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ABSTRACT:

Poly(para-phenylene) (PPP) has generated sustained scientific interest due to its potential
as a blue-emitting material for use in Organic Light Emitting Devices (OLEDs). However, due to
its highly unfavorable solubility, most traditional synthetic routes to PPP are relatively limited in
their scope. In Chapter 2 we discuss the synthesis of poly(para-arylene)s via the post
polymerization functionalization of a completely soluble and easily accessible precursor
polymer, utilizing the metal-catalyzed [2+2+2] reaction. We expect that this versatile strategy
could lead to new and interesting PPP derivatives. In Chapter 3, we employed this [2+2+2]
strategy once more in the synthesis of an defective, but otherwise inaccessible alkoxy substituted
poly(phenylene triptycene). We discuss the limitations of this synthetic route for the installation
of the three-dimensional triptycene scaffold along the polyphenylene backbone.

Recent interest in belt-shaped p-polyarylene macrocycles, otherwise known as
nanohoops, has been high due to their potential as a starting template for the bottom-up synthesis
of armchair carbon nanotubes (CNTs). The proposed strategy involves iterative Diels-Alder
cycloadditions performed in the bay-region of a structurally appropriate nanohoop. However, the
unique geometry of these macrocycles also makes them relatively challenging synthetic targets.
Perylene has been identified as the smallest polycyclic aromatic hydrocarbon (PAH) capable of
undergoing a Diels-Alder in its bay-region. Accordingly, in Chapter 4 we discuss progress
towards the synthesis of a nanohoop containing this crucial perylene moiety, from which it is
hoped the aforementioned bottom-up synthetic strategy can be successfully implemented.

Thesis Supervisor: Timothy M. Swager
Title: John D. MacArthur Professor of Chemistry
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AN INTRODUCTION TO
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1.1 Introduction: Historical Perspective

Friedrich August Kekule von Stradonitz is widely credited with initially proposing the

circular structure of benzene in 1865.' However, closer examination of history records will

show that the idea was originally reported 4 years earlier by an Austrian chemist, Josef

Loschmidt, with whom it is believed Kekuld had previously corresponded.Ib Although the

empirical formula of benzene had long been known by this time, understanding the nature of its

unsaturation was the major challenge.,' 2 Defining benzene as having alternating single and

double bonds.' the work of Kekul6 was arguably the first major milestone in the study of

aromatic compounds. More than half a century later, deeper insight into the electronic make-up

of these cyclic arrays was gained through the canonical work of Erich HUckel, published

throughout the 1930s. 3 Aromaticity of a structure often leads to planarity and is characterized by

several physical properties such as unexpectedly high thermal stability, nonalternant bond

lengths, and diamagnetic anisotropy. 4 In defining molecules with 4n+2 71-electrons as being

aromatic, HUckel's theory simplified the process of determining whether or not a specific

structure was aromatic.

Polyaromatic macromolecules, large structures consisting of multiple, covalently bonded

aromatic motifs, have attracted the attention of material chemists for many years. Various related

architectures can result in a wide range of interesting physical and electronic properties, often

quite different to those of benzene.5 The characteristics displayed by novel molecules of this sort

are not always serendipitously achieved and can typically be understood and explained through

fundamental organic chemistry concepts. It is arguably the further improvement and

understanding of this useful structure-property relationship that serves as continued motivation

for research into macromolecular synthesis amongst chemists today.
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1.2 Conjugated Polymers

a) b)
C
UJ Conduction

Band

LUMO - LUMO

E9

HOMO HOMO h

Isolated Isolated ________________cnuae

double double olym e
bond bond Polym

Figure 1.1. Schematic of the energy gap (Eg) between the HOMO and LUMO levels and the

interaction of light with (a) small molecule MOs and (b) a conjugated polymer energy band
system

Polymers have always been attractive for use in various technologies due to many

advantageous properties including their strength, elasticity, flexibility, light-weight and low-cost

of manufacturing, amongst others. As the main focus of a highly developed area of research,

polymers have continuously received attention from a wide range of scientific disciplines in an

effort to fully understand and control their properties. Accordingly, a significant portion of

polymer research focuses on the development of new techniques by which the polymers may be

modified, whether physically or chemically, for use in a specific application or process.6

The electronic properties of conjugated polymers can be influenced by organic synthesis

via changes to their structural make-up.7 Imagine an isolated double bond absorbing a photon of

sufficiently high energy, Eg, the result is a a-electron from the highest occupied molecular orbital

(HOMO) being promoted to the lowest unoccupied molecular orbital (LUMO), forming a singlet

excited state. This excited electron may revert to its original ground energy state via non-

radiative vibrational relaxation, emission of a photon from a triplet excited state which produces
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phosphorescence, or emission of a photon from the singlet excited state yielding fluorescence.

Increased orbital overlap, facilitated by double bond conjugation, decreases the value of Eg by

elevating the HOMO and depressing the LUMO. Additionally, as the extent of conjugation in a

polymer increases, the density of molecular orbital states are more often thought of as an

electronic band structure. The mixing of HOMO levels forms a broadened electron filled band

known as the valence band and likewise, the LUMO levels form an empty conductance band

(Figure 1.1). Consequently, the relatively more efficient pathway for an electron's relaxation

from its excited singlet state to its ground state makes fluorescence a dominant feature of

conjugated polymers.

Structural features of a conjugated polymer that influence the extent of conjugation along

the polymer's backbone, such as the electron donating or withdrawing abilities of its

substituents, help determine its energy band-gap (Eg). The size of the Eg is representative of the

energy difference between the valence and conducting bands and is responsible for the electronic

properties of the polymer. Accordingly, it is the synthetic manipulation of these interesting

electronic properties that continues to make this a leading area of research amongst chemists.

1.3 Polyphenylene

R R

a) R b) R2  R1

nr -6!R Rn
R R

R R1 R2  n

R = H R1 = alkyl, R2 =H, alkyl n
R = alkyl, alkoxy

R R R = alkyl

Figure 1.2. Examples of a) Poly(para-phenylene) (PPP) b) Ladder Poly(para-phenylene) (LPPP)
c) a 'step-ladder' poly(para-phenylene)
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Multicolor displays such as computer monitors and televisions typically require the three

basic colors, red, green and blue, which are then mixed accordingly to create other colors.

However, achieving blue electroluminescence in devices using inorganic semiconductors is

difficult and expensive.9 Thus, conjugated polymers possessing a high HOMO-LUMO energy

band-gap (~ 2.7-3.0 eV) and a short effective conjugation length were viewed as a viable

alternative for yielding a stable, inexpensive and flexible, blue-emitting material. Due to its

inherent phenyl-phenyl dihedral twist, poly(para-phenylene) (PPP) (Figure 1.2.a) emerged as a

potentially suitable motif to achieve this goal.' 0 In 1992 Leising et al. were the first to report blue

electroluminescence (X = 459 nm) from Organic Light Emitting Devices (OLEDs) employing

PPP as the conducting layer in the device. However, due to the recalcitrant insolubility of PPP

the use of a soluble polymer precursor is necessary for its incorporation into devices". In light of

this, solubilizing substituents were introduced on the polyphenylene backbones allowing for the

synthesis of longer chains, imparting greater solubility and increasing deplanarization of the

polymer. The reduced conjugation causes a hypsochromic-shift (blue-shift) in the PPP's

emission due to an increased Eg, making the electronic properties of this class of polymers

strongly dependent on the nature of its substituents. 12 Forced co-planarization of PPPs

constitutional phenylenes corresponds with changes to the polymer's photophysical properties.

The conjugation can be extended via coplanarization to a ladder poly(para-phenylene) (LPPP)

(Figure 1.2.b) or a partially coplanarized or 'stepladder' PPP (Figure 1.2.c).1 3 The inherent

conformational rigidity of ladder polymers produces high photo luminescent quantum efficiencies

that make them leading candidates for organic electronics.' 4 Although LPPPs photoluminesce

blue in solution, they are known to readily form yellow-emitting aggregates in thin films,
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problematic for their use in devices. Thus, research into LPPPs with structural moieties capable

of inhibiting this aggregation is continually ongoing."

a) Ac20, py AIBN 310-340 0C

P n n
HO OH AcO OAc AcO OAc

b) Me3SiCI, py Ni(CF 3 CO2)2(q3-allyI) -

HO OH Me3SiO OSiMe3  Me3SiO OSiMe3

1. Bu4NF 310-340 OC

2. Ac2O n
AcO OAc

Scheme 1.1. a) ICI route to PPP b) Grubbs' route to regioregular PPP (i.e. with all 1,4-linkages)

a) R R1 R1 R

Br Br + (HO) 2 B-O B(OH)2 Pd(0) n
RR1 R1 R

R, R, = alkyl, alkoxy

b R
Ni(0)

Br-O-Br Do® r

R R
R = alkyl, alkoxy

Scheme 1.2. Synthesis of a substituted PPP via a) Suzuki coupling b) Yamamoto coupling
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OMe CuC12  OMe

or FeC13 

nAICI3
MeO MeO

Scheme 1.3. Synthesis of substituted PPP via oxidative coupling using AICl 3 with either CuC12
or FeCl 3

Poly(para-phenylene) and its derivatives are typically synthesized via direct, transition-

metal catalyzed coupling between aromatic units or by aromatization of precursor polymers. The

latter method, commonly used in the preparation of thin films of unsubstituted PPP, underwent

initial development by ICI and Grubbs (Scheme 1.1).16'17 More generally, substituted PPP

derivatives are accessible using several tradition transition-metal coupling strategies.' 8 These

methods are capable of yielding longer and more soluble PPPs upon the introduction of

solubilizing substituents, with the two most commonly used couplings being the Suzuki and

Yamamoto polycondensations (Scheme 1.2). 19,20,21 Oxidative couplings employing only iron

(III) chloride, or aluminum (III) chloride combined with either iron (III) chloride or copper (II)

chloride, have also been shown to result in substituted PPPs (Scheme 1.3).2 The Suzuki

coupling has been reported as giving the highest degree of polymerization of the aforementioned

methods.2 3

Lastly, despite the dependence of poly(para-phenylene)'s optical and electronic

properties on its chain length, there exists a critical length beyond which no further

photophysical changes are observed. This critical length is termed the 'effective conjugation

length' or ECL. Due to the difficulties involved in obtaining pure, unsubstituted PPP oligomers

of discrete lengths, its ECL is unknown. However, studies into the optical properties of
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substituted PPPs of well-defined lengths have determined its ECL to be eleven phenyl units for

absorption, and seven for emission.

1.4 Metal-catalyzed [2+2+2] Reactions

Although the formation of benzene via the thermal cyclization of three acetylene

molecules was discovered in 1866,25 the metal catalyzed [2+2+2] trimerization of acetylene to

give benzene derivatives wasn't reported until 1948 by Reppe (Scheme 1.4.a). 2 6 This atom-

efficient, metal mediated cyclization was initially utilized in the synthesis of various polycyclic

compounds. As the broad substrate scope, high functional group tolerance and efficient

assembling capabilities of the [2+2+2] reaction eventually began to be realized, it soon became

highly utilized in the synthesis of densely substituted aromatic substrates. Lead by researchers

such Klaus Mullen, Peter Vollhardt and others, transition-metal catalyzed [2+2+2] reactions have

greatly increased in popularity over the past fifteen years having been regularly employed in the

assembly of large, and otherwise daunting, polycyclic aromatic hydrocarbon (PAH) structures.

R
a) 31 MR R R

3 M |

R
R R

b) R, R3 HR
+ | ML * -

I '-R2 I CIR3
R 3 R 2

Scheme 1.4. a) A metal-catalyzed alkyne cyclotrimerization; a totally intermolecular [2+2+2] b)
An intermolecular [2+2+2] between an a, w-diyne and a monoalkyne
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Although most early reports site cobalt complexes as the catalyst or mediating reagent for

[2+2+2] cyclotrimerizations, there have since been successful applications of Ni, Pd, Rh, Ru, Ir,

Fe, Zr, Cr and Nb based transition metal complexes. Due to its well known ability to promote

powerful synthetic transformations and low-cost, y 5 -cyclopentadienyl dicarbonyl cobalt

[CpCo(CO) 2] is arguably the most popular reagent for the [2+2+2] cyclization of alkynes. The

use of this cobalt catalyst 'in the preparation of natural products, functional materials and

pharmaceutically important molecules is well documented. 28 Typically, its presence in 5 mol %

combined with refluxing conditions in xylenes, toluene or THF, under visible light irradiation

produces good to excellent results. In some instances, a stoichiometric amount of the metal

complex is required.29 The growth of the reaction's substrate scope, coupled with increasingly

complex targets, has inherently lead to the development of more specialized transition metal

catalysts for the [2+2+2]. For example, y5 -cyclopentadienyl bis(ethene) cobalt [CpCo(C 2H4)2] is

commonly employed as a catalyst specifically for the co-cyclization of alkynes with alkenes.

Another carbonyl containing cobalt catalyst of note is [Co 2 (CO)8], widely used in [2+2+2]

cyclizations involving only alkynes. Recently, Okamoto et al. have developed a carbonyl free

catalytic system employing a simple cobalt halide (such as CoCl 2 ) in combination with Zn

powder and a suitable ligand for the regioselective synthesis of pyridines with all types of

nitriles.3 Despite cobalt's widespread prevalence, catalytic improvements to the [2+2+2]

reaction have not been limited to only this transition metal. Although the inaugural alkyne

cyclotrimerizations by Reppe were performed using a NiBr 2 and CaC2 mixture, the intervening

sixty-four years have seen the development of several more robust and general iterations of

Nickel based catalytic systems for the [2+2+2].
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2

"[M]" 
]

-- M] [M]CP M

[M] Path a

Path b

Scheme 1.5. The commonly accepted mechanism for a metal-mediated or catalyzed [2+2+2]
cyclization.

In 1974 Muller reported the formation of benzene derivatives from

rhodacyclopentadienes, formed via reaction of [RhCl(PPh3)3] with c, o-diynes, and monoynes.

Now commonly referred to as 'Wilkinson's catalyst', this metal complex has since become one

of the most popular [2+2+2] catalysts due to its high reactivity with an exceptionally broad range

of substrates.34 However, Muller's work also offered some initial insight into the mechanism of

the Rhodium catalyzed process.3 5 In terms of mechanistic elucidation of the [2+2+2] cyclization,

experimental results are often difficult to obtain and following the reaction by NMR is not

possible due to the presence of paramagnetic species. Despite this, the isolation of reaction

intermediates, as in Muller's case, coupled with exhaustive computational studies has proven

crucial in determining the pathway of the cyclization. Although the mechanism of a specific

[2+2+2] transformation is heavily dependent on the nature of the transition metal, ligands and

substrate partners involved, a widely accepted mechanistic route is shown in Scheme 1.5. The

first two alkynes, or the c, (o-diyne in certain instances, form a metallocyclopentadiene complex
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with the transition metal. This complex then incorporates the final alkyne or alkene partner via

one of two mechanistic paths, prior to reductive elimination to finally furnish the cyclized

product.36

1.5 Triptycene

a) \b) \~
Free Volume

Figure 1.3. a) Triptycene; the smallest member of the iptycenes b) Schematic representation of

triptycene's Internal Molecular Free Volume c) Pentiptycene

Triptycene, formally known as 9,10-dihydro-9,10-[I',2']-benzenoanthracene and

comprising a rigid, three-pronged aromatic framework in a 120 orientation, is the smallest

member of the iptycene family (Figure 1.3.a). Its synthesis was first reported by Bartlett in 1942

to test the stability of a radical located at one of its bridgehead positions, versus that of a

geometrically unrestricted triphenylmethyl radical. The structure possesses D3h symmetry and its

name is derived from "the triptych of antiquity, which was a book with three leaves hinged on a

common axis", in reference to its unusual shape.3 7 Since the discovery of the triptycene motif, its

three dimensional structure and unique electronic properties have seen it creatively applied to a

variety of concepts. It has long been apparent that the three noncompliant, yet outwardly
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pointing, phenyl rings of triptycene are analogous to a rotary molecular machine capable of

rotation through the axis of its bridgehead carbons. The scientific pursuit of continuously smaller

motors stretches to before 1959 when Nobel laureate physicist Richard Feynman issued an award

of $1000 to the first fabricator of an "operating electric motor only 1/64 inch cube."3" Thus, the

triptycene scaffold provided invaluable aid to researchers working on chemically powered rotary

molecular motors.3 9 This outwardly fixed arrangement of triptycene's constitutional phenyl rings

creates a high degree of "internal molecular free volume" (IMFV) between adjacent rings

(Figure 1.3.b). This structural characteristic confers several useful molecular properties to the

triptycene molecule that have been exploited by researchers. 40 For instance, due to its suitably

large IMFV triptycene has been reported to experience efficient host-guest interactions with

molecules such as nitric oxide4 1 and C60 fullerene. 2 Additionally, our lab has demonstrated that

triptycene's uniquely high IMFV is responsible for improved porosity 4 3 and mechanical

properties in polymers44 , an increased thin-film quantum yield of fluorescent polymers4 5 and

increased chromophore alignment in liquid crystals. 4 6
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O=( O) 0
+ xylene 40% HBr

reflux, 2h O AcOH OH

83% 90%

0 HO

1. NH2 NH2
10%NaOH

aq. KBrO 3  2. SnCl 2, HCI
AcOH 0 EtOH NH2

93% 4 86%

0 H2N

KOH, EtOH
AcOH, H2SO 4  Pd/CaCO 3
NaNO 2, HCI CI NH2NH2  /

36% / " quant

R

R=H, CI

Scheme 1.6. The first synthesis of triptycene. 3 7

The original six-step procedure used in the pioneering synthesis of triptycene by Bartlett

and co-workers is shown above in Scheme 1.6. Despite the slightly improved synthesis reported

by Craig and Wilcox in the late 1950s,4 7 it was an insightful synthesis published by Wittig

around that same time employing a Diels-Alder cycloaddition of benzyne to anthracene, which

enabled the molecule to be made in useful quantities (Scheme 1.7).48 Derivatively, in the ensuing

years the same Diels-Alder strategy was successfully applied to the synthesis of various

substituted triptycenes and iptycene quinones.49 Due to continuous advances in organic

chemistry, recent times have witnessed the discovery of the two most synthetically efficient

strategies for potentially useful triptycene derivatives, increasing the ease of their incorporation
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into macromolecules. In 2006 Chen and coworkers reported the selective nitration of triptycene

by HNO 3 to yield two regioisomeric, trisubtituted derivatives.5 0 Within the following year our

lab reported a potentially useful synthesis of a functionalized triptycene diol derivatives made via

a [2+2+2] cyclization.51 This strategy allowed for the initial and subtle inclusion of a syn-

oriented diyne into larger molecules prior to its conversion into the triptycene scaffold,

potentially providing access to otherwise inaccessible structures.

11 -86%

(dependent on
Benzyne source)

Scheme 1.7. Wittig's efficient synthesis of triptycene

The triptycene moiety has been successfully incorporated into several synthetic polymers,

transferring its useful and unique molecular properties into a bulk system. Iptycene based ladder

polymers that defy conventional wisdom about the poor solubility of rigid, shape-persistent

polymers, have also been shown to form a highly porous material, akin to a "molecular cloth."5

In another instance, the replacement of simple aromatic units in polymers made via ring-opening

metathesis polymerization with non-compliant iptycene moieties, has been shown to produce

materials with a lower dielectric constant. In regards to iptycene-containing conjugated polymers

our lab has reported a poly(phenylene vinylene) and a poly(phenylene ethynylene), both

containing the triptycene scaffold in their repeat unit, that employ their high IMFV to help

improve the aspect ratio, and overall performance of liquid crystals via improved dye alignment
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(Figure 1.4.a & b). 4 0 Additionally, we have also published the synthesis of a 2,6-polytriptycene

polymer made via Yamamoto coupling (Figure 1.4.c). 54

n
a) b) n C)

R

- /
R

/ I/ n

R= R= tButyl

Figure 1.4. a) A triptycene-containing poly(phenyl ethynylene) b) A triptycene-containing

poly(phenylene vinylene) c) Poly(2,6-triptycene)

1.6 Nanohoops: Cross-Sections of Single- Walled Carbon Nanotubes

Despite continuously high interest in carbon nanotube (CNT) research, effective methods

for the isolation and fabrication of chirally pure CNT samples are still relatively scarce. Due to

the dependence of their electronic properties on chirality, new methods to achieve CNT samples

of high purity are desirable." If a carbon nanotube could be cut sideways into small segments,

the resulting structures can be considered belt-like macrocycles, or nanohoops. Consequently, the

synthesis of the shortest possible cross-sectional segment of an armchair CNT, a nanohoop

known as cycloparaphenylene, became a noble target for many synthetic chemists with initial

attempts reported as early as 1934.56,57 Densely arranged, inwardly pointing p-orbitals aligned in

the same plane of the macrocycle simultaneously experience electronic repulsion, making these

macrocycles relatively high in energy and challenging to synthesize.58
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Scheme 1.8. A schematic representation of the bottom-up chemical synthesis of a short SWCNT
segment. The red box highlights potential starting structures for the iterative Diels-Alder
cycloadditions.5 9

Larry Scott is credited with envisioning the bottom-up chemical synthesis of short

armchair CNT segments via iterative Diels Alder cycloadditions initiated in the bay-region of a

structurally appropriate polyaromatic structure (Scheme 1.8).60 Despite biphenyl's recalcitrant

nature towards Diels-Alder cycloadditions, cycloparaphenylene represented a potentially

appropriate starting structure for the methodology due to its unusually high macrocyclic strain

energy. Thus, since the pioneering synthetic report of [9], [12] and [1 8]-cycloparaphenylene by

Bertozzi and Jasti,58 several research groups have actively pursued more efficient, selective

syntheses of smaller cycloparaphenylenes. The past four years have seen a plethora of

publications reporting [18]- to [6]-cycloparaphenylenes by the groups of Jasti, Itami and

Yamago.6 However, despite the precociously large volume of cycloparaphenylene-based
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literature, the great majority of its syntheses employ a similar synthetic strategy utilizing a syn-

oriented quinoidal motif (Scheme 1.9). 62,63

Bertozzi (2008) Z

Z = I and B(OR) 2

MeO Z

OMe
Itami (2009, 2010, 2011))

- First CPP Synthesis
[9]CPP - Need for 2 monomers

. [12]CPP - Unselective macrocylization
[18]CPP - 0.2-1.4% overall yield from

1,4-diiodobenzene (5 steps)

[12]CPP
[14]CPP
[15]CPP
[16]CPP

Yamago (2010)

SnMe3

SnMe3

- First selective CPP synthesis
- Stepwise or "shot-gun" macrocyclization
- 4-13% overall yield from

1,4-dihalobenzene (4-6 steps)

X = Br or I

- Stoichiometric use of
expensive Pt complex

[8]CPP - 18% overall yield from
- 4,4'-dibromobiphenyl (4 steps)
- Selective for [4n]CPP (n>1)
- Considerably less synthetic steps
- Easy isolation

Jasti (2011, 2012)

Z

X = Br or Cl

MeOt -O Z

OWe

[6]CPP
[7]CPP

- Smallest CPP reported to date
- Stepwise macrocyclization using

selective cross-coupling

Scheme 1.9. A simplified overview of the synthetic strategies applied in accessing various
cycloparaphenylenes.
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Scheme 1.10. Comparison of the Diels Alder cycloadditions of Dimethyl acetylene
dicarboxylate (DMAD) performed in the bay-regions of perylene and bisanthene.59

In a seminal 2009 communication Larry Scott et al. experimentally verified a crucial

hypothesis involving Diels Alder cycloadditions performed with the diene-like bay-regions of

PAHs. The degree of diene-character in the bay-region of a particular molecule was shown to

increase correspondingly with its overall aromaticity. For instance, the activation energy barrier

to a Diels Alder cycloaddition between acetylene and phenanthrene is considerably lower than

that for acetylene and biphenyl. Similarly, a perylene moiety is significantly more likely to

undergo a cycloaddition with a specific dienophile than is phenanthracene. This trend continues

as expected for larger PAH molecules such as bisanthene, tetrabenzocoronene, etc.59 Some

researchers, such as the Scott research group, openly aim to utilize a semi-fullerene-like,

corannulene-based structure for the initiation of the iterative Diels Alder strategy. However, for

researchers seeking to perform the initial cycloaddition in the bay-region of cross-sectional

macrocycles, or nanohoops, this 2009 report by Scott suggested that this task was perhaps
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beyond the capabilities of cycloparaphenylene. Accordingly, the newly issued challenge to

organic chemists in this field became the synthesis of a nanohoop with an aromatic makeup akin

to that perylene, or a larger PAH.

1.7 References

(1) (a) Kekul6. A. Bulletin de la Societe Chimique de Paris. 1865, 3, 98-110. (b) Loschmidt, J.
Chemische Studien. 1861, 1.

(2) Kekuld. A. Annalen der Chemie und Pharmacie. 1866, 137, 129-196.

(3) (a) Hiickel, E. Z Phys. 1931, 70, (3/4): 204-86. (b) Htickel, E. Z Phys. 1931, 72, (5/6): 310-
37. (c) Hickel, E. Z Phys. 1932, 76, (9/10): 628-48. (d) Hickel, E. Berlin: Verlag Chem. 1938,
77-85.

(4) (a) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. Y. Aromaticity and Antiaromaticity.
Electronic and Structural Aspects, J. Wiley & Sons: New York, 1994. (b) Garratt, P. K.
Aromaticity, Wiley: New York, 1986.

(5) (a) Elias, H-G. Macromolecules. Wiley: New York, 2009. (b) Allcock, H. R.; Lampe, F.W.;
Mark, J. E. Contemporary Polymer Chemistry, 3rd Ed. Pearson Education, Inc, 2003, 689-715.

(6) Allcock, H. R.; Lampe, F.W.; Mark, J. E. Contemporary Polymer Chemistry, 3 rd Ed. Pearson

Education, Inc, 2003, 25.

(7) Friend, R. H.; Gymer, R. W.; Holmes, A. B.; Burroughes, J. H.; Marks, R. N.; Taliana, C.;
Bradley, D. D. C.; Dos Santos, D. A.; Br6das, J. L.; L6gdlund, M.; Salaneck, W. R. Nature.

1999, 397, 121-129.

(8) Salaneck, W. R.; Lundstr6m, I.; Rainby, B. G. Conjugated Polymers and Related Materials:
The Interconnection of Chemical and Electronic Structure. Oxford University Press: New York,
1993. Skotheim, T. A.; Elsenbaumer, R. L.; Reynolds, J. R. Handbook of Conducting Polymers,

3 rd Edition CRC Press: New York, 2007.

(9) Kraft, A.; Grimsdale, A. C.; Holmes, A. B. Angew. Chem. Int. Ed. 1998, 37, 417.

(10) Mitschke, U.; Bauerle. J. Mater. Chem. 2000, 10, 1471-1507.

(11) Grem, G.; Leditzky, G.; Ullrich, B.; Leising, G. Synth. Met. 1992, 51, 383.

(12) Bredas, J. L. Springer Series in Solid State Science, ed. H. Kuzmany, M. Mehring and S.
Roth, Springer, Berlin, 1985, 63, 166.

30



(13) (a) Scherf, U.; M0llen, K. Makromol. Chem. Rapid Commun. 1991, 12, 489. (b) Scherf, U.;
Mullen, K. Macromolecules. 1992, 25, 3546. (c) Scherf, U.; MUllen, K. Adv. Polym. Sci. 1995,
123, 1. (d) Scherf, U.; MUllen, K. A CS Symp. Ser. 1997, 672, 358.

(14) Stampfl, J.; Graupner, W.; Leising, G.; Scherf, U. J Luminesc. 1995, 63, 117.

(15) (a) Grem, G.; Martin, V.; Meghdadi, F.; Paar, C.; Stampfl, J.; Sturm, J.; Tasch, S.; Leising,

G. Synth. Met. 1995, 71, 2193. (b) Grem, G.; Leising, G. Synth. Met. 1993, 55-57, 4105. (c)
Hiber, J.; MUllen, K.; Saalbeck, J.; Schenk, H.; Scherf, U.; Stehlin, T.; Stern, R. Acta. Polym.
1994, 45, 244. (d) Leising, G.; Grem, G.; Leditzky, G.; Scherf, U. Proc SPIE. 1993, 1910, 70.

(16) (a) Ballard, D. G. H.; Courtis, A.; Shirley, I. M.; Taylor, S. C. J. Chem. Soc. Chem.
Commun. 1983, 954. (b) Ballard, D. G. H.; Courtis, A.; Shirley, I. M.; Taylor, S. C.
Macromolecules. 1988, 21, 294.

(17) (a) Gin, D. L.; Conticello, V. P.; Grubbs, R. H. J. Am. Chem. Soc. 1992, 114, 3267. (b) Gin,
D. L.; Conticello, V. P.; Grubbs, R. H. J. Am. Chem. Soc. 1994, 116, 10507. (c) Gin, D. L.;
Conticello, V. P.; Grubbs, R. H. J Am. Chem. Soc. 1994, 116, 10934. (d) Gin, D. L.; Avlyanov,
J. K.; MacDiarmid, A. G.; Synth. Met. 1994, 66, 169.

(18) Schlter, A. D.; Wegner, G. Acta. Polym. 1993, 44, 59.

(19) (a) Vahlenkamp, T.; Wegner, G. Macromol. Chem. Phys. 1994, 195, 1933. (b) McCarthy, T.
F.; Witteler, H.; Pakula, T.; Wegner, G. Macromolecules. 1995, 28, 8350. (c) Remmers, M.;

Schulze, M.; Wegner, G. Macromol. Rapid Commun. 1996, 17, 239. (d) Vanhee, S.; Rulkens, R.;

Lehmann, U.; Rosenauer, C.; Schulze, M.; Kbhler, W.; Wegner, G. Macromolecules. 1996, 29,
5136. (e) Kowitz, C.; Wegner, G. Tetrahedron. 1997, 53, 15 553. (f) Frahn, J.; Karakaya, B.;
Schafer, A.; SchlUter, A-D. Tetrahedron. 1997, 53, 15 459. (g) Goodson, F. E.; Wallow, T. I.;
Novak, B. M. Macromolecules. 1998, 31, 2047. (h) SchlUter, S.; Frahn, J.; Karakaya, B.;

Schliter, A-D. Macromol Chem Phys. 2000, 201, 139.

(20) For a fuller description of the scope and problems with Suzuki polycondensations in regard

to PPP derivatives see SchlOter, A. D. J. Polym. Sci. A Polym. Chem. 2001, 39, 1533, and the

references contained therein.

(21) For a fuller description of the scope and problems with Yamamoto polycondensations in

regard to PPP derivatives see Yamamoto, T. Prog. Polym. Sci. 1992, 17, 1153, and the

references contained therein.

(22) (a) Scherf, U. Top. Curr. Chem. 1999, 201, 163. (b) Ueda, M.; Abe, T.; Awao, H.
Macromolecules. 1992, 25, 5125. (c) Huang, J.; Zhang, H.; Tian, W.; Hou, J.; Ma, Y.; Shen, J.;
Liu, S. Synth. Met. 1997, 87, 105.

(23) Tanigaki, N.; Masuda, H.; Kaeriyama, K. Polymer. 1997, 38, 1221.

31



(24) Remmers, M.; Maller, B.; Martin, K.; Rader, H-J.; Khler, W. Macromolecules. 1999,
32, 1073.

(25) Schetter, M. C. R. Hebd. Seances Acad Sci. 1866, 62, 905.

(26) Reppe, W.; Schichting, 0.; Klager, K.; Toepel, T.; Justus Liebigs Ann. Chem. 1948, 560, 1-
92.

(27) (a) Schore, N. E. Chem. Rev. 1988, 88, 1081-1119 (b) Schore, N. E. in Comprehensive
Organic Synthesis (Eds.: Trost, B. M.; Fleming, I.; Paquette, L. A.). Pergamon: Oxford, 1991, 5,
1129-1162. (c) Lautens, M.; Klute, W.; Tam, W. Chem. Rev. 1996, 12, 741-784. (d) Ojima, I.;
Tzamarioudaki, M.; Li, Z.; Donovan, R. J. Chem. Rev. 1996, 96, 635-662. (e) Fruhauf, H.-W.;
Chem. Rev. 1997, 97, 523-596. (f) Saito, S.; Yamamoto, Y. Chem. Rev. 2000, 100, 2901-2915.
(g) Welker, M. E. Curr. Org. Chem. 2001, 5, 785-807. (h) Varela, J. A.; Saa, C. Chem. Rev.
2003, 103, 3787-3802. (i) Vollhardt, K. P. C. Angew. Chem. Int. Ed. Engl. 1984, 23, 539-556.

(28) (a) Lecker, S. H.; Nguyen, N. H.; Vollhardt, K. P. C.; J. Am. Chem. Soc. 1986, 108, 856-
858. (b) Berris, B. C.; Hovakeemian, G. H.; Lai, Y. H.; Mestdagh, H.; Vollhardt, K. P. C. J. Am.
Chem. Soc. 1985, 107, 5670- 5687. (c) Vollhardt, K. P. C. Angew. Chem. Int. Ed. Engl. 1984,
23, 539. (d) Funk, R. L.; Vollhardt, K. P. C. J Am. Chem. Soc. 1980, 102, 5253-5261. (e) Hillard
III, R. L.; Vollhardt, K. P. C. J. Am. Chem. Soc. 1977, 99, 4058-4069. (f) Funk, R. L.; Vollhardt,
K. P. C. J. Am. Chem. Soc. 1977, 99, 5483-5484. (g) Funk, R. L.; Vollhardt, K. P. C. J. Chem.
Soc. Chem. Commun. 1976, 833-835. (h) Vollhardt, K. P. C. Acc. Chem. Res. 1977, 10, 1-8.

(29) For a review see: Gandon, V.; Aubert, C.; Malacria, M. Chem. Commun. 2006, 2209-2217.

(30) (a) Goswami, A.; Ito, T.; Okamoto, S. Adv. Synth. Catal. 2007, 349, 2368-2374. (b) Kase,
K.; Goswami, A.; Ohtaki, K.; Tanabe, E.; Saino, N.; Okamoto, S. Org. Lett. 2007, 9, 931-934.

(3 1) (a) Pramod, R. C.; Janis, L. Adv. Synth. Catal. 2006, 348, 2307-2327. (b) Kotha, S.;
Brahmachary, E.; Lahiri, K. Eur. J. Org. Chem. 2005, 4741-4767. (c) Leboeuf, D.; Gandon, V.;
Malacria, M. in Handbook of Cyclization Reactions, ed. Ma, S. 2010, 1, 367-405. (d) Varela, J.
A.; Saa, C. Chem. Rev. 2003, 103, 3787-3802.

(32) Dominguez, G.; Castells, J. P-. Chem. Soc. Rev. 2011, 40, 3430-3444.

(33) Muller, E. Synthesis. 1974, 761.

(34) (a) Torrent, A.; Gonzalez, I.; Pla-Quintana, A.; Roglans, A.; Moreno-MaSas, M.; Parella,
T.; Bene tBuchholtz, J. J. Org. Chem. 2005, 70, 2033-2041. (b) Tanaka, K.; Nishida, G.; Wada,
A.; Noguchi, K. Angew. Chem. Int. Ed. 2004, 43, 6510-6512 (c) Kinoshita, H.; Shinokubo, H.;
Oshima, K. J. Am. Chem. Soc. 2003, 125, 7784-7785. (d) Dufkova, L.; Cisarova, I.; Tepnieka, P.;
Kotora, M. Eur. J. Org. Chem. 2003, 2882-2888. (e) Witulski, B.; Alayrac, C. Angew. Chem. Int.

32



Ed. 2002, 41, 3281-3284. (f) Witulski, B.; Zimmermann, A. Synlett. 2002, 1855. (g) Witulski,
B.; Zimmermann, A.; Gowans, N. D. Chem. Commun. 2002, 2984-2985. (h) Nishiyama, H.;
Niwa, E.; Inoue, T.; Ishima, Y.; Aoki, K. Organometallics. 2002, 21, 2572-2574.

(35) Dachs, A.; Osuna, S.; Roglans, A.; Sola, M. Organometallics. 2010, 29, 562-569.

(36) (a)Varela, J. A.; Sai, C. J. Organomet. Chem. 2009, 694, 143-149. (b) Agenet, N.; Gandon,
V.; Vollhardt, K. P. C.; Malacria, M.; Aubert, C. J. Am. Chem. Soc. 2007, 129, 8860-887 1. (c)
Gandon, V.; Agenet, N.; Vollhardt, K. P. C.; Malacria, M.; Aubert, C. J. Am. Chem. Soc. 2006,
128, 8509-8520. (d) Varela, J. A.; Rubin, S. G.; Castedo, L.; Saa, C. J Org. Chem. 2008, 73,
1320-1332.

(37) Barlett, P. D.; Ryan, M. J.; Cohen, S. G. J. Am. Chem. Soc. 1942, 64, 2649.

(38) Feymann, R. P. There is plenty of room at the bottom. In Miniaturization; Gilber, H. D.,
Ed.; Reinhold: New York, 1961; Chapter 16, pp 282-296.

(39) Ross Kelly, T.; Cai, X.; Damkaci, F.; Panicker, S. B.; Tu, B.; Bushell, S. M.; Cornella, I.;
Piggot, M. J.; Salives, R.; Cavero, M.; Zhao, Y.; Jasmin, S. J. Am. Chem. Soc. 2007, 129, 376-
386.

(40) Swager, T. Acc. Chem. Res. 2008, 41, 1181-1189.

(41) Rathore, R.; Kochi, J. K. J. Org. Chem. 1998, 63, 8630-8631.

(42) Marc Veen, E.; Postma, P. M.; Jonkman, H. T.; Spek, A. L.; Feringa, B. L. Chem. Commun.
1999, 1709-1710.

(43) Long, T. M.; Swager, T. M. J Am. Chem. Soc. 2003, 125, 14113-14119.

(44) Tsui, N. T.; Paraskos, A. J.; Torun, L.; Swager, T. M.; Thomas, E. L. Macromolecules.
2006, 39, 3350-3358.

(45) Yang, J.-S.; Swager, T. M. J. Am. Chem. Soc. 1998, 120, 11864-11873.

(46) Long, T. M.; Swager, T. M. J. Am. Chem. Soc. 2002, 124, 3826-3827.

(47) Craig, A.; Wilcox, C. J. Org. Chem. 1959, 24, 1619.

(48) (a) Wittig, G.; Ludwig, R. Angew. Chem. 1956, 68, 40. (b) Wittig, G.; Benz, E. Angew.
Chem. 1958, 70, 166.

(49) Zhao, L.; Li, Z.; Wirth, T. Chem. Lett. 2010, 39, 658-667.

(50) Zhang, C.; Chen, C.-F. J. Org. Chem. 2006, 71, 6626.

33



(51) Taylor, M. S.; Swager, T. M. Org. Lett. 2007, 9, 3695.

(52) VanVeller, B.; Schipper, D. J.; Swager, T. M. J. Am. Chem. Soc. 2012, 134, 7282.

(53) Zhang, C.; Liu, Y.; Li, B.; Tan, B.; Chen, C.-F.; Xu, H.-B.; Yang, X.-L. Macro. Lett. 2012,
1, 190.

(54) Chen, Z.; Swager, T. M. Macromolecules. 2008, 41, 6880.

(55) (a) Hersam, M. C. Nat. Nanotechnol. 2008, 3, 387 (b) Prasek, J.; Drbohlavova, J.;

Chomoucka, J.; Hubalek, J.; Jasek, 0.; Adam, V.; Kizek, R. J. Mater. Chem. 2011, 21, 15872.
(c) Terronesa, M.; Botello-Mendez, A. R.; Campos-Delgado, J.; Lopez-Urias, F.; Vega-Cantu, Y.

I.; Rodriguez-Macias, F. J.; Elias, A. L.; Munoz-Sandoval, E.; Cano-Marquez, A. G.; Charlier,
J.-C.; Terrones, H. Nano Today. 2010, 5, 351. (d) Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.

Carbon. 1995, 33, 883 (e) Charlier, J.-C.; Blase, X.; Roche, S. Rev. Mod Phys. 2007, 79, 677.

(56) Representative attempts: (a) Parekh, V. C.; Guha, P. C. J. Indian Chem. Soc. 1934, 11, 95.

(b) Friederich, R.; Nieger, M.; Vbgtle, F.Chem. Ber. 1993, 126, 1723.

(57) Segawa, Y.; Miyamoto, S.; Omachi, H.; Matsuura, S.; Senel, P.; Sasamori, T.; Tokitoh, N.;
Itami, K. Angew. Chem. Int. Ed. 2011, 50, 3244.

(58) Jasti, R.; Bhattacharjee, J.; Neaton, J. B.; Bertozzi, C. R. J. Am. Chem. Soc. 2008, 130,
17646.

(59) Fort, E. H.; Donovan, P. M.; Scott, L. T. J. Am. Chem. Soc. 2009, 131, 16006.

(60) Hill, T. J.; Hughes, R. K.; Scott, L. T. Tetrahedron. 2008, 64, 11360.

(61) (a) Darzi, E. R.; Sisto, T. J.; Jasti, R. J. Org. Chem. 2012, 77, 6624. (b) Xia, J.; Bacon, J.
W.; Jasti, R. Chem. Sci. 2012, 3, 3018. (c) Sisto, T. J.; Jasti, R. Synlett 2012, 23, 483. (d) Xia, J.;
Jasti, R. Angew. Chem. Int. Ed. 2012, 51, 2474. (e) Sisto, T. J.; Golder, M. R.; Hirst, E. S.; Jasti,
R. J. Am. Chem. Soc. 2011, 133, 15800. (f) Takaba, H.; Omachi, H.; Yamamoto, Y.; Bouffard,
J.; Itami, K. Angew. Chem. Int. Ed. 2009, 48, 6112-6116. (g) Omachi, H.; Matsuura, S.; Segawa,
Y.; Itami, K. Angew. Chem. Int. Ed. 2010, 49, 10202-10205. (h) Segawa, Y.; Miyamoto, S.;
Omachi, H.; Matsuura, S.; Senel, P.; Sasamori, T.; Tokitoh, N.; Itami, K. Angew. Chem. Int. Ed.

2011, 50, 3244-3248. (i) Segawa, Y.; Senel, P.; Matsuura, S.; Omachi, H.; Itami, K. Chem. Lett.
2011, 40, 423-425. (j) Omachi, H.; Segawa, Y.; Itami, K. Org. Lett. 2011, 13, 2480-2483.

(62) Yamago, S.; Watanabe, Y.; Iwamoto, T. Angew. Chem. Int. Ed. 2010, 49, 757.

(63) Alonso. F.; Yus. M. Tetrahedron. 1992, 48, 2709-2714.

34



CHAPTER 2:

POLY(PARA-ARYLENE)S VIA [2+2+21

Adapted from: Batson, J. M.; Swager, T. M. "Poly(para-arylene)s via [2+2+2]," Macro. Lett.
2012,1, 1121.
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2.1 Introduction

Poly(para-phenylene)s (PPPs) are one of the most important semiconductive polymer

structures with backbones comprised exclusively of phenylene groups. As a result of this

centrality, these materials have received constant investigation for many years.1 Particular

interest in this class of polymers arises from their high thermal and oxidative stability and their

use as a tunable blue-emitting material for organic light emitting devices (OLEDs).2 1

There are multiple established synthetic strategies to PPPs and related polyarylenes.4

However, there are limitations to these different methods, particularly with regard to the creation

of functional high molecular weight, and soluble PPP materials. Transition metal catalyzed cross-

coupling of 1,4-functionalized phenyl groups was one of the most prominent strategies for

accessing PPPs.4 The coupling of phenyl groups lacking solubilizing side-chains by this method

is limited to six repeat units.5 Solubilizing substituents dramatically increase the length of PPPs

that can be synthesized, although, the polymerization rates are attenuated by the increased steric

bulk. In addition, even with two substituents per phenyl group, these rigid rod polymers still

exhibit limited solubility.26' 7 The synthesis of unsubstituted PPPs via the aromatization of soluble

precursor polymers is the preferred route to this parent material.'Ib,'' Although this strategy has

resulted in considerably higher molecular weight polymers by circumventing insolubility issues,

the resulting polymers can still possess structural irregularities resulting from incomplete

aromatization.4 Another synthetic strategy for accessing PPPs is the oxidative coupling of aryl

monomers. The harsh conditions used in this process are less favorable and only low molecular

weight oligomers are typically possible from these methods, regardless of solubilizing

4,9
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The substituents attached to PPP play an integral role in the polymer properties and can

determine their intra- and interchain interactions. 7b The most readily accessible 3,5-substitution

pattern along the PPP backbone generates a regular structure that can promote inter-chain

associations that affect the solubility of the polymer.4 The phenyl-phenyl junctions are sensitive

to the steric interactions induced by the substituents and thus substituted PPPs have twisted, non-

planar conformations and absorption and emission spectra that are blue shifted relative to

unsubstituted analogs. 0

2.2 Synthesis

In considering new synthetic strategies for polyarenes, we decided to take a post-

polymerization functionalization approach. This has the advantage that we could choose a

polymerization that is known to provide access to higher molecular weight materials and then

convert it to the final polymer. To accomplish this we selected the transition metal-mediated

[2+2+2] reaction as a method capable of generating a polyarene with few defects. An added

bonus of this approach was that [2+2+2] reactions are a proven method for efficiently forming

dense substitution patterns in aromatic systems." Additionally, by utilizing nitriles as one of the

constituent elements," N-heterocyclic analogs are readily accessible from a single precursor

polymer (Scheme 2.1). In total, the combination of highly soluble starting polymers such as 1,

and the wide range of viable acetylene partners, offers an exciting new route to various

poly(para-arylene)s.

The success of this method required a solubilizing phenylene group to be included in

Polymer 1. Previously, end-capped oligomers of Polymer 1 had been synthesized using

traditional Sonogashira-polymerization methods.' 2 Thus, with a slight excess of 1,6-heptadiyne
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and 1,4-bis(hexadecyloxy)-2,5-diiodobenzene, we were able to isolate Polymer 1 with a suitably

high molecular weight for our studies (M, = 20.5 k, PDI = 1.8 DP ~ 32). However, considering

that Sonogashira polymerizations performed between aryl co-monomers can produce much

higher molecular weights,13 we are confident that related structures of higher molecular weight

analogs of 1 could be synthesized.

OC18 H33  [2+2+2]

Ar - -

OC 16H33  MeO2C CO2 Me

A r ""= " (C H 2)3 or ON

1 C8H17 -N
Mn - 21 kDa

PDI = 1.8 62-72%
WM

+Ar- 4

MeO 2C CO 2Me

PPPI

+Ar

H H

P(PyrPh)

Scheme 2.1. The synthesis of poly(para-arylene)s via
dicarboxylate, norbornadiene and nonanenitrile.

[2+2+2] with dimethyl acetylene

PPP1 and PPP2 were isolated in moderate yield after the reaction of Polymer 1 with

dimethylacetylenedicarboxylate (DMAD) and norbornadiene respectively, using Wilkinson's

catalyst [Rh(PPh 3)3Cl]. 14 Accessing pyridine-containing compounds via [2+2+2] reactions using

nitriles not activated with electron withdrawing groups was a challenging task relative to the

phenyl-containing analogs." Gratifyingly, we were able to achieve the desired transformation
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using nonanenitrile with a catalytic system comprised of hexahydrate cobalt (II) chloride, zinc

and 1,2-bis(diphenylphosphino)ethane."

2.3 Characterization of Poly(para-arylene)s

These reactions were initially performed under an argon atmosphere at 100 0C, in PhMe

(16 hours) and the resulting polymers, PPP1, PPP2 and P(PyrPh), were analyzed by NMR,

GPC, IR and UV-Vis spectroscopy to determine the efficiency of the [2+2+2] reaction as a post-

polymerization functionalization reaction. Upon analysis of data from these conditions, it was

evident that the desired transformation occurred but yet apparent via 3 C-NMR that alkyne

functionality was still present within the polymers. This result reflects the challenge of

synthesizing homogeneous polyarylenes by post-polymerization reactions, wherein quantitative

yields are required.' 2

We hypothesized that the incomplete conversion in our post-polymerization reaction was

the result of the poor solubility of our product polyarene under these reaction conditions. Thus,

we turned to conditions wherein the reaction could be heated rapidly to higher temperatures to

circumvent competitive aggregation/precipitation. Our optimized reaction reactions were

therefore performed with microwave heating (1 hour, 150 C, in PhMe). No solid precipitate was

observed in the crude mixture when microwave conditions were employed. The resulting

isolated polymers displayed a complete loss of detectable alkyne groups as determined by

infrared spectroscopy and 3C-NMR. As expected, the products have limited solubility in typical

organic solvents, presumably as a result of their rigid-rod backbone structures.

39



H33C1O CH2

a) _Q _ b)
+, 

nHH1C1CH2CO H C 0 1eH2 H3 C

~~0 0C6

HHC CHCHn

H1CHH2CO O O

HaC CH3

OC16Has OC16Has

CH2CH2CH2 C3H6-C= C

H31CjsH2CO H31C15H2CO

E.0 6.0 5.0 4.0 3.0 2.0 1.0 190 170 150 130 110 90 70 50 30 10

Figure 2.1. a) 'H-NMR and b) 3C-NMR spectra of Polymer 1 before (red) and after (blue)
[2+2+2] reaction with DMAD (PPP1). Key functional groups and their resonances are indicated
for clarity.

The NMR spectra of PPP1, PPP2 and P(PyrPh) (Spectra 2.3, 2.5, 2.7 in Appendix) are

best compared directly with Polymer 1 as shown for PPP1 in Figure 2.1. Although the 'H-NMR

data alone is insufficient evidence for the complete conversion of 1 to a polyarene, it crucially

shows the incorporation of key elements. Polymer l's sharper 'H-NMR spectrum relative to

PPP1 is due to its greater flexibility. As indicated in Figure 2. la, the methylenes between the

alkynes shift, and a new methyl ester signal is observed. Infrared Spectra of the product

polyarenes proved to be the most convenient method for discerning the extent of conversion of
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the alkyne groups from Polymer 1 into aryl groups. Additionally, the incorporation of any further

functional groups can be easily monitored this way. Representative infrared spectra of the

optimized process are shown in Figure 2.2.

90--

80- -

70

E 60- -

50-

40-

301
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm 1)
Figure 2.2. Infrared Spectra of polymer 1 (red) and PPP2 (purple)
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Figure 2.3. THF GPC traces (UV
(black).

detection 254nm) of starting Polymer 1 (red) and P(PyrPh)
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We also considered that potential crosslinking reactions between alkynes in different

polymer chains could yield defects in the final structures. However, it appears that we

successfully negated cross-linked product formation by employing an excess of the DMAD,

nobornadiene, or nonanenitrile partner during our reactions. As determined by GPC, the

polymers before and after the [2+2+2] displayed a monomodal chromatogram with little change

in the apparent molecular weight. Cross-linked material would have produced a considerably

higher mass and a distorted GPC trace of the final polymers (Figure 2.3).

2.4 Discussion

0.8

0

4)
N

=0

Z 0.2-

250

Figure 2.4. Comparison of the UV
and P(PyrPh) (blue).

300 350 400
Wavelength (nm)

-Vis spectra for Polymer 1 (green), PPP1 (black), PPP2 (red)

The conjugation length in poly(para-arylene)s is directly correlated to the dihedral twist

between adjacent aryl groups. This twist is modulated by the steric interactions of the respective

substituents.4 As a result, the different acetylenic partners in our [2+2+2] reaction should produce

varying optical bands gaps in the product polymers. These differences are revealed in the UV-Vis
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absorption spectroscopy (Figure 2.4). The minor differences in the absorption onset at long

wavelength of the product polymers suggest that the interactions between the fused five-

membered rings and the ethers on adjacent arylenes are the dominant steric interactions. This can

be deciphered specifically in the band gap of PPP2, which lacks the ester or hydrocarbon

substituents of PPP1 or P(PyrPh) respectively, but still possesses a similar absorption spectrum.

Comparisons of the absorption spectra can also be used as a crude estimate of extent of

conversion as previously shown for oligomers of Polymer 1.16 Product polymers that possess a

low degree of conversion from Polymer 1 have been seen to maintain absorption features of the

starting polymer, once more suggesting that we have achieved a high degree of post-

polymerization conversion 6' 1 7.

2.5. Conclusion

In conclusion, we have demonstrated the viability of the metal-catalyzed [2+2+2]

reaction to efficiently furnish minimally-defective, high-molecular weight poly(para-arylene)s

starting from readily accessible, highly soluble polymers. In demonstration of the potential

versatility of this strategy, we prepared two different poly(para-phenylene)s and a poly(para-

pyridylene). We found the use of a microwave critical in obtaining high-quality PPPs. Further

studies to extend the application of this strategy to other polymers is now underway in our lab.
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2.7 Experimental Procedures

Materials: All reactions were carried out under a flow of argon gas using standard Schlenk

techniques unless otherwise stated. All photophysical experiments were performed with spectral

grade chloroform. Toluene was obtained from a dry solvent still. 1,4-bis(hexadecyloxy)-2,5-

diiodobenzene was prepared according to a literature procedure. 98 % purity 1,6-heptadiyne was

procured specifically from Aldrich and all other reagent grade materials were purchased from

various commercial sources and used as received unless otherwise stated.

NMR Spectroscopy: 'H- and 13 C- NMR spectra for all compounds were acquired on Varian

Mercury 300 MHz, Varian Inova 500 MHz or Varian Inova 501 MHz spectrometers. The

specific instrument is noted below each spectrum. Chemical shifts are reported in ppm and

referenced to residual NMR solvent peaks. (CDCl 3: 6 7.26 ppm for 'H, 8 77.2 ppm for "3C.

C6 D4Cl 2: 8 128.5 ppm for "C.)

Gel Permeation Chromatography (GPC): Number average molecular weight (Mn) and

polydispersity (PDI) of polymers were obtained on a Hewlett Packard series 1100 HPLC

instrument equipped with a Mixed-C (300 x 7.5 mm) column. This GPC system utilized both UV

(245 nm) and refractive index detection at a flow rate of 1.0 mL/min in tetrahydrofuran and

calibrated relative with polystyrene standards purchased from Polysciences, Inc.

Infrared (IR) Spectroscopy: IR spectra were recorded on a Thermo Scientific,

Smart-iTR, Nicolet 6700-FT-IR.

Absorption and Emission Spectroscopy: Fluorescence spectra were measured on a SPEX

Fluorolog-3 fluorometer (model FL-321, 450 W Xenon lamp) using right-angle detection.

Ultraviolet-visible absorption spectra were measured with an Agilent 8453 diode array
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spectrophotometer and corrected for background signal with a solvent filled cuvette.

Microwave: A CEM Discover Microwave was used for all microwave reactions (150W, 30PSI).

OC16 H33  Pd(PPh 3)4, Cul, OC16 H33DIPA:PhMe (1:4)

+ 80 0C, 3d (CH2)3

C16H330 72% C16H330 1

Polymer 1: 1,6-heptadiyne (681 mg, 7.40 mmol), 1,4-bis(hexadecyloxy)-2,5-diiodobenzene

(5.92 g, 7.30 mmol), Pd(PPh 3)4 (171 mg, 0.150 mmol), copper iodide (1) (139 mg, 0.730 mmol),

dry toluene (20.0 mL) and diisopropylamine (5.00 mL) were added under a flow of argon to a

flame-dried schlenk flask. The mixture was then purged via freeze, pump, thaw (3x) and heated

to 80 C for 3 days. Upon cooling, water was added to the reaction mixture followed by

extraction with diethyl ether (3x). The combined organic layers were then washed with aq.

NH 4Cl, and then with brine. After drying the separated organic layer with Na 2 SO 4 it was then

filtered and concentrated in vacuo to give a crude solid product. This residue was redissolved in

a small volume of chloroform and precipitated into stirring methanol (~ 500 mL) to yield a light

yellow product polymer (2.94 g, 72 %).

'H NMR (500 MHz, CDCl3 ): 8 6.83 (s, I H), 3.92 (t, 2 H), 2.66 (t, 2 H), 1.92 (t, 1 H), 1.78 (m, 2

H), 1.45 (m, 2 H), 1.24 (br s, 24 H), 0.87 (t, 3 H).

13 C NMR (500 MHz, CDCl 3): 8 153.7, 117.3, 113.9, 95.5, 77.6, 69.7, 32.1, 29.8 (multiple

resonances), 29.6 (multiple resonances), 29.5, 28.4, 26.3, 22.9, 19.2, 14.3.

GPC (THF): Mw/Mn = 37 800/20 500.

IR: 2922.1, 2852.2, 2360.2, 2342.0 (CO 2), 2233.47, 1500.4, 1467.3, 1410.9, 1388.9,1341.4,

1307.3, 1270.9, 1228.1, 1205.4, 1034.2, 860.5, 721.0.
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OC 16 H33  
RhCI(PPh3)3, H33C16O

(CH 2)3  + y-Y PhMe
n1) 180 0C, 2h

C 16H330 microwave H33C160 y y
1

PPP1, PPP2

H33C16O

H33C160 MeO 2C CO 2Me

PPP1

PPP1: Polymer 1 (160 mg, 0.247 mmol) and Wilkinson's catalyst/[RhCI(PPh 3)3] (57.2 mg,

0.062 mmol) was added to a flame-dried microwave vial that had been back-filled with Argon.

Once resealed, the microwave vial was then quickly purged and back-filled with argon three

more times upon which dry toluene (4.0 mL) and dimethyl acetylene dicarboxylate (578 mg,

4.07 mmol) were added. The entire reaction mixture was then given a final purge via freeze,

pump, thaw (3x) before being heated to 180 0C and stirred for 2.0 h in the microwave. Upon

cooling to room temperature diethyl ether was added to the crude reaction mixture and washed

with water (3x) and once with brine. After drying the separated organic layer with Na 2 SO 4 it was

then filtered and concentrated in vacuo to give a crude solid product. This residue was

redissolved in a small volume of chloroform with the assistance of sonication and heat and

precipitated from stirring hexanes (- 500 mL) to yield a slightly orange solid as the product

polymer (121 mg, 62 %).

'H NMR (500 MHz, CDCb3): 8 6.76 (br, I H), 4.11-3.34 (br m, 5 H), 3.26-3.09, 3.03-2.53, 2.35,

2.18-1.90, 1.90-1.03, 0.88 (br, 3 H).

"C NMR (500 MHz, CDC 3): 6 69.8 (br), 52.1 (br), 32.1, 29.9, 29.5, 26.3, 26.1, 22.8, 19.3, 14.2.
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GPC (THF): M,/M, = 57 500/25 500.

IR: 2922.6, 2852.4, 1732.7, 1501.4, 1466.4, 1436.1, 1379.0, 1208.3, 1034.9, 870.4, 808.7, 793.3,

781.6, 774.4, 754.7, 739.0, 734.1, 722.9.

H33C16O

H33C160 H H

PPP2

PPP2: The same procedure for PPP1 was followed with the crude polymer being precipitated

from rapidly stirring methanol instead of hexanes (70 %).

'H NMR (500 MHz, CHC 3): 8 4.32-3.51, 3.28-2.97, 2.86-2.57, 2.25-1.97, 1.36, 0.94, 0.27

(Dow Corning silicone grease).

"C NMR (500MHz, C6D4Cl2): 8 32.6, 30.4, 30.0, 26.8, 23.3, 13.4.

GPC (THF): PPP2 was not soluble enough to yield a GPC trace in THE.

IR: 2923.0, 2852.7, 1716.9, 1700.1, 1683.7, 1652.8, 1500.6, 1466.5, 1377.2, 1303.7, 1262.1,

1205.1, 1035.7, 736.3, 733.4.

H33C160

/\ /\
-N"

H33C160 CBH17

P(PyrPh)

P(PyrPh): Polymer 1 (160 mg, 0.247 mmol), cobalt (II) chloride hexahydrate (11.7 mg, 0.050

mmol, 0.20 eq), 1,2-Bis(diphenylphosphino)ethane (24.6 mg, 0.062 mmol) and zinc (4.80 mg,
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0.074 mmol) were added to a flame-dried microwave vial back-filled with Argon. Once resealed,

the microwave vial was then quickly purged and back-filled with argon three more times upon

which dry N-methyl-2-pyrrolidone (2.00 mL) and nonanenitrile (3.50 mL, 19.8 mmol) were

added. The reaction mixture was then sparged with argon for 30 minutes before being heated to

180 C and stirred for 2 h in the microwave. Upon cooling to room temperature, distillation was

used too isolate the crude product. Dichloromethane was added to this residue and this organic

layer was then washed with water (3x) and once with brine. After drying the separated combined

organic layer with Na2SO 4 it was then filtered and concentrated in vacuo to give the crude solid

product. This residue was redissolved in a small volume of chloroform and precipitated from

stirring methanol (~ 500 mL) to yield a slightly yellow solid as the product polymer (139 mg, 72

'H NMR (500 MHz, CDCl 3): 8 6.83 (br, I H), 3.92 (br, 2 H), 2.66 (br, 2 H), 1.92 (br, I H), 1.78

(br, 2 H), 1.43-1.05 (br, 27 H), 0.87 (br, 3 H).

13C NMR (500 MHz, CDC 3): 6 154.2, 117.8, 70.2, 32.7, 30.5, 30.4, 30.2, 30.1, 30.0, 26.8, 23.4,

14.9.

GPC (THF): M,/Mn= 42 900/19 500.

IR: 2917.8, 2850.7,1501.8, 1493.7, 1479.0, 1468.1, 1451.4, 1442.4, 1426.7, 1411.4, 1390.9,

1370.4, 1344.7, 1228.2, 1205.8, 1048.5, 855.8, 748.7, 723.5.
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Chapter 2 Appendix:

H-NMR and "C-NMR Spectra

And Additional Figures
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Spectrum 2.9. UV-Vis Absorption Spectrum of Polymer 1 in CHCl3, Xmax = 278nm.
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Spectrum 2.10. UV-Vis Absorption Spectrum of PPP1 in CHC13, max = 240nm.
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Spectrum 2.11. Absorption and Emission Spectra of PPP1 in CHC13, Xem = 381nm.
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Spectrum 2.12. UV-Vis Absorption Spectrum of PPP2 in CHC13, mx = 240nm.
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Spectrum 2.13. Absorption and Emission Spectra of PPP2 in CHC13, Xem = 377nm.
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Spectrum 2.14. UV-Vis Absorption Spectrum of P(PyrPh) in CHC13, Xmax = 242nm.
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Spectrum 2.15. Absorption and Emission of P(PyrPh) in CHC13, em = 401nm.
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Spectrum 2.16. Infrared Spectrum of Polymer 1.

62



90

80

70-

= 60 
-

CO

50--

40--

30

20 *" --

10+ "-**-C "

4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm")

Spectrum 2.17. Infrared Spectra of PPP1 (blue) with Polymer 1 (red).
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Spectrum 2.18. Infrared Spectra of P(PyrPh) (black) with Polymer 1 (red).
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CHAPTER 3:

APPROACHES TO POLY(PHENYLENE

TRIPTYCENE) VIA [2+2+2]

Thanks to Dr. Derek Schipper for attempting the initial poly(phenylene triptycene)
polymerizations depicted in Scheme 3.2 and Table 3.1.
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3.1 Introduction

C)

RO

Figure 3.1. a) A schematic representation of a guest polymer (PVC), perpendicularly aligned by
its host polymer (Ladder poly(iptycene) or LPI). (Reprinted with permission from Swager, T. M.
Acc. Chem. Res. 2008, 41, 1186. Copyright 2013 American Chemical Society) b) The structure
of the LPI used in the studies demonstrated by (a). c) Another example of a Ladder
poly(iptycene) reported by our group.5

The family of molecules in which multiple arene rings connect to form the bridges of

[2.2.2] bicyclic ring systems were termed "iptycenes" by Hart three decades ago.' As the

smallest member of this molecular family, triptycene's three-pronged aromatic framework has

been utilized in several creative and useful ways. Its unique molecular architecture has seen it

used in studies of atropisomerism,2 host-guest chemistry, ligand design, and as a component of

"molecular machines". 4 One of triptycene's most convenient structural features is its internal

molecular free volume (IMFV). The rigidity of its three constitutional aromatic rings, all set 120'

apart from each other, creates a molecular-sized gap of free space between any two of these

rings. This useful molecular property can be amplified and exploited in various manners by bulk

systems via incorporation of the triptycene scaffold into different polymers. This concept is

readily demonstrated by the "ultimate iptycene polymer", a ladder poly(iptycene), which

possesses desirable microporous characteristics. 6 Our lab has used iterative, high pressure Diels-

Alder cycloadditions on small polyacene monomers to form high molecular weight, two-

dimensional ladder polymers containing the crucial triptycene moiety.7 The dense array of

triptycenes formed by this method imparts a high degree of IMFV on the resulting polymer,
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yielding the desired porosity. Our lab has demonstrated the ability of a ladder poly(iptycene)

(LPI, Figure 3.1,b) to engage its microporosity in the alignment of perpendicularly stretched

poly(vinyl chloride) (PVC) chains as depicted in part (a) of Figure 3.1. Upon the introduction of

the 'guest' polymer PVC to a solution of the LPI, the structures orient in the observed manner in

an attempt to minimize the system's free volume. This perpendicular alignment of guest

polymers is unprecedented and not only allows for many further possibilities, but also highlights

the usefulness of triptycene containing polymers.

In 2002 our group reported both triptycene-containing poly(phenylene vinylene) (PPV)

and poly(phenylene ethynlene) (PPE) polymers as displaying enhanced alignment properties in a

nematic phase liquid crystal (LC), with the directional properties controlled by an electric field.9

Similarly conjugated polymers that do not possess the crucial triptycene moiety were found to be

completely soluble in typical organic solvents, yet completely insoluble in the nematic phases of

the two LCs examined, 1- -4-hexylcyclohexyl)-4-isothiocyanatobenzene (6CHBT) and 4-(trans-

4-pentyl-cyclohexyl)benzonitrile (5PCH). Triptycene's rigid, three-dimensional architecture

confers improved solubility on its polymers by preventing strong interpolymer aggregation

which is responsible for the low solubilty of typical conjugated polymers. The homogeneity of

the LC-polymer mixture in this instance results from the host-guest system seeking to lower its

overall energy by minimizing the free volume in solution (Figure 3.2 d). This electrically

controlled phase alignment employed as a new method of polymer organization in nematic

solutions has the potential for widespread use in new molecular electronic devices. Additionally,

the potential for improved electron transport properties could have beneficial applications for

sensors, electroluminescent devices, and field effect transistors.9

66



a) R b) R, n C) d)
-RR

' R OH

02R2
HO CR1 HO c ~C3

R2= alkoxy

R= r' R1= tButyl

Figure 3.2. A triptycene-containing a) poly(phenylene ethynylene) (PPE) b) poly(phenylene
vinylene) (PPV) c) previously unknown poly(para-phenylene) (PPP) d) A general illustration of
a triptycene-containing conjugated polymer aligned with a nematic phase liquid crystal
(Reprinted with permission from Swager, T. M. Acc. Chem. Res. 2008, 41, 1184. Copyright 2013
American Chemical Society).

Several years later Taylor and Swager reported the synthesis of a triptycene diol, which is

easily functionalized at the 1,4-positions (Scheme 3.1). 1m This metal-mediated [2+2+2]

cyclization of a syn-oriented diyne offered what is perhaps the most efficient synthetic route to

the 1,4-functionalized triptycene scaffold reported to date. In addition to the two potentially

advantageous bridgehead hydroxyl groups, Taylor's synthetic route also provided the option to

install substituents at triptycene's 2,3-positions via the selection of an appropriate [2+2+2]

alkyne partner. This ease of functionalization of triptycene's core aromatic frame lead us to

consider the possibility of a triptycene-containing poly(para-arylene), or more specifically, a

poly(phenylene triptycene). We envisioned that removal of the two vinyl or ethynyl moieties

from the repeat unit of a triptycene-containing PPV or PPE could result in a conjugated polymer

with its triptycenes fixed in greater proxmity. Coupled with the reduction in intrinsic chain

disorder due to the polymer's increased stiffness relative to a PPV or PPE, this denser

arrangement of triptycene's IMFV in poly(phenylene triptycene) could potentially furnish some

interesting LC alignment properties.
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R'

RO/

R 

[2+2+2]
R"

10 mol %
Rh(PPh3)CI R'

H- -nBu Il
1 R' OR

100C, PhMe,
14 h

RO

a) R = H (90 %)

b) R = CH3 (40 %)

Scheme 3.1. Mark Taylor's synthesis of a functionalized triptycene a) diol and b) dimethoxy via
a transition metal-catalyzed [2+2+2] cyclization.12

n-Oct
a)

OH
Br

HO --

Br

n-Oct
b)

/ OH
Br

HO ~
Br

OMe

"B" "B"3

MeO

Conditions Screened: See TablE

%B B

Pd(PPh 3)2Cl2 (3 mol%)
K3PO 4, DMF

150 OC, pW, 1 hr

n-Oct

MeO e

3.1 HO

oligomers

n-Oct

J OH _ n

HO ~

70 % yield

Mn > 10 kDa
Very Limited Solubility

Scheme 3.2. Initial efforts towards the synthesis of a) a substituted poly(phenylene triptycene) b)
a poly(phenylene triptycene) without alkoxy substituents.

"B" screened Pd Source Ligand Base Solvent Heating

Pd(PPh3)2Cl2

Pd 2(dba)3

PEPPSI-Ipr

PPh 3

P(o-tolyl)3

S-Phos

K2CO3

K3PO4

KOH

DMF Microwave

Dioxane Benchtop/Schlenk

H20

Table 3.1. A variety of Suzuki cross-coupling conditions attempted in the polymerization in part
(a) of Scheme 3.2.
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Our initial attempts at synthesizing poly(phenylene triptycene) with alkoxy substituents

were unsuccessful. We easily accessed a 1,4-dibromo triptycene diol monomer by employing

Taylor's metal-catalyzed [2+2+2] synthesis of triptycene derivatives (Scheme 3.1), starting from

1,4-dibromo-9,10-anthraquinone. We first utilized our triptycene monomer in a Suzuki cross-

coupling polymerization with (2,5-dimethoxy-1,4-phenylene) diboronic acid as a co-monomer,

but only achieved oligomers despite screening a wide variety of reaction conditions (Table 3.1).

We hypothesized that the resistance to polymerization was likely due to unfavorable steric

interactions between the bridgehead hydroxyl groups of our triptycene diol and the ether

substituents of our alkoxy co-monomer. We validated this hypothesis by repeating the

polymerization with an unsubstituted co-monomer, 1,4-diboronic acid benzene, successfully

yielding polymers with a number average molecular weight (MN) of over 10 kDa (Scheme 3.2).

Unfortunately, the resulting polymer displayed a prohibitively low solubility in typical organic

solvents leading us to consider alternative options for the synthesis of more soluble, alkoxy

substituted poly(phenylene triptycene)s (PPTs).

We previously demonstrated the synthesis of poly(para-phenylene) derivatives via a

post-polymerization [2+2+2] cyclization of a diyne-containing precursor polymer " and

envisioned that a similar approach could produce alkoxy substituted poly(phenylene triptycene)

derivatives (Scheme 3.3). Taylor's strategy was essential once more as we successfully co-

polymerized the triptycene diol precursor, a syn-oriented diyne (Scheme 3.1.), with 1-

(hexadecyloxy)-2,5-diiodo-4-methoxybenzene. Previously, only Taylor's anti-diyne isomer had

been utilized in polymerization efforts, leading to the synthesis of

poly(anthrylenebutadiynylene).12 The choice of comonomer utilized with la in the synthesis of

polymer 2a was crucial. As a result of la's syn-orientation it has an inherent tendency to form
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macrocyclic oligomers rather than linear polymers and so an initial screening was required to

determine structurally suitable comonomers. Following this, we employed traditional

Sonogashira-polymerization techniques and were able to isolate polymers 2a and 2b in moderate

yields and with suitably high molecular weights for our study. In conctrast to the high solubility

of the bridgehead substituted dimethoxy polymer 2b, the diol analog 2a was only partially

soluble in typical organic solvents. This lack of solubility not only increased the difficulty of

2a's characterization, but also prevented accurate determination of its molecular weight by Gel

Permeation Chromatography (GPC).

Previous Work:
[2+2+2]

OC1 6H33  Sonogashira OC1 H33
H

+ Coupling (CH2)3 n

OC16H33  OC16 H33  H3C16O Y y

This Work: [2+2+2]

RO A ..OR 20 eq OR 0C161H3

RO + OC/H33 Sonogashira OCH 3  
OR

10 mol % [Rh(cod)Cl] 2, H
H3CO PhMe, 160 OC, 1h MeO

RO H33C16O H

1a: R=H Polymer 2a: R= H (Mn ~ 7.9 k)* 1W, 150 W PPT1: R= H (96 %)

1b: R= CH3  Polymer 2b: R= CH3 (Mn ~ 18.5 k)

Scheme 3.3. A comparison of the post-polymerization [2+2+2] cyclization strategy a) previously

used to access poly(para-arylene)s and b) presented in this work as a route to alkoxy-substituted

poly(phenylene tripycene)s with minor defects (*Longer chains filtered out of GPC sample due

to lower solubility).

Subjecting polymer 2a to [2+2+2] reaction conditions with norbornadiene and

[Rh(cod)Cl] 2 generated a material [PPT1] in nearly quantitative mass-based yield. Interestingly,

PPT1 possessed significantly improved solubility in contrast to its precursor polymer, 2a, likely

due to the partial installation of the triptycene scaffold along the polymer's backbone. Aiming to

optimize the yields of the individual cyclizations in order to furnish PPTs as structurally

homogeneous as possible, the post-polymerization [2+2+2] reaction was performed with
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microwave heating (1 h, PhMe, 160 "C). As is discussed later in this chapter, the material PPT1

likely has at least trace level defects as a result of reductive dehydroxylation of the monomer

forming dialkynil anthracene moeitites (i.e. y > 0 in Scheme 3.3) during the [2+2+2] cyclization.

Similar defects appear to be minimally present in polymers 2a and 2b also. This reductive

transformation has been previously reported by Taylor from our group as a route to low bandgap

polymers.' 2 The bridgehead substituted dimethoxy PPT analogs from polymer 2b appear to

increase the susceptibility to reductive aromatization. Indeed, it was shown by Taylor that the

presence of the bridgehead methoxy substituents drastically lowers the efficiency of the [2+2+2]

conversion relative to the diol analog from 90 % to 40 % (Scheme 3.1),12 an obstacle that even

our microwave conditions, which proved effective in other schemes, could not overcome. The

diol-containing PPT1 was analyzed by NMR, GPC, IR and UV-Vis spectroscopy to determine

its structure and the efficiency of the post-polymerization [2+2+2] reaction. All data obtained

strongly suggests that the bulk cyclization reactions proceeded favorably to yield a structure with

PPT repeating groups that is minimally defective.
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HO OH

- ~OCH3

PP

A~

10 9 8 7 6 5 4 3 2

Figure 3.3. 'H-NMR spectrum of polymer 2a before (red) and after (blue) [2+2+2] reaction with
norbornadience (PPT1). The relative integrals of peaks in the aromatic region are shown (both in
CHCl3 at 50 *C)

The NMR spectra of PPT1 were directly compared to that of polymer 2a as shown in

Figure 3.3. The 'H-NMR spectrum of PPT1 shows the clear introduction of a non-equivalent
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proton signal at 6.1 ppm. This observation corroborates the installation of new aromatic

hydrogen units, consistent with the desired polyphenylene backbone. Addtionally, there is almost

a complete disappearance of the anthraquinoidal proton signal at 8.5 ppm. The change in

structure upon cyclization of 2a is likely responsible for the significant change in this chemical

shift. Comparison of the ' 3C-NMR spectra is equally vital in determining the outcome of the

post-polymerization reaction. However, despite collecting 3C-NMR data for the polymer 2a and

PPT1 at elevated temperatures and over long periods of time (Spectrum 3.2. and 3.6 in

Appendix), we were unable to achieve a sufficiently high signal-to-noise ratio from these spectra

to further discern the extent of the post-polymerization conversion.

92.

88.

8

4000 3500 3000 2500 2000 1500 1000

Wavelength (nm)

Figure 3.4. Infrared (IR) Spectra of polymer 2a (red) versus PPT1 (blue) showing the
disappearance of the alkyne IR stretch highlight in the purple box.

Complementary to the NMR data, we collected IR spectra of the polymers before and

after the [2+2+2] reaction in an attempt to qualitatively monitor any functional groups gained or

lost (Figure 3.4.). Fortunately, the IR spectra clearly showed the complete disappearance of the

weak alkyne stretch in further support of our structural assignment of PPT1. Lastly, as with our

previous work synthesizing poly(para-phenylene) derivatives, it behooved us to demonstrate that
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inter-polymer [2+2+2] reactions potentially resulting in cross-linking did not occur. We

anticipated that triptycene's rigid, three-dimensional framework would minimize the risk of this

unwanted side reaction. A monomodal chromatogram of our products as determined by GPC,

with little change in the apparent molecular weight confirmed this hypothesis, as cross-linked

material would have resulted in a considerably higher mass.

3.4 Results and Discussion

1.0
Meo OMe

0.8
o H33C160

0

~0.4 CNuA

0

z
0.2-

0.0 - -

300 400 500 600 700
Wavelength (nm)

Figure 3.5. Normalized Absorption Spectra of Polymer 2a (orange), Polymer 2b (red), PPT1
(cyan)

As a result of the correlation between conjugation lengths in poly(para-arylene)s and the

dihedral angles between adjacent arylenes, the photoluminescence of highly twisted, substituted

PPPs is dominated by lower wavelength (higher energy) absorptions as a result of their poor
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conjugation." Thus, similar to the photophysical properties of the previously synthesized

poly(para-arylene)s," we expected PPT1 to possess a sharply blue-shifted absorption spectrum

with subtle features. Gratuitously, we observed the characteristically "benzene-like" aromatic 71

-> 2* absorption band' 4 at - 255 nm with minor differences at higher wavelengths in the

absorption spectra. The earlier difficulties encountered utilizing 1,4-dibromo triptycene diol and

(2,5-dimethoxy-1,4-phenylene)diboronic acid as comonomers in a Suzuki polymerization

suggested that densely crowded steric interactions likely exist between adjacent aryl units in

PPT1, further rationalizing its hypsochromic UV-Vis profile. The absorptions at longer

wavelengths between 400 and 500 nm are likely the result of very minor impuritires, which

based upon previous results and other experiments (vide infra), we attribute to reductive

aromatization.

All the [2+2+2] cyclization attempts with polymer 2b resulted in product polymers with

an unusual absorption band located just above 500 nm. In the original report of this triptycene-

forming strategy, a significantly higher yield was obtained for the [2+2+2] cyclization with the

diol-containing syn-diyne, in comparison to its dimethoxy-containing anolog (Scheme 3.1). 2

Taylor attributes this disparity to unfavorable steric interactions associated with the larger

bridgehead methoxy substituents. Additionally, the increased tendency for reductive

aromatization of the dimethoxy anthraquinoidal moiety, relative to its diol analog, could

potentially result in the unwanted incorporation of anthracene along the polymer's backbone.

This facile aromatization, exploited by Taylor in his synthesis of poly(anthrylenebutadiynylene),

seemed the likely cause of this surprising red-shift in absorption also witnessed to a lesser extent

in PPT1, polymer 2a and polymer 2b.12
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Scheme 3.4. A depiction of the partial [2+2+2] cyclization of polymer 2b and the reductive
aromatization of the resulting polymers.

In an effort to further understand this unexpected photophysical observation we

performed a reduction on the product polymers using SnCl 2, thereby converting any remnant

anthraquinoidal moieties to anthracene. Although still qualitative, this strategy appeared to be the

most reliable method for determining the efficiency of the post-polymerization [2+2+2] reaction.

Considering the low yield reported for the synthesis of the bridgehead substituted dimethoxy

triptycene (Scheme 3.1), the bulk [2+2+2] cyclizations with polymer 2b were expected to furnish

poorly converted polymers. Although requiring different lengths of time, common reductive

conditions for quinoidal moieties (SnCl 2 in THF and 1,4-dioxane, heat) leading to fully

aromatized derivatives were successfully applied to monomers la and 1b. Upon treatment with

the same reaction conditions, the product polymers from the [2+2+2] cyclization efforts with

polymer 2b displayed a significant enhancement of their red-shifted absorption bands located
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near 500 nm (Scheme 3.4 & Figure 3.6.). These results unequivocally confirmed the low degree

post-polymerization conversion experienced by polymer 2b. However, when the diol-containing

PPT1 was subjected to the same reaction conditions used for aromatizing monomer la, no

discernible changes to its absorption or NMR spectra were observed. This negative result

indicates that only a minimal amount of remnant anthraquinoidal moieties are left in PPT1.

Additionally, although no anthracene signals were observed in PPT1 via 'H-NMR, these

photophysical observations do not rule out the possibility of minor 1,4-diethynl anthracene

defects present in the final product polymer.

1.0. .........
Before After

Reductive Reductive
Aromatization Aromatization

Random __

0.8 
copolvmcr PPT2

Random

copolymer PPT3 -

C%

0.3 ,0

0.0
350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 3.6. UV-Vis spectra displaying the absorption changes experienced by random
copolymers PPT2 and PPT3 upon treatment with SnCl2.

3.5 Conclusion

We were able to efficiently synthesize an otherwise inaccessible alkoxy substituted

poly(phenylene triptycene), PPT1, via a post-polymerization, metal-catalyzed [2+2+2]

cyclization reaction. It has been reliably demonstrated that the post-polymerization
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transformation proceeds with a relatively high degree of conversion. We are in the initial stages

of investigating the alignment capabilities of PPT1 in commercially available nematic phase

liquid crystals, 1-(trans-4-hexylcyclohexyl)-4-isothiocyanatobenzene (6CHBT) and 4-(trans-4-

pentyl-cyclohexyl)benzonitrile (5PCH), relative to the previously reported triptycene-containing

PPV and PPE polymers. Additionally, efficient access to triptycene-containing polymers with

hydroxyl substituents, such as PPT1, augurs well for our future synthetic efforts towards a

triptycene-containing ladder polyphenylene (Scheme 3.5) via a transetherification cyclization

reaction utilizing these rigidly postioned hydroxyl bridgehead substituents of triptycene ."

OMe

/%.0
OH n p-TsOH.H 20 0 -

PhMe

HO 0 H

MeO H

H

Scheme 3.5. The potential transetherification cyclization of PPTs to triptycene-containing ladder

polyphenylenes.
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3.7 Experimental Procedures

Materials: All reactions were carried out under a flow of argon gas using standard Schlenk

techniques unless otherwise stated. All photophysical experiments were performed with spectral

grade chloroform. Toluene was obtained from a dry solvent still. 1-(hexadecyloxy)-2,5-diiodo-

4-methoxybenzene was prepared according to available literature procedures. All reagent grade

materials were purchased from various commercial sources and used as received unless

otherwise stated.

NMR Spectroscopy: 'H and 13C NMR spectra for all compounds were acquired on a Varian

Inova 500 MHz or Varian Inova 501 MHz spectrometers. The specific instrument is noted below

each spectrum. NMR data collected at elevated temperatures are noted below the respective

spectra. Chemical shifts are reported in ppm and referenced to residual NMR solvent peaks.

(CDCl 3: 8 7.26 ppm for 1 H, 8 77.2 ppm for 3 C.)

Gel Permeation Chromatography (GPC): Number average molecular weight (Me) and

polydispersity (PDI) of polymers were obtained on a Hewlett Packard series 1100 HPLC

instrument equipped with a Mixed-C (300 x 7.5 mm) column. This GPC system utilized both UV

(245) and refractive index detection at a flow rate of 1.0 mL/min in tetrahydrofuran and

calibrated relative with polystyrene standards purchased from Polysciences, Inc.

Infrared (IR) Spectroscopy: IR spectra were recorded on a Thermo Scientific,

Smart-iTR, Nicolet 6700-FT-IR.

Absorption and Emission Spectroscopy: Fluorescence spectra were measured on a SPEX

Fluorolog-T3 fluorometer (model FL-321, 450 W Xenon lamp) using right-angle detection.
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Ultraviolet-visible absorption spectra were measured with an Agilent 8453 diode array

spectrophotometer and corrected for background signal with a solvent filled cuvette.

Microwave: A CEM Discover Microwave was used for all microwave reactions (150 W, 30

PSI).
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la and lb were synthesized according to literature procedures.

RO 'fI 10 mol% Pd(PPh 3)4 , RO OR
OC1H33 30 mol% Cul OCH 3

H3CO a: DIPEA: PhMe: THF (1:2.2)
b: DIPEA: PhMe (1:4)

ROA
H3301 60

1a: R=HH3CO
1b: R= OH3  2a: R=H (63 %)

2b: R= CH3 (52 %)

Polymer 2a: Ia (108 mg, 0.415 mmol), 1-methoxy-4-(hexadecyloxy)-2,5-diiodo benzene (247

mg, 0.412 mmol), NN-diisopropylethylamine (0.50 mL), THF (1.00 mL) and PhMe (1.00 mL)

were added to a schlenk flask and sparged with nitrogen gas for 30 minutes.

Tetrakis(triphenylphosphine) palladium (0) (47.6 mg, 0.041 mmol) and copper (I) iodide (23.4

mg, 0.123 mmol) were then added under a flow of argon to the reaction mixture which was then

left to stir at 60 0C under reflux. After 3 days the reaction mixture was cooled and then quenched

with saturated aqueous ammonium chloride. One extraction of the crude reaction mixture was

performed with ethyl acetate. The organic layers were then collected and washed twice with

aqueous ammonium chloride and once with brine. The organic layer was once more collected,

dried with sodium sulfate, filtered and concentrated en vacuo to yield a red solid. This crude

product was then transferred to a small round bottom flask and dissolved in a minimal amount of

chloroform with the assistance of heat and sonication. Using a disposable pipette, the

concentrated solution of the crude polymer was added to rapidly stirring hexanes (- 500 mL) to

yield the red product polymer via precipitation (156 mg, 0.235 mmol).
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'H NMR (500 MHz, CDCl 3, 50 C): 6 8.37, 7.47, 7.14, 3.89, 1.87, 1.27, 0.91

3 C NMR (501 MHz, CDCl3, 50 C): 6 100.5, 32.6, 30.3, 30.0, 23.3, 14.7

GPC (THF): M,/Mn = 13 000/7 880

Polymer 2b: The same general procedure described for the synthesis of Polymer 2a was utilized

with lb (182 mg, 0.632 mmol) employed as the corresponding diyne monomer. Additionally,

N,N-diisopropylethylamine (1.00 mL) and PhMe (3.00 mL) were instead used as the solvent

system. After stirring at 60 0C for 3 days under reflux, the reaction mixture was quenched with

aqueous ammonium chloride. Three extractions of the crude reaction mixture were performed

with dichloromethane. The organic layers were then collected and washed twice with aqueous

ammonium chloride and once with brine. The organic layer was once more collected, dried with

sodium sulfate, filtered and concentrated en vacuo to yield a red solid. This crude product was

then transferred to a small round bottom flask and dissolved in a minimal amount of chloroform

with the assistance of heat and sonication. Using a disposable pipette, the concentrated solution

of the crude polymer was added to rapidly stirring methanol (- 500 mL) to yield the red product

polymer via precipitation (202 mg, 0.320 mmol).

'H NMR (500 MHz, CDCl 3): 6 8.25 (br s, 4 H), 7.50 (br s, 4 H), 7.00 (s, 2 H), 3.98 (s, 2 H), 3.86

(s, 4 H), 3.20 (s, 6 H), 1.83 (s, 2 H), 1.47 (s, 2 H), 1.25 (br s, 26 H), 0.81 (t, 3 H)

"C NMR (501 MHz, CDC 3): 6 155.2, 154.9,136.8, 136.7, 130.2, 129.4, 117.2, 116.4, 114.0,

113.9, 95.4, 95.0, 86.2, 75.8, 70.1, 57.3, 52.9, 32.6, 30.4, 30.3, 30.2, 30.1, 30.0, 26.8, 23.4 32.6,

30.3, 30.0, 23.3, 14.7

GPC (THF): Mw/Mn = 33 900/18 500
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HO OH 2eq.OCH33
OCH3 

O

10 % [Rh(cod)C] 2  HO
PhMe, 160 0C, 1 h H

H 33C 16 0 MeO

[W, 150 W H

Polymer 2a: R= H PPT1: R= H (96 %)

PPT1: Polymer 2a (49.5 mg, 0.082 mmol) and IRh(cod)Cl 12 (4.00 mg, 0.008 mmol) were added

to a microwave reaction vial prior to placing the cap on and evacuating the system through a

syringe needle via a high vacuum pump. The reaction vial was then backfilled with Argon (x3)

before norbornadiene (0.17 mL, 1.64 mmol) and PhMe (4.00 mL) were added via a syringe

through the cap once more. The reaction mixture was then sparged for 30 minutes with nitrogen

before being stirred and heated in the microwave reactor (160 'C, 150 W, 1 hour). Upon cooling,

the reaction mixture was quenched with aqueous ammonium chloride and extracted with

dichloromethane (x3). The organic layers were then collected and washed with aqueous

ammonium chloride and brine respectively, dried with sodium sulfate, filtered and concentrated

en vacuo to give a red crude product. We transferred the crude product to a small vial before

washing with several drops of hexane (x3) and then decanting the solvent. This step was also

repeated with methanol (x3). The isolated polymer was then attached to a vacuum pump and

dried of excess solvent overnight to furnish red PPT1 (49.7 mg, 0.079 mmol).

'H NMR (500 MHz, CDCl3, 50 C): 5 7.92 - 7.37, 7.16, 6.14, 3.99, 3.76, 1.85, 1.54, 1.28, 0.89.

3C NMR (501 MHz, CDCl3, 50 C): 8 132.8, 132.8, 129.2, 129.0, 100.5, 32.6, 30.3, 30.0, 23.3,
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14.7

GPC (THF): M,/Mn = 12 150/7 790
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Chapter 3 Appendix:

H-NMR and "C-NMR Spectra

And Additional Figures
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Spectrum 3.7. UV-Vis Spectrum of Polymer 2a
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Spectrum 3.8. UV-Vis Spectrum of Polymer 2b
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Spectrum 3.9. UV-Vis Spectrum of PPT1
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Spectrum 3.10. Overlapped 'H-NMR spectra (in the aromatic region) in CHCl3 of a random
copolymer obtained from subjecting polymer 2b to [2+2+2] reaction conditions (blue) and its
reductively aromatized analog (orange). The downfield signal matches exactly with that of the
anthracenediacetylene polymer reported by Taylor."
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CHAPTER 4:

TOWARDS A PERYLENE-CONTAINING NANOHOOP: MACROCYCLIC,

CROSS-SECTIONS OF ARMCHAIR SWCNTs
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4.1 Introduction

H Diels- H

Alder H -2H H

CcoH H IN H

Iterative
Cycloadditions

Scheme 4.1. Schematic representation of the bottom-up chemical synthesis of an armchair
SWCNT segment of a single chirality via iterative Diels-Alder cycloadditions performed in the
bay-region of a nanohoop (potential starting structures highlighted in red square).1

Tremendous attention has recently been given to carbon nanohoops due to their potential

utility in the bottom-up chemical synthesis of single chirality, armchair single-walled carbon

nanotube (SWCNT) segments. 2 This strategy employs iterative Diels-Alder cycloadditions

followed by oxidative re-aromatizations, with the initial cycloaddition being performed in the

bay-region of a structurally suitable p-polyarylene macrocycle, or nanohoop (Scheme 4.1).1,2 The

simplest of these nanohoops is cycloparaphenylene (CPP), a belt-shaped macrocycle consisting

entirely of 1,4-connected phenylenes. This macrocycle is considered the shortest possible cross-

section of an armchair SWCNT.3 Bertozzi and Jasti's pioneering synthesis 3 of CPP in 2008

preceeded numerous publications by three research groups demonstrating the selective synthesis

of progressively smaller CPPs.4 This culminated four years later with Jasti's report of [6]-
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cycloparaphenylene, theoretically the smallest CPP.5 Although it is well known that 1,1'-

biphenyl is unable to undergo a Diels-Alder cycloaddition in its bay-region, we hypothesized that

the significant macrocyclic strain of CPP6 could significantly improve the feasibility of a

cycloaddition in its bay-region. The belt-like shape of CPP means that its constitutional p-

orbitals are radially aligned in the same plane as the macrocycle 3, resulting in high orbital density

at the center of the macrocycle which is responsible for the unusually high strain energy of these

compounds (Figure 4.1 .a). This feature, coupled with its structural resemblance to carbon

nanotubes, qualifies CPP and other structurally similar macrocycles as potential starting points

for the rational, chemical synthesis of armchair SWCNTs (Figure 4.1 .b & c).7

a) b) HOMO c)
Radial (Belt-Shaped) of diene LUO

EDG HOMO- E
AJ E

CPP

EDG EWG
diene

LUMO of dienophile
EWG dienophile

Figure 4.1. Schematic representations of a) the radially aligned p-orbitals in a CPP b) typical
HOMO-LUMO interactions in a Diels-Alder cycloaddition and c) the energetically higher

HOMO in the bay-region of a CPP relative to 1,1'-biphenyl due to its macrocyclic strain (AE is
smaller for CPPs)

We initially synthesized and subjected [12]-cycloparaphenylene to typical Diels-Alder

conditions utilizing various Lewis Acids and dienophiles, with the addition of an oxidant in some

instances to assist with the re-aromatization of any potentially formed cycloadducts. Despite our

best efforts we could not perform a Diels-Alder cycloaddition within the bay-region of [12]-

CPP. However, considering the crucial dependence of macrocyclic strain-energy on ring size8,
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we were still uncertain about the viability of the bottom-up strategy (Scheme 4.1.) starting from a

CPP smaller than the [12]-membered analog.

a) E =-CO 2Me

toluene

SE 120 O
1 day E E E

+ +

IIE -H2 E E E

12% 44%

b) toluene

E 1500 OC
3 days E E E

II + || + | 1
1 --H2  E E

25% not seen

Scheme 4.2. Diels-Alder cycloadditions with dimethyl acetylene dicarboxylate (DMAD) as the

dienophile successfully performed in the bay-regions of a) protected bisanthene and b) perylene.
Note the different reaction conditions used, and the varying outcomes (mono- vs. bis-

cycloadducts and the respective yields)'

Larry Scott is widely credited with the development of the concept for the bottom-up

chemical synthesis of SWCNTs. His group published a seminal report in 2009 strongly

suggesting that successful initiation of this strategy required the use of a polycyclic aromatic

hydrocarbon (PAH)-containing nanohoop, versus the structurally smaller CPP. Scott's research

group then experimentally validated the correlation between increasing polycyclic aromaticity of

a bay-region-containing compound and its decreasing activation energy barrier to cycloadditions

within its respective bay-regions (Scheme 4.2).' This unequivocally demonstrated that the

"diene-like character" associated with the bay-region of a PAH moeity increases with its size

(i.e. bi-phenyl < phenanthrene < perylene < bisanthene, etc. are increasingly likely to undergo

cycloaddtions in their bay-regions with a specific dienophile). The asymptotic nature of this
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correlation meant that a nanohoop containing the desirable perylene moiety soon emerged as a

synthetic target for several organic chemists.9 The increased desirability of a perylene-containing

nanohoop was due to a combination of its improved Diels-Alder feasibility and its plausible

synthetic viability.

Me Me Me Me

AIls NN
Ai' 3 , NaCI ~ + oxiH2

P, 00 1 120,1, 2 h, air

Me Me Me Me

Scheme 4.3. The Scholl cyclization of a 1,1 '-binaphthalene derivative to form a perylene

containing compound."

Extending the aromaticity of a given substrate increases its rigid planarity, 10

simultaneously diminishing its inclination to curve or bend as is necessary in the formation of a

nanohoop. Thus, rather than attempt to access a nanohoop possessing a rigid, pre-installed

perylene unit, we opted for a more logical synthetic approach by aiming to synthesize a belt-

shaped macrocycle containing the 1,1'-binaphthalene moiety, a precursor to perylene. The

extensively studied Scholl reaction has been previously used to facilitate the cyclization of 1,1'-

binaphthyl derivatives to perylene-containing compounds 11 (Scheme 4.3.). However, this

powerful coupling reaction often reacts indiscriminately to leading to molecular re-arrangement

of its substrate, with a strong dependence on the makeup of the specific substrate involved.12

With the subsequent goal of synthesizing a short cross-section of an armchair SWCNT,

one naphthyl unit in length and structurally similar to perylene (5), the Itami research group

reported the synthesis of [9]-cycloparanaphthalene ([9]-CPN) in early 2012.9 The high energy

due to the radially aligned p-orbitals increases the likelihood of producing a dispersion of
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conformers upon subjecting 9-CPN to Scholl reaction conditions, so we decided to pursue the

synthesis of a similar, but simpler, nanohoop. We envisioned that a nanohoop possessing 1,1'-

binaphthyls that were isolated from each other by a para-connected phenyl (1) could potentially

result in improved selectivity for the crucial perylene forming step (Scheme 4.4.b).

a)

[9]-CPN (Itami) 5

\/ \
\--/--\- ---V

1 2

Scheme 4.4. Potential conversion of a) Itami's [9]-CPN to a perylene-like nanohoop b)
previously unreported 1 to a perylene-containing nanohoop (with the isolated 1,1'-binaphthyls
and isolated perylene groups highlighted in red).
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4.2. Synthesis and Characterization

MOMO OMOM

OMOM

Br 0 (a)i (R = H) - RO OR MOMO

0[:(a)ii (R = MOM) Xi3 (b) (C
2 eq + R - M ) ( 1

Br 0 18 % over 2 steps Br Br 5% 38%
Br 0 cis-3-

OMOM

MOMO

MOMO /_\ OMOM

4

Scheme 4.5. Conditions: ((a)i) 1. 2.2 eq. nBuLi, TMEDA, PhMe/Et 20, -78 C, I h 2. 1 eq. 1,4-
cyclohexanedione, rt, 16 h ((a)ii) DCM, 2.0 eq. DIPEA, 2.0 eq. MOMCl, 0 C to rt, 16 h (b) 2.0
eq. Ni(COD) 2, 2.0 eq. 2,2'-bipy, reflux, THF [I5mM], 36 h (c) excess p-TsOH, PhMe, [tW, 02,

150 0C, 150 W, I h.

1,4-cyclohexanedione was slowly added in three equivalent portions to mono-lithiated

1,4-dibromonaphthalene stirring in a toluene/diethyl ether solvent mixture cooled to -78 'C. The

reaction was left to stir for 16 hours at room temperature and then worked up to furnish a crude

mixture of cis- and trans-diol products. The diol of the crude product was then protected with

methyoxy methyl (MOM) groups via reaction with HUnig's base and chloromethyl methyl ether.

The desired isomer was isolated by column chromatography. Once isolated, cis-3 was utilized in

a high-dilution Yamamoto coupling which furnished a tetra-cyclized product, 4, in low yields.

Applying conditions similar to those employed by Itami in the aromatization of cis-

tetrasubstituted-1,4-cyclohexane moieties4d, we performed an acid mediated aromatization of 4

using p-toluene sulfonic acid in toluene coupled with microwave heating to yield compound, 1.

Typical organic characterization techniques such as Nuclear Magnetic Resonance (NMR)

and High Resolution Mass Spectroscopy (HRMS) were applicable to cis-3 and macrocycle 4,

making their structural determination relatively simple. However, the poor bond rotation around

1's rigid naphthyl-naphthyl bond and the molecule's high asymmetry required the use of
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increased temperatures (150 *C, Spectrum 4.6 in Appendix.) to simplify the NMR spectra via

coalescing of the peaks. In addition, due to 1's exclusively aromatic, non-polar composition,

MALDI-TOF was the required method for determining its mass.

4.3. Results and Discussion

a) b)
10o. 6000000-

0,8- 5000000

4000000
0.6

3000000

0.4.

2000000

0.2
1000000

0.0- 0

250 300 350 400 300 350 400 450 500 550 600

Wavelength(nm) Wavelength (nm)

Absorption Emission

Figure 4.2. A comparison of the a) Absorption and b) Emission spectra upon conversion of 4

(blue) to target compound 1 (cyan). (4: e @ 293 nm: 1.97 X 104 L mol- cm 1, *: 0.23 in CHCl3

relative to Anthracene in EtOH. 1: c @ 305 nm: 3.16 X 104 L mol1 cm, #: 0.29 in DMSO
relative to Anthracene in EtOH, -r: 1.852 ns relative to POPOP)

We examined the photophysical spectra of 4 and 1 (Figure 4.2.) to gain some insight into

the relative electronic properties of our target compound, given its high degree of curvature.

Direct comparison of the absorption properties via normalized UV-Vis spectra (Figure 4.2a),

shows a noticeable diminishing of 4 absorption band close to 300 nm upon conversion to 1. The

four saturated cyclohexane moieties in 4 allow for structural flexibility in the precursor

macrocycle, enabling relatively efficient naphthyl-naphthyl r-orbital overlap. However, the

severe curvature introduced upon aromatization to 1 reduces the efficiency of this binaphthyl n-

conjugation and correspondingly, the strength of the absorption band located at ~ 300 nm
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decreases. Overall, it is the increasingly poor geometry for efficient orbital overlap that is

responsible for the observed differences in the absorption profiles. The emission of 4 is red-

shifted by nearly 100 nm upon formation of 1 (Figure 4.2.b). For p-polyarylenes, such strongly

bathochromic emission is characteristic of high-energy macrocycles, instead of their linear

analogs. As highlighted in Chapter 2, linear poly(para-arylene)s usually emit blue due to their

rigid structures and the large dihedral angles between their adjacent aryl rings. However, the

relatively large Stokes shift observed for 1 is governed by the extent of structural relaxation in

the optically excited state of the fully aromatic macrocycle, or nanohoop.3 The enhancement of

curvature upon formation of I results in greater sp3 hybridization and increasingly asymmetric p-

orbitals, with their smaller lobes oriented towards the inside of the nanohoop. These changes

reduce steric interactions, simultaneously decreasing the dihedral angles in the excited state

relative to the very sterically hindered ground state. As a result, relative to their linear analogues,

macrocyclic p-polyarylenes have the potential for considerably greater structural relaxation

explaining the characteristally large Stokes shift observed in Figure 4.2b.

Despite the wealth of useful literature on the Scholl reaction, it has been shown to

explicitly promote unwanted rearrangements in a variety of polyaromatic substrates. 2

Furthermore, previously reported nanohoops are commonly only accessed in milligram

quantities due to a number of synthetic limitations, with very few exceptions.4c, 13 This

disadvantageous circumstance also hindered the synthesis of large quantities of 1 in this study.

Taking these factors into consideration, we synthesized 4,4'-dimethyl-1,1'-binaphthalene as a

model compound and are screening various Scholl reaction conditions in search of those most

convenient for the transformation of 1 to 2.
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4.4. Conclusion

We have reported the synthesis of 1, a nanohoop containing four 1,1'-binaphthyl units,

each separated by a phenyl ring. We are currently seeking to identify the most appropriate

cyclization reaction conditions to furnish a perylene-containing nanohoop (2) from this precursor

macrocycle (1).
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4.6 Experimental Procedures

Materials: All reactions were carried out under a flow of argon gas using standard Schlenk

techniques unless otherwise stated. All photophysical experiments were performed with spectral

grade chloroform. Toluene was obtained from a dry solvent still. All reagent grade materials

were purchased from various commercial sources and used as received unless otherwise stated.

NMR Spectroscopy: 'H and 13C NMR spectra for all compounds were acquired on a Varian

Inova 500 MHz or Varian Inova 501 MHz spectrometers. The specific instrument is noted below

each spectrum. NMR data collected at elevated temperatures are noted below the respective

spectra. Chemical shifts are reported in ppm and referenced to residual NMR solvent peaks.

(CDC 3 : 8 7.26 ppm for 'H, 6 77.2 ppm for 13 C. CD2 Cl 2: 8 5.30 ppm for 'H. d-DMSO: 6 2.50

ppm for 'H, 8 39.52 ppm for 3 C)

Absorption and Emission Spectroscopy: Fluorescence spectra were measured on a SPEX

Fluorolog-c3 fluorometer (model FL-321, 450 W Xenon lamp) using right-angle detection.

Ultraviolet-visible absorption spectra were measured with an Agilent 8453 diode array

spectrophotometer and corrected for background signal with a solvent filled cuvette.

MALDI-TOF Mass Spectroscopy: A Bruker Omniflex MALDI-TOF was used for determining

the mass of 1. 9-nitroanthracene was used as the matrix as reported by Itami in the synthesis of

9-CPN. 9

Microwave: A CEM Discover Microwave was used for all microwave reactions (150 W, 30

PSI).
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Br 1. n-BuLi, TMEDA, HO OH dry DCM
P h M e /E t2O , O O 4C > rt M 1 6 h 0

2 eq. 00, 1 h
Br -78 Br2.B 40OO 4eq. DIPEA c j~

carried forward Br cis-3 Br
crude

added as a solid
in 3 equiv. portion

cis-3: 1,4-dibromonaphthalene (25.0 g, 87.4 mmol), diethyl ether (400 mL) and PhMe (400 mL)

were added to a flame-dried, I L round-bottom schlenk flask equipped with a magnetic stir bar.

A solution of n-butyllithium (60.0 mL, 1.60 M, 96.2 mmol) was then added to the flask dropwise

at -78 0C via an addition funnel. After stirring the mixture for 1.5 hours at -78 0 C cyclohexane-

1,4-dione (4.90 g, 43.7 mmol) was added in three equal portions and allowed to stir for 16 hours

after warming up to room temperature. The reaction mixture was then quenched with aqueous

ammonium chloride solution, extracted with ethyl acetate (x3), dried with sodium sulfate, and

concentrated in vacuo. The residue was passed through a short silica-gel plug using 40 % DCM:

60 % Hexane to afford crude 1,4-bis(4-bromonaphthyl)cyclohexane-1,4-diol as an off-white

solid that was carried forward as is. This crude diol product was then added to a flame-dried

schlenk flask under a flow of Argon and capped with a rubber septum. Diisopropylethylamine

(15.2 mL, 87.4 mmol) and dry dichloromethane (30 mL) were then added to the flask via a

syringe needle before cooling the entire mixture down to 0 C. Chloromethyl methyl ether (6.64

mL, 87.4 mmol) was thereafter added dropwise to the cooled, stirring mixture, which was then

warmed to room temperature and allowed to stir for 16 hours. Aqueous ammonium chloride was

added to quench the reaction upon its completion before the organic and aqueous layers were

separated. The aqueous layer was then extracted with dichloromethane (x3). The cumulative
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organic layers were then washed with brine, dried with sodium sulfate and concentrated in

vacuo. The desired product was then isolated from the resulting residue via column

chromatography (50 % DCM: 50 % hexanes => 100 % DCM) to yield a white solid (4.78 g, 7.79

mmol, 18 % over 2 steps).

'H NMR (500 MHz, CD 2 Cl 2): 6 8.98 (d, J=7.9 Hz, 2 H), 8.33 (d, J=7.3 Hz, 2 H), 7.74 (d, J=8.0

Hz, 2 H), 7.63-7.57 (m, 4 H), 7.35 (d, J=8.1 Hz, 2 H), 4.47 (s, 4 H), 3.38 (s, 6 H), 3.02 (td, J=10

Hz, 2 H), 2.86 (dyt, J=13 Hz, 2 H), 2.35 (dt, J=15 Hz, 2 H), 2.20 (Vt, J=12 Hz, 2 H)

13C NMR (500 MHz, CDCl3): 133.0, 132.9,

56.6, 34.1 (br).

HRMS (ESI): calc for C 30H30Br20 4 [M+Na]

128.8, 128.3, 127.7, 127.0, 126.4, 124.2, 92.9, 80.4,

635.0403, found 635.0374.

Ni(COD) 2, 2,2'-bipy MOMO.
THF, A, 24 h

[15 mM]

cis-3

4: cis-3 (2.23

mmol) were

magnetic stir

The reaction

g, 3.63 mmol), N.i(COD)2 (2.00 g, 7.27 mmol) and 2,2'-bipyridine (1.13 g, 7.27

added to a flame-dried 500 mL round-bottom schlenk flask equipped with a

bar under a flow of Argon. Dry tetrahydrofuran (480 mL) was added to the flask.

mixture was then set to reflux and left for 36 hours after which it was cooled to
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room temperature and then quenched with aqueous ammonium chloride. The organic and

aqueous layers were then separated and the aqueous layer then extracted with ethyl acetate (x3).

The cumulative organic layers were then washed with brine, dried with sodium sulfate and

concentrated in vacuo. The desired product was then isolated from the crude residue via repeated

column chromatography ([5 % ethyl acetate/ 95 % hexanes => 20 % ethyl acetate/ 80 %

hexanes] followed by [15 % ethyl acetate/ 85 % hexanes => 20 % ethyl acetate/ 80 % hexanes])

to give a white solid (33.3 mg, 0.182 mmol, 5 %)

'H-NMR (500 MHz, CDCl3): 8.70 (d, J=8.7 Hz, 8 H), 7.99 (d, J=8.5 Hz, 8 H), 7.48 (vt, J=15.2

Hz, 8 H), 7.34 (it, J=15.0 Hz, 8 H), 6.87 (d, J=7.6 Hz, 8 H), 6.59 (d, J=7.5 Hz, 8 H), 4.77 (d,

J=7.5 Hz, 8 H), 4.57 (d, J=7.3 Hz, 8 H), 3.49 (s, 24 H), 2.77 (m, 8 H), 2.60 (br s, 8 H), 2.45 (m, 8

H), 2.24 (br s, 8 H).

13C-NMR (500 MHz, CDCl 3): 138.5, 133.7, 132.7, 127.4, 127.3, 127.0, 125.6, 125.5, 93.5, 80.7,

56.3, 37.5, 36.8, 32.5

HRMS (ESI): calc for Ci 20H1200 16 [M+H]+Na 1840.8475, found 1840.8521.
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A 7 mL microwave vial containing a magnetic stirring bar was flame-dried under vacuum and

back-filled with argon after cooling to room temperature. To this vial was added 4 (18.2 mg,

10 ptmol), TsOH.H 2 0 (30.4 mg, 0.16 mmol), and dry PhMe (3.00 mL). After degassing the

mixture with Argon for 30 minutes, the vial was then sealed and heated in the microwave reactor

apparatus, stirring at 150 'C for 60 minutes. After the reaction mixture was cooled down to room

temperature, it was made up with dichloromethane. This organic layer was then washed with I

M NaOH (aq) (x3). The organic and aqueous layers were then separated prior to washing the

organic layer with brine. The cumulative organic layer was then dried with sodium sulfate,

filtered and concentrated in vacuo. The resulting residue was subjected to column

chromatography (20 % CH2 Cl2 / 80 % hexane) to afford 1 (4.9 mg, 38 %) as an off-white, slightly

yellow solid.

'H-NMR (500 MHz, a-DMSO, 150 C): 8.13 (1 H), 8.02 (2 H), 7.77 (1 H), 7.71 (3 H), 7.56 (5

H), 7.43 (2 H)

MADLI-TOF MS: calc for CI 02H70: 1306.55, found 1306.84.
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Chapter 4 Appendix:

H-NMR and 3 C-NMR Spectra

And Additional Figures
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150 0C

0 85 8.0 7.5 70 6.5 6.

Spectrum 4.6. 'H-NMR spectra of Macrocycle 1 in ds-DMSO acquired at variable temperatures
and showing the coalescing of the signals between 6.0 and 9.0 ppm.

, / //

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

Spectrum 4.7. 'H-NMR of Macrocycle 1 in d-DMSO acquired at room temperature and with
the related peak integral values displayed. The sum of the integrals represents a total of 14
unequivalent protons.
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Spectrum 4.9. MALDI-TOF MS of Macrocycle 1.
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