.  95 mg clear liquid 

(77% yield).  
1
H NMR (400 MHz, CDCl3): δ 7.06 (t, J = 8.0 Hz, 1H), 6.97 (t, J = 8.0 Hz, 

4H), 4.24 (m, 1H), 3.73 (s, 3H), 3.22 (s, 3H), 2.70 – 2.91 (m, 2H), 2.16 (s, 3H), 1.85 – 

2.15 (m, 3H), 1.65 – 1.75 (m, 1H).  
13

C NMR (100 MHz, CDCl3): δ 138.4, 136.6, 133.4, 

127.8, 127.4, 126.5, 61.3, 39.7, 30.1, 27.4, 19.8, 19.7.  IR: 2937, 2244, 1658, 1590, 1461, 

1409, 1375, 1294, 1172, 1097, 997, 910, 767, 728, 695.  HRMS: calcd. C14H19NO2 

[M+Na]
+
: 256.13135 Found 256.13151 

 

 

1-(8-methyl-1,2,3,4-tetrahydronaphthalen-1-yl)ethan-1-one (65):  64 (40 mg, 0.22 

mmol) was dissolved in distilled THF (1.2 mL) and cooled to -78 
o
C.  1.6M MeLi in 

ether (0.34 mL, 0.7 mmol) was then added slowly over 1 hour and then stirred for 30 

min.  NH4Cl (1.5 mL) was then added slow enough to keep the reaction cold.  The 

solution was then warmed to room temperature, extracted with ether, washed with water, 

brine and dried with MgSO4.  After removing solvent SGC with hexanes : ethyl acetate 
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(3:1) Rf = 0.65.  7 mg (22% yield).  Literature known compound:  Pourahmady, M.; 

Vickery, E. H.; Eisenbraun, E. J. J. Org. Chem. 1982, 2590 
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Figure 3.1:  

1
H CP MAS NMR, 

13
C CP MAS NMR, and FTIR for compound 8. 
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Figure 3.2:  

1
H NMR, 

13
C NMR, and FTIR for compound 34. 
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Figure 3.3:  

1
H NMR, and 

13
C NMR, and FTIR for polymer 36. 
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Figure 3.4:  

1
H NMR, 

13
C NMR, and FTIR for compound 43. 
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Figure 3.5:  

1
H NMR, and FTIR for polymer 45. 
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Figure 3.6:  

1
H NMR, and FTIR for polymer 46. 
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Figure 3.7:  

1
H NMR, 

13
C NMR, and FTIR for compound 52. 
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Figure 3.8:  

1
H NMR, 

13
C NMR, and FTIR for compound 53. 
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Figure 3.9:  

1
H NMR, 

13
C NMR, and FTIR for compound 64. 
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