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Abstract

The work described in this thesis focuses on two central topics: (1) the synthesis
of carbon-rich macrocycles as model compounds of the carbon allotrope graphyne and
the study of their electronic properties, and (2) the electrochemical investigation of the
properties of substituted pentacene molecules. To this end, Chapter 1 first offers an
introduction to conjugated organic materials, focusing on acetylene-rich macrocycles.
Subsequently, the theoretical structures of graphyne are introduced, and their potential
properties described. Previous synthetic efforts to prepare model compounds for
graphyne are also discussed.

Chapter 2 focuses on the synthesis of 12,12,12-graphyne. Described first are the
syntheses of small molecules based on four molecular scaffolds: (1) aryl triazenes, (2)
dibromoolefins, (3) tetraethynylethenes, and (4) vinyl triflates. These molecules are
characterized using standard methods, including 'H and “C NMR, IR, and mass
spectrometries. These molecules are then used as building blocks toward the synthesis of
expanded radialenes, which would serve as model compounds for 12,12,12-graphyne.

Chapter 3 focuses on the use of small molecules prepared in Chapter 2 as
building blocks toward a series of radiaannulene oligomers, which serve as model
compounds for 6,6,12-graphyne. Several synthetic routes are explored in an effort to
optimize preparation of the series of radiaannulenes. The products are characterized by
'H and "°C NMR, IR and mass spectrometries, as well as by X-ray crystallography. The
electronic properties are investigated using UV-vis spectroscopy and cyclic voltammetry
to provide insight into the potential properties of 6,6,12-graphyne.

Chapter 4 focuses on the electrochemical properties of substituted pentacenes. A
brief introduction to pentacene and functionalized pentacene is provided. The syntheses

of several pentacene derivatives is outlined, and the synthesis of conjugated pentacene-



thiophene molecules is described. The effect of the substituents on the HOMO and
LUMO energy levels and band gaps of the pentacene molecules is described, based on
results from cyclic voltammetry.

The thesis concludes with a brief summary, an outlook for the synthesis graphyne
model compounds, and a description of how radiaannulenes might serve as useful

materials in the synthesis of other conjugated organic molecules.
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Chapter 1 — Introduction to Conjugated Materials and

Graphyne

1.1 Introduction to Conjugated Materials

We live in a digital world. Tremendous technological advancements have been
made in the past century, and we now live in an era in which we rely heavily upon
computers to complete everyday tasks. As a result of our dependence on electronics to
aid us in our daily lives, the demand for faster computers and more efficient electronic
devices is increasing rapidly. Many areas of research aim to address this issue, and the
use of organic semiconducting materials is a topic of increasing importance toward
developing the next generation of technologies.

One of the most influential discoveries in the field of organic semiconductors
was that of conjugated organic polymers. The discovery and study of one of the simplest
conjugated polymers, polyacetylene (PA) (H-[C=C],—H), resulted in the 2000 Nobel
Prize in Chemistry, which was awarded to Heeger, MacDiarmid, and Shirakawa.'
Numerous other conjugated polymers have been developed (Figure 1-1), such as
polythiophene (PT), polypyrrole (PPy), polyaniline (PANI), polyparaphenylene (PPP),
polyfluorene (PF) poly(phenylene vinylene) (PPV), and poly(phenylene ethynylene)

(PPE).*"?
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Figure 1-1. Common conjugated organic polymers

1.2 Conjugated Hydrocarbons: All Carbon and Carbon-rich

Materials

Conjugated materials prepared solely or predominantly from carbon are a unique
class of materials, with many fascinating properties. For example, the carbon allotrope
graphite is comprised of layers of two-dimensional sheets of sp*-carbon atoms bonded in
a hexagonal (honeycomb) lattice and has been commonly used in electrodes and as a
solid lubricant.'’ A single sheet of graphite, known as graphene, has become the focus of
significant research efforts in the past couple of years due to its remarkable properties,
highlighted by the awarding of the Nobel Prize in Physics to Geim and Novoselov in
2010 for their work on graphene.'” Graphene has been prepared by numerous methods,
such as exfoliation from graphite or by oxidation of graphite. In addition, there have been
many attempts to synthesize graphene and smaller molecular segments to serve as models
of graphene."’ The physical and electronic properties of graphene have been extensively
studied, both theoretically and physically."

In addition to the flat, two-dimensional structures of graphite and graphene, there



are spherical and tubular shaped allotropes such as the fullerenes and carbon nanotubes.
The chemistry of fullerenes has been extensively explored since their discovery by Curl
Jr., Kroto, and Smalley, which resulted in the Nobel Prize in Chemistry in 1996." In
particular, fullerene derivatives such as phenyl-Cg¢;-butyric acid methyl ester (PCBM) are
of great value as electron acceptors for the formation of organic solar cells."

Continuing in the series of conjugated carbon allotropes, one arrives to the sp-
allotrope known as “carbyne”. Carbyne is a material of significant interest both
theoretically and experimentally.'® This so far hypothetical material should consist of a
linear chain of sp-hybridized atoms, that might be viewed as a conjugated wire with the
thickness of a single sp-hybridized carbon atom. Although the existence of naturally
occurring carbyne has yet to be confirmed, many defined length oligomers have been

prepared in order to predict the properties of carbyne.'®

1.3 Hybrid Structures: Materials Based on sp*>-Carbon and sp-

Carbon

In addition to materials based on either sp> or sp-carbon, there are many
conjugated materials that are constructed with a framework that contains a combination
of both sp>- and sp-carbon. The use of sp-carbon allows for the extension of conjugation
in a linear direction, while the inclusion of sp*-carbon allows for the formation of a two-
dimensional network. There are several classes of molecules that feature two-dimensional
conjugation, such as tetracthynylethenes'’ (TEEs), tetrakis(phenylethynyl)benzenes'®
(TPEBs), polydiacetyelenes (PDAs), and iso-polydiacetylenes (iso-PDAs) (Figure 1-2)."
The synthesis of these molecules has been documented in the literature of the past decade
or so, and these reports show that many of these molecules possess interesting optical and

16-19

electronic properties. In addition, such molecules also serve as excellent building



blocks for the construction of larger structures, such as macrocycles.'

R R
N
Z A
R R
tetraethynylethene tetrakis(phenylethynyl)benzene
(TEE) (TPEB)
R R’ R'
RW
R
R’ in // %
R R
n
polydiacetylene iso-polydiacetylene
(PDA) (iso-PDA)

Figure 1-2. Structural representation of select examples of two-dimensionally conjugated

molecules.

In the following sections, a brief study of enyne based macrocycles will be
presented. The discussion is not meant to be comprehensive, but rather, examples have
been chosen to highlight the scope of this evolving area of science. In particular,
synthetic achievements are discussed, particularly those that that lay the foundation for

much of the work that appears in subsequent chapters of this thesis.

1.3.1 Acetylene-rich Macrocycles: Expanded Radialenes,

Radiaannulenes, and Dehydroannulenes

A variety of macrocycles have been synthesized using TEEs as the central
building blocks, such as expanded [n]radialenes (ERs), radiaannulenes (RAs), and
dehydroannulenes (DHAs).?*** The first syntheses of these macrocycles from a TEE
building block relied on the use of a variety of inter- and intramolecular acetylenic
homocoupling reactions. Using this homocoupling method, Diederich and coworkers

were able to synthesize expanded [4]-, [5]- and [6]radialenes 1.1, 1.2, and 1.3 (Scheme 1-



1).>**° Dimeric TEE 1.4 underwent oxidative coupling to yield [4]ER 1.1 and [6]ER 1.3
in 15% and 20% yield, respectively. The [S]ER 1.2 was prepared in 15% yield via an

intermolecular oxidative coupling of trimeric TEE 1.5 with dimeric TEE 1.4.

TIPS TIPS

Cu(OAc),

Pyr / Benzene

TIPS TIPS

Cu(OAc),

Pyr / Benzene
1.4

Scheme 1-1. Synthesis of expanded radialenes 1.1, 1.2, and 1.3.

ERs capped with electron donating N, N-dialkylaniline groups were prepared
using similar methodology (Scheme 1-2).*° TEE 1.6 was stirred in the presence of
tetrabutylammonium fluoride (TBAF) and the resulting product was subjected to a Hay
homocoupling reaction, which furnished the [3]ER 1.7 in 8%, [4]ER 1.8 in 10% , and
[S]JER 1.9 in 2% yield after separation by preparative gel permeation chromatography

(GPC) and preparative thin layer chromatography (TLC).



R ] l R
N
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| 2) CuCl, O, CHyCl,

ZZ
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1.6, R= N(C12H25)2

Scheme 1-2. Synthesis of expanded radialenes 1.7, 1.8, and 1.9

Diederich and coworkers reported the synthesis of DHAs 1.10 and 1.11 (Scheme
1-3).° TEE 1.12 was stirred in the presence of TBAF and the resulting product subjected
to a Hay homocoupling reaction using CuCl and tetramethylethylenediamine (TMEDA),
which furnished the DHA 1.10 in 46% and DHA 1.11 in 22% yield following purification

by column chromatography.

R _TPS
N7 1) TBAF, THF
2) CuCl, TMEDA
Z X (CH3),CO
R TIPS
1.12

R= !—@—N(i—Pr)z

1.11 (22%)

Scheme 1-3. Synthesis of dehydroannulenes 1.10 and 1.11.



In an effort to prepare the expanded RA 1.13, Diederich and coworkers first
desilylated oligomer 1.14 and TEE 1.15 with TBAF, and the resulting products
underwent a homocoupling reaction using CuCl and TMEDA (Scheme 1-4).* While the
expected product 1.13 was not observed, the smaller RA 1.16 was obtained in 48% yield,

the result of an intramolecular homocoupling reaction of deprotected oligomer 1.14.

1) TBAF, THF
- .
2) CuCl, TMEDA Ph
(CH3),CO
+
TIPS R
X F
ZR
TIPS R
1.15
Ph

1.16 (48%)

Scheme 1-4. Attempted synthesis of radiaannulene 1.13 and formation of 1.16.

Diederich and coworkers also demonstrated that it is possible to synthesize
bicyclic RAs using an oxidative homocoupling approach (Scheme 1-5).* TEE 1.17a was
protodesilylated using K,CO; and the resulting product added to a solution of
tetracthynylethene 1.18. The resulting products underwent intermolecular oxidative

coupling in the presence of CuCl and TMEDA to give pentameric TEE 1.19a in 39%



yield. Deprotection with TBAF and subsequent intramolecular oxidative coupling yielded
bicyclic RA 1.20a in 16% yield. An analogous procedure was used starting with TEE

1.17b, giving the intermediate pentamer 1.19b in 29% yield, and the final bicyclic RA

1.20b in 88% yield.
1) KoCOg, THF, MeOH
R R 2) CuCl, TMEDA
X Z (CH3)2CO

ZZE
TIPS ™S

N\ 7
7/ \

1.18
1.17a,R =

)
t-Bu

1.17b,R = *——<C::§?
t-Bu

CeH13)2

1) TBAF, THF

2) CuCl, TMEDA
(CH3),CO, THF, PhMe

Scheme 1-5. Synthesis of bicyclic radiaannulenes 1.20a and 1.20b.

The oxidative coupling method has proved to be an effect method in the

synthesis of macrocycles linked by butadiyne spacers. This protocol can also be



problematic, however, due to the formation of undesirable homocoupling side products,
such as acyclic and cyclic oligomers, which can significantly hinder purification of the
desired product.” In addition, the homocoupling route cannot be used to prepare smaller
macrocycles based on acetylene spacers. To achieve such structures, Tykwinski and
coworkers developed a synthetic route relying on the use of Sonogashira cross-coupling
reactions to assemble the desired macrocycle. In 1999 the first ER consisting of acetylene
spacers was prepared (Scheme 1-6).%" Iso-PDA 1.21 was desilylated using K,COs, and
the resulting product was added to a solution of vinyl triflate 1.22. Sonogashira cross-
coupling reaction of the product mixture afforded trimer 1.23 in 41% yield. Trimer 1.23
was desilylated using K,CO; in MeOH, and the resulting product was transferred to a
solution of vinyl triflate 1.24. The subsequent Sonogashira cross-coupling reaction
resulted in the formation of pentamer 1.25 in 28% yield. A final iteration of the
desilylation/Sonogashira cross-coupling sequence was carried out with 1.25 in the
presence of dibromoolefin 1.26 using TBAF and afforded the [6]ER 1.27 in 9% yield. In
addition to the desired product 1.27, a small amount of [S]ER 1.28 was also obtained (5%
yield), as a result of an intramolecular oxidative coupling of the desilylated derivative of
pentamer 1.25. Unfortunately, ER 1.27 was not stable under ambient conditions. To date,
empirical evidence suggests that an oxygen ene reaction occurs at the peripheral allylic

positions and is the origin of the instability.”®



1) KoCOjg, THF, MeOH

2) Pd(PPhg),, Cul ™S ™S
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=~ X
ZZ ™S
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1.23 (41%)
1.22
1) K5CO3, THF, MeOH
2) Pd(PPhg),, Cul
Et,NH, DMF _ Z XN NN X
vs ™S ™S
124 1.25 (28%)

TBAF, Pd(PPhg)s, Cul
THF, piperidine

O~
Br

1.26

=

1.28 (5%)

1.27 (9%)

Scheme 1-6. Synthesis of expanded radialenes 1.27 and 1.28.

Utilizing a similar approach to the [6]ER 1.27, Tykwinski and coworkers
prepared a series of perphenylated ERs in an effort to circumvent the instability observed
in 1.27. A series of phenyl-substituted iso-PDAs was prepared starting from enediyne
1.29 (Scheme 1-7).* Compound 1.29 underwent Sonogashira cross-coupling reaction
with vinyl triflate 1.30 to yield dimer 1.31 in 95% yield (Route A). This was followed by
desilylation and a second Sonogashira cross-coupling reaction with 1.30 to yield 1.33 in
85% vyield. Alternatively, iso-PDA 1.29 was fully desilylated with TBAF prior to the
Sonogashira cross-coupling reaction with 1.30 to yield trimer 1.32 in 85% yield (Route
B). Following a second iteration of desilylation and Sonogashira cross-coupling reaction

with vinyl triflate 1.30, pentamer 1.34 was produced in 63% yield.
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Route A

Pd(PPhs),, Cul
e i-Pr(zNH,S')I'AHF,A PhPh 1) TBAF, THF Ph-Ph
S —— _——
Ph__Ph 2) Pd(PPhg),, Cul
ZR Z I i-PerHa'IeHFA Z
TBDMS TBDMS 2 TBDMS 20 % TBDMS 4 >TBDMS
1.29 TO™ TBDMS 1.31 (95%) 1.33 (85%)
1.30
Route B
1) TBAF, THF
2) Pd(PPhy),, Cul
ProNH, THF, A
1.30
Ph PP 1) TBAF, THF Ph__Ph
o
2) Pd(PPhg),, Cul
Z I iProNH, THF, A Z
TBDMS 3 “TBDMS 49 TBDMS 5 “TBDMS
1.32 (85%) 1.34 (63%)

Scheme 1-7. Synthesis of perphenylated iso-PDA oligomers 1.31-1.34.

Oligomers (1.31-1.34) were desilylated and subjected to a Sonogashira cross-
coupling reaction with dibromoolefin 1.35 to yield ERs 1.36-1.39 (Scheme 1-8). In the
case of smaller ERs, the products were isolated in reasonable yields ([3]ER 1.36 32%,
[4]ER 1.37 75%, [S]ER 1.38 45%). Unfortunately, [6]ER 1.39 was formed in a low yield
of 5%, along with consistent formation of hybrid radialene 1.40 isolated in a much higher

yield. All of the products were isolated as stable solids.

Ph._ _Ph
1) TBAF, THF
Ph__Ph 2) Pd(PPhg),, Cul
PryNH, THF, A / \
_ HPRNA, AP A
// \\ Br. Br Ph — Ph
n
TBDMS n TBDMS I h L
1.31,n=2 Ph™ "Ph
1.32,n=3 1.35 1.36, n=1 (32%)
133, n=4 1.37, n =2 (75%)
' 1.38, n =3 (45%)
1) TBAF, THF
Ph__Ph 2) Pd(PPhg)y, Cul
FPryNH, THF, A .
_ HRINA, AR A
& \\ Br. Br
TBDMS 5 ~TBDMS
1.34 Ph™ “Ph
1.35

1.40 (64%)

1.39 (5%)

Scheme 1-8. Synthesis of expanded radialenes 1.36—1.39 and hybrid radialene 1.40.
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Following the successful synthesis of ERs 1.36-1.39, Tykwinski and coworkers
attempted the synthesis of bicyclic ERs.”” Dimer 1.31 was desilylated with TBAF and the
resulting product was used in a Sonogashira cross-coupling reaction with
tetrabromoethene 1.41, which resulted in the formation of bisRA 1.42 in 18% yield
(Scheme 1-9). A larger bicyclic RA was prepared starting from trimer 1.32. Initial
desilylation and subsequent Sonogashira cross-coupling reaction with 1.41 resulted in the
formation of two major products, bicyclic RA 1.43 and bis-ER 1.44 in 7% and 17% yield,

respectively (Scheme 1-10).°

1) TBAF, THF
Ph Ph 2) Pd(PPhg),, Cul
-ProNH, THF, A
// \\ Br. Br
TBDMS 2 TBDMS
1.31 Br Br
1.41

1.42 (18%)

Scheme 1-9. Synthesis of bicyclic radiaannulene 1.42.

1) TBAF, THF
Ph. _Ph 2) Pd(PPhg),, Cul o
-ProNH, THF, A 1.43 (7%)
Br. Br *
Z I
TBDMS 3 TBDMS
1.32 Br Br
1.41

1.44 (17%)

Scheme 1-10. Synthesis of bicyclic radiaannulene 1.43 and bis expanded radialene 1.44.
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In addition to the perphenylated ERs, Tykwinski and coworkers have prepared a
number of functionalized structures. The [3]ERs (1.45a—e) were synthesized from dimer
1.31 via desilylation and Sonogashira cross-coupling reactions with dibromoolefins
1.46a—e (Scheme 1-11).*° A similar approach was used for the synthesis of functionalized
[4]ERs 1.47a—d (Figure 1-3).%

TIPS (33%)

O,
1) TBAF, THF Ph (40%)

Ph.__Ph 2) Pd(PPhg),, Cul / \
FProNH, THF, A c,R= ;—Q (10%)
_ R, T A L
& TBDM B B " 3 ¢
0 SR S
1.31 R™R 1.450-¢ d R= [—@ca (4%)
1.46a—e

4

TBDMS

\V)

1.46a,R = ‘—Q (65%) 1.46c, R = }_Q (75%)

CF3

1.46b, R = ,—Q (55%) 1.46d, R = ;;TIPS (78%)
N

O,

Figure 1-3. Structures of functionalized expanded [4]radialenes with yields of final

cyclization step as prepared by Tykwinski and Gholami (1.46a—d).

Tykwinski and coworkers have also demonstrated that derivatization of the
framework of an [4]ER is also possible. Desilylation of [4]JER 1.46d and a subsequent

Sonogashira cross-coupling reaction with an aryl iodide (1.47a—d) led to the formation of
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functionalized [4]ERs 1.48a—d (Scheme 1-12).°?' This functionalization of ERs via a
Sonogashira cross-coupling reaction proved effective for both electron withdrawing

(1.48a and 1.48b), as well as electron donating substrates (1.48¢ and 1.48d).

(76%)

TIPS 1) TBAF, THF

2) Pd(PPhy),, Cul (91%)

Fh £ProNH, THF, A
Ph =R (88%)
1.47a—d
TIPS
Ph” “Ph (70%)
1.46d

Scheme 1-12. Synthesis of differently functionalized expanded [4]radialenes 1.48a—

1.48d.

Further functionalization of ER 1.49 allowed for the formation of ERs 1.50—1.52
(Scheme 1-13).>' The TIPS groups of radialene 1.49 were removed using TBAF, and the
resulting product underwent a Sonogashira cross-coupling reaction with aryl iodide 1.47¢
to give the donor substituted radialene 1.50 in 40% yield. Donor-acceptor [4]ERs 1.51

and 1.52 were prepared in 41% and 99% yields, respectively, using an analogous route.

1) TBAF, THF

2) Pd(PPhg),, Cul
ProNH, THF, A

JATAN R

1.50, R = Ni-Pr, (40%)
1.51,R=CN (41%)
152, R=NO,  (99%)

Scheme 1-13. Synthesis of donor substituted expanded [4]radialene 1.50 and donor /

acceptor substituted expanded [4]radialenes 1.51 and 1.52.

14



Taking advantage of the ability to functionalize the radialene skeleton,
Tykwinski and coworkers developed a stepwise synthesis to bis-ER 1.44 (Scheme 1-
14)*° Desilylation of 1.46d and subsequent Sonogashira cross-coupling reaction with
vinyl triflate 1.30 led to the formation of compound 1.53 in a 78% yield. Compound 1.53
was desilylated using TBAF and the resulting product was used in a Sonogashira cross-
coupling reaction with dibromoolefin 1.35 to yield bis-ER 1.44 in 50% yield. This
improved upon their original one-pot procedure to the bis-ER, with an overall yield of

30% starting from trimer 1.32 and no formation of the bicyclic RA 1.43.

1) TBAF, THF

2) Pd(PPhy),, Cul
iProNH, THF, A

TBDMS

TBDMS

1) TBAF, THF

2) Pd(PPhs),, Cul
ProNH, THF, A

&t]:Br
Ph Ph
1.35

1.44 (50%)

Scheme 1-14. Stepwise synthesis of bis-expanded radialene 1.44.

1.3.2 Phenylacetylene Based Molecules and Macrocycles: Models

of Graphyne

Many interesting structures can be derived through the functionalization of aryl
rings with acetylene units, and one of these structures, “graphyne”, is of particular

interest. In 1987, Baughman and coworkers first proposed that graphyne is a planar, two-
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dimensional structure comprised entirely of sp- and sp’-hybridized carbon atoms.*
Furthermore, by varying the ratio of sp:sp” carbon, a range possible structures are
possible (Figure 1-4). The formal insertion of an acetylene bond between the phenyl rings
of graphite results in the simplest possible graphyne structure, 6,6,6-graphyne (1.54,
sp:sp> = 1:1). By increasing the ratio of sp-carbon in the structure, larger and more
complex ring systems emerge, such as 6,6,12-graphyne (1.55, sp:sp” = 5:4), 6,6,14-
graphyne (1.56, sp:sp” = 7:5), 12,12,12-graphyne (1.57, sp:sp” = 2:1), 14,14,14-graphyne
(1.58, sp:sp” = 2:1), 14,14,18-graphyne (1.59, sp:sp” = 5:2), and 18,18,18-graphyne (1.60,

sp:sp = 3:1).
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12,12,12-graphyne (1.57)

14,14,14-graphyne (1.58) 14,14,18-graphyne (1.59) 18,18,18-graphyne (1.60)

Figure 1-4. Theoretical structures of graphynes as reported by Baughman and

coworkers.*

While this initial study modeled the properties of several proposed structures,
6,6,6-graphyne was predicted to be the most stable. 6,6,6-Graphyne was predicted to
have a crystalline state energy of formation of 12.4 kcal/g carbon, a value comparable to
that determined for buckminsterfullerene (Cg, 10.16 kcal/g carbon).” 6,6,6-Graphyne
was also proposed to have similar mechanical properties to graphite and was predicted to

be a semiconductor with a band gap (E,) of 1.2 eV. The formation of alkali metal charge
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transfer complexes could render the structure metallic. The authors further postulated that
6,6,6-graphyne would exhibit interesting nonlinear optical properties. Since this original
proposal, 6,6,6-graphyne has become the focus of much theoretical research, with studies
further investigating the expected physical properties of the structure, as well as the

properties of graphyne-based nanotubes and fullerenes.***

In recent years, more
advanced computational methods have predicted that some versions of graphyne should
exhibit properties similar to that of graphene. One of the remarkable properties of
graphene is its conductivity, which derives from a band structure that features Dirac
points and cones. At the Dirac point the valence and conduction bands of the material
meet, which means the material can be considered a zero band gap semiconductor.
Several structures of graphyne have been predicted to have band structures containing
Dirac points.*

Although the synthesis of bulk graphyne has not yet been achieved, many small
molecules have been synthesized to serve as model compounds of graphyne, particularly
for 6,6,6-graphyne. The simplest subunit prepared to model 6,6,6-graphyne is that of
hexaethynylbenzene 1.61. The pure hydrocarbon was first prepared by Vollhardt and
coworkers, via the Sonogashira cross-coupling reaction of hexabromobenzene and

trimethylsilyl-acetylene (TMS-acetylene), followed by desilylation to yield 1.61 in 28%

yield (Scheme 1-15).”° Compound 1.61 decomposed with heating or when exposed to air.

1) PdCly(PPh3), | |

Br Cul, EtgN
Br Br = TMS X =
2) KF « H,0, DME
Br Be Br [18]crown-6 Y A
(28%) | |
1.61

Scheme 1-15. Synthesis of hexaethynylbenzene 1.61.
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Hexakis(arylethynyl)benzene 1.62 was also prepared in a similar fashion, via the
Sonogashira cross-coupling reaction with aryl acetylene 1.63 and hexabromobenzene

(Scheme 1.16).°" Several other functionalized hexakis(arylethynyl)benzenes have been

prepared using this method.”*

CsHy4 CsH1q
Br PACIy(PPhg), O Il O

Br Br Cul, EtgN X N =
: |
=
B B —
r r _—<j>—C5H11 // \\
Br | ’
1.63
CsH CsH
(46%) s5H14 y sH11
S
CsH14
1.62

Scheme 1-16. Synthesis of hexakis(arylethynyl)benzene 1.62.

In an effort to prepare larger model compounds of 6,6,6-graphyne, a series of
macrocyclic oligomers was envisioned based on dehydrobenzannulene (DBA) 1.64,
which can be considered the smallest macrocyclic subunit of 6,6,6-graphyne. The
synthesis of DBA 1.64 has been carried out in numerous ways over the past several
decades. The initial approach involved the cyclotrimerization of copper acetylide 1.65 to

yield DBA 1.64 in 48% yield, along with 10% of tetramer, and traces of larger

macrocycles (Scheme 1-17).>*

Scheme 1-17. Cyclotrimerization of 1.65 to dehydrobenzannulene 1.64.
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A stepwise approach to 1.64 was later developed by Haley and coworkers, in an
effort to avoid the formation of larger macrocyclic side products. Sonogashira cross-
coupling reaction of aryl triazene 1.66 with iodoarene 1.67 gave compound 1.68 in 88%
yield (Scheme 1-18).”® Desilylation of 1.68 and subsequent Sonogashira cross-coupling
reaction with 1.67 gave the oligomer 1.69 in 73% yield. The aryl triazene was converted
to an aryl iodide with Mel at high temperature, followed by desilylation. At this point, an
intramolecular Sonogashira cross-coupling reaction was carried out in dilute solution to

give DBA 1.64 in 69% yield, with no observed formation of larger cyclic side products.

PdCla(PPhg), O NaEt,
= Cul, EtzN I 1) KoCOj3, THF, MeOH
L TMS  2) PdCly(PPhs)s,,
NoEt, ¢ \> =TV =7 Cul, EtN, 1.67
1.66 | O
1.67

1.68 (88%) 1.69 (73%)

1) Mel, 120 °C
2) K,COj3, THF, MeOH

3) Pd(dba),, PPhg
Cul, EtsN

1.64 (69%)

Scheme 1-18. Stepwise synthesis of dehydrobenzannulene 1.64.

Turning to larger fragments of 6,6,6-graphyne, Haley and coworkers applied
their intramolecular cross-coupling approach to the synthesis of “bow-tie” bis-DBA 1.70.
Compound 1.68 was desilylated and subsequently used in a Sonogashira cross-coupling
reaction with 1,5-dibromo-2,4-diiodobenzene 1.71 (Scheme 1-19).” The reaction allowed
for selective cross-coupling at the iodo positions of 1.71, after which TMS-acetylene was
added to complete the cross-coupling reaction at the bromo positions to give 1.72.

Conversion of the triazene into an iodide, desilylation, and an intramolecular Sonogashira
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cross-coupling reaction afforded 1.70 in 11% yield. DBA 1.70 proved to be a highly
insoluble compound, and the authors were unable to characterize the molecule using

nuclear magnetic resonance (NMR) spectroscopy.

1) K»COj3, THF, MeOH
2) PdCly(PPhs),
Cul, EtzN
| Br

N3Et2
™S 3) PdCl,(PPhy);

Z Cul, EtgN
O =—TMS

1.68

1) Mel, 120 °C
2) K,CO3, THF, MeOH

3) Pd(dba),, PPhg
Cul, EtN

| Br
1.71

EtLNG 1.70 (11%)
1.72 (63%)

Scheme 1-19. Synthesis of “bow-tie” bis-dehydrobenzannulene 1.70.

Haley and coworkers revised their synthetic strategy to improve the solubility of
the “bow-tie” DBAs by appending alkyl chains to the molecule.® Octaynes 1.73a—c
underwent intramolecular alkyne metathesis using either (A) Schrock’s catalyst® (for
1.73b) or (B) the Mo-amido catalyst developed by Moore and coworkers® (for 1.73a and
1.73¢), to yield “bow-tie” DBAs 1.74a—c¢ (Scheme 1-20). It is noteworthy that both 1.74a
and 1.74b also exhibited poor solubility despite the presence of the four C4 and C10 alkyl

groups, while DBA 1.74¢ displayed much improved solubility.
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(A) EtC=Mo[N(t-Bu)(Ar)]3
silanol-POSS, CgHsCly

75°C
(B) (Ot-Bu)sW=Ct-Bu
PhMe, 80 °C
1.73a,R' =Bu, R2=H 1.74a, R' =Bu, R2 = H (87% via route A)
1.73b, R = Tetradecyl, R = H 1.74b, R' = Tetradecyl, R? = H (46% via route B)
1.73¢, R' = R? = Decyl 1.74c, R' = R2 = Decyl (91% via route A)

Scheme 1-20. Synthesis of substituted “bow-tie” dehydrobenzannulenes 1.74a—c.

Iyoda and coworkers prepared “bow-tie” DBA 1.75 by an intermolecular Cu-
mediated cross-coupling reaction (Scheme 1-21).°" Triyne 1.76 and tetraiodobenzene
1.77 were heated in the presence of K,COs, Cul, and PPh; to yield DBA 1.75 in less than
1% isolated yield. Although the yield of 1.75 was extremely low, the eight alkyl

substituents significantly improved the solubility of this derivative relative to 1.70.

Bu Bu
N\ 7
1.76 Cul, PPhg, K,COg

+

| |

| |
1.77

Scheme 1-21. Synthesis of substituted “bow-tie” bis-dehydrobenzannulene 1.75.

DMF, 160 °C

1.75 (~1%)

In addition to the “bow-tie” shaped DBAs, Haley and coworkers also pursued the

“diamond” DBA 1.78 (Scheme 1-22).>> Sonogashira cross-coupling reaction of diyne
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1.79 and triisopropylsilyl-acetylene (TIPS-acetylene) followed by selective desilylation
and additional Sonogashira cross-coupling reaction with triazene 1.80 led to triyne 1.81
in 29% yield. After removal of the TIPS group, the resulting product underwent a
Sonogashira cross-coupling reaction with 1.79 to yield 1.82 in 25% yield. Conversion of
the aryltriazene groups into aryliodides, desilylation, and a two fold intramolecular

Sonogashira cross-coupling reaction gave DBA 1.78 in 14% yield.

1) PACly(PPhg)s
Cul, EtgN

=—TIPS
X Z 2) K,COg, THF, MeOH

3) PdCly(PPhg),
Cul, EtzN

t-Bu N3Ety s
-bu
179 ©il 1.81 (29%)

1) Mel, 120 °C
2) K,COg, THF, MeOH

3) Pd(dba),, PPhy
Cul, Et;N

1) TBAF, THF, EtOH
s

2) PdCly(PPhg),, Cul
EtsN, 1.79

N3Ety

t-Bu t-Bu
1.82 (25%) 1.78 (14%)

Scheme 1-22. Synthesis of “diamond” dehydrobenzannulene 1.78.

Tobe and coworkers prepared a similar “diamond” DBA 1.83 using an
intermolecular approach (Scheme 1-23).°® Heating aryl diyne 1.84 in the presence of
KOH gave the terminal alkynes, which underwent an intermolecular Sonogashira cross-

coupling reaction with diarylacetylene 1.85 to give bis-DBA 1.83 in 9% isolated yield.
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N\ 7 . Il Pd(PPhg),, Cul, KOH
benzene
Br O Br  CH3N(CgH47)sCl, A
CioH21  CyoH2g
C1oHz1 C1oHa21
1.84 1.85

1.83 (9%)

Scheme 1-23. Synthesis of “bow-tie” bis-dehydrobenzannulene 1.83

In 2006, Tobe and coworkers prepared the large “trefoil” 1.86, which consists of
three DBAs fused to a central benzene ring (Scheme 1-24). Starting from
hexabromobenzene, a six fold Sonogashira cross-coupling reaction with aryl alkyne 1.87
led to the formation hexakis(arylethynyl)benzene 1.88 in 72% yield. Pinacol coupling
using a vanadium reagent gave hexaol 1.89 in 74% yield as a mixture of isomers.
Conversion of the alcohol groups to chlorides using thionyl chloride gave 1.90 in 33%
yield, which underwent a six-fold elimination in the presence of potassium z-butoxide to

give “trefoil” tris-DBA 1.86 in 10% yield.
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Br Pd(PPhg),, Cul, EtzN
Br Br PhMe, THF, 80 °C
OHC
Br Br
Br = t-Bu
1.87

t-Bu

VCIg(THF)3, Zn
DMF, CH,Cl,

t-Bu t-Bu
1.89 (74%) 1.90 (33%)

t-Bu

tBuOK, THF

t-Bu

t-Bu
1.86 (10%)

Scheme 1-24. Synthesis of “trefoil” tris-dehydrobenzannulene 1.86

Tobe and coworkers utilized a similar approach to construct the “boomerang”
bis-DBA 1.91 and “trapezoid” tris-DBA 1.92 (Scheme 1-25).*" Starting from
tetrabromobenzene 1.93, a Sonogashira cross-coupling reaction with aryl acetylene 1.87
led to the formation of tetrayne 1.94 or diyne 1.95, depending on the number of

equivalents of 1.87 used in the reaction. An excess of 1.87 resulted in the formation of
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1.94 in 85% yield, while using only two equivalents of 1.87 led to the preferential
formation of 1.95 in 60% yield. Pinacol coupling, chlorination, and subsequent
elimination of tetrayne 1.94 led to “boomerang” bis-DBA 1.91 in 9% yield over the three
steps. Diyne 1.95 was converted to tetrayne 1.96 in 27% yield via a sequence of
Sonogashira cross-coupling with TMS-acetylene, desilylation, and Sonogashira cross-
coupling reaction with iodoformylarene 1.97. Tetrayne 1.96 underwent a sequence of
Pinacol coupling, chlorination, and elimination to yield “trapezoid” tris-DBA 1.92 in less
than 1% yield over the 3 steps.

The longest linearly conjugated segment of 6,6,6-graphyne prepared to date, tris-
DBA 1.98, was assembled by Haley and coworkers (Scheme 1-26).>* The synthesis began
with 1.99, which was desilylated and subjected to a Sonogashira cross-coupling reaction
with diiodobenzene 1.100 to give polyyne 1.101 in 81% yield. Intramolecular alkyne
metathesis of 1.101 using Moore’s catalyst afforded tris-DBA 1.98 in 31% yield. Efforts

to prepare longer segments using this method have so far been unsuccessful.™
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Br Br

Pd(PPhg),, Cul Pd(PPhg)4, Cul
Et3N, 60°C EtsN, 60 °C
1.87 1.87
t-Bu
O @ =
t-Bu/\:\/:\/t-Bu
OHC \ // CHO —
\ CHO OHC
— — 1.95 (60%)
t-Bu/\:\/:\/t-Bu

= 1) Pd(PPhy),, Cul
CHO OHC i-Pr,NH, THF, 60 °C
1.94 (85%) ™S

2) Pdy(dba)z*CHCl,, Cul

1) VCly(THF)3, Zn P(o-tolyl)s, TBAF, EtsN
DMF, CH,Cl,
2) SOCl,, Pyr CHO
3) +BuOK, THF t-Bu I
CHO

t-Bu

1.91 (9%) tBu

1.96 (60%)

1) VCIg(THF)3, Zn
DMF, CH,Cl,

2) SOCly, Pyr
CH,Cl,

3) +BUOK, THF

t-Bu t-Bu

1.92 (< 1%)

Scheme 1-25. Synthesis of “boomerang” and “trapezoid” dehydrobenzannulenes 1.91

and 1.92, respectively.
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R

™S pdppny, cul \\ \
i-ProNH, THF, 85 °C

1.99 ;

1.102 (81%)

EtC=MOo[N(t-Bu)(Ar)]3
silanol-POSS, CgH3Cl3
75°C

1.98 (31%)

R = Tetradecyl
R? = Decyl

Scheme 1-26. Synthesis of tris-dehydrobenzannulene 1.98.

1.3.3 Physical Properties of Graphyne Model Compounds

With the exception of 1.61, all of the reported 6,6,6-graphyne model compounds

are stable solids, with melting points of 250-300 °C, and they are generally stable toward

heat, light and oxygen. Their electronic structure, as assessed by UV-Vis spectroscopy, is

dominated by extension of the longest linear phenylene ethynylene choromophore,™

can be appreciated by the absorption spectra of DBAs 1.64, 1.74, and 1.98 that show

bathochromic shifts in both Ay and An.x With each successive ring fusion (Figure 1-5).
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Thus, tris-DBA 1.98 possesses the longest linear diphenylacetylene pathway of all the
model compounds, which results in the lowest energy absorption (Acyorr = 525 nm) of the
series. Structural isomer of 1.98, “trefoil” 1.86 possesses a shorter phenylene ethynylene
pathway, which results a higher energy Am. absorption (Acyogr ~ 500 nm). This
preliminary evidence stresses the importance of the phenylene ethynylene pathway in the

electronic properties of 6,6,6-graphyne, rather than cyclization.

150000 H
120000 -
“g 90000 -
Q RZ R?
< 60000 7\
. ==~
N\ 7
30000 =
\ 7/
1.98, R = Tetradecyl, RZ = Dec;
0
250 350 450 550

A (nm)

Figure 1-5. Absorption spectra of 1.64, 1.74a—c, and 1.98. Adapted with permission from
Johnson II, C. A.; Lu, Y.; Haley, M. M. Org. Lett. 2007, 9, 3725-3728. Copyright 2007

American Chemical Society.

1.4 Conclusion

A vast array of acetylene-rich molecules has been prepared over the past several
decades. Interest in the carbon-rich material graphyne has further fueled the development
of many of these structures. To date, however, synthetic efforts to model graphyne have

focused on a single structural motif, 6,6,6-graphyne, while many other possible structures
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of graphyne remain unexplored. Theoretical investigations suggest that several of these
graphyne structures, such as 6,6,12-graphyne or 12,12,12-graphyne, are equally, and
possibly more, promising materials than 6,6,6-graphyne.*’ Toward the realization of other
graphyne structures, synthetic routes that have been established to prepare acetylene-rich
macrocycles should serve as a solid foundation to realize the desired model compounds

of graphyne.
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Chapter 2 - Model Compounds of 12,12,12-Graphyne Based

on Expanded Radialenes

2.1 Introduction

Over the past fifteen years, the Tykwinski group has been actively involved in
the research of both linear and cyclic cross-conjugated molecules. An important structural
motif that has been used in this area is that of radialenes, and in particular, expanded
radialenes. A former Tykwinski group PhD student, Dr. Sarah Eisler, successfully
developed a synthetic route to expanded radialenes ([#]ER), for which the m-spacer unit
in the radialene structure was a single acetylene unit.' The [6]ER prepared using this
method was also the first successful synthesis of this class of radialenes, containing a
single acetylene unit as the m-spacer (Scheme 1-6). This synthetic strategy was then
drawn upon for the synthesis of a modified series of expanded radialenes by another
former Tykwinski group member Dr. Katie Campbell, for which the acetylene m-spacer
unit was replaced by other m-conjugated subunits, such as aryl rings, pyridyl rings, and
metallic bridges (Figure 2-1).> More recently, this same strategy was further exploited
and refined by former Tykwinski group members Dr. Mojtaba Gholami and Dr.
Sharwaite Ramsaywack in the synthesis of a series of [4]ERs, for which the periphery
was decorated with phenyl rings, as well as donor and acceptor substituted phenyl

34
rings.”
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@ = acetylene, n-spacer or metal

Figure 2-1. Schematic representation of expanded [4]-, [5]-, and [6]radialenes.

The synthesis of these substituted expanded radialenes, particularly the donor and
acceptor substituted series, highlights the versatility of the synthetic route developed for
the synthesis of these cross-conjugated macrocycles. For the donor and acceptor series, it
was possible to introduce functionality onto the radialene framework by both the
functionalization of the precursor building blocks via Path A and functionalization of the

already formed radialene macrocycle itself via Path B (Figure 2-2).

R1<_R1

X

+

Path
‘é:)Ph 7\ Ph

Br Br

Ph \\ // Ph

R7™ "Rp
Figure 2-2. Retrosynthetic routes to substituted 4[ER]s, where R; and R, are the desired

functional groups.

Utilizing methods similar to those established for [4]ERs, it becomes possible to

substitute the periphery of the radialene core with functional groups to allow for the

synthesis of sub-pieces 12,12,12-graphyne. In addition to structures based on [4]ERs, it
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was hypothesized that this methodology could be applied in the synthesis of [6]ERs
analogues.

12,12,12-Graphyne (sometimes referred to as f-graphyne) is one of the
theoretically proposed structures of graphyne. It consists of a ratio of 2:1 sp:sp’
hybridized carbon, made up entirely of acetylene and olefin bonds, arranged in a
hexagonal lattice similar to graphene. It is one of the least dense forms of graphyne, with
0.232 carbons/A.” This form of graphyne is also one of the least studied, with only a
handful of theoretical investigations and no synthetic models.”® Simplifying its structure,
one of the smallest possible repeat unit that can be cut out of a 12,12,12-graphyne sheet
consists of six dehydroannulenes fused to an expanded [6]radialene core (Figure 2-3).
Using the synthetic methodology established within the Tykwinski group, it should be
possible to synthesize this [6]ER in order to investigate its properties as a model

compound of 12,12,12-graphyne.

Figure 2-3. Structure of 12,12,12-graphyne and its corresponding model compound

based on an expanded [6]radialene core.
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Analogous to the strategy used for the synthesis of the donor/acceptor
functionalized [n]ERs, two general synthetic routes toward radialene 2.1 can be
envisioned (Scheme 2-1). In both cases, target radialene 2.1 would be prepared from
radialene 2.2, via the transformation of the triazene groups to aryl iodides and a
subsequent intramolecular Sonogashira cross-coupling reaction.”® The first route (Route
A) relies heavily on a variety of orthogonally protected acetylenes (PG and PG’) during
the synthesis of the radialene core, which would then be functionalized after its assembly.
Radialene 2.2 would arise from the orthogonally protected radialene 2.3, which would
allow for selective cross-coupling reactions to install the functional groups necessary to
form the outer annulene rings.

The second route focuses on the incorporation of the desired functional groups
into the building blocks of the target molecule 2.2 (Route B). Radialene 2.2 would be
prepared via a two fold Sonogashira cross-coupling reaction of iso-polydiacetylene (iso-
PDA) 2.4 and dibromoolefin 2.5. Compound 2.4 can be further broken down into the
smaller trimeric iso-PDA 2.6 and vinyl triflate 2.7. Trimer 2.6 can be prepared from to
small key molecules, the tetracthynylethene (TEE) 2.8 and vinyl triflate 2.9.

An important branching point should be noted at this stage, as trimer 2.6 is also a
key intermediate in the synthesis of the smaller [4]ER 2.10 (Scheme 2-2). Radialene 2.10
could be prepared from radialene 2.11, via the formation of aryl iodides and subsequent
intramolecular Sonogashira cross-coupling reaction. Radialene 2.11 could be prepared
from a Sonogashira cross-coupling reaction of 2.6 with dibromoolefin 2.12. It is
interesting to point out that radialene 2.10 is an expanded version of quadrannulene, a
curved structure thought to be important in the formation of junctions in carbon

9
nanotubes.
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Route B

2.8

Scheme 2-1. Retrosynthetic route to expanded [6]radialene model compound 2.1.
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Quadrannulene

Br Br

Scheme 2-2. Retrosynthetic route to [4]ER 2.10, an expanded version of quadrannulene
(inset).

The key to both synthetic strategies in Scheme 2-1 is the synthesis of a variety of
different small building blocks that will be pieced together in a stepwise process towards
the larger radiaannulenes. These building blocks are based on the four key structural
motifs, (a) aryl triazenes, (b) dibromoolefins, (¢) TEEs, and (d) vinyl triflates (Figure 2-

4).

R

-N R N = R R N Pz R
N Br. Br A = A 74
X
@ * )( D<
R R R' R' R" R'
A B (o] D

Figure 2-4. Schematic representations of (a) aryl triazenes, (b) dibromoolefins, (¢) TEEs,

and (d) vinyl triflates.
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2.2 Synthesis of Building Blocks

2.2.1 Synthesis of Aryl Triazenes

In order to perform Sonogashira cross-coupling reactions late in the synthetic
route, the required aryl halide must be protected throughout the synthetic route. Aryl
triazenes, which have been shown to serve as masked iodides,* provide such a synthetic
handle.

Considering the structure of radialene 2.1, solubility of the large planar structure
in common organic solvents is anticipated to be poor. Haley and coworkers encountered
significant solubility problems during their synthesis of 6,6,6-graphyne models, such as
1.70, which were addressed by appending solubilizing groups.'™' As such, a similar
strategy of appending solubilizing “tails” to the aryl triazene unit was designed for 2.1.
The general approach for triazene formation is shown in Scheme 2-3. The parent system
is formed from o-iodoaniline 2.13a using a sequence of diazotization, followed by
quenching of the diazonium intermediate with either dimethyl- or diethylamine to give
aryl triazenes 2.14a-b in good yields.'” The same process was used in the formation of
2.14c, starting from iodoaniline 2.13b. lodoaniline 2.13b was prepared in 8§7% yield by

treatment of p-isopropylaniline with benzyltriethylammonium dichloroiodate."

R’
NH, NH, 1) HCI, NaNO, NN
| MeCN, THF, H,0 |
BnEt;NICl, 0°C,1h
— £ =
CaCOg4 2) R'5NH
CH,Cl,, MeOH K>COs, MeCN, Hy0
R (87%) R 0°Ctort R
R=iPr _ 2.14a, R = H, R' = Me (81%)
>3, R=H, 2.14b, R = H, R' = Et (82%)
' 2.14c, R = i-Pr, R' = Et (93%)

Scheme 2-3. Syntheses of o-iodoaryl triazenes 2.14a—c.

The incorporation of a 3,5-di-tert-butylphenyl (DTBP) group was also

investigated. DTBP was chosen as this bulky, branched substituent has previously used to
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impart both good solubility and synthetic workability in the synthesis of graphdiyne
model compounds.'? The synthesis of this building block began with the synthesis of the
DTBP portion of the molecule (Scheme 2-4). The three-fold Friedel Crafts alkylation of
benzene with ftert-butyl chloride yields 1,3,5-tri-tert-butylbenzene 2.15 in excellent
yield."* This was then treated with molecular bromine in the presence of iron to yield 1-
bromo-3,5-di-fert-butylbenzene 2.16, again in excellent yield."> At this point, conversion
to the boronic ester, followed by Suzuki-Miyaura coupling with 1-bromo-4-nitrobenzene,
gave biphenyl 2.17.'° The nitro group was then reduced to its corresponding aniline 2.18
using tin metal in refluxing hydrochloric acid. Iodination of 2.18 wusing
benzyltriethylammonium dichloroiodate yielded 2.19, followed by diazotization and
trapping with an dialkyl amine to give either 2.20a or 2.20b. For 2.20a, pyrrolidine was
chosen as it has been reported to improve the crystallinity of the product, while still
maintaining good solubility.* Iodides 2.20a-b are designed to serve as both key
intermediate building blocks for attachment to a radialene skeleton, an they can also be
pushed forward to the alkynyl derivative via a cross-coupling reaction with TMS-

acetylene to give, for example, the protected building block 2.21.
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t-Bu Br

0.5 mol AICl3 Br,, Fe
+ —_— —_— >
Cl —40°C to —15°C CHCl3 0°C
t-Bu t-Bu (75%) t-Bu t-Bu

(88%)
2.15 2.16
NO, NH,
1) HexLi, Et,0, -78 °C
2) (i-PrO)3B, THF, =100 °C O HCI, Sn powder O BnEt3NICI,
3) NaOEt, Pd(PPhg), EtOH, H,0 CaCOj
PhMe, A reflux CH,Cl,, MeOH
O (98%) O (60%)
@ t-Bu t-Bu t-Bu t-Bu
217 2.18

(80%)

=)
&

NH, N N
I 1) HCI, NaNO, N -N
O MeCN, THF, H,O N = ™S
0°C,1h TMS 7
2) RoNH,K>CO4 O PdCI2 PPhg), O
MeCN, H,O Cul, i-Pr,NH
0°Ctort (85%)
Bu t-Bu
C C
t-Bu t-Bu t-Bu
2.21

2.20a, R = (91%)
2.20b, R = E ( 5%)

Scheme 2-4. Synthesis of DTBP substituted o-iodoaryl triazenes 2.20a-b and o-

ethynylaryl triazene 2.21.

2.2.2 Synthesis of Dibromoolefins

Dibromoolefins are very versatile building blocks. For example, they are highly
valued as precursors to acetylenes via the Fritsch-Buttenberg-Wiechell (FBW)
rearrangement, and as coupling partners for a variety of different metal catalyzed cross-
coupling reactions.'”'® As previously mentioned, dibromoolefins are key pieces in the
synthesis of the TEE building blocks as well as the final ring closure of the reaction to
give radialene products (Scheme 2-1). The synthesis of dibromoolefins has been

thoroughly described in the literature, and a typical synthesis is shown in Scheme 2-5."
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OH

1) HexLi, THF, -78 °C PCC, Celite
TES——== - i ,
2) )OL T£s Z s 4AMol Sieves
H™ o ™ 2.22 CH%E’;“ h
(95%) (95%)
Br. Br
o CBr,, PPhy
= X CHzclozy 3h = X
TES TES (83%) TES TES
2.23 2.24

Scheme 2-5. A typical synthesis of a symmetrical dibromoolefin.

Two equivalents of triethylsilyl(TES)-acetylene was treated with n-hexyllithium
(HexLi) at 0 °C and subsequently reacted with ethyl formate to yield alcohol 2.22 in
excellent yield. The alcohol was readily oxidized to ketone 2.23 by treatment with
pyridinium chlorochromate (PCC). The somewhat unstable ketone was then converted to
dibromoolefin 2.24 using standard Ramirez reaction conditions.”” The entire reaction
sequence can be carried out in rapid succession with minimal purification between steps,
and it can be readily scaled. Two known dibromoolefins were also prepared in this
fashion (Figure 2-5), the TIPS-ethynyl substituted dibromoolefin 2.25 and TMS-ethynyl

substituted dibromoolefin 2.26.'*

Br. Br

Z
R R

2.25,R=TIPS
2.26, R=TMS

Figure 2-5. Structures of dibromoolefins 2.25 and 2.26.

A slightly modified procedure was used to form unsymmetrical dibromoolefin
2.27 (Scheme 2-6). In this case, TES-acetylene was lithiated with HexLi and then reacted
with dimethylformamide (DMF), to give aldehyde 2.28. Aldehyde 2.28 was then treated

with TMS—C=C-Li to give the unsymmetrical alcohol 2.29. Treatment of 2.29 with PCC
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yields ketone 2.30, followed by Ramirez dibromoolefination to give the unsymmetrical
dibromoolefin 2.27. The unsymmetrical product 2.27 was obtained pure from a co-

worker, Dr. Wesley Chalifoux.”

0 OH
e — 1) HexLi, THF, 0 °C TMS—=——Li
— —_—
2) DMF =z " THR78°C Z X
TES TES T™S
2.28 2.29
Br Br
PCC, Celite 0 CBry, PPhy
S — _—
4 A Mol. Sieves Z X CHxCl, AR
CH,Cly TES T™S TES T™S
2.30 2.27

Scheme 2-6. Synthesis of an unsymmetrical dibromoolefin 2.34.

2.2.3 Synthesis of Tetraethynylethenes (TEEs)

Starting from dibromoolefins 2.24-2.27, it was possible to synthesize a variety of
differently substituted and protected TEEs by a simple two-fold Sonogashira cross-
coupling reaction. The procedure was based on that previously reported by Anthony and

coworkers, and a typical example has been shown in Scheme 2-7."

™S __MS
Br -Br H—=—TMS N7
PdCIy(PPhg),, Cul
Z EtsN, 60 °C Z X
TIPS TIPS (93%) TIPS TIPS
2.25 2.31

Scheme 2-7. Synthesis of differently protected TEE 2.31.

Thus, dibromoolefin 2.25 was subjected a Sonogashira cross-coupling reaction,

with a trimethylsilyl(TMS)-acetylene in triethylamine at 60 °C. This gave the TIPS/TMS

protected TEE 2.31 in excellent yield and purity after recrystallization from
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CH,Cl,/MeOH. The spectral properties of this compound were identical to those
reported.'*

An orthogonally protected TEE was also desirable, as this would allow for the
selective deprotection of the alkyne moieties of the TEE by varying the reaction
conditions. This cannot be achieved using typical silyl protecting groups, as the
conditions required to cleave the TIPS group (TBAF, THF) would also cleave any of the
more labile silyl protecting groups such as TMS or TES. To this end, the 2-
hydroxypropyl (2-HP) protecting group was chosen toward forming TEE 2.32 and 2.33.
Not only the 2-HP group stable to TBAF, but the standard conditions required to cleave
this protecting group (NaOH or KOH, benzene, reflux) will not remove a TIPS protecting
group.”’ An added benefit of this protecting group is that it also imparts polar functional
groups to an otherwise apolar molecule, allowing for easier chromatographic purification
from the apolar starting materials and byproducts. The synthesis of 2.32 was carried out
using an analogous protocol as described for 2.31 (Scheme 2-8). Dibromoolefin 2.25
underwent a Sonogashira cross-coupling reaction with 2-methyl-3-butyn-2-ol at 60 °C to
yield TEE 2.32 in good yield after column chromatography. The spectral properties of
2.32 were consistent with that previously reported. The related TEE 2.33 was prepared in

a similar fashion starting from dibromoolefin 2.24.

HO OH
Br _Br H%<OH X Z
Pd(PPhg),, Cul
Z XX ProNH, it ZR
R R R R
2.25 R=TIPS 2.32, R = TIPS (89%)
2.24. R =TES 2.33, R = TES (99%)

Scheme 2-8. Synthesis of orthogonally protected TEEs 2.32-2.33.
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A TEE structure with an unsymmetrical substitution pattern was also desirable,
such as TEE 2.34 (Scheme 2-9). This can be achieved the Sonogashira cross-coupling
reaction of two different acetylenes to a symmetrically substituted dibromoolefin such as
2.24. While this approach was expected to give a mixture of products, the 2-HP protected
acetylene made it possible to separate the different structures with relative ease due to the

polarity differences in each of the possible products.

H
TIPS ©
Br_ Br 1) PdCly(PPhg),, Cul X F
EtsN
Z N\ H‘é— OH Z
TES TES L TES TES
2.24 2) H——TIPS 2.34

(40%)

Scheme 2-9. Synthesis of unsymmetrically substituted TEE 2.34.

Thus, dibromoolefin 2.24 underwent a Sonogashira cross-coupling reaction with
2-methyl-3-butyn-2-ol at rt. After 2 hours, TIPS-acetylene was added to the reaction, and
the mixture was left to stir at rt overnight. After aqueous work up, column
chromatography allowed for the isolation of the unsymmetrical TEE 2.34 in 40% yield.

The final TEE targets contained the aryl triazene moiety. The synthesis of this
class of TEE was carried via a functionalization of the TEE core, starting from either 2.31

or 2.34.
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TMS TMS

N Pz
S Z 1) Base, THF, MeOH _
2) Pd cat, Cul
// \\ Amine, rt, Ar-1
TIPS TIPS
231 Arl=2.1%2 2.35a, R = H, R' = Me (34%)
—2.920a via Base = KOH, Pd cat = PdCIy(PPhg),, Amine = EtzN

2.35b, R=H, R'=Et (41%)
via Base = KOH, Pd cat = Pd(PPhg),, Amine = i-Pr,NH
t-Bu

2.35¢, R = , R'= -(CHyp)4- (57%)

t-Bu
via Base = K,COj3, Pd cat = Pd(PPhg)4, Amine = i-ProNH

Scheme 2-10. Synthesis of aryl triazene containing TEEs 2.35a—c.

As shown in Scheme 2-10, selective removal of the TMS groups in 2.31 using
KOH or K,CO; furnished the terminal acetylene. Since the unprotected TEEs were
expected to be unstable, the resulting products were kept in solution after the initial work-
up and transferred directly into the flask containing the catalysts and corresponding o-
iodoaryl triazene (2.14a-b, 2.20a).'’® After stirring under argon overnight, the reactions
were quenched, and purification by column chromatography yielded TEEs 2.35a—c in
modest, but acceptable, yields.

Unsymmetrical TEEs containing the aryl triazene moiety were prepared from
TEEs 2.34 (Scheme 2-11). Selective desilylation with KOH furnished the terminal
acetylene. The resulting product was kept in solution and, following workup, transferred
to a flask containing the catalysts and corresponding o-iodoaryl triazene (2.20a-b). After
stirring under argon overnight, the reactions were quenched via a standard aqueous
workup, and purification by column chromatography furnished the desired TEEs 2.36a—b

in rather low yields.

48



TES TES
1) KOH, THF, MeOH

2) Pd cat, Cul, THF
Amine, rt, Ar-1

TIPS
OH Ar-1 =2.20a
2.34 =2.20b

N\ 7
AN

V4

2.36a, R = -(CHy)4- (24%)

via Pd cat = PdCIy(PPhg),, Amine = EtzN
2.36b, R = Et (33%)

via Pd cat = Pd(PPhg),, Amine = i-Pr,NH

Scheme 2-11. Synthesis of unsymmetrically substituted TEEs 2.36a—b containing aryl

triazenes.

2.2.4 Synthesis of Vinyl Triflates

The final key building blocks needed for the assembly of the desired radialene
frameworks was the vinyl triflate 2.37. This was achieved via the known synthesis of the
vinyl acetate precursor 2.38, as previously described by Rankin and Tykwinski.”* Acetate
2.38 was prepared from TES-acetylene over three steps with a good overall yield of 56%
(Scheme 2-12). A Sonogashira cross-coupling reaction between 2.38 and TIPS-acetylene
yielded 2.39 in a 67% yield, which was converted to vinyl triflate 2.37 in a 94% yield the

initial reaction with methyl lithium (MeLi) and quenching T1,0O.

TPS TIPS TPS TIPS
B B H———TIPS N 1) MeLi, THF, —78 °C N7
_H——T1Ps _ .
PACI(PPhg),, Cul 2) T1,0
= OAc EtoN, 1t =z Ohc (94%) =z Off
TES 67%) TES TES
2.38 2.39 2.37

Scheme 2-12. Synthesis of vinyl acetate 2.39 and vinyl triflate 2.37.

Several vinyl triflates were also envisioned with more elaborate funtionalization

(Scheme 2-13). The first attempt to prepare a triflate precursor containing the aryl

49



triazene moiety followed the standard Sonogashira procedure. Thus, o-ethynylaryl
triazene 2.21 was desilylated and the resulting product reacted with the dibromo
vinylacetate 2.38. TLC analysis of the reaction mixture showed the formation of
numerous products. Upon work-up, it was observed that the reaction had failed to
generate the expected cross-coupled product 2.40. Instead, a bright yellow, highly

fluorescent solid was isolated.

()

N

N

N* T™S
=

O 1) KoCO3, THF, MeOH
2) PdCI,(PPhg),, Cul

i-PrNoH, rt, 2.38
t-Bu I t-Bu

2.21

2.40, R = -(CHy),-

Scheme 2-13. Attempted synthesis of vinyl acetate 2.40.

It was initially thought that the isolated product resulted from homocoupling of
the terminal acetylenes to give diyne 2.41 (Scheme 2-14). A more detailed analysis of the
C NMR spectroscopic data, however, suggested that the product was the hetrocyclic
dimer 2.42. Thus, while an initial homocoupling reaction did occur, the resulting diyne
had undergone an intramolecular cyclization with the triazene moieties on each aryl ring.
This unexpected product was likely the result of a coarctate or pseudocoarctate
cyclization of the resulting homocoupled side product 2.41.

Coarctate reactions can be identified by an atom, or linear sequence of atoms, in
which two bonds are broken and two bonds are formed in a single step.” This coarctate
central atom, or linear chain of atoms, undergoing the reaction is only terminated by two
loops, for which the electron arrow pushing results in a compressed cycle. The result of

this compressed cycle is that the loops terminate to form odd membered rings and
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exocyclic carbenes. Although concerted, coarctate reactions are not considered pericyclic

- - 23d
due to the involvement of an exocyclic carbene.

coarctate atoms
t-Bu

Scheme 2-14. Proposed coarctate cyclization of diyne 2.41 to form dimer 2.42.

Coarcate cyclizations are known to occur in similar structures containing ortho-
ethynyl and triazene units.” In these cases, high reaction temperatures are typically
needed to drive forward the cyclization process. However, lower reaction temperatures
of 50 °C, and in some cases rt, are also successful when using a catalytic system similar
to that of the standard Sonogashira cross-coupling reaction conditions.*** This prompted
an investigation to determine if varying the standard Sonogashira conditions could
promote the formation of the desired cross-coupling product while suppressing coarctate
reactions.

A modification of the Negishi method was thus attempted (Scheme 2-15).”

Following the desilylation of 2.21, the resulting acetylene solution in THF was cooled to
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—78 °C and treated with n-BuLi. After stirring for 15 minutes a solution of ZnCl, was
added dropwise. The solution was stirred at —78 °C for 1 hour, and then transferred to a
flask containing a THF solution of catalyst and 2.38. The reaction was allowed to warm
to rt, stirred for 18 hours, and quenched via the addition of NH4Clg). Analysis of the
mixture of products by "H NMR spectroscopy showed only recovered starting material,

as well as some products consistent with coarctate reactions.

N 1) KoCO3, THF, MeOH
N" __TMS  2)nBuLi, THF,- 78 °C
= then ZnCl,
O 3) Pd(PPhy),, THF, rt
Br. Br
t-Bu ‘ tBu } Ohe

2.21 TES
2.38 2.40, R = -(CHy),-

Scheme 2-15. Attempted Negishi cross-coupling reaction of 2.21 and 2.38.

An attempt was made using a modified Suzuki-Miyaura cross-coupling reaction
as described by Molander (Scheme 2-16).%° Following desilylation of 2.21, the resulting
product was treated with HexLi in THF at —78 °C, and B(OMe); was then added after 15
minutes. The solution was allowed to warm to approx. —20 °C and was then quenched via
the addition of aqueous KHF,. Following the workup, "H NMR spectroscopy showed no
sign of the desired product 2.43, and only recovered starting material could be isolated.
The inability to form the trifluoroborate salt prevented any attempts at the palladium

catalyzed cross-coupling reaction.
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2) HexLi, THF, —78 °C

O 3) B(OMe),

4) KHF,, H,0, 20 t0 0 °C

t-Bu I t-Bu t-Bu I t-Bu

2.21 2.43

BF;K*

Scheme 2-16. Attempted synthesis building block 2.43 for a of Suzuki-Miyaura cross-

coupling.

It was noted that during an attempt to isolate the deprotected acetylene 2.44 from
the reaction of 2.21 with KOH, a small amount of a product consistent with 2.45 was
observed. This product is likely the result of a coarctate intermediate reacting with

23b

molecular oxygen (Scheme 2-17).”” This suggests that starting material itself might also

be unstable and prone to undergo this cyclization, even at room temperature.

() - D J

N N N N

N* T™S N H N-N N-N o
=Z Z [ : (s

7 e 7 | e U

THF, MeOH

t-Bu ‘ t-Bu t-Bu ‘ t-Bu t-Bu ‘ t-Bu t-Bu l t-Bu

2.21 2.44 - - 2.45

(76%) (3%)

Scheme 2-17. Desilylation of 2.21 and observed coarctate side product 2.45.

2.2.5 Synthesis of iso-Polydiacetylenes (PDAs)

With the observed difficulties plaguing the coupling of o-arylethynyl triazenes
with 2.38, it was decided to reverse the coupling order (Scheme 2-18). TEE 2.35a was

treated with TBAF to remove the TIPS groups. Following disilylation, the deprotected
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intermediate was transferred to a flask containing vinyl triflate 2.37. Unfortunately, in all
attempts, cross-coupled product 2.46 was never observed. Instead, a large amount of

baseline material resulted, and a significant amount of vinyl triflate 2.38 was recovered.

1) TBAF, THF, 0 °C
2) Pd(PPhs),, Cul
i-ProNH, THF, rt

TIPS TIPS
N
// OTf
TES
2.37

2.35a, R = -(CHp),-

Scheme 2-18. Attempted synthesis of iso-PDA 2.46.

The disappointing synthetic results using the ethynyl aryl triazene building
blocks forced a rethinking of the synthetic strategy. Thus, the focus turned toward the
assembly of the radialenes using the building blocks of Route A as previously described
in this chapter. Starting from the 2-HP protected TEE 2.33, desilylation using TBAF
afforded the terminal acetylene, which was transferred to a flask containing an i-Pr,NH
solution of vinyl triflate 2.37, Pd(PPh;),, and Cul (Scheme 2-19). After stirring for 24
hours, the reaction was quenched with aq NH4Cl, and the product purified via column
chromatography. Gratifyingly, the desired product 2.47 was obtained in a low yield of

4%. A significant amount of the viny] triflate 2.37 was also recovered.
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HO OH

N7 1) TBAF, THF, 0 °C
2) Pd(PPhg),, Cul
Z XX THF, i-ProNH, 2.37, rt
TIPS
TES TES (4%)
2.33

2.47

Scheme 2-19. Synthesis of iso-PDA 2.47.

A variety of different cross-coupling reaction conditions were explored (Table 2-
1) in an effort to improve and optimize the formation of iso-PDA 2.47. Simple changes
such as modifying the catalyst and reaction temperature seemed to have minimal affect
on the yield of the reaction, with 10% isolated yield being the highest achieved. It is
worth noting that previous attempts toward coupling TEEs with tri-ethynylated vinyl
triflates such as 2.37 have also proven challenging, with no discernable trend in product

. . o 4
yield versus reaction conditions.

Table 2-1. Conditions used toward optimizing the synthesis of 2.47.1

Entry Pd Catalyst Phosphine Temp. Time Yield
/"5 mol % / 15 mol% /°C / hours /%
1 Pd(PPh;)4 - rt 24 4
2 Pd(PPh;)4 - 50 24 0
3 PdCI,(PPh;), PfBus 0 24 4
4 PdCI,(PPh;), PfBus rt 48 9
5 PdCI,(PPh;), PfBus 50 48 10

[a] Reactions performed in solutions of deoxygenated, dry THF and i-Pr,NH with 10 mol

% Cul, sealed under argon with a rubber septum.
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Despite the low yields in the synthesis of the iso-PDA 2.47, enough material was
obtained so that the synthesis of radialene 2.48 could be attempted (Scheme 2-20). After
selective removal of the TES groups of 2.47, the deprotected oligomer was transferred to
a THF/i-Pr,NH solution of dibromoolefin 2.24, Pd(PPhs)4, and Cul. The reaction was
heated to 60 °C, stirred for 18 hours, and quenched via the addition of NH4Clg).
Unfortunately, after work-up, none of the desired radialene 2.48 was observed in the

product mixture, by either NMR spectroscopy or mass spectrometry.

1) KOH, THF, MeOH
2) Pd(PPhy),, Cul
i-ProNH, THF, 60 °C

2.24

Scheme 2-20. Attempted synthesis of [4]ER 2.48.

2.3 Conclusion

Several useful building blocks have been successfully prepared. These include a
variety of dibromoolefins (2.24-2.26), TEEs (2.31-2.36) and a vinyl triflates (2.37). In
addition, several differently substituted aryl triazenes (2.14a—c, 2.20a-b, 2.21) were
prepared with the goal of using these pieces to assemble larger oligomers and ultimately
radialenes.

Unfortunately, the side reaction involving a coarctate or pseudocoarctate
cyclization of the triazene moiety onto the ortho-acetylene moiety proved to be
surprisingly difficult to circumvent, preventing formation of the desired cross-coupled

products. Nevertheless, building blocks such as 2.14a—c, 2.20a-b, and 2.21 can be
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viewed as valuable and useful synthons in the synthesis of other acetylene rich structures,
and these aspects will be discussed in Chapter 3.

In view of the difficulties encountered in the attempted coupling of aryl triazenes
to vinyl acetate 2.38, an alternate approach toward radialene formation was investigated
using the 2-HP protected TEE 2.33. This seemed a promising approach, since TEE 2.33
could undergo successful a Sonogashira cross-coupling reaction with vinyl triflate 2.38,
albeit in low yield. All attempts toward optimization of this reaction, however, led only to
minor improvements in yield. The small amount of iso-PDA 2.47 that was obtained was
used in an attempt to prepare radialene 2.48, however, the reaction was unsuccessful.

The lack of any observed radialene product, combined with the difficulty in
preparation of the required precursor, prevented efforts to move forward with the

synthesis. With few alternatives available, this approach was abandoned.
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Chapter 3 - Model Compounds of 6,6,12-Graphyne Based on

Radiaannulenes

3.1 Introduction

To date, the majority of research towards the synthesis of graphyne model
compounds has been focused on 6,6,6-graphyne. One of the most common scaffolds
employed to investigate this form of graphyne is that of dehydrobenzannulenes. Looking
at the larger structure 12,12,12-graphyne, as previously discussed in Chapter 2, one of the
simplest model compounds is based on the expanded radialene framework. Intermediate
between 6,6,6-graphyne and 12,12,12-graphyne is 6,6,12-graphyne (Figure 3-1). This
particular form of graphyne is one of the least studied, both theoretically and
experimentally. It contains a ratio of 5:4 sp:sp” hybridized carbon, consisting of
acetylenes, olefins, and aromatic rings." An interesting feature of this particular form of
graphyne is that it does not adopt the hexagonal lattice found in graphene or 12,12,12-
graphyne, but it is instead arranged with orthorhombic symmetry. A recent theoretical
investigation has revealed that, despite the lack of hexagonal symmetry, 6,6,12-graphyne
shows two unique Dirac points.” This is significant as the hexagonal symmetry and
honeycomb lattice of graphene had been thought to be critical for the formation of Dirac
points. Examining the structure of this form of graphyne, one of the core repeat units can
be described as a hybrid structure between a dehydrobenzannulene and an expanded

radialene, the structure known as a radiaannulene.
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Figure 3-1. Structure of 6,6,12-graphyne and its corresponding model compound 3.1

based on a radiaannulene.

A variety of different radiaannulenes have been reported in the literature, but
there are far fewer examples when compared with dehydrobenzannulenes (Figure 3-2).
Diederich and coworkers have prepared donor/acceptor substituted radiaannulenes 3.2a
and 3.2b as small band-gap materials that show evidence of proaromaticity.” Zhao and
coworkers have used the radiaannulene framework as a means of extending conjugation
in the synthesis of tetrathiafulvalene (TTF) derivatives such as 3.3a and 3.3b.* Nielsen
and coworkers have also recently incorporated TTF moieties into the radiaannulene
framework, via the synthesis of 3.4.° The Tykwinski group has been interested in
radiaannulenes, with the phenyl substituted radiaannulene 3.5a and fluorenyl substituted
3.5b prepared by former group member Dr. Mojtaba Gholami.® Most recently, Mazaki
and coworkers have prepared the cyano-substituted radiaannulene 3.6, which was

determined to be a strong electron accepting molecule.’
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3.3a,R=H
3-3b, R= OC10H21

Figure 3-2. Examples of known radiaannulenes prepared by Diederich (3.2a—b), Zhao

(3.3a-b), Nielsen (3.4), Tykwinski (3.5a—b), and Mazki (3.6).

Considering radiaannulene 3.1 as the primary model compound of 6,6,12-
graphyne, it should be possible to prepare a series of oligomers based on this
radiaannulene core in order to explore the potential properties of 6,6,12-graphyne (Figure
3-3). This hypothesis has been explored, using methodology previously established in the

Tykwinski group as well as many of the building blocks described in Chapter 2.
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3.7a

Figure 3-3. Oligomeric series of mono-, di-, and tri-radiaannulenes 3.7a—c¢ as model

compounds of 6,6,12-graphyne.

3.2  Synthesis of Radiaannulenes Using a One-pot Approach

The initial approach taken for 3.7a was a “one-pot” procedure that had been
previously developed within the Tykwinski group for the synthesis of 3.5 (Scheme 3-
1).6’8 A solution of TEE 2.31 dissolved in THF and MeOH was treated with K,CO; for
two hours. After aqueous work-up, the solution of the deprotected TEE was reduced to
ca. 5 mL and care was taken to keep the product in solution to avoid decomposition. The
resulting product was then transferred to a flask charged with 1,2-diiodobenzene
dissolved in THF and i-Pr,NH. The solution was purged with argon for several minutes,
and Pd(PPh;)4 and Cul were added. The flask was sealed with a rubber septum and left to
stir at rt for 24 hours. After work-up, isolation of radiaannulene 3.7a using column
chromatography and crystallization was attempted. Although formation of radiaannulene
3.7a was suggested through analysis by matrix assisted laser desorption/ionization

(MALDI) mass spectrometry, which showed a strong signal at m/z (M") 1020.6, the
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desired product could not be isolated from the many side products formed during the

reaction.

™S ™S
N 1) KoCO3, THF, MeOH
2) Pd(PPhg),, Cul
Z X THF, i-ProNH
TIPS TIPS |

2.31 ©i
I

Scheme 3-1. Attempted synthesis of 3.7a using TEE 2.31 and 1,2-diiodobenzene.

As a result, a second approach was explored, this time utilizing TEE 2.32
(Scheme 3-2). It was anticipated that the polar alcohol groups would facilitate separation
of the desired product via column chromatography. A solution of 2.32 in THF was
deprotected using TBAF, and the resulting product solution was reduced and transferred
to a flask charged with 1,2-diiodobenzene dissolved in THF and i-Pr,NH. The solution
was purged with argon prior to the addition of the Pd(PPh;)s and Cul. The flask was
sealed using a rubber septum and the reaction left to stir for 24 hours. After work-up,
purification of 3.8 was attempted using column chromatography. Unfortunately, none of
the desired product 3.8 was obtained. Instead, a large amount of 1,2-diiodobenzene was
recovered, and a significant amount of base-line material was observed by thin layer

chromatography (TLC).
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HO OH
1) TBAF, THF

2) Pd(PPhg),, Cul
THF, i-ProNH

TIPS TIPS I
2.32 (j:
I

Scheme 3-2. Attempted synthesis of 3.8 using TEE 2.32 and 1,2-diiodobenzene.

N\ 7
7/ \

In view of the difficulty encountered when attempting to isolate the
radiaannulene product using a “one-pot” cross-coupling reaction of a TEE and 1,2-
diiodobenzene, an alternative cross-coupling reaction was investigated (Scheme 3-3). In
this case, 1,2-diethynylbenzene was added to a solution of dibromoolefin 2.25 dissolved
in E;N.’ Following an argon purge, Pd(PPhs), and Cul were added to the reaction
mixture. The flask was then sealed under argon using a rubber septum and heated to 50
°C for 24 hours. After work-up, radiaannulene 3.7a was isolated by column
chromatography. The product was further purified by precipitation from CH,Cl,/MeOH
in order to remove impurities that were difficult to separate via column chromatography.
The target radiaannulene 3.7a was isolated as a bright yellow solid in 12% yield. While
the yield of this reaction is low, it allows for the synthesis of the target radiaannulene to
be carried out in a single step from two readily available starting materials. A similar
reaction sequence was repeated using dibromoolefin 2.24, containing TES protected

acetylenes, to yield radiaannulene 3.9 in 15% yield.
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Pd(PPhg)y4, Cul
Solvent, Amine, Temp

Br. Br

7/ \

Z X
R R

R R
2.25, R=TIPS
2.24,R=TES 3.7a, R=TIPS (12%)
via Solvent = —, Amine = Et3N, Temp =50 °C
3.9, R=TES (15%)
via Solvent = THF, Amine = i-Pr,NH, Temp = 60 °C

Scheme 3-3. One-pot syntheses of 3.7a and 3.9 via the cross-coupling reaction of either

dibromoolefin 2.25 or 2.24 with 1,2-diethynylbenzene.

3.3  Synthesis of a Di-Radiaannulene Using a One-pot Approach

With the synthesis of the core radiaannulene complete, attention was then turned
to the synthesis of a di-radiaannulene such as 3.7b. It was supposed that di-radiaannulene
3.7b could be formed via a one-pot reaction of dibromoolefin 2.25 with precursor 3.10
(Scheme 3-4). It was expected that 3.10 could be formed by the four-fold Sonogashira
cross-coupling reaction of tetrabromoethene 3.11 and unsymmetrical diethynylbenzene
3.12. Tetrabromoethene has been shown previously to be a valuable building block in the
synthesis of radiaannulenes and bis-expanded radialenes via a somewhat similar four-fold

. . 8
cross-coupling reaction.
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Scheme 3-4. Retrosynthetic route to di-radiaannulene 3.7b (PG = protecting group).

The key building block required for this synthesis was unsymmetrical
diethynylbenzene 3.12, for which a variety of different synthetic approaches were
available. The initial approach was designed to use aryl triazene 2.14a as a precursor to
2-ethynyl-1-iodobenzene 3.13 (Scheme 3-5). The synthesis began with a Sonogashira
cross-coupling reaction of aryl triazene 2.14a with TMS-acetylene, to yield o-ethynylaryl
triazene 3.14 in a 95% yield. Triazene 3.14 was then added to an argon purged glass
pressure flask. The flask was charged with Mel, sealed, and heated to 140 °C for 18 hours
as per Moore’s protocol.'’ The reaction was allowed to cool to rt, after which time the
remaining Mel was removed under vacuum using a Schlenk line. The crude product was
isolated using column chromatography to yield 3.13 in 65% yield."" Although the
reaction gave an acceptable yield on a small scale (1.4 g of product), scaling this reaction
to larger amounts of product proved difficult and dangerous, and thus an alternative route

to 3.13 was desirable.
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N _=-TMs _Mel, 140 °C
| PdCI2 PPh3 cul e

(95%
2.14a

Scheme 3-5. Synthesis of 3.13 via triazene decomposition with Mel.

In an effort to provide a scalable synthesis of 3.13, a modification of the
Sandmeyer reaction was explored (Scheme 3-6).'* First, a Sonogashira cross-coupling
reaction between o-iodoaniline and TMS-acetylene under standard conditions afforded
3.15a in 98% yield."” Aniline 3.15a was then dissolved in THF, and this mixture was
added drop-wise to a solution of BF;¢Et,O in THF cooled to —20 °C. The reaction was
stirred for 20 minutes, after which a solution of --BuONO in THF was slowly added. The
reaction was allowed to warm to rt over one hour, after which time the diazonium
intermediate 3.15b precipitated by addition of Et,O. The supernatant was carefully
decanted, and the solid was quickly re-dissolved into MeCN. The diazonium solution was
then reacted with EtNI for 30 minutes. Following aqueous work-up, column
chromatography yielded 3.13 in 64% yield. This reaction proved much more scalable
than the previous triazene/Mel decomposition route. It should be noted that although
diazonium BF, salts similar to 3.15b are known to be stable, care should still be taken

when handling these materials.'*

NHz  — s NH.
—_—
( I | PdCly(PPhg),, Cul S
EtsN A
(98%) T™S
3.15a
NH; +BUONO N2"BF 4 E,NI !
MeCN, 0 °C
BF5°Et,O e °
X 352 X o X
A THF, —20 ° A (64%) A
™S ,—20°C ™S ° ™S
3.15a 3.15b 3.13

Scheme 3-6. Synthesis of 3.13 via a modified Sandmeyer reaction of aniline 3.15a.
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With 2-ethynyl-1-iodobenzene 3.13 in hand, the synthesis of an unsymmetrical
diethynylbenzene could be carried out. This was done using the standard Sonogashira
cross-coupling protocol (Scheme 3-7). A solution of 3.13 and TES-acetylene in Et;N was
purged with argon, and PdCl,(PPh;), and Cul were added. The solution was stirred at rt
for 18 hours. Following work-up and column chromatography, 3.16 was obtained in good
yield (97%). Selective removal of the TMS group of 3.16 via a reaction with K,CO; in

THF and MeOH with gave diethynylbenzene 3.17 in 96% yield.

' _=-Tes chos
PACI,(PPha)y, Cul THF MeOH
AN EtgN (96%)
3.17

TMS (97%)
3.13

Scheme 3-7. Synthesis of 3.17 via Sonogashira cross-coupling reaction of 3.13 and TES-

acetylene, followed by selective desilylation.

Diethynylbenzene 3.17 was then cross-coupled with tetrabromoethene 3.11
(Scheme 3-8). A solution of 3.17 and 3.11 in THF and i-Pr,NH was stirred in the
presence of Pd(PPh;), and Cul at 60 °C for 24 hours. After aqueous work-up, column
chromatography allowed for the isolation of 3.18 in 50% yield. While this is a relatively
low yield, it is worth noting that this four-fold cross-coupling reaction has not been
optimized. In addition, the yield corresponded to ca. 84% yield per acetylene coupling. A
four-fold desilylation of 3.18 with TBAF yielded 3.10 as a bright yellow crystalline solid
that could be isolated in 88% yield simply by crystallization from hexanes. The sequence
of four-fold cross-coupling reaction followed by desilylation could also be carried out in

rapid succession without isolation of 3.18. Passing crude 3.18 through a short silica gel
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plug, followed by desilylation and subsequent crystallization of 3.10 allowed for a
slightly improved yield of 48% over the two steps. The increased yield was likely due to

the lack of product loss during the chromatographic separation of 3.18.

= TES Pd(PPhg),, Cul

THF, i-ProNH, 60 °C TBAF

—_—
Br.  Br THF, 0°C —rt
S >=< (88%)
Br Br
3.17 3.11
(50%)

R R
3.18, R=TES

Scheme 3-8. Four-fold Sonogashira cross-coupling reaction of 3.17 with

tetrabromoethene and subsequent desilylation to give 3.10.

An alternate route to 3.18 was also explored in an effort to improve the overall
synthetic yield (Scheme 3-9). TEE 2.31 was exhaustively desilylated with TBAF, and the
resulting product was transferred to a solution of o-iodoaniline, PdCI,(PPhs),, and Cul in
Et;N. The product was purified using column chromatography to give 3.19 in 13% yield.
Due to the poor yield of this reaction, the plan to convert the aniline moieties to iodides,
and subsequent Sonogashira cross-coupling reaction with TES-acetylene to give 3.18 was

abandoned.

1) TBAF, THF
™S

™S R 2) PACl,(PPhg),, Cul
EtgN, rt
_ >
NH,
< L

TIPS TIPS | O
2.31 (13%)

1) +BUONO, BF4-Et,0
THF, —20 °C
2) Et,NI, MeCN, 0 °C

3) PdCI,(PPhs),, Cul
EtN, =—TES

Y/ 2R\

R R
3.18, R=TES

Scheme 3-9. Synthesis of TEE 3.19 and proposed synthesis of 3.18 from TEE 3.19.
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At this point, the synthesis of di-radiaannulene 3.7b could be attempted and this
was carried out via a four-fold Sonogashira reaction between 3.10 and dibromoolefin
2.25. The reaction was stirred at 60 °C for 18 hours, after which time the reaction was
quenched and extracted into Et,O (Scheme 3-10). The crude product was then purified
using column chromatography. Unfortunately, the reaction yielded many side products
and the isolation of the desired di-radiaannulene 3.7b proved challenging.
Chromatography using neutral alumina as the stationary phase proved to be the most
effective. The isolated product, however, still contained impurities after chromatography.
The residue was thus dissolved into a minimal amount of THF, and MeOH was added.
The resulting dark red suspension was cooled to —78 °C and filtered, yielding 3.7b as a

deep red solid in 5% yield.

Pd(PPhg),, Cul
THF, /-Pr,NH, 60 °C

Scheme 3-10. Synthesis of di-radiaannulene 3.7b via a four-fold Sonogashira cross-

coupling reaction.

3.4 Synthesis of Radiaannulenes Using a Stepwise Approach

With the synthesis of di-radiaannulene 3.7b complete, the focus then moved to
the synthesis of the tri-radiaannulene 3.7¢ (Scheme 3-11). Unfortunately, the poor yield

of di-radiaannulene 3.7b using the one-pot approach suggested that moving beyond this
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structure toward tri-radiaannulene 3.7¢ would be ineffective. As such, it was decided to
use a stepwise approach to build up 3.7¢ piece by piece. It was envisioned that 3.7¢ could
be formed by an iterative series of cross-coupling reactions, radiaannulene expansion by
cross-coupling with iodo-ethnylbenzene 3.20, and ring closing onto dibromoolefin 2.25.
This reaction sequence could be repeated in a stepwise fashion starting from
unsymmetrical radiaannulene 3.21. Unsymmetrical radiaannulene 3.21 could then be

formed from radiaannulene precursor 3.22 and dibromoolefin 2.24.
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TIPS TIPS
N_Z PG

PG TES TES

2.24
TES TES 3.20 +

Scheme 3-11. Retrosynthetic route to tri-radiaannulene 3.7¢ via unsymmetrical

radiaannulene 3.21 (PG = protecting group).

It was supposed that the optimal iodo-ethynylbenzene precursor for this reaction
sequence would be 3.23. This was due to the presence of the 2-HP protecting group,

which impart a useful chromatographic handle to aid in the separation of intermediate
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structures. The Sonogashira cross-coupling reaction of 2-methyl-3-butyn-2-ol with 1,2-
diiodobenzene furnished 3.23 in a 79%, and the product could be readily purified using
column chromatography (Scheme 3-12). Compound 3.23 was then reacted with TMS-

acetylene again using a Sonogashira reaction to give 3.24 in a 98% yield."

OH OH
= OH Z
I < = =—-TMS
—_— - _———
Pd(PPhg),, Cul PdCly(PPhg),, Cul
I THF, i-Pr,NH ! EtsN
s

(79%) (98%) ™
3.23 3.24

/  \

Scheme 3-12. Synthesis of iodo-ethynylbenzene 3.23 and diethynylbenzene 3.24.

Unsymmetrical diethynylbenzene 3.24 was then subjected to TBAF at 0 °C for
30 min in order to selectively remove the TMS group. Following work up, the desilylated
intermediate was used with dibromoolefin 2.25 in a Sonogashira cross-coupling reaction
(Scheme 3-13). Purification of the resulting product by column chromatography yielded
3.25 in a 74% yield. It is worth noting that the chromatographic step for this reaction was
particularly efficient as the starting material and impurities were significantly less polar

than the desired product.

OH 1) TBAF, THF, 0 °C
2) Pd(PPhg),, Cul

Z THF, i-Pr,NH
Br Br
X
™S
3.24 /\”/\
TIPS™ L, TIPS

(74%)

Scheme 3-13. Synthesis of compound 3.25.

With the TEE 3.25 in hand, the synthesis of unsymmetrical radiaannulene 3.21
could be attempted following the removal of the 2-HP groups. The removal of the 2-HP

group was achieved via the reaction of 3.25 with KOH (Scheme 3-14),"° and it was
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determined that reaction time was important for the reaction. After several hours little to
no removal of the 2-HP groups was observed. After 24 h significant progress of the
reaction was documented by TLC analysis, although significant amounts of baseline
material were also present. Thus, the reaction was quenched, and column
chromatography afforded the deprotected product 3.22 in a 30% vyield. Several
modifications to these deprotection conditions were attempted, including the use of

different bases and phase transfer agents, but no improvement was achieved.'™

KOH

benzene, A
(30%)

Scheme 3-14. Synthesis of 3.22 via cleavage of 2-HP groups of 3.25.

As a result of the low yield for the removal of the 2-HP groups of 3.25, a
different intermediate containing alternative protecting groups was designed (Scheme 3-
15). Thus, a solution of TEE 2.31 in THF and MeOH was stirred with KOH to remove
the TMS groups. The reaction was quenced via aqueous workup, extracted with Et,O and
reduced to ca. 5 mL. The product solution was transferred to a solution of iodo-
ethynylbenzene 3.13, Pd(PPh;)s, and Cul. Column chromatographic seperation of the
resulting product mixture proved more challenging than that for 3.25, typically yielding
3.26 in yields of ca. 30%. Alternatively, 3.26 was prepared starting from TEE 2.35b.
Conversion of the triazenes of 2.35b to iodides gave 3.27 in excellent yield, and
subsequent Sonogashira cross-coupling reaction with TMS-acetylene afforded 3.26 in a

63% yield. This route, however, could not be readily scaled to produce product amounts
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greater than about 100 mg. In either case, Subsequent desilylation of 3.26 using KOH

afforded 3.22 in a nearly quantitative yield.

TIPS TMS 1) KoCO3, THF, MeOH

2) Pd(PPhg),, Cul
N\ 7 THF, i-PryNH, 50 °C

/ \ |
TIPS TMS \\

2.31 ™S
3.13
(30%)
O e
TIPS y N=N
A Mel =—TMS KOH
— —_—
140 °C Pd(PPhg),, Cul THfé7“%OH
Vi \ (98%) THF, i-Pr,NH, 50 °C
TIPS N=N (63%)
&
2.35b 3.27

3.22

Scheme 3-15. Synthesis of 3.22 via the formation of 3.26 and subsequent selective

desilylation.

Despite low overall yields in the formation of 3.22, the synthesis of
unsymmetrical radiaannulene 3.21 was nevertheless pursued. A solution of 3.22 and
dibromoolefin 2.24 was combined with Pd(PPh;)s and Cul and heated to 60 °C for 24 h
(Scheme 3-16). Following aqueous workup, the product mixture was separated by
column chromatography using neutral alumina, which gave a dark yellow solid. The solid

was then recrystallized from hexanes to yield the desired radiaannulene 3.21 in just a
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44% vyield. The same procedure was repeated using dibromoolefin 2.25 to yield the
symmetrical radiaannulene 3.7a in 39% yield. Radiaannulene 3.7d was occasionally
isolated in low yields during the synthesis of 3.7a, the result of an intramolecular

homocoupling reaction of 3.22.

Pd(PPhy),, Cul
THF, i-ProNH, 60 °C

Br. Br

TIPS

3.21, R = TES (44%) 3.7d (~3%)
3.7a, R = TIPS (39%)

Scheme 3-16. Synthesis of unsymmetrical radiaannulene 3.21, symmetrical

radiaannulene 3.7a, and radiaannulene 3.7d.

With unsymmetrical radiaannulene 3.21 in hand, the synthesis of larger
radiaannulenes was attempted. A solution of 3.21 in THF and MeOH was stirred with
KOH to remove the TES groups (Scheme 3-17). After 2 h the reaction was quenched and
the product was transferred to a solution of 3.13 dissolved in THF and i-Pr,NH. After
purging with argon for 15 min, Pd(PPh;s); and Cul were added and the reaction was
stirred at rt for 24 h. Unfortunately, the reaction yielded a large mixture of products, and

the desired compound 3.28 was isolated in only 9% yield by column chromatography.
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1) KOH, THF, MeOH

2) Pd(PPhg),, Cul
THF, i-Pr,NH

Scheme 3-17. Synthesis of radiaannulene 3.28 from unsymmetrical radiannnulene 3.21.

As a result of the poor yield 3.28, there was insufficient material to continue with
the reaction sequence toward di-radiannulene 3.7b. The observed difficulty in the
coupling of the deprotected analog of radiaannulene 3.21 with iodo-ethynylbenzene 3.13
was disappointing, especially considering the improved yield achieved for formation of
the radialene 3.21. In light of this challenge a new building block was designed that
contained the diethynylbenzene framework already attached to a dibromoolefin, namely
3.29 (Scheme 3-18). The synthesis of 3.29 began by lithiation of 3.17 and subsequent
addition to ethyl formate. Initial reactions used n-BuLi to generate the acetylide
nucleophile, but these attempts failed to generate the desired product 3.30. Fortunately,
switching to a Grignard reagent as the nucleophile proved successful. Thus, compound
3.17 was reacted with MeMgBr for 30 min, after which ethyl formate was added to the
solution. After refluxing for 1 h, the reaction was cooled and quenched via the addition of
aq NH4CI. The crude product could be easily purified using column chromatography to
yield alcohol 3.30 in 56% yield. Alcohol 3.30 was then oxidized to ketone 3.31 in a 92%
yield using PCC. The resulting ketone 3.31 was then converted to dibromoolefin 3.29
using PPh; and CBry and the product isolated in 91% following purification via passing
the reaction mixture through a plug of silica gel. The formation of 3.29 proved to be an

extremely effective process. Despite the low yield of the nucleopilic addition step, 3.29

79



was formed in a 48% yield over three steps, with minimal purification needed over the

course of the synthesis.

1) n-BuLi, THF Q

-78°C
= 2) ethyl formate 2 A PCC
-78°C —rt HO TES celite, 4 A Sieves
TES
CH,Cl,
A 1) MeMgBr, THF AN / (92%)
TES

2) ethyl formate

3.17 rt — reflux
(57%)

3.30
7/ \ 7/ \
TES PPhs, CBr,  BF TES
o TES R, gl TES
\\ // (91%) \\ //
3.31 3.29

Scheme 3-18. The synthesis of 3.29 starting from diethynylbenzene 3.17.

A portion of 3.29 was then converted to 3.32, via reaction with TIPS-acetylene
under Sonogashira cross-coupling reaction conditions (Scheme 3-19). The remaining
portion of 3.29 was set a side to be used as the key component in an iterative

radiaannulene expansion process.
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7/ \
Br . TES =TIPS
Br TES  Pd(PPhy),, Cul
\N / EtzN, 50 °C
(92%)
3.29 3.32

Scheme 3-19. Synthesis of precursor 3.32 from 3.29 via a Sonogashira cross-coupling

reaction.

To begin the formation of the longer oligo-radiaannulenes, the TES groups of
compound 3.32 removed using KOH in THF and MeOH (Scheme 3-20). The reaction
was monitored using TLC and quenched after 6 h. The selective desilylation appeared to
progress slowly based on TLC analysis, with the initial formation of two new products.
Over time, these two spots faded to leave a single product spot (Figure 3-4). Presumably
this is due to the formation of both the mono desilylated product, followed by conversion
to bis-desilylated product. An appreciable amount of baseline material was also observed
on the TLC plate, suggesting possible decomposition. Once the conversion to the bis-
desilylated product was complete, the reaction was quenched via the addition of aq
NH,CI. The resulting product was kept in a solution of THF, and transferred to a solution
of 3.29 in Et;N. Pd(PPh;)4 and Cul were added and the reaction was then heated to 50 °C
for 16 h. Following a standard aqueous work-up, the crude product was purified using
column chromatography on silica gel to yield 3.33 as a bright orange solid in a 40%

yield.
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TES 1) KOH, THF, MeOH

TES  2) Pd(PPhs),, Cul
EtsN, 50 °C
3.29

(40%)

3.32 3.33
Scheme 3-20. Synthesis of radiaannulene 3.33 via the selective desilylation of 3.32 and

subsequent Sonogashira cross-coupling reaction with 3.29.

[ J [ . t1=0h
. ° t2=2h
t3 =4 h
* L4 t4=6h
————— e --@----@-----

Figure 3-4. TLC analysis for the selective desilylation of 3.32 (silica gel, 4:1

HGX/CH2C12).

A portion of 3.33 was then used for the synthesis of di-radiaannulene 3.7b
(Scheme 3-21). The TES groups of compound 3.33 were removed using KOH in THF
and MeOH. The resulting product was kept in a solution of THF, and transferred to a
solution of dibromoolefin 2.25 in Et;N. Pd(PPh;), and Cul were added, and the reaction
was heated to 50 °C for 18 h. Following a standard aqueous workup, the crude product
was purified by column chromatography on neutral alumina to yield 3.7b in 18% yield as

a deep red solid.
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1) KOH
THF, MeOH
e
2) Pd(PPhy),, Cul
EtgN, 50 °C
2.25
(18%)

3.7b

Scheme 3-21. Synthesis of di-radiaannulene 3.7b via the selective desilylation of 3.33

and subsequent Sonogashira cross-coupling reaction with dibromoolefin 2.25.

The remaining portion of compound 3.33 was then carried forward toward the
tri-radiaannulene 3.7¢. The TES groups of compound 3.33 were removed using KOH in
THF and MeOH (Scheme 3-22). The resulting product was kept in a solution of THF and
transferred to a solution of dibromoolefin 3.29 in Et;N. Pd(PPh;), and Cul were added,
and the reaction was heated to 50 °C for 16 h. Following a standard aqueous workup, the
product could be precipitated from THF by the addition of MeOH, but the resulting
bright red suspension would pass through the filter during filtration attempts, regardless
of the quality of the glass frit or filter. As a result, the product was purified by column

chromatography on alumina to yield 3.34 in 19% yield as a fine, bright red solid.

1) KOH, THF, MeOH

2) Pd(PPhg),, Cul
EtsN, 50 °C
3.29

(19%)

3.33

Scheme 3-22. Synthesis of 3.34 via the selective desilylation of 3.33 and subsequent

Sonogashira cross-coupling reaction with 3.29.
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The synthesis of tri-radiaannulene 3.7¢ followed a similar path as that just
described for 3.7b. The TES groups of compound 3.34 were removed using KOH in THF
and MeOH (Scheme 3-23). The resulting product was kept in a solution of THF and
transferred to a solution of dibromoolefin 2.25 in Et;N. Pd(PPh;), and Cul were added,
and the reaction was heated to 50 °C for 16 h. Following aqueous workup, purification of
the crude product by column chromatography was attempted. Unfortunately, the reaction
yielded a significant number of side products, and traditional column chromatography
proved ineffective to separate the target molecule. Isolation of the product containing
fractions after column chromatography gave partial purification of the product 3.7c,
which was isolated as a deep red/brown solid. Preparative TLC gave further purification,
and the product 3.7¢ was then isolated as a bright red/pink solid in ca. 5% yield.
Unfortunately, upon addition of CDCl; for NMR spectroscopic analysis, the product
decomposed from a bright fluorescent orange solution to a dark brown solution. TLC
analysis of the product from CDCl; showed only baseline material. A trace amount of the
purified product, however, was recovered from the preparative TLC plate. High-
resolution MALDI mass spectrometry confirmed to presence of 3.19 in the purified
product (Figure 3-5). The only other signal present in the spectrum matched that of [M +

Na]". To date, the surprising instability of 3.7¢ to CDCl; remains unexplained.

1) KOH, THF, MeOH

2) Pd(PPhg),, Cul
THF, EtsN, 50 °C
2.25

(~5%)

3.34

3.7¢c

Scheme 3-23. Synthesis of tri-radiaannulene 3.7¢ via the selective desilylation of 3.34

and subsequent Sonogashira cross-coupling reaction with 2.25.
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Figure 3-5. High-resolution MALDI mass spectrum of 3.7¢ (M") recovered from

preparative TLC.

3.5 Synthesis of substituted radiaannulenes

In spite of the low yield obtained from the attempted formation of 3.28 from
radiaannulene 3.21 and iodo-ethynylbenzene 3.13 (Scheme 3-17), it was desirable to
explore cross-coupling reactions with other iodoarenes. As such, the derivatization of
3.21 with several different substrates was used to determine the scope of this protocol,
and to build a small library of substituted radiaannulenes that might serve as interesting
molecules for semiconductor applications. Electron donating and withdrawing substrates
were chosen as a means of tuning the HOMO and LUMO energy levels of the
radiaannulenes, properties which are important when preparing devices such as solar
cells.

Selective desilylation of 3.21 with KOH in THF and MeOH (1:1) was complete
after 1 h (Scheme 3-24). The reaction was quenched via the addition of aq NH4Cl, and
the solution of the resulting product was then transferred to a flask containing an aryl-

iodide in a solution of THF and i-Pr,NH. Pd(PPh;), and Cul were added, and the reaction
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was left to stir until starting material was no longer observed by TLC analysis. Aqueous
work-up, followed by purification via column chromatography yielded the products
3.35a-b and 3.35e, while products 3.33c—d could not be isolated. The formation of the
phenyl derivative 3.35a proceeded smoothly in 1 h to yield the product 75% as a bright
orange solid. The nitro-benzene substituted compound 3.33b was also formed cleanly and
isolated in 88% yield as a bright orange solid. The aniline substituted derivative 3.35e
was isolated in 73% yield as a dark orange semi-solid. Unfortunately, the formation of
aryl amine substituted products 3.33¢ and 3.33d was not successful. In both cases, the
reaction produced many products with similar Ry values, and reaction times were

considerably longer when compared to the formation of 3.33a and 3.33b.

1) KOH, THF, MeOH

2) Pd(PPh),, Cul
THF, ProNH

Ar-Il

3.21 3.35a—e

3.35a, Ar = §_® (75%) 3.35¢, Ar = §—©7NMe2 (0%)
3.35b, Ar = i—@Noz (88%) 3.35d, Ar = ‘—@Nn—Hexylz (0%)

3.35e, Ar = ’_Q (73%)

H,N
Scheme 3-24. Synthesis of radiaannulenes 3.33a—e via Sonogashira cross-coupling

reaction with aryl-iodides.

The potential of symmetrical radiaannulene 3.7a to serve as a building block to
substituted radiaannulenes was also explored. Compound 3.7 was dissolved into THF and

cooled to 0 °C (Scheme 3-25). TBAF was added and the reaction solution quickly turned
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from bright yellow to black. TLC analysis suggested that the precursor had been
completely converted to baseline material. Nevertheless, the reaction was quenched via
the addition of aq NH4Cl, and the resulting product solution was transferred to a Et;N
solution of iodobenzene. Pd(PPh;), and Cul were added, and the reaction was left to stir
at rt for 4 h. The reaction was quenched via the addition of NH4Cl,q), and the resulting
product was passed through a short plug of silica gel. The resulting yellow/orange solid
appeared to be a mixture of compounds, and the desired product 3.36 could not be

isolated pure.

1) TBAF, THF, 0 °C

2) Pd(PPhg),, Cul
THF, i-ProNH

Ph-1

3.7a

Scheme 3-25. Attempted synthesis of radialene 3.36.

3.6 Physical properties of radiaannulenes

One consideration that must be taken into account when preparing planar s-
systems is their resulting solubility. All mono-radiaannulenes (3.7a, 3.9, 3.35a and 3.35b)
exhibit good solubility (~10—15 mg/mL) in most common organic solvents, such as Et,0,
CH,Cl,, CHCI;, THF, toluene, and hexanes. The solubility of the larger structures (3.7b,
3.33, and 3.34) in these same solvents, however, begins to diminish with increasing
oligomer length. Di-radiaannulene 3.7b and its precursor 3.33 both show good solubility

in Et,0, CH,Cl,, CHCl;, THF, and toluene (~10-15 mg/mL), while solubility in hexanes
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is somewhat diminished. While data for tri-radiaannulene 3.7¢ is limited due to lack of
material, 3.7¢ appears to have good solubility in CH,Cl, and THF.

All of the radiaannulenes and their precursor compounds are isolated as stable
oils or solids, with the notable exception of 3.7¢, which appears to rapidly decompose
when dissolved into CDCl;. The mono-radiaannulenes (3.7a, 3.9, 3.21, and 3.35a-b)
show good thermal stability, with decomposition temperatures near or above 200 °C.
Differential scanning calorimetry (DSC) analysis (Table 3-1) of mono-radiannulenes
(3.7a, 3.9, 3.21, and 3.35a-b) show exothermic events in the range of 195-266 °C,
consistent with decomposition. Di-radiaannulene 3.7b shows the highest thermal

stability, with an exothermic transition at 285 °C.

Table 3-1. Thermal properties of mono-radiaannulenes.

[a] [b] [b]
Compound M.p DSC (peak onset) DSC (peak)

/°C /°C /°C

3.7a 304-305 254 266
3.9 225-230 232 236
3.21 215 231 234
3.33a 195-200 190 195
3.33b 224-225 221 228
3.7b el 280 285

[a] Uncorrected melting point. [b] Temperature measured under nitrogen.

[c] Insufficient material for analysis.

The electronic absorption spectra of radiaannulenes 3.7a—c, as well as their
corresponding precursor compounds 3.32—-3.34 have been acquired from THF solutions at

room temperature. These results are summarized in Table 3-2, Figure 3-6, and Figure 3-7.
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A common feature in the spectra is the strong, high-energy absorption at ca. 286 nm. The
absorption at ca. 286 nm is notably missing from 3.32, suggesting this transition is likely
due to the radiaannulene framework. In addition, each compound features two lower
energy absorptions that significantly red shift and broaden as the conjugation length of
the molecule increases. For example, the formation of the macrocycle core of 3.7a from
3.32 results in a bathochromic shift in Ay.x of 60 nm. The magnitude of this effect is
diminished, however, as the size of the radiaannulene increases: the bathochromic shift in
Amax for di-radiaannulene 3.7b from 3.33 is 34 nm, and for tri-radiaanulene 3.7¢ from
3.34 this shift is now only 6 nm. The decreasing bathochromic shift in Ap. Vs
conjugation length suggests that at the stage of the tri-radiaannulene 3.7¢, the effective
conjugation length for this series of graphyne model compounds has nearly been reached
(Figure 3-8). The HOMO-LUMO gap for the radiaannulene series (Eg(’pt),16 calculated
from the lowest energy An.x, decreases from the monomer 3.7a (2.76 eV) to dimer 3.7b
(2.46 eV) to trimer 3.7c¢ (2.38 eV). It is worth noting the HOMO-LUMO gap for
radiaannulene 3.7a is significantly lower than that of dehydrobenzannulene 1.64 (E, ™ =
4.20 eV), a model of 6,6,6-graphyne.'” As well, tri-radiaannulene 3.7c¢ (Es™'=2.38 eV)
posses a similar, albeit slightly lower, HOMO-LUMO gap when compared with the tri-

dehydrobenzannulene (1.98, E,* =2.43 eV)."
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Figure 3-6. UV-vis spectra of compounds

3.32-3.34 as measured in THF. (Spectra

normalized by assigning absorption at Ap.x = 1)
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Figure 3-7. UV-vis spectra of compounds 3.7a—c¢ as measured in THF. (Spectra

normalized by assigning absorption at Ap.x = 1)
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Table 3-2. UV-vis spectral data for compounds 3.7a—c and 3.30-3.32 in THF.

Compound Amax/ nm (€ =L mol” cm™) ES eV
3.32" 390 372 238 3.18
3.7a 450 (65 900) 426 (51 800) 282 (82 700) 2.76
3.33 470 (59 300)  450(52300) 286 (87 100) 2.64
3.7p™ 504 485 287 2.46
3.34" 516 494 288 2.40
3.7¢M 522 490 284 2.38

[a] Calculated from the lowest energy Am.x. [b] € value not determined.
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Figure 3-8. Scheme showing increase in A, versus structure for compounds a) 3.32, b)

3.7a, ¢) 3.33, d) 3.7b, e¢) 3.34, and f) 3.7¢, as measured in THF.
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The optical properties of unsymmetrically substituted radiaannulenes 3.21 and
3.35a-b have also been investigated using UV-vis spectroscopy (in THF) and the results
are summarized in Table 3-3 and Figure 3-9. The An.x values for both radiaannulene
3.35a and 3.35b are red shifted relative to the parent radiaannulene 3.21 (17 nm and 21
nm, respectively). The lowest energy Am. of radiaannulene 3.35b (471 nm) is slightly
red-shifted (4 nm) relative to 3.35a, as a result of adding the strong electron withdrawing
nitrophenyl substituents. The A, values for both radiaannulenes 3.35a and 3.35b are
red-shifted relative to the phenyl-substituted radiaannulene 3.5a (54 nm and 58 nm,
respectively) due to the increased conjugation resulting from the ethynyl spacers in 3.35a

and 3.35b.°

Table 3-3. UV-vis spectral data for compounds 3.21, 3.35a, and 3.35b in THF.

Compound Amae/ nm (€ =L mol™ cm™) ES M/ ev
3.21 450 (63 200) 329 (28 900) 282 (82 700) 2.76
3.35a 467(52400)  338(29500) 285 (86 600) 2.66
3.35b 471 (56 900) 344 (54400) 286 (74 600) 2.63

[a] Calculated from the lowest energy Amax.
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Figure 3-9. UV-vis spectra of compounds 3.21, 3.35a, and 3.35b as measured in THF.

Electrochemical analysis of selected radiaannulenes has been carried out in order
to gain additional insight into their electronic properties. The results of this study are
summarized in Table 3-4 and Figure 3-10. Cyclic voltammetry (CV) studies reveal each
of the measured compounds shows an irreversible oxidation, and a least two quasi-
reversible reductions. The smallest radiaannulene 3.7a shows an irreversible oxidation
event at 1.14 V, as well as what appears to be a two-electron reduction at —1.50 V.
Osteryoung square wave voltammetry (OSWV) of radiaannulene 3.7a shows the first
reduction is broader than both the oxidation and second reduction waves, with an
integration approximately double that of the other waves, further supporting a two

electron reduction (Figure 3-11)."
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Table 3-4. Electrochemical properties of compounds 3.7a, 3.7b, 3.33-3.34, and 3.35a-b

in CH,Cl, (vs Fe/Fc' couple).™

Cmpd  Eeat/V  Eewr/ V. Exas/ V. Eo/ VP ES™/ev g ev
3.7a 1501 —1.85 — 1.14 2.65 2.76
3.7b -1.33 -1.57 2.00™ 1.00 2.33 2.46
3.33 ~1.60 ~1.80 - 1.16 2.76 2.64
3.34 ~1.46 -1.63 —2.04™"] 0.98 2.46 2.40
3.35a ~1.46 -1.56 ~1.82] 1.01 2.47 2.66
3.35b -1.36 ~1.54 —2.03"] 1.16 2.51 2.63

[a] Cyclic voltammetry was performed in CH,Cl, solutions containing 0.1 M n-BuyNPFg

as supporting electrolyte at a scan rate of 150 mV/s. The working electrode was a

platinum disc, the counter electrode was a platinum wire, and the reference electrode was

a non-aqueous Ag/AgCl [10 mM] in MeCN. The potential values (E) were calculated

using the following equation (except where otherwise noted): £ = (E,. + Ey,)/2, where E,,

and E,, correspond to the cathodic and anodic peak potentials, respectively. Potentials are

referenced to the ferrocene/ferrocenium (Fc/Fc') couple used as an internal standard. All

potentials represent a one-electron reduction or oxidation event (except where otherwise

noted). E,"*" determined from the separation between the first oxidation and first

reduction potentials. [b] Potentials were estimated as E® = (Ejeax + Eonset)/2. [c] Two-

electron reduction. [d] Calculated from the lowest energy Amax.
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Figure 3-10. CV plots for compounds (a) 3.7a, (b) 3.7b, (c) 3.33, (d) 3.34, (¢) 3.35a, and

(f) 3.35b as measured in CH,Cl, (vs Ag/AgCl).

Di-radiaannulene 3.7b shows an irreversible oxidation step at 1.00 V, two
reversible reductions, and a quasi-reversible third reduction, the first of which occurs at
—1.33 V. It is apparent from the electrochemical data that extending the conjugation from
the mono-radiaannulene 3.7a to the di-radiaannulene 3.7b results in approximately equal

cathodic shift in the oxidation potential (0.14 V) and anodic shift in the first reduction
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potential (0.17 V). Thus, the resulting decrease in HOMO-LUMO gap, by moving from
the monomer 3.7a (E;"*" = 2.65 eV , E, = 2.76 V) to dimer 3.7b (E, ™" =233 eV,
E." = 2.46 €V), can be attributed to an almost equal increase in HOMO energy and
decrease in LUMO energy. Cyclic voltammetry measured for compounds 3.33 and 3.34
is qualitatively similar to that of 3.7a—b. Thus, both 3.33 and 3.34 show an irreversible
oxidation, while compound 3.33 displays two reversible reductions and the next higher
homologue 3.34 displays three reversible or quasi-reversible reductions. Surprisingly, the
ES " calculated for compound 3.33 (2.76 V) is higher than that for radiaannulene 3.7a
(2.65 eV), despite the fact that 3.33 formally has a longer effective conjugation length.
Similarly, £, for compound 3.34 (2.46 eV) is higher than that of di-radiaannulene
3.7b (2.33 eV). In both cases, estimates of E,"" for compounds 3.33-3.34 are higher
than those predicted by UV-vis analysis (3.33, E,™ = 2.64 eV, 3.34, E,”” =2.40 eV).

20

15

Current /uA
o
o v o

il
3]

-10

-15

-20

1.8 0.8 -0.2 -1.2 -2.2
Potential (vs Ag/AgCl) NV

Figure 3-11. OSWYV plot of radiaannulene 3.7a as measured in CH,Cl,.

CV analysis of substituted radiaannulenes 3.35a and 3.35b shows that both
substituted compounds display an irreversible oxidation, and three reversible reductions.
Phenyl substituted 3.35a is markedly easier to oxidize than its electron deficient

counterpart 3.35b (1.01 V vs 1.16 V, respectively). Conversely, the electron withdrawing
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nature of the nitro-phenyl substituents results in a more facile reduction of 3.35b than
3.35a (-1.36 V vs —1.46 V, respectively). Compared to the previously prepared phenyl
substituted radiaannulene 3.5a (E,x = 0.78 V, Eq1 = —1.94 V, Egd“m’ = 2.72 eV),
radiaannulene 3.35a was more difficult to oxidize yet easier to reduce.’ This suggests that
the extended m-conjugation imparted by the acetylene spacer in 3.35a serves to enhance
the electron accepting nature of the macrocycle core.

Notably present in most of the electrochemical studies was the emergence of a
cathodic wave at ca. 0 V vs Ag/AgCl (Figure 3-10). This wave only appears after
completion of the first oxidation cycle of the CV analysis, suggesting the formation of a
new electrochemically active species as a result of oxidation. Zhao has previously
reported similar irreversible oxidation behaviour for 3.3b.* It is speculated that this
oxidative process follows an electrochemical-chemical (EC) mechanism, resulting in a

- 19
possible rearrangement of the macrocycle core.

Single crystals suitable for X-ray crystallographic analysis have been obtained
for radiaannulenes 3.7a, 3.9, 3.7b, 3.35a, and 3.35b by slow evaporation from a solution
of hexanes at room temperature (3.7a and 3.9), by slow evaporation from a solution of
CH,Cl,/hexanes at room temperature (3.7b and 3.35a), or from a CHCIl; solution at 4 °C
(3.35b). Trialkylsilyl substituted radiaannulenes 3.7a and 3.9 both share very similar
structural features (Table 3-5, Table 3-6, Figure 3-12). Bond angles within the
radiaannulene core deviate slightly from the ideal 120° (i.e., for 3.7a, C5-C4-C10 =
117.4(2)°, for 3.9 C5-C4-C10 = 117.5(2)°), as do the outer alkylidene bond angles (i.c.,
for 3.7a, C2-C3—C11 = 116.0(2)°, for 3.9 C2-C3-C11 = 117.2(2)°). Exocyclic acetylene
bonds in 3.7a (Sil-C1-C2 = 174.6(2)°, C1-C2-C3 = 174.7(2)°) are slightly more
distorted than those in 3.9 (Si1-C1-C2 = 176.0(2)°, C1-C2-C3 = 178.3(2)°). The bond

lengths for 3.7a and 3.9, however, are overall comparable and unremarkable. Both
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radiaannulenes 3.7a and 3.9 pack in a slip-stacked fashion, arranging a phenyl ring of one
molecule above the olefin unit of a neighbouring molecule (Figure 3-13). The smaller
triethylsilyl groups present in 3.9 allow for slightly closer m—m interactions between the
two neighbouring radiaannulene molecules (intermolecular C---C, D, = 3.386 A) when
compared to the bulkier triisopropylsilyl groups in 3.7a (D = 3.494 A). Interplanar
distances were calculated from the distance between the least squares plane generated
from the 14 carbons of one radialene macrocycle and that of its nearest non-covalent

neighbour.

3.7a

Figure 3-12. ORTEP representation of X-Ray data for radiaannulenes 3.7a and 3.9
(atoms are represented by Gaussian ellipsoids at the 50% probability level, hydrogen

atoms omitted for clarity).

Figure 3-13. X-ray crystallographic structures of radiaannulenes 3.7a and 3.9 illustrating
solid-state packing (atoms are represented by Gaussian ellipsoids at the 50% probability

level, hydrogen atoms omitted for clarity).
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X-ray crystallography of di-radiaannulene 3.7b reveals a nearly planar structure,
with a slight twist about the terminal olefins of about 1° (Figure 3-14). Bond angles
within the macrocycle are similar to those of 3.7a and 3.9, with the “outer” endocyclic
alkylidene angle C5-C4—C19 = 117.6(2)° and the “central” alkylidene angle C10-C13—
C14 = 117.9(2)°. The “internal” alkynes of 3.7b are slightly distorted, with a noted
bending of a single alkyne unit in each macrocycle (i.e., C4-C19—C18 = 171.3(2)°, C17-
C18-C19 =177.5(2)°). The exocyclic acetylenes exhibit similar bending to those in 3.7a.
The planar nature of the large macrocycle also lends itself to mt—m interactions, which are
apparent from the close packing in the solid state (D = 3.427A), which is just slightly
closer than that observed for 3.7a (D = 3.494 A). The interplanar distance of 3.7b
was calculated from the distance between the least squares plane generated from the
28 carbons of one di-radialene macrocycle and that of its nearest non-covalent

neighbour.
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Figure 3-14. (a) ORTEP representation of X-Ray data for di-radiaannulene 3.7b (b)
Edge-on view illustrating solid-state packing (atoms are represented by Gaussian

ellipsoids at the 50% probability level, hydrogen atoms omitted for clarity).
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Table 3-5. Selected bond angles for radiaannulenes 3.7a, 3.9, 3.7b, 3.35a, and 3.35b (°).

Si1-C1-C2 C4-C5-C6 C20-C21-C22
C6-C7-C8  C1-C2-C3 C4-C10-C9 C21-C22-C25
Cmpd C2-C3-Cl11 C5-C4-C10
C7-C8-C9  Si2-C12-C11 C5-C6-C7 C20-C23-C24
C3-C11-C12 C8-C9-C10 C23-C24-C26
3.7a 116.0(2) 117.42) 120.8(2) 174.6(2) 174.6(2), 178.6(2) -
121.4(2) 174.7(2) 177.8(2), 176.6(2)
169.6(2)
175.2(2)
3.9 117.2(2) 117.5(2) 120.5(2) 176.0(2) 178.2(2), 175.6(2) -
120.6(2) 178.3(2) 178.6(2), 176.6(2)
177.5(2)
177.0(2)
3.7b 115.7(2) 117.6(2)%  121.4(2) 166.8(2) 178.8(2),11 171.3(2)!" -
117.9Q)™  119.9(2) 175.7(2) 174.2(2),1 177.52)™
121.4(2) 173.8(2) 176.5(2),1179.3(2)V
120.9(2)1¥ 174.3(2) 177.92)," 175.8(2)"
3.35a  116.6(1) 117.5(DH  121.3(1) 169.0(1) 177.4(2),1 176.3(2)!" 176.7(2)
117.6(H™  117.7(D®  120.7(1) 176.2(2) 176.6(2),1 179.9(2)™ 178.8(2)
120.5(1) 179.6(1) 176.3(2),11 174.9(2)" 177.3(2)
120.8(1)1¥ 176.2(2) 178.9(2)," 174.8(2)" 176.8(2)
335b 116.5(2) 118.42)"  119.7(2) 169.4(2) 179.1(2),1 179.0(2)!" 174.5(2)
116.62)™  11832)™  120.5(2) 176.0(2) 178.7(2),l 178.6(2)™ 178.5(2)
119.9(2) 173.2(2) 177.8(2),1 177.3(2)¥ 176.0(2)
120.4(2)¥ 174.4(2) 178.8(2)," 179.0(2)" 179.0(2)

[a]C5—-C4—C19. [b]C10-C13-C14. [c]C15-C16—-C17. [d]C16—C17-C18. [e]C4-C5-C6.

[f]C4-C19-C18. [g]C5-C6—C7. [h]C17-C18-C19. [i]C9-C10-C13. [j]C13-C14-C15.

[k]C8—-C9—-C10. [1]C14-C15-C16. [m]C21-C20-C23.
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Table 3-6. Selected bond lengths and interplanar distances for radiaannulenes 3.7a, 3.9,

3.7b, 3.35a, and 3.35b (A).

C1-C2 C5-C6 C21-C22 Ry o=k
D

Cmpd C11-C12 C9-C10 C23-C24 Ro o=k
1.206(3) 1.201(2)

3.7a - 3.494
1.202(2) 1.199(2)
1.206(3) 1.201(3)

3.9 - 3.386!¢

1.204(3) 1.197(3)
1.211(3) 1.192(3), 1.172(3)™

3.7b - 3.4271
1.210(3) 1.201(2),1 1.198(3)
1.209(2) 1.200(2),1 1.203(2)™ 1.198(2)

3.35a 3.362M
1.205(2) 1.206(2),1 1.201(2) 1.203(3)
1.208(3) 1.203(3),1 1.203(3)™ 1.200(3)

3.35b 3.0221
1.203(3) 1.205(3),1 1.201(3) 1.207(4)

[a]C5-C6. [b]C18—C19. [c]C9—C10. [d]C14-C15. [e] Interplanar distances were
calculated from the distance between the least squares plane generated from the 14
carbons of one radialene macrocycle and that of its nearest non-covalent neighbour.
[f] Interplanar distances were calculated from the distance between the least squares
plane generated from the 28 carbons of one di-radialene macrocycle and that of its

nearest non-covalent neighbour.

X-ray crystallography of unsymmterically substituted radiaannulenes 3.35a and
3.35b reveals that both molecules adopt a slight “saddle” shape (Figure 3-15). Bond
lengths and angles of radiaannulenes 3.35a and 3.35b are comparable and similar to those
of radiaannulenes 3.7a and 3.9. Compound 3.35a packs in a similar fashion to that of
3.7a and 3.9, placing the electron-deficient olefin of one molecule above a macrocyclic

phenyl ring of a neighbouring molecule. This places in the bulky triisopropylsilyl groups
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of one molecule directly adjacent to the exocyclic phenyl rings of a neighbouring
molecule, which forces the phenyl rings out of the radiaannulene plane. Compound
3.35b, however, packs in a different fashion than the previous radiaannulenes. The
phenyl rings of the radiaannulene macrocycle in 3.35b sit above the electron-withdrawing
nitrophenyl groups of a neighbouring molecule, resulting in a closely packed dimer, with
the smallest interplanar distance of all the measured radiaanuelenes (D = 3.022 A).
Interplanar distances were calculated from the distance between the least squares
plane generated from the 14 carbons of one radialene macrocycle and that of its

nearest non-covalent neighbour.

Figure 3-15. (a) ORTEP representation of X-Ray data for radiaannulene 3.35a and 3.35b
(b) Edge-on view for 3.35a and 3.35b illustrating solid-state packing (atoms are
represented by Gaussian ellipsoids at the 50% probability level, hydrogen atoms and co-

crystallized solvent molecules omitted for clarity).
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3.7 Conclusion

A series of functionalized radiaannulenes has been successfully prepared,
including phenyl substituted radiannnulene 3.35a, nitro-phenyl substituted radiaannulene
3.35b, and aniline substituted radiaannulene 3.35e. In addition, an oligmeric series of
radiaannulenes 3.7a—c has been prepared in an attempt to model some potential
properties of 6,6,12-graphyne. Several synthetic routes have been explored, using a
variety of different building blocks. The most promising of these routes involves the use
of building block 3.29. This molecule possesses both the dibromoolefin moiety required
to close the radiaannulene macrocycle, as well as the extended 1,2-diethynylaryl skeleton
needed to extend the series. Molecule 3.29 allows for the stepwise synthesis of the target
mono-radiaannulene 3.7a, di-radiaannulene 3.7b, and tri-radiaannulene 3.7c.
Unfortunately, the stability of tri-radiaannulene 3.7¢ has yet to be established; this
molecule decomposed prior to complete characterization when dissolved in CDCl;.
Sufficient material was recovered, however, to allow for investigation into its electronic
properties via UV-vis spectroscopy. Based on the results of the UV-vis study, it appears
that the effective conjugation length for the series of 3.7a—3.7¢ has nearly been reached at
the stage of the tri-radiaannulene 3.7¢, with an E,*™ = 2.38 V. Further optimization of
the synthetic procedure should allow for the extension of this protocol beyond tri-
radiaannulene 3.7c. Regardless, this band gap appears to be sufficiently larger than that
predicted for models of 6,6,12-graphyne, which is expected to posses a Dirac point and
be a zero band-gap semiconductor.” Thus, an alternative structure may be needed to more

effectively explore the potential properties of 6,6,12-graphyne.
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Chapter 4 — Electrochemical Investigations of Functionalized

Pentacenes and Pentacene Oligomers '

4.1 Introduction

Over the course of my PhD studies, I became interested in the electronic
properties of the conjugated materials prepared in the Tykwinski group. I took particular
interest in the electrochemical properties of the molecules being synthesized within the
group, as electrochemical analysis of conjugated molecules such as acenes provides
insight into the HOMO and LUMO energy these molecules. This knowledge is quite
significant since an understanding of the HOMO and LUMO energy levels is important
for the incorporation of molecules such as acenes into devices. My interest in the
electrochemistry of such molecules led to the collaboration with my colleague, Dr. Dan
Lehnherr, who focused on the synthesis of conjugated pentacenes. This collaboration led
to the electrochemical analysis of several series of conjugated pentacene monomers and
oligomers. As part of this study, I worked toward the synthesis of a series of several
thienyl substituted pentacenes that might be used for electrochemical pentacene polymer
formation.

This chapter will describe five sub-projects focused on the electrochemical

properties of substituted pentacenes; 1) The synthesis and electrochemistry of polarized

" Portions of this chapter have been published. (a) Lehnherr, D.; Murray, A. H.;
MacDonald, R.; Ferguson, M. J.; Tykwinski, R. R. Chem. Eur. J. 2009, 15,
12580—-12584. (b) Lehnherr, D.; Murray, A. H.; MacDonald, R.; Tykwinski, R. R.

Angew. Chem. Int. Ed. 2010, 49, 6190-6194.
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pentacenes, 2) The electrochemistry of pentacene/polycyclic aromatic hydrocarbon
(PAH) dyads, 3) The electrochemistry of conjugated pentacene oligomers, 4) The
synthesis and electrochemistry of conjugated pentacene dimers linked by m-spacers, and

5) The attempted polymerization of thienyl substituted pentacenes.

4.1.1 Introduction to Pentacene

There is a vast array of organic molecules that are of use as semiconductors, and
pentacene 4.1 has garnered a great deal of attention over the past 10 years. Chemists,
physicists and engineers alike have studied pentacene and its derivatives in an effort to
develop new organic semiconductors.'? First prepared by Clar in 1929, pentacene can be
synthesized by reductive aromatization of 6,13-pentacenequinone 4.2, which can be
obtained from a four-fold aldol condensation of 1,2-phthaldehyde 4.3 with 1,4-

cyclohexanedione 4.4 (Scheme 4-1).>7

O
NaOH
@i; ¢ e OO0
o
4.2

_ ALHgCl,
O‘O = 0000e
4.1
Scheme 4-1. Synthesis of pentacene 4.1.
Pristine pentacene possesses a UV-vis absorption Ap, = 576 nm in benzene, and

an electrochemically determined HOMO-LUMO gap (E;™"™) of 2.09 eV.%” This

corresponds to a first reduction potential (E,q;) of —1.87 V and first oxidation potential
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(Eox1) of 0.22 V vs the ferrocene/ferrocenium couple in o-dichlorobenzene (o-DCB).” A
promising material, pentacene has a number of limitations in regards to its application in
semiconductor devices, notably poor solubility and low kinetic stability.

One way that the issue of solubility and stability of pentacene has been addressed
is by synthetic functionalization, which also is a means of tuning the optical and
electronic properties of the molecule. The most influential functionalized pentacenes
were arguably  6,13-bis(silylethynyl)pentacenes (4.5-4.11), such as 6,13-
bis(triisopropylsilylethynyl)pentacene 4.10, discovered by Anthony and coworkers
(Scheme 4-2).° Pentacene 4.10 is a stable solid and readily soluble in most common
organic solvents, which has allowed for easier processing, such as purification and

solution deposition of thin films.

o 1) R———MgBr
AT oo
2) 10% HCI satd with Pz
O

SnC|2°2H20
rt—60°C | |

4.2
R

45 R=Me (20%)
4.6, R=tBu (98%)
4.7, R=SiMe, (82%)
4.8, R=SiEt, (94%)
4.9, R=SitBuMe, (87%)
4.10, R = Si/-Prg (98%)
4.11, R = SiPhg (15%)

Scheme 4-2. Synthesis of 6,13-bis(ethynyl)pentacenes by Anthony and coworkers (4.5—

4.11).

As a means of improving the properties of functionalized pentacenes,
incorporation of the pentacene chromophore into oligomers and polymers is a logical
progression. The solid-state morphology of pentacene is known to be important for

device performance, and thus the ability to form processable polymer films could aid in
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device fabrication. There have been, however, a limited number of pentacene oligomers
and polymers reported in the literature.” Tokito and coworkers reported the first
pentacene polymers in 2001 (Scheme 4-3)."° Yamamoto coupling of dibromo compounds
4.12 and 4.13 resulted in random copolymers 4.14 and 4.15, depending on the ratio of

monomers used.

(from 1 mol% 4.12)
(from 10 mol% 4.12)

4.1
4.1

a s

Scheme 4-3. Synthesis of pentacene-fluorene copolymers 4.14 and 4.15.

Thin films of polymer 4.15 posses an UV-vis absorption Ay.x of 623 nm and
emission Amax em at 625 nm (excitation wavelength, Aex. = 365 nm). Polymer light emitting
diodes (PLEDs) constructed using 4.15 (indium tin oxide
(ITO)/polyethylenedioxythiophene (PEDOT)/4.15/Ca/Al) showed an operating voltage
which was higher than that of the polyfluorene homopolymer, and that PLEDs of 4.15
had an insufficient half-life for practical applications.

Pentacene polymers 4.16—4.17 were prepared by Bao and coworkers in 2007, and
they synthesized polymer 4.18 in 2008 (Scheme 4-4)."" Pentacene 4.19 (a mixture of 2,9-
dibromo and 2,10-dibromo isomers) underwent a Sonogashira cross-coupling reaction
with 1,4-diethynylbenzenes 4.20—4.21 to yield copolymers 4.16 and 4.17. Pentacene 4.19

was also used in a Suzuki cross-coupling reaction with fluroene-boronic ester 4.22 to give
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copolymer 4.18.

TIPS

Br. N 9
Br
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TIPS

RO

OR
4.20-4.21

i-ProNH, PhMe

(mixture of 2,9- e.\nd 2,10- isomers)

TIPS

Br N 9
Br
= 10

TIPS

(mixture of 2,9- e.md 2,10- isomers)

1) Pd(PPhg),, Aliquat 336
aq 2M K,CO3, PhMe, 80-85 °C

Czsﬂ BZ>

CgHi7” "CgHiz
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PdCl,(PhCN),, Cul, P(t-Bu),

SN

Q
(0

o
200
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R
R

4.1

6,
4.17,

TIPS
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Scheme 4-4. Synthesis of pentacene copolymers 4.16—4.18.

UV-vis spectroscopy of polymers 4.16-4.18 in 0-DCB reveals absorption A at
ca. 670 nm, while absorption A, of thin films show almost no red-shift, suggesting poor

electronic communication between polymer chains in the solid state.
analysis of polymers 4.16-4.18 (Table 4-1) reveals that E..q; varied from —1.37 to —1.42

V for each polymer, while E; varied from 0.24 to 0.32 V.
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Table 4-1. Electrochemical properties of pentacene copolymers 4.16-4.18.1%!

Compound Eoxt O™ Erear ™™ Erean ™™ Egd“tm
IV IV IV /eV
4.16 0.32 -1.37 —-1.80 1.69
4.17 0.28 -1.42 -1.82 1.70
4.18 0.24 -1.40 -1.89 1.64

[a] Potentials measured versus ferrocene/ferrocenium (Fc/Fc) couple in o-DCB

containing 0.05 M n-BusNPFg as supporting electrolyte.

With the development of efficient functionalization methods for pentacene, it
becomes possible to prepare an array of substituted pentacenes to be studied as possible
candidates for use as optical and electronic materials. In addition, functionalization of
pentacene could be used to prepare conjugated pentacene oligomers and polymers, an
area of research that is still relatively unexplored. Analysis of the electrochemical
properties of conjugated pentacene molecules offers vital insight into the HOMO and
LUMO energy levels, an important attribute for developing acene molecules for use in

organic devices.

4.2 Synthesis and Electrochemical Properties of Polarized

Pentacenes

The first series of target molecules were unsymmetrically substituted pentacenes
(4.23a-i) containing a conjugated aryl substituent. The goal was to examine the influence
of the conjugated aryl substituent on the HOMO and LUMO levels of the pentacene
molecules, using electrochemical analysis. Pentacenes 4.23a—i molecules were prepared

by, Dr. Dan Lehnherr.'” The synthesis began by slow addition of the Li-acetylide of
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TIPS-acetylene to a slurry of 6,13-pentacenequinone 4.2 in THF at —78 °C, which yielded
ketone 4.20 in 89% yield (Scheme 4-5). To a solution of ketone 4.20 was added an
acetylide nucleophile (generated using HexLi, LDA, or i-PrMgCl) to yield diols 4.25a—i
in moderate to excellent yield (54-100%). Diols 4.25a—i then underwent reductive
aromatization in the presence of SnCl,*2H,0 to afford unsymmetrical pentacenes 4.23a—i
in good yields (81-94%).

Toward development of a polymerizable pentacene derivative, I adapted the
basic procedure from Dr. Lehnherr to provide unsymmetric pentacene 4.23j directly from
6,13-pentacenequinone 4.2 without isolation of the ketone intermediate. Thus, addition of
TIPS-acetylide to 4.2 followed by lithiated 3-ethynylthiophene afforded diol 4.25j in
91% yield (Scheme 4-6). Diol 4.25j then underwent reductive aromatization to yield

pentacene 4.23j in 90% yield.
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H—— < :)—R
THF, -78 °C

Base

Base = HexLi
LDA

Li—=—TIPS

SoN=
O THF, —78 °C =
4.2

(89%) TIPS

i-PrMgCI

(]

4.24 4.25a, R =O0CgHy; (88%, via HexLi)
4.25b, R = OCH3 (84%, via HexLi)
4.25¢, R =O0Sit-BuMe, (89%, via HexLi)
4.25d, R =CHjz (92%, via HexLi)
4.25e, R=H (88%, via HexLi)
4.25f, R=Br (100%, via LDA)
4.25g, R = C=C-Sii-Pr3 (95%, via HexLi)
4.25h, R=F (89%, via HexLi)
4.25i, R =CF; (54%, via i-PrMgCl)

0 SnCly+2H,0

THF

AN

TIPS— \:/\R

4.23a, R = OCgHy, (92%)
4.23b, R = OCH, (87%)

4.23c, R = OSit-BuMe, (84%)
4.23d, R = CHj (94%)

4.23e, R=H (91%)

4.23f, R =Br (94%)

4.23g, R =C=C-Sii-Pr; (94%)
4.23h, R=F (91%)

4.23i, R =CF; (81%)

Scheme 4-5. Synthesis of unsymmetrically substituted pentacenes 4.23a—i.

Q 1) Li—=——TIPS

THF, —78 °C SNCly+2H,0 s
o) o — N\ = 7

. s THF TIPS N

=3 s

W, o O

42 4.25] 4.23)

Scheme 4-6. Synthesis of unsymmetrically substituted pentacene 4.23j.

The synthesis of pentacenes incorporating strong electron donating or
withdrawing groups, 4.23k—m, was carried out via Sonogashira cross-coupling reaction.
This was due to the difficulty in the synthesis of these molecules using nucleophilic

addition. The synthesis began with the formation of di-methoxy pentacene 4.26a
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(Scheme 4-7). Stepwise addition of TIPS-acetylide and TMS-acetylide to 6,13-
pentacenequinone 4.2 followed by trapping the resulting alkoxide with iodomethane
afforded 4.26a in 69% yield. Removal of the TMS groups of 4.26a with K,COs in
THF/MeOH and subsequent Sonogashira cross-coupling reaction of the resulting
terminal acetylene with an aryl iodide, and final reductive aromatization yielded

pentacenes 4.23k—m in low to moderate yields (19—61%).

1) K,CO3, THF, MeOH

1) Li—==—TIPS 2) Pd(PPhg),, CuCl
THF, -78 °C THF, i-ProNH, I—R
-
2) Li———TMS 3) SnCl,+2H,0
3) Mel THF, 10% H,SO4

(69%)

(@]

Y

s CIIC
(o]

Scheme 4-7. Synthesis of unsymmetrically substituted pentacenes 4.23k—m.

Using a similar procedure, I was able to construct 2-thienyl substituted pentacene

4.23n in 18% yield (Scheme 4-8). While the yield of 4.23n was low, this procedure

remains unoptimized.

1) Pd(PPhs),, Cul

THF, Et3N
™S e I
KoCO3 \
—_— = =
THF, MeOH 2) SnCl,*2H,0

(85%) THF, 10% H,SO,4

(18%)

Scheme 4-8. Synthesis of unsymmetrically substituted pentacene 4.23n.
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Substituted pentacene 4.27a was prepared utilizing a stepwise nucleophilic
addition of lithiated ethynylarenes to pentacenequinone 4.2 (Scheme 4-9). Addition of the
lithium acetylide formed from 1-n-octyloxy-4-ethynylbenzene to 4.2 afforded ketone
4.28 in 60% yield. Subsequent addition of the lithium acetylide of I1-ethynyl-4-
fluorobenzene to 4.28 led to the formation of diol 4.29 in 61% yield. Reductive
aromatiztion of 4.29 yielded 4.27a in 82% yield. Alternatively, bis-aryl substituted
pentacene 4.27b was prepared in a 62% yield using a sequence of Sonogashira cross-
coupling reaction and reductive aromatization starting from di-methoxy pentacene 4.30.

Compounds 4.27a—b were prepared by Dr. Dan Lehnherr.'*

(0]

OCgH47
O Li%@—F
=
OH

THF, -78 °C
(61%)

THF, -78 °C
(60%)

=)0
4.2

4.28

SnCl,*2H,0
S/

THF _
(82%)

o
$
£
N
Il
2000e
=

=\ OCsH

:h
N
N
o

1) Pd(PPhg)4, CuCl
THF, i-Pr,NH

H IONmHexylg

2) SnClp+2H,0, THF
(62%)

= \ / Nn-Hexyl,

20

OzN/\:

X

:l}
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N
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Scheme 4-9. Synthesis of polarized pentacenes 4.27a and 4.27b.
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The electrochemical properties of pentacenes 4.23a-n and 4.27a-b have been
investigated using cyclic voltammetry (CV, Table 4-2, Figure 4-1, Figure 4-2, Figure 4-
3). Nearly all of the pentacenes exhibit three reversible or quasi-reversible
electrochemical events; two reductions and one oxidation. There are several exceptions to
this general trend. Pentacene 4.23j exhibits two oxidations, the second of which is
irreversible, corresponding to the thiophene moiety."> N,N-Dialkylaniline substituted
pentacenes 4.23k-1 also exhibit two irreversible oxidations, typical of aromatic amines."*
Pentacenes 4.23¢ and 4.23m exhibit three reversible or quasi-reversible reductions. It is
also worth noting the presence in some CV the appearance of a small oxidation wave (ca.
—0.40 to —0.70 V vs Ag/AgNQOs;, Figure 4-1) after initial reductions. This oxidation is
likely the result of an electrochemistry / chemistry (EC) process, in which advantitious
water reacts with the generated radical anion and dianion of pentacene to generate a
partially protonated product.'” Advantitious water proves problematic for 4.23n, for
which an aqueous reference electrode has been used, and failed to generate meaningful

analysis.
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Table 4-2. Electrochemical properties (vs Fc/Fc™ couple) and optical band gap of

pentacenes 4.10, 4.23a-n, and 4.27a-b.

electro [a] opt [f]
on 1 [e] Ercdl [e] Ercdz[a] Eg Eg
Compound ) ) ) (PhH/MeCN) (CH,Cl,)
v v v
/ eV / eV
R =
4.10 fries 045  -145 -193 1.90 1.84
4.23a §—@OCBHW 034 146 —1.93 1.80 178
4.23b §—@00H3 035  —146 -1.92 1.81 1.78
21.92
a23c |4 )-osemwe, 036 147 e 1.83 1.79
4.23d }—@cm 037  —144 -191 1.81 1.80
4.23¢ }—@H 039  —144 -1.90 1.83 1.81
4.23f F@a 041 S143  —1.87 1.84 1.80
4.23g }—©%T|PS 041 142 184 1.83 1.78
4.23h }—@F 040  —143 —1.88 1.83 1.81
4.23i k@ca 043  -142 -1.83 1.85 1.79
034
423 f—@ T L 1.76 1.76
0.18!°
4.23k @NMez gy 14T 193 1.65 1.68
0.16
4.231 }—@Nn—Hexwz T A 1.63 1.66
~1.46
4.23m }—@NOZ 044 133 1.77 1.72
S
4.23n" Hj . . . . 1.76
4.27a see Scheme 4-8 031  -143 -1.90 1.74 1.76
0.18
427b  see Scheme 4-8 s 134 148 1.52 1.49

[a] Cyclic voltammetry was performed in benzene/MeCN (3:1 v/v) solutions containing
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0.1 M n-BusNPF¢ as supporting electrolyte at a scan rate of 150 mV/s. The working
electrode was a platinum disc, the counter electrode was a platinum wire, and the
reference electrode was a non-aqueous Ag/AgNO; [10 mM] in MeCN. The potential
values (F) were calculated using the following equation (except where otherwise noted):
E = (Ey + Ey)/2, where E, and E,, correspond to the cathodic and anodic peak
potentials, respectively. Potentials are referenced to the ferrocene/ferrocenium (Fc/Fc)
couple used as an internal standard. E,"" determined from the separation between the
first oxidation and first reduction potentials. [b] The reference electrode was aqueous
Ag/AgCl/NaCl [3M]. [c] This oxidation potential was estimated by reporting the £, of
the oxidation wave. [d] Eox. [€] Ereas. [f] The wavelength used as the absorption edge for
determining HOMO-LUMO energy gap corresponds to the lowest energy absorption that

has molar absorption coefficient £= 1000 L mol™” cm™.

Electron-donating groups (arylether and thienyl) appended to pentacene result in
a slightly easier oxidation process, demonstrated by the lowering of oxidation potentials
(i.e., raising HOMO energy) to E.; = 0.34-0.36 V for 4.23j and 4.23a—c, when
compared to the phenyl derivative 4.23e (E,x; = 0.39 V). N,N-Alkylaniline derivatives
4.23k-1 exhibit irreversible oxidations at 0.18 V and 0.16 V respectively, corresponding
to the oxidation of the aniline moiety. Further oxidation of the pentacene chromophore
appears at higher oxidation potentials, Eox; = 0.43 V and 0.41 V, respectively. The
presence of electron-withdrawing substituents (CF3, 4.23i, Ey; = 0.43 V, NO,, 4.23m,
Eox1 = 0.44 V) results in more difficult oxidation processes when compared to the phenyl
derivative 4.23e. These electron-withdrawing groups, however, facilitate the reduction
process, with nitrophenyl substituted 4.23m (E..q; = —1.33 V) being considerably easier to
reduce than 4.23e (E..q; = —1.44 V), indicative of a lower LUMO energy.

The overall trend in electrochemical HOMO-LUMO gap (E, ") is consistent
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with that determined using UV-vis absorption measurements (Eg(’pt).12 Most of the
substituted pentacenes show E,"°" in a narrow range (1.80—1.84 eV), while that of the 3-
thiophene substituted pentacene 4.23j (E, " = 1.76 eV) and nitrophenyl substituted
pentacene 4.23m (E, "™ = 1.77 eV) are slightly lower. N,N-Alkylaniline derivatives
4.23k-1 posses markedly lower band gaps, the result of raised HOMO energies localized
on the N,N-dialkylaniline groups. Lastly, the donor / acceptor substituted pentacene 4.27b
show a narrowed band gap (1.52 eV) when compared to mono-substituted electron-
donating or electron-withdrawing derivatives 4.231 and 4.23m. It is also worth noting that
many of these molecular pentacenes posses similar, and in some cases narrower, £,
compared to polymeric pentacenes 4.16-4.18 (E, "™ = 1.64-1.70 eV)'', suggesting that

functionalization in the 6- and 13-positions of pentacene more effectively tunes the band-

gap than that in the 2,9- or 2,10-positions.
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Figure 4-1. CV plots of pentacenes (a) 4.10, (b) 4.23a, (c), 4.23b, (d), 4.23c, (e) 4.23d,

() 4.23e, (g) 4.23f, and (h) 4.23g as measured in 3:1 benzene/MeCN (vs Ag/Ag").
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(f) 4.23m, (g) 4.27a, and (h) 4.27b as measured in 3:1 benzene/MeCN (vs Ag/Ag").
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Figure 4-3. HOMO-LUMO energy levels of polarized pentacenes 4.10, 4.23a—m and

4.27a-b.'

4.3 Synthesis and Electrochemical Properties of

Pentacene/Polycyclic Aromatic Hydrocarbon Dyads

A series of polycyclic aromatic hydrocarbon (PAH) pentacene dyads 4.31a—e
was prepared by Dr. Dan Lehnherr, via acetylide addition to ketone 4.24 (Scheme 4-
10)."* Generation of the appropriate aryl acetylide using HexLi, and subsequent addition
to ketone 4.24 afforded diols 4.32a—e in moderate to excellent yields (41-99%).

Reductive aromatization of diols 4.32a—e in THF yielded pentacene-PAH dyads 4.31a—e

in good yields (83-98%).
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SnCly*2H,0
F TIPS—= = Ar
4.24 4.32a-e 4.31a-¢
a b c d e
432 99% 91% 95% 83% 41%
4.31 83% 90% 86% 98% 83%

Scheme 4-10. Synthesis of pentacene-polycyclic aromatic hydrocarbon dyads 4.31a—e.

The electrochemical properties of pentacenes 4.31a—e has been investigated in
comparision to 4.23e using cyclic voltammetry (CV, Table 4-3, Figure 4-4). There is a
small variation in the oxidation and first reduction potentials of all the pentacene-PAH
dyads as a function of the structure of the aryl group. Both oxidation and reduction
processes, however, are made slightly easier as benzannulation of the aryl substituent is
increased, suggesting that the HOMO energies levels rise while LUMO energies
simultaneously lower (Figure 4-5). Similar to the polarized pentacenes 4.23a—n, E, "
values for pentacene-PAH dyads are in good agreement with their corresponding £,
values. Anthracene substituted pentacene-PAH dyad 4.31e shows the lowest £, (1.71
eV), which is comparable to polymers 4.16 and 4.17 (E,"*"° = 1.69—1.70 V)."' This again

highlights the efficiency in conjugation when substitution occurs at the 6,13-positions of

pentacene, compared to the 2,9- or 2,10-positions.
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Table 4-3. Electrochemical properties (vs Fc/Fc™ couple) and optical band gap of

pentacene-PAH dyads 4.23e and 4.31a—e

electro [a] opt [c]
Ercdl (@l Ercdz[a] Eg Eg
Cmpd / T, (PRHMECN)  (CH,CL)
v v
/ eV / eV
423¢ ) 039  —144  —1.90 1.83 1.81

4.31a 0.38 -1.42 —-1.86 1.80 1.79

4.31b & 039  -142  -1.86 1.81 1.79
4.31c 8¢ 038  -140 -1.83 1.78 1.78
4.31d 08 034  -140  -1.80 1.74 1.74
I
(2
4.31e § ) 033 138 177" 1.71 1.74
)

[a] Cyclic voltammetry was performed in benzene/MeCN (3:1 v/v) solutions containing
0.1 M n-BusNPF¢ as supporting electrolyte at a scan rate of 150 mV/s. The working
electrode was a platinum disc, the counter electrode was a platinum wire, and the
reference electrode was a non-aqueous Ag/AgNO; [10 mM] in MeCN. The potential
values (F) were calculated using the following equation (except where otherwise noted):
E = (Ey + Ey)/2, where E,. and E,, correspond to the cathodic and anodic peak
potentials, respectively. Potentials are referenced to the ferrocene/ferrocenium (Fc/Fc)
couple used as an internal standard. E,"*" determined from the separation between the

first oxidation and first reduction potentials. [b] Scan rate of 200 mV/s. [c] The
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wavelength used as the absorption edge for determining HOMO-LUMO energy gap

corresponds to the lowest energy absorption that has molar absorption coefficient & >

1000 L mol! cm™.
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Figure 4-4. CV plots of pentacenes (a) 4.23e, (b) 4.31a, (c) 4.31b, (d) 4.31c, (e) 4.31d,

and (f) 4.31e as measured in 3:1 benzene:acetonitrile (vs Ag/Ag").

126



-3.00 1

-3.50 1

-4.00 1

Energy (eV)

-4.50 A

-5.00 1

-5.50 -

Figure 4-5. HOMO-LUMO energy levels of pentacene-PAH dyads 4.23e and 4.31a—e.'°

4.4 Electrochemical Properties of Conjugated Pentacene
Oligomers

In light of the narrowing E,**" for the pentacene-PAHs described in Section 4.2,
a series of pentacene oligomers 4.33—4.36, conjugated via butadiyne linkers at the 6,13-
positions, were prepared by Dr. Dan Lehnherr (Figure 4-6). Tri-n-hexylsilyl groups
provided the best solubility over the course of the series, and the series of oligomers with

these terminal groups will thus be the focus discussion.
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Figure 4-6. Structures of conjugated pentacene oligomers 4.33—4.36.

The electrochemical properties of pentacenes 4.33-4.36 have been investigated
using cyclic voltammetry in THF (Table 4-4, Figure 4-7, Figure 4-8) and CH,Cl, (Table
4-5, Figure 4-9). The poor solubility of tetramer 4.36 prevents its electrochemical
analysis. CV of 4.33-4.35 in THF provides better resolution of cathodic signals than
those obtained in CH,Cl,, and thus the initial discussion will focus on the results from
this solvent. The initial oxidation and reduction events for 4.33—4.35 show a strong
dependence on oligomer length. The first oxidation shifts from E,; = 0.54 V for
monomer 4.33 to E, = 0.33 V for trimer 4.35, while the first reduction potentials shift
from E.eq; = —1.49 V for 4.33 to E.q; = —1.13 V for 4.35. This simultaneous increase in

HOMO energy and decrease in LUMO energy results in a significant narrowing of
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ES" from 2.03 eV to 1.46 eV as oligomer length increases.

Table 4-4. Electrochemical properties of conjugated pentacene oligomers 4.33—4.35 in

THF (vs Fc/Fc' couple).”!

Eoxi Eoo Ercai Erear Ereas Eeqs E.eqs E.cq6 Egclcctro
Cmpd /v /V /V /V /V /V /V IV eV

433  0.54 - 149 197 - - - - 2.03
434 039 053 125 146 196 -2.19 - - 1.64
435 0330 - ~1.13  -125 -156 -190 -2.05 -223 146

[a] Cyclic voltammetry was performed in THF solutions containing 0.1 M n-BuyNPFj as
supporting electrolyte at a scan rate of 150 mV/s. The working electrode was a platinum
disc, the counter electrode was a platinum wire, and the reference electrode was a non-
aqueous Ag/AgNO; [10 mM] in MeCN. The potential values (£) were calculated using
the following equation (except where otherwise noted): £ = (E,. + E;,)/2, where E,. and
E,, correspond to the cathodic and anodic peak potentials, respectively. Potentials are
referenced to the ferrocene/ferrocenium (Fc/Fc') couple used as an internal standard.
ES" determined from the separation between the first oxidation and first reduction
potentials. [b] The oxidation potential was estimated by reporting E,, of the oxidation

wave.

There are a total of two one-electron reductions per pentacene unit observed for
each of the oligomers 4.33-4.35. For example, monomer 4.33 shows two reductions,
dimer 4.34 shows four reductions, and trimer 4.35 shows six reductions. This confirms

electronic communication between pentacene moieties within the molecule, as the
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formation of a pentacene radical anion hinders the introduction of a second radical anion
on an adjacent pentacene moiety. It is also worth noting that reduction potential for
adding a second electron to an individual pentacene moiety is similar regardless of
oligomer length, i.e., for monomer 4.33 (Eieqx = —1.97 V), dimer 4.34 (E.q3 = —1.96 V),
and trimer 4.35 (Eeqs = —1.90 V). It should also be noted that CV of trimer 4.35 reveals

an anodic wave (ca. —0.40 V vs Ag/Ag’, see Figure 4-7c), which only appeared after

initial reduction of the molecule.
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Figure 4-7. CV plots of pentacenes (a) 4.33, (b) 4.34, and (c) 4.35 as measured in THF

(vs Ag/Ag)).
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Figure 4-8. HOMO-LUMO energy levels of conjugated pentacenes 4.33-4.35 as

measured in THF.'¢

CV of oligomers 4.33-4.35 in CH,Cl, results in poor resolution of the cathodic
waves. This is highlighted by the three broad reductions of trimer 4.35 (E.q1 =—1.20 V,
E.x=-1.58 V, and E..q3 =-1.92 V Figure 4-9c), when compared with the six individual
reductions observed for 4.35 in THF (Figure 4-7c). It should also be noted the presence
of a small anodic wave (ca. =0.7 to —1.0 V vs Ag/Ag") present after initial reduction,
similar to that observed for polarized pentacene 4.23j."> The anodic waves of 4.33-4.35,
however, are better resolved in CH,Cl, and cathodically shifted versus those in THF. For
example, trimer 4.35 displays three oxidations, with Ey; = 0.14 V in CH,Cl, (versus Eu
= 0.34 V in THF). This results in smaller HOMO-LUMO gaps for the series in CH,Cl,
than those observed in THF (£, = 1.83-1.33 eV in CH,Cl,, vs £, =2.03-1.46 eV

in THF). E, " values for the series in CH,Cl, were in better agreement with the UV-vis
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determined E,™ values (for 4.33-4.35, E,™ = 1.86 eV, 1.57 eV, and 1.39 eV,
respectively). The HOMO-LUMO gap for the conjugated oligomers at the 6,13-positions

of pentacene are significantly lower than those of regio-irregular polymers conjugated at

the 2,9- and 2,10-positions, 4.16-4.18 (E,*™ = 1.64-1.70 V).

Table 4-5. Electrochemical properties of conjugated pentacene oligomers 4.33—4.35 in

CH,Cl, (vs Fc/Fc' couple).™!

Eoxi Ewo  Eos  Eeat Eear Exis B ES
Cmpd /V /V /V /V /V /V /V / eV
4.33 0.34 - - -149  -1.97 - - 1.83
4.34 0.25 0.47 - 126 -142  -190 -2.13 1.51
4359 014 034 056 —1200 —1.580 1920 - 1.33

[a] Cyclic voltammetry was performed in THF solutions containing 0.1 M n-BuyNPFj as
supporting electrolyte at a scan rate of 150 mV/s. The working electrode was a platinum
disc, the counter electrode was a platinum wire, and the reference electrode was a non-
aqueous Ag/AgNO; [10 mM] in MeCN. The potential values (£) were calculated using
the following equation (except where otherwise noted): £ = (E,. + E;,)/2, where E,. and
E,, correspond to the cathodic and anodic peak potentials, respectively. Potentials are
referenced to the ferrocene/ferrocenium (Fc/Fc') couple used as an internal standard.
ES" determined from the separation between the first oxidation and first reduction
potentials. [b] Represents a two-electron event. [c] The oxidation potential was estimated

by reporting E,, of the oxidation wave. [d] Scan rate of 200 mV/s.

132



>
B
=]

o
o
=]

- N W
© © o
w B
S =)

o
n
=]

-
=)

Current /uA
s

Current /uA

n
S
o

'
-
=)

:
n
=}

15 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 1.5 1.0 05 0.0 -0.5 -1.0 -1.5 -2.0 -2.5
Potential /V Potential /V

Current /pA

15 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5
Potential /V

Figure 4-9. CV plots of pentacenes (a) 4.33, (b) 4.34, and (c) 4.35 as measured in CH,Cl,

(vs Ag/Ag)).

4.5 Synthesis and Electrochemical Properties of Conjugated
Dimers of Diethynylpentacene Linked by m-Spacers

While the synthesis of conjugated pentacenes 4.33—-4.36 highlights the efficient
electronic communication between chomorophores when substituted at the 6,13-positions
of pentacene, the resulting poor solubility of the larger structures limits this approach to
moving beyond tetramer 4.36. An alternative approach would be to incorporate m-spacers
between the pentacene units, which could serve as solubilizing groups. The synthesis of a
series of conjugated pentacene dimers 4.37a—j was carried out by a colleague, Dr. Dan
Lehnherr (Scheme 4-11)."* The synthesis began with the Sonogashira cross-coupling
reaction of methylethers 4.26b or 4.38a with the appropriate dihalogenated arene, to yield

the dimers 4.39a—j. It should be noted that 4.39¢ was prepared by an alternative route; the
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addition of lithiated ortho-diethynylbenzene to ketone 4.24. Dimers 4.39a—j were then
reduced to pentacenes 4.37a—j in moderate to good yields (60-91%).

Conjugated pentacene dimers containing thiophene linkers, 4.37k—m, were
prepared using methodology established by Dr. Lehnherr (Scheme 4-12). Sonogashira
cross-coupling reaction of methylether 4.26b with the appropriate diiodothiophene
afforded dimeric 4.39k-—m, which were not isolated but directly reduced to conjugated
pentacenes 4.37k—m in moderate yields (12-75%).

Butadiyne linked phenyl dimer 4.37n was prepared through the use of a Cadiot-
Chodkiewicz reaction (Scheme 4-13) by Dr. Dan Lehnherr. Cross-coupling of 4.38b and
1,2-bis(bromoethynyl)benzene afforded 4.39n in 92% yield. Reductive aromatization of

4.39n gave 4.37n in 87% yield.
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(route to 4.39¢)

HO . o Li
=7 O THF —78 °C

Pd(PPhg),, CuCl Q
THF, i-ProNH OR' R'O
R E i = T =

4.26b, R = Sii-Pry 4.39a-
4.38a, R = Sin-Hexyl;
@, @ o0
O O THF, 10% aq H,SO,
e TN e~

4.37a-j
R= Sii-Prg Sii-Prg Sii-Prg Sin-Hexyls
R= CHg CHg H CHg
Compound = 4.39a (70%) 4.39b (92%) 4.39¢ (19%) 4.39d (74%)
4.37a (91%) 4.37b (90%) 4.37c (60%) 4.37d (91%)
C12H250
' OC12Hazs
= Sin-Hexylz Sm—HexyIa Sii-Prg Sin-Hexyls
R = CHs CHs CHs CHs
Compound = 4.39 (66%) 4.39f (68%) 4.39g (83%) 4.39h (71%)
4.37e (83%) 4.37f (95%) 4.37g (89%) 4.37h (91%)
& TIPSQ]A\TIPS
Sii-Prg Sii-Prg
R'= CH3 CHS
Compound = 4.39i (60%) 4.39j (63%)
4.37i (95%) 4.37j (82%)

Scheme 4-11. Synthesis of conjugated pentacene dimers 4.37a—j.
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Scheme 4-13. Synthesis of conjugated pentacene dimer 4.37n via a Cadiot-Chodkiewicz

reaction.
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The electrochemical properties of pentacenes 4.37a—n have been investigated
using cyclic voltammetry (Table 4-6, Figure 4-10, Figure 4-11, Figure 4-12). The poor
solubility of pentacenes 4.37f and 4.371-m prevented their electrochemical analysis.
Isomeric pentacenes 4.37a—c display similar electrochemical behaviour, with a few
notable differences. Ortho-isomer 4.37¢ shows the lowest oxidation potential (E,x; = 0.26
V), possibly a result of intramolecular mt-stacking of the pentacene moieties as this would
aid in stabilization of the resulting radical cation. An increased electron density on the
pentacene moiety would also account for the cathodic shift in first reduction potential
(0.08 V) of ortho-isomer 4.37¢ when compared to the para-isomer 4.37a. In addition, the
second oxidation and reduction potentials of ortho-isomer 4.37¢ (Eox2 =0.53 V, Ereqp = —
1.95 V) are both higher than para-isomer 4.37a (Ey, = 0.39 V, E.qp = —1.85 V), which
further supports a delocalized radical cation (or anion) across the two pentacene moieties
via an intramolecular m-stacking interaction. Interestingly, meta-isomer 4.37b, which
does not contain a linear conjugation pathway between each pentacene moiety, possesses
a HOMO-LUMO gap (E,"*™ = 1.77 V), analogous to that of pentacene monomer 4.23e
(ES" = 1.83 V).

Benzannulation of the phenylene spacer results in a lowering of the band gap, as
demonstrated by naphthylene-linked dimer 4.37e (£, = 1.63 eV) versus phenylene-
linked dimer 4.37d (E,*"° = 1.72 eV). However, the increase in benzannulation of the
PAH spacer results in a marked decrease in solubility, with anthrylene-linked dimer 4.37f
being insufficiently soluble for electrochemical analysis.

The incorporation of heteroatoms into the m-spacer does not have a significant
impact on the electrochemistry of the dimers. Alkoxy substituted phenylene linked dimer
4.37g exhibited very similar electrochemistry to phenylene linked dimer 4.37a, and
possessed an identical band gap (E, "™ = 1.72 V). It was also noted that the long alkoxy

chains did not result in improved solubility. Dibenzofuranylene linked dimer 4.37h
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electro _

possessed the same band gap as meta-substituted phenylene linked dimer 4.37b (£,

1.77 eV).

Table 4-6. Electrochemical properties (vs Fc/Fc' couple)™ and optical band gap™ of

pentacenes 4.37a—n.

electro opt
onl on2 Eredl EredZ Ered3 Eg Eg

Cmpd n-Spacer End Group
IN /N IV IV IV /eV  /eV
4.37a {—@—i Sii-Prs 029 039 -143 -1.85 - 172 171
4.37b ‘_Q/ Sii-Prs 031 045 -146 -1.63 -192 177 175
4.37c C@ Sii-Prs 026 053 -150 -195 -2.06 176 1.70
4.37d {—@—i Sin-Hexyl; 030 —  —142 -1.70 -2.12 172 171
4.37¢ { . } Sin-Hexyl; 020 031 -143 -1.82 -220 163 1.67
4.37f Y Sin-Hexyl, - @ @ W W pss
C12H250
4.37g }—Q—‘ Sii-Pr; 031 - -141 -179 201 172 159
OC12H2s
4.37h Sin-Hexyl; 030 040 -147 -1.73  -1.93 177 177
O
4.37i O | O Sii-Prs 029 045 -146 201 -2.12 175 171
4.37j Sii-Pr 037 049 -134 154 18 191 164
. P § 3 . . . . 72.11[1] . .
TIPS TIPS
437kl \S ) Sii-Prs 036 074 -138 -191 -2.12 174 1.61
4371 |S/ 7] Sii-Pr, e 4 4 163
S
S
437m b Sii-pr; A9 @@ @ 4 162
O\_/O
X
4.37n Sii-Bu; 032 035 -138 185 - 170 1.69
=

[a] Cyclic voltammetry was performed in CH,Cl, solutions containing 0.1 M n-BuyNPFg

as supporting electrolyte at a scan rate of 150 mV/s. The working electrode was a
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platinum disc, the counter electrode was a platinum wire, and the reference electrode was
a non-aqueous Ag/AgNO; [10 mM] in MeCN. The potential values (E) were calculated
using the following equation (except where otherwise noted): £ = (E,. + Ey,)/2, where E,,
and E,, correspond to the cathodic and anodic peak potentials, respectively. Potentials are
referenced to the ferrocene/ferrocenium (Fc/Fc') couple used as an internal standard.
ES" determined from the separation between the first oxidation and first reduction
potentials. [b] The wavelength used as the absorption edge for determining HOMO-
LUMO energy gap corresponds to the lowest energy absorption that has molar absorption
coefficient £ = 1000 L mol' cm™. [c] The reference electrode was an aqueous

Ag/AgCl/NaCl [3M]. [d] Data not measured due to poor soluble. [e] Ereqq.

Thienylene linked dimer 4.371 was the most difficult of the functionalized aryl
linked pentacenes to oxidize (E,x; = 0.36 V), despite the electron donating behaviour of
the thiophene unit. The band gap of 4.371 (E,"*™ = 1.74 eV) is similar to that of 3-thienyl
substituted monomer 4.23j (E, "™ = 1.76 eV). Bithienylene linked 4.371 and
ethylenedioxythienylene linked 4.37m are both too insoluble for electrochemical
analysis.

Tetraethynylethenylene (TEE) linked dimer 4.37j and
diphenyldiethynylethenylene (DPDEE) linked dimer 4.37i exhibited similar
electrochemistry to the phenylene-linked dimers. TEE linked dimer 4.37j was more
difficult to oxidize (E,; = 0.37 V) than DPDEE linked dimer 4.37i (Eox; = 0.29 V), yet
much more readily reduced (E..q; = —1.34 V for 4.37j, versus E..q; = —1.46 V for 4.37i).
This can be explained by strong electron withdrawing nature of TEEs, and their increased
delocalization relative to DPDEEs. While the pentacene moieties are connected via cross-
conjugation, they are linearly conjugated to the i-Pr;Si-C=C unit in 4.37j, resulting in a

band gap (E,"*" = 1.72 eV) similar to para-phenylene linked dimer 4.37a (E,*" = 1.71
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eV).

Ortho-phenylene butadiyne linked pentacene 4.37m shows electrochemical
behaviour similar to that of para-phenylene linked dimer 4.37a. While the geometry is
similar to that of ortho-isomer 4.37¢, the butadiyne spacers seem to provide sufficient
distance between the pentacene moieties to prevent significant intramolecular m-stacking
interactions. This is supported by the more difficult oxidation of 4.37n (E,; = 0.32 V)
versus 4.37¢ (E,; = 0.26 V). Instead of facilitating m-stacking, the butadiyne linker
serves to increase the linear conjugation length, resulting in an easier reduction of 4.37n
(Erea1 = —1.38 V) in comparison to 4.33¢ (Eq1 = —1.50 V). This results in a HOMO-
LUMO gap for pentacene 4.37n (E,"™ = 1.70 eV) closer to that of the para-isomer
4.37a (E, " = 1.72 eV) than to 4.37c.

Cyclic voltammetry of the majority of conjugated dimers 4.37a—n reveals the
presence of a small anodic wave (ca. —0.75 to —1.0 V, versus Ag/Ag"), which was only
present after initial reduction of the pentacenes. This is consistent with the
electrochemically generated radical dianion reacting with advantitious water to generate
small amounts of a partially protonated product, similar to that observed for the polarized

15
pentacenes.
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Figure 4-10. CV plots of pentacenes (a) 4.37a, (b) 4.37b, (c) 4.37c, (d) 4.37d, (¢) 4.37e,

and (f) 4.37n as measured in CH,Cl, (vs Ag/Ag").
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Figure 4-11. CV plots of pentacenes (a) 4.37g, (b) 4.37h, (¢) 4.37k, (d) 4.37i, and (e)

4.37j as measured in CH,Cl, (vs Ag/Ag").
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Figure 4-12. HOMO-LUMO energy levels of conjugated pentacene dimers 4.37a—n."°

4.6 Attempted Electrochemical Polymerization of 4.23j

It is known that thiophenes undergo oxidative polymerization, which can be
initiated electrochemically.” The incorporation of the thiophene moiety to the pentacene
framework opens the possibility of forming conjugated pentacene-thiophene polymers
via an electrochemical reaction. Thus, the polymerization of thienyl substituted pentacene
4.23j was attempted using cyclic voltammetry (Scheme 4-14, Figure 4-13). Following the
initial redox scan, successive sweeps showed no increase in current, suggesting that no
conducting polymer was being deposited on the electrode. Varying the scan rate and

increasing the concentration of 4.23j had no effect on the formation of a polymer film.

143



100 -
80 -
60 -
40 -
20 -

= Scan 1
——Scan 2

Current /uA
o

1.5 0.5 -0.5 -1.5 -2.5
Potential /V

Figure 4-13. Attempted electrochemical polymerization of 4.23j using CV as measured

in CH,Cl, (vs Ag/Ag)).

4.7 Conclusion

The electronic properties of several series of conjugated pentacene molecules

have been studied using cyclic voltammetry. In addition, a series of thienyl substituted
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pentacenes have been prepared and studied using cyclic voltammetry. Varying the
substitution of the groups appended to pentacene at the 6,13-positions shows a stronger
influence than previously reported for substitution at the 2,9- and 2,10- positions. Linking
multiple pentacene chromophores together via the 6,13-position has the most dramatic
impact on the electronic properties, with butadiyne linker giving the largest decrease in
band gap. The trend of decreasing band gap with oligomer length is also accompanied by
a marked decrease in solubility, which unfortunately limits the application of this

approach.
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Chapter 5 — Conclusions and Future Outlook

5.1 Conclusions

The work presented in this thesis has focused on the synthesis and study of
conjugated carbon materials, namely 1) the synthesis of graphyne model compounds and
the study of their optical and electronic properties, and 2) the electrochemical
investigations of a series of functionalized pentacene molecules.

Chapter 2 focused on synthetic efforts to prepare model compounds for 12,12,12-
graphyne. The goal was to prepare a series of expanded radialenes to serve as model
structures of this form graphyne. Unfortunately, the formation of undesirable side
products and low yielding reactions prevented realization of the target radialenes. Many
of the intermediate building blocks, however, served as valuable precursors to other
conjugated structures, such as the radiaannulenes described in Chapter 3.

Chapter 3 described efforts to prepare model compounds of 6,6,12-graphyne, via
the synthesis of a series of oligomeric radiaannulenes. A variety of synthetic routes were
attempted, including a one-pot approach and several stepwise routes. While the one-pot
method could rapidly provide monomeric radiaannulenes in the fewest possible steps (ca.
10% yield in one step), it was not efficient for the preparation of longer oligomers.
Instead, a stepwise approach using building block 3.27 allowed for the synthesis of
mono-, di-, and trimeric radiaannulenes. Unfortunately, trimeric radiaannulene 3.7¢ was
unexpectedly unstable in CDCls, and could not be fully characterized. Sufficient material
was recovered, however, to provide UV-vis analysis, which suggested that the effective
conjugation length in this graphyne series had been effectively reached by the stage of the

opt

trimer (£, " = 2.38 eV). The result suggested a significantly higher band gap for the
model compounds than predicted for 6,6,12-graphyne (predicted to be a zero band-gap

semiconductor). Thus, this may not be an effective model structure for 6,6,12-graphyne.'
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Chapter 4 focused on the electrochemical analysis of several series of
functionalized pentacene molecules. A large number of substituted pentacenes were
studied using CV to determine the impact of substitution on the properties of the
pentacene framework. Electrochemical analysis revealed substitution at the 6,13-
positions of pentacene had a much stronger influence on the electronic properties than
substitution at the 2,9- and 2,10-positions.”> A conjugated series of pentacenes connected
at the 6,13-positions by butadiyne linkers showed the most dramatic decrease in bandgap
(down to E, = 1.4 eV), reaching the effective conjugation length by the stage of the

tetramer.

5.2 Outlook

There are many possibilities for extension of the graphyne research project,
particularly in the area of radiaannulenes and 6,6,12-graphyne. First, the synthesis of
unsymmetrical radiaannulene 3.20 allows for the synthesis of differently functionalized
radiaannulenes. However, the approach described in this thesis fails to provide
radiaannulenes functionalized with electron-donating substituents. Further optimization
of this procedure should allow for the synthesis of these donor-substituted materials.
Alternatively, it should be possible to attach the electron-donating substituents to
compound 3.27 to give functionalized 5.1, and subsequent cyclization to give donor
substituted radiaannulene 5.2 would be possible (Scheme 5-1). Subsequent desilylation
and cross-coupling should then allow for the synthesis of a donor-acceptor radiaannulene

5.3 (Scheme 5-1).
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Scheme 5-1. Proposed synthesis of donor functionalized radiaannulene 5.2 and donor /

acceptor radiaannulene 5.3.

When examining the electronic characteristics of the series of radiaannulenes 7a—
¢ prepared to study 6,6,12-graphyne, it was clear from the band gap corresponding to the
effective conjugation length was much higher than that predicted for 6,6,12-graphyne.
Thus, an alternative molecular scaffold may need to be considered to better model 6,6,12-
graphyne. One such series of molecules would be available through fusion of the outer
benzene rings with an acetylene linker, such as radiaannulene 5.4. It should be possible to
prepare such a compound using a combination of methodology developed in this thesis,
and building blocks developed using methodology developed by Vollhardt in

combination with alkyne metathesis used by Haley (Scheme 5-2).** For example,
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triethynylbenzenes similar to 5.5 have been prepared by Vollhardt, and could serve as a
precursor tetraecthynylbenzene 5.6. This could be carried through a series of Sonogashira
cross-coupling reactions with dibromoolefin 5.7 to yield radiaannulene 5.8.
Intramolecular alkyne metathesis, similar to that used by Haley, should provide fused

radiaannulene 5.4.

= ™S = ™S 1) Desilylation
B 7z =—TES |\ Z 2) Sonogashira
| ________________ >[I ] T .
= Pd(PPhg)s, Cul A e
B
' EtsN | X
5.5 5.6

Alkyne
! Metathesis

Scheme 5-2. Proposed synthesis of fused radiaannulene 5.4.

Similar to the use of 3.27 in the synthesis of radiaannulene oligomers 3.7a—c,

compound 5.9 could serve as the key building block in the stepwise synthesis of fused

radiaannulene oligomers (Scheme 5-3).
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Scheme 5-3. Proposed synthesis of compound 5.9.

If the synthesis of synthesis of radiaannulene oligomers 3.7a—c is thought of as
expansion in a north-south direction, an alternative approach would be to expand the
structure of the model compounds in an east-west direction. This could be accomplished
using TEEs such as 5.10 as a starting point, prepared from dibromoolefin 2.34 (Scheme
5-4). Selective desilylation and Sonogashira cross-coupling reaction with 1,2-
diiodobenzene would give end unit 5.11. Alternatively, desilylation of 5.10 and selective
Sonogashira cross-coupling with 4,5-dioodo-1,2-phenylene bis-triflate 5.12, as described
by Dussault and coworkers® would yield building block 5.13. Finally, a combination of
5.14 and 5.13 would give radiaannulene 5.15, which could undergo several iterations of

desilylation and cross-coupling reaction with 5.13 to extend the series.
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Scheme 5-4. Proposed synthesis to east-west radiaannulene oligomers.

It is also worth considering that radiaannulenes such as 3.7a do not need to be
thought of as final target molecules, but instead intermediates to other interesting
structures. An intriguing observation made during the synthesis of the oligomeric series
of radiaannulenes was their exothermic transitions in DSC. Similar observations have
been reported for a series of 1,2-bis(ethynyl)benzenes. Etzkorn and coworkers used the
DSC transition as the temperature required to induce a microwave assisted Bergman
cyclization to produce a series of naphthalene derivatives.® Utilizing these reaction
conditions, microwave assisted Bergman cyclization of 3.7a in the presence of 1,4-
cyclohexadiene could produce dibenzo[A,J]coronene 5.14 (Scheme 5-5). Considering the

methodology developed in this thesis for the synthesis of radiaannulenes 3.7a and its
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derivatives, Bergman cyclization of these molecules could provide a novel route to a

variety of functionalized coronenes.

3.7a

Scheme 5-5. Proposed synthesis of dibenzo[A,J]coronene 5.14 via Bergman cyclization

of 3.7a.
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Chapter 6 — Experimental Section

6.1 General Experimental Details

Reagents were purchased in reagent grade from commercial suppliers and used
without further purification. THF, Et,O, and benzene were distilled from
sodium/benzophenone ketyl. Hexanes, CH,Cl,, and MeCN were distilled from CaH,. i-
Pro,NH was distilled from NaOH pellets; Ethylformate was distilled from molecular
sieves (Type 4A, 0.125 inch); Et;N was distilled over NaOH pellets. Evaporation and
concentration in vacuo was done at water-aspirator pressure. All reactions were
performed in standard, dry glassware under an inert atmosphere of nitrogen or argon.
Column chromatography and “plugging”: silica gel-60 (230-400 mesh). Thin Layer
Chromatography (TLC): pre-coated plastic sheets covered with 0.20 mm silica gel with
fluorescent indicator UV 254 nm; visualization by UV light or KMnO, stain. Melting

points are uncorrected.

'H and C NMR spectra were collected at 27 °C in CDCl;, CD,Cl,, and
(CD;),CO; solvent peaks as reference. Coupling constants are reported as observed (£0.5
Hz). For simplicity, the coupling constants of the aryl protons for para-substituted aryl
groups have been reported as pseudo first-order (i.e., doublets), even though they are

second-order (AA'XX') spin systems.

UV-vis absorption spectra were acquired at rt using a Varian Cary 400 Scan
Spectrometer or a Varian Cary 5000 UV-vis-NIR spectrometer; Amqy in nm (g in L-mol '
cm ). Emission spectra were recorded using Photon Technology International (PTI) MP1
Fluorescence system. Solutions for fluorescence experiements were deoxygenated with

nitrogen or argon. The excitation wavelength and maximum intensity emission
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wavelength are denoted as Acx and Apmax em, repectively.

For mass spectral analyses, low-resolution data are provided in cases when M" is
not the base peak; otherwise, only high-resolution data are provided. The samples for ESI
mass spectrometry were dissolved CICH,CH,Cl and made use of a 3:1 MeOH/toluene
mixture as the carrier solvent. MALDI mass spectrometry used the matrix trans-2-[3-(4-
tertbutylphenyl)- 2-methyl-2-propenylidene]malononitrile (DCTB). The samples for

APPI were dissolved in THF/MeOH.

Differential scanning calorimetry (DSC) measurements were measured on a
Perkin Elmer Pyris 1 DSC instrument. Thermogravometric analyses (TGA) were carried
out on a Perkin Elmer Pyris 1 TGA instrument. All thermal analyses were carried out
under a flow of nitrogen with a heating rate of 10 °C/min. Thermal decomposition
temperature as measured by TGA (as sample weight loss) are reported as 7y in which the
temperature listed corresponds to the intersection of the tangent lines of the baseline and
the edge of the peak corresponding to the first significant weight loss, typically >5%.
Melting points from DSC analysis are reported as the peak maxima, except in cases when
the sample decomposed, in which case the onset temperature of the decomposition
exothermic peak is reported, as well as the exothermic maxima corresponding to the

decomposition.

Cyclic voltammetry experiments were done using a Bioanalytical Systems, Inc.
(BASi) Epsilon Rotating-Disk Electrode (Model RDE-2). Data was analyzed by BASIi
Epsilon-EC Ver. 2.00.71-USB, BASi ComServer Ver. 1.03 on a PC computer. A three-
electrode cell was used, using platinum disk working electrode and a platinum wire

counter electrode. A Ag/AgCl (3M NaCl) aqueous reference electrode or Ag/Ag” (0.01
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M AgNOs, 0.1 M n-BusNPF¢ solution in MeCN) quasi-reference electrode was used.
Ferrocenium/ferrocene (Fc'/Fc) couple was used as an internal standard. The potential
values (FE) were calculated using the following equation (except where otherwise noted):
E = (Ey + Ey)/2, where E,. and E,, correspond to the cathodic and anodic peak
potentials, respectively. The potential values obtained in reference to Ag/Ag  were
converted to potentials versus ferrocenium/ferrocene (Fc'/Fc). Solution cyclic
voltammetry was performed using ca. 1 mM solution of the analyte in CH,Cl, or THF or
a mixture of benzene/MeCN (as noted in the figure or table captions) containing 0.1 M n-
Bu,NPFg as supporting electrolyte at a scan rate of 150 mV-s™', except where noted
otherwise. All solutions were deoxygenated with N, before each experiment and a
blanket of N, was used over the solution during the experiment. The working electrode

was polished with 0.05 um alumina polish prior to each scan.

X-ray analysis was carried out on a Nonius KappaCCS diffractometer by Dr.
Frank Hampel at the Friedrich-Alexander-Universitit Erlangen-Niirnberg. X-ray
crystallographic data for unpublished compounds is available from the X-ray
Crystallographic Laboratory, Depermetment Chemie und Pharmazie, Universitit
Erlangen-Niirnberg, HenkestraBe 42, 91054, Erlangen, Germany; phone: 09131 85-
22988, -22952, fax: 09131 85-23031, -26865. These data can be obtained by using the

ADM code provided.
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6.2 Experimental Details for Chapter 2

NH,
[

2.13b

To a solution of 4-isopropylaniline (10 mL, 9.9 g, 73 mmol) in CH,Cl, (150 mL) and
MeOH (75 mL) was added benzyltriethylammonium dichloroiodate (28.24 g, 72.36
mmol) and CaHCO; (12.44 g, 148.1 mmol) at 0 °C. The solution was warmed to rt and
stirred for 1 h. The reaction was quenched via the addition of saturated H,O (200 mL).
The aq phase was extracted with CH,ClI, (2 x 25 mL). The combined organic phase was
washed with H,O (100 mL) and saturated aq NaCl (100 mL), dried with MgSOQ,, filtered,
and the solvent removed in vacuo. Column chromatography (silica gel, 2:1 Hex/CH,Cl,)
afforded 2.13b (16.65 g, 87%) as a yellow oil. Ry = 0.35 (2:1 CH,Cly/Hex). IR (neat
film): 3446 (m), 3357 (m), 3014 (w), 2954 (s), 2865 (m), 1611 (s), 1494 (s). '"H NMR
(300 MHz, CDCl;) 6 7.48 (dd, J = 2.0 Hz, 0.3 Hz, 1H), 7.00 (ddd, /= 8.0 Hz, 2.0 Hz, 0.5
Hz, 1H), 6.68 (d, J = 8.2 Hz, 1H), 3.81 (s, 2H), 2.75 (sept, /= 6.9 Hz, 1H), 1.17 (d, J =
6.9 Hz, 6H). °C NMR (75 MHz, CDCl3) § 144.5, 140.9, 136.6, 127.5, 114.7, 84.5, 32.8,
24.1. EI MS m/z 261.0 (M", 55) 246.0 ([M — Me]", 100]. EI HRMS m/z calcd for CoH;,NI

(M") 261.0015, found 261.0014.

2.14a

To a solution of 2-iodoaniline (10.02 g, 45.76 mmol) in THF (40 mL), MeCN (60 mL)
and H,O (40 mL) was slowly added conc HCI (48 mL) and NaNO, (6.616 g, 95.90
mmol) at —5 °C. The bright yellow slurry was stirred under N, for 30 min, maintaining a

temperature between —5 °C and 0 °C, and then transferred via cannula to a flask charged
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with aqg Me,NH (51.88 g, 454.5 mmol, 40%) and K,COs (31.58 g, 228.5 mmol) dissolved
in MeCN (60 mL) and H,O (100 mL). The reaction was warmed to rt over 30 min and
quenched via the addition of H,O (100 mL). The aq phase was extracted with Et,O (2 x
100 mL). The combined organic phase was washed with H,O (50 mL) and saturated aq
NaCl (50 mL), dried with MgSQ,, filtered, and the solvent removed in vacuo.
Purification by column chromatography (silica gel, 3:1 Hex/CH,Cl,) afforded 2.14a
(10.15 g, 81%) as an orange oil. Ry = 0.5 (2:1 Hex/CH,Cl,). IR (ATR): 3053 (w), 2900
(m), 2785 (w), 1562 (w), 1452 (m). '"H NMR (300 MHz, CDCls) § 7.83 (dd, J=17.8, 1.3,
1H), 7.36 (dd, J = 8.1, 1.6, 1H), 7.26 (ddd, J=8.2, 7.1, 1.2, 1H), 6.83 (ddd, /=79, 7.1,
1.7, 1H), 3.51 (br s, 3H), 3.26 (br s, 3H). C NMR (75 MHz, CDCls) & 150.0, 139.0,
128.7, 126.7, 117.6, 96.5, 43.0, 36.5. ESI MS m/z 276 (M + H]’, 100), 231 ([M —
NMe,]", 40). ESI HRMS m/z calcd for CgH;IN; ([M + H]") 275.9992, found 275.9989.

LNJ

NN
©/|
2.14b
To a solution of 2-iodoaniline (2.411 g, 11.01 mmol) in THF (15 mL), MeCN (10 mL)
and H,O (10 mL) was slowly added conc HCI (11 mL) and NaNO, (1.595 g, 23.12
mmol) at —5 °C. The bright yellow slurry was stirred under N, for 30 min, maintaining a
temperature beween —5 °C and 0 °C, then transferred via cannula to a flask charged with
Et,NH (12 mL, 8.5 g, 120 mmol) and K,CO; (7.6 g, 55 mmol) dissolved in MeCN (25
mL) and H,O (15 mL). The reaction was warmed to rt over 30 min and quenched via the
addition of H,O (50 mL). The aq phase was extracted with Et,O (2 x 50 mL). The
combined organic phase was washed with H,O (20 mL) and saturated aq NaCl (20 mL),
dried with MgSQ,, filtered, and the solvent removed in vacuo. Purification by column

chromatography (silica gel, 2:1 Hex/CH,Cl,) afforded 2.14b (2.736 g, 82%) as an orange
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oil. Ry = 0.5 (2:1 Hex/CH,CL,). IR (ATR): 3055 (w), 2968 (s), 2929 (s), 2868 (m), 1610
(m), 1576 (m). '"H NMR (400 MHz, CDCls) § 7.2 (dd, J = 7.8, 1.2, 1H), 7.34 (dd, J = 8.0,
1.6, 1H), 7.25 (ddd, J = 8.1, 7.1, 1.4, 1H), 6.81 (ddd, J=7.9, 7.1, 1.7, 1H), 3.78 (q, J =
7.2, 4H), 1.31 (t, J= 7.0, 6H). *C NMR (100 MHz, CDCl3) 8 150.4, 139.0, 128.6, 126.5,
117.5,96.5,49.0, 42.1, 14.6, 11.0. MALDI MS m/z 304 ([M + H]", 100).

LNJ

-N

N
|

2.14c
To a solution of 2.13b (5.231 g, 20.03 mmol) in THF (15 mL), MeCN (35 mL) and H,O
(15 mL) was slowly added conc HCI (18 mL) and NaNO, (2.924 g, 42.38 mmol) at -5
°C. The bright yellow slurry was stirred under N, for 30 min, maintaining a temperature
beween —5 °C and 0 °C, then transferred via cannula to a flask charged with Et,NH (20
mL, 15 g, 204 mmol) and K,CO; (19.837 g, 143.53 mmol) dissolved in MeCN (50 mL)
and H,O (65 mL). The reaction was warmed to rt over 30 min and quenched via the
addition of H,O (50 mL). The aq phase was extracted with Et,O (2 x 50 mL). The
combined organic phase was washed with H,O (20 mL) and saturated aq NaCl (20 mL),
dried with MgSQ,, filtered, and the solvent removed in vacuo. Purification by column
chromatography (silica gel, 2:1 CH,Cl,/Hex) afforded 2.14¢ (6.399 g, 93%) as an orange
oil. Rg=0.75 (2:1 CH,Cl,/Hex). '"H NMR (400 MHz, CDCl3) & 7.66 (d, J = 1.9 Hz, 1H),
722 (d,J=3.1 Hz, 1H), 7.10 (dd, J = 8.3 Hz, 1.9 Hz, 1H), 3.74 (q, /= 7.1 Hz, 4H), 2.79
(sept, J = 6.9 Hz, 1H), 1.27 (t, J = 7.1 Hz, 6H), 1.19 (d, J = 6.9 Hz, 6H). EI MS m/z

345.07 (M7, 45),272.99 (IM — NEt,]", 45), 244.98 (M — N3Et,]", 100].
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2.20a
To a solution of 2.19 (3.004 g, 7.375 mmol) in THF (20 mL), MeCN (13 mL) and H,O
(13 mL) was slowly added conc HCI (7 mL) and NaNO, (1.026 g, 14.87 mmol) at -5 °C.
The bright yellow slurry was stirred under N, for 30 min, maintaining a temperature
beween —5 °C and 0 °C, then transferred via cannula to a flask charged with pyrrolidine
(6.2 mL, 5.2 g, 73 mmol) and K,CO; (5.092 g, 36.84 mmol) dissolved in MeCN (20 mL)
and H,O (30 mL). The reaction was warmed to rt over 30 min and quenched via the
addition of H,O (50 mL). The aq phase was extracted with Et,O (2 x 50 mL). The
combined organic phase was washed with H,O (20 mL) and saturated aq NaCl (20 mL),
dried with MgSQ,, filtered, and the solvent removed in vacuo. Purification by column
chromatography (silica gel, 3:1 Hex/CH,Cl,) afforded 2.20a (3.280 g, 91%) as an orange
oily solid. Ry = 0.4 (3:1 Hex/CH,Cl,). IR (CH,Cl, cast film): 3060 (w), 2963 (s), 2903
(m), 2869 (m), 1594 (m). '"H NMR (400 MHz, CDCl;) & 8.06 (d, J = 1.9 Hz, 1H), 7.51
(dd, J = 8.3 Hz, 1.9 Hz, 1H), 7.43-7.37 (m, 4H), 2.96 (br s, 2H), 3.79 (br s, 2H), 2.11-
2.00 (m, 4H), 1.38 (s, 18H). ">C NMR (100 MHz, CDCl;) & 151.2, 149.5, 140.8, 139.0,
137.7,127.9, 121.6, 121.4, 117.3,96.9, 51.1, 47.3, 35.0, 31.5, 24.0, 23.6. ESI HRMS m/z

calcd for Co4H33N;I ([M + H]+) 490.1714, found 490.1713.
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2.20b
To a solution of 2.19 (2.319 g, 5.694 mmol) in THF (10 mL), MeCN (5 mL) and H,O (5
mL) was slowly added conc HCI (6 mL) and NaNO, (0.828 g, 12.00 mmol) at -5 °C. The
bright yellow slurry was stirred under N, for 30 min, maintaining a temperature beween —
5 °C and 0 °C, then transferred via cannula to a flask charged with diethylamine (6.0 mL,
4.3 g, 58 mmol) and K,CO; (4.000 g, 28.94 mmol) dissolved in MeCN (20 mL) and H,O
(30 mL). The reaction was warmed to rt over 30 min and quenched via the addition of
H,O (50 mL). The aq phase was extracted with Et,O (2 x 50 mL). The combined organic
phase was washed with HO (20 mL) and saturated aq NaCl (20 mL), dried with MgSOy,,
filtered, and the solvent removed in vacuo. Purification by column chromatography
(silica gel, 5:1 Hex/CH,Cl,) afforded 2.20b (2.086 g, 75%) as a yellow oil. R = 0.6 (3:1
Hex/CH,Cl,). "H NMR (300 MHz, CDCls) 8 8.04 (d, J = 1.9 Hz, 1H), 7.50 (dd, J = 8.3
Hz, 1.9 Hz, 1H), 7.41-7.36 (m, 4H), 3.81 (q, J = 7.1 Hz, 4H), 1.36 (s, 18H), 1.32 (t, J =

7.2 Hz, 6H).

2.21
To a solution of 2.20a (3.133 g, 6.401 mmol) in deoxygenated, dry i-Pr,NH (50 mL) was

added PdCl,(PPh;), (0.116 g, 0.165 mmol) and Cul (0.061 g, 0.32 mmol). The solution
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was purged with argon for an additional 10 min after which trimethylsilylacetylene (3.7
mL, 2.6 g, 27 mmol) was added. The flask was sealed under argon with a rubber septum
and stirred for 18 h. The reaction was quenched via the addition of saturated aq NH4Cl
(100 mL). The aq phase was extracted with Et,;O (2 x 50 mL). The combined organic
phase was washed with H,O (50 mL) and saturated aq NaCl (50 mL), dried with MgSOy,,
filtered, and the solvent removed in vacuo. Purification by column chromatography
(silica gel, 1:1 CH,Cl,/Hex) afforded 2.21 (2.512 g, 85%) as a pale yellow, oily solid. R¢
=0.35 (1:1 Hex/CH,Cl,). IR (microscope): 3064(w), 2962(s), 2902 (m), 2966 (m), 2155
(m), 1593 (m). "H NMR (500 MHz, CDCl;) & 7.69 (d, J = 1.3 Hz, 1H), 7.50-7.46 (m,
2H), 7.40-7.39 (m, 3H), 3.97 (br s, 2H), 3.77 (br s, 2H), 2.06 (br s, 4H), 1.39 (s, 18H),
0.29 (s, 9H). °C NMR (100 MHz, CDCls) & 151.20, 151.1, 139.6, 138.7, 131.7, 128.4,
121.4,121.3,117.9, 117.1, 103.7, 98.2, 51.0, 46.6, 35.0, 31.5, 23.9, 23.8, 0.2. ESI HRMS

m/z for CasHyN5Si ([M + H]') 460.3143, found 460.3144.

OH
o W

\/Si\_ JSi\/

2.22
To a solution of triethylsilylacetylene (10.3 mL, 8.06 g, 57.5 mmol) in dry THF (125 mL)
was added r-hexyl lithium (25 mL, 58 mmol, 2.3 M in hexanes) at —78 °C. The solution
was stirred for 30 min at —78 °C, and ethyl formate (2.2 mL, 2.0 g, 27 mmol) was then
added. The solution was gradually warmed to rt and stirred under argon for 1 h. The
reaction was quenched via the addition of saturated aq NH4Cl1 (150 mL). The aq phase
was extracted with Et,O (2 x 100 mL). The combined organic phase was washed with
H,O (50 mL) and saturated aq NaCl (50 mL), dried with MgSQ,, filtered, and the solvent
removed in vacuo. Column chromatography (silica gel, 2:1 Hex/CH,Cl,) afforded 2.22

(8.0 g, 95%) as a yellow oil. Ry = 0.40 (1:1 Hex/CH,Cl,). IR (neat film): 3600-3300 (br,

163



m), 2956 (s), 2937 (m) 2877 (s) 2176 (w) "H NMR (400 MHz, CDCl;) 8 5.07 (d, J = 6.7
Hz, 1H), 2.17 (d, J= 7.2 Hz, 1H), 0.97 (t, J= 7.9 Hz, 18H), 0.59 (q, J = 7.9 Hz, 12H). °C
NMR (100 MHz, CDCl;) & 103.4, 87.1, 53.1, 7.4, 4.2. ESI MS m/z 3312 (M + Na]',
100)

o

s s
2.23

To a solution of 2.22 (1.10 g, 3.56 mmol) in dry CH,Cl, (150 mL) was added 4A mol.
sieves (1.5 g), celite (1.5 g) and PCC (1.17 g, 5.44 mmol). The solution was stirred for 24
h at rt. The reaction was passed through a plug of silica gel with CH,Cl,. Solvent removal
in vacuo afforded 2.23 (1.04 g, 95%) as a yellow oil. Ry = 0.65 (1:1 Hex/CH,Cl,). IR
(neat film): 2957 (s), 2938 (m) 2914 (m) 2878 (s) 2158 (m), 1636 (s). 'H NMR (400
MHz, CDCl;) & 1.00 (t, J=7.9 Hz, 18H), 0.67 (q, J = 7.9 Hz, 12H). *C NMR (100 MHz,
CDCl;) § 160.1, 104.2, 98.0, 7.2, 3.8. ESI MS m/z 329.2 (IM + Na]’, 100), 307.2 (M +

H]", 90). ESI HRMS m/z calced for C;H;,08Si, ([M + H]") 307.1908, found 307.1909.

Br Br

To a solution of PPh; (3.540 g, 13.49 mmol) and CBry (2.24 g, 6.75 mmol) in dry CH,Cl,
(40 mL) was added a solution of 2.23 (0.970 g, 3.16 mmol) in dry CH,Cl, (10 mL). The
solution was stirred for 3 h at rt. The reaction was quenched via the addition of hexanes,
followed by a passing through a plug of silica gel with hexanes. Solvent removal in vacuo
afforded 2.24 (1.226 g, 83%) as a yellow oil. Ry = 0.60 (Hexanes). IR (neat film): 2957
(s) 2936 (m) 2912 (s) 2876 (s), 2155 (w), 2131 (w). '"H NMR (400 MHz, CDCl3) & 1.00

(t, J = 7.9 Hz, 18H), 0.63 (q, J = 7.9 Hz, 12H). °*C NMR (100 MHz, CDCl;) § 114.7,
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109.5, 101.5, 100.4, 7.4, 4.1. EI HRMS m/z calcd for C,sHso 'Br*'BrSi, (M") 462.0232,
found 462.0241.
HO OH
X Z
N Was
\/SI\_ JSI\/

2.33

To a solution of 2.24 (460 mg, 0.98 mmol) and 2-methyl-3-butyn-2-ol (0.30 mL, 250 mg,
3.6 mmol) in dry, deoxygenated i-Pr,NH (5 mL) was added Pd(PPh;3); (66 mg, 0.057
mmol) and Cul (25 mg, 0.13 mmol). The flask was sealed under argon with a rubber
septum and stirred at rt for 18 h. The reaction was quenched via the addition of saturated
aq NH4CI (25 mL). The aq phase was extracted with Et,O (2 x 15 mL). The combined
organic phase was washed with H,O (20 mL) and saturated aq NaCl (20 mL), dried with
MgSOQ,, filtered, and the solvent removed in vacuo. Column chromatography (silica gel,
3:1 Hex/EtOAc) afforded 2.33 (457 mg, 99%) as an amber oily solid. Ry = 0.35 (3:1
Hex/EtOAc). IR (neat): 3500-3200 (br), 2982 (s), 2957 (s), 2876 (m), 2207 (w), 2146
(w). "H NMR (400 MHz, CDCls) 8 1.99 (s, 2H), 1.54 (s, 12H), 0.99 (t, J= 7.9 Hz, 18H),
0.62 (q, J = 7.9 Hz, 12H). >C NMR (100 MHz, CDCl;) & 117.8, 116.8, 102.9, 102.5,
102.2, 79.6, 65.7, 31.1, 7.4, 4.2. EI HRMS m/z calcd for CysHu40,Si, (M") 468.2880,
found 468.2883.

a —
g

A A

To a solution of 2.24 (655 mg, 1.42 mmol), PdCIl,(PPh;), (50 mg, 0.07 mmol) and Cul
(25 mg, 0.13 mmol) in dry, deoxygenated THF (20 mL) and Et;N (10 mL) was added 2-

methyl-3-butyn-2-ol (0.12 mL, 100 mg, 1.2 mmol). The flask was sealed under argon

165



with a rubber septum and stirred at rt for 2 h. To this solution was added
triisopropylsilylacetylene (0.60 mL, 490 mg, 2.7 mmol) and the reaction was left to stir
an additional 16 h. The reaction was quenched via the addition of saturated aq NH4Cl1 (25
mL). The aq phase was extracted with Et,O (2 x 15 mL). The combined organic phase
was washed with H,O (20 mL) and saturated aq NaCl (20 mL), dried with MgSQOy,,
filtered, and the solvent removed in vacuo. Column chromatography (silica gel, 3:1
Hex/EtOAc) afforded 2.34 (322 mg, 40%) as an amber oily solid. Ry = 0.55 (4:1
Hex/EtOAc). IR (neat): 3500-3200 (br), 2957 (s), 2875 (s), 2218 (w), 2152 (w). 'H NMR
(500 MHz, CDCl;) 8 1.90 (s, 1H), 1.53 (s, 6H), 1.10-1.07 (m, 21H), 1.00 (t, J= 7.9 Hz,
9H), 0.97 (t, J = 7.9 Hz, 9H), 0.62 (q, J = 7.9 Hz, 6H), 0.61 (q, J = 7.9 Hz, 6H). °C NMR
(125 MHz, CDCl3) & 117.5, 117.3, 103.3, 102.9, 102.7, 102.65, 102.64, 102.5, 102.3,
80.1, 65.7,31.1, 18.7, 11.2, 7.5, 7.4, 4.3, 42. El HRMS m/z caled for C34,Hs0Si; (M)

566.3796, found 566.3795.

To a solution of 2.31 (0.501 g, 0.862 mmol) in THF (3 mL) and MeOH (3 mL) was
added KOH (2.0 mL, 2.0 mmol, 1.0M in H,0). The reaction was stirred for 20 min and
then quenched via the addition of saturated aq NH4Cl (15 mL). The aq phase was
extracted with Et,O (2 x 15 mL). The combined organic phase was washed with H,O (10
mL) and saturated aq NaCl (10 mL), dried with MgSQOy,, filtered, and the solvent reduced
to ca. 5 mL in vacuo. The solution was then transferred to a flask charged with 2.14a
(0.508 g, 1.85 mmol) dissolved in deoxygenated, dry Et;N (20 mL). To this solution was

added PdCl,(PPh;), (0.030 g, 0.043 mmol) and Cul (0.017 g, 0.089 mmol). The flask was
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sealed under argon with a rubber septum and stirred for 24 h. The reaction was quenched
via the addition of saturated aqg NH4CI (50 mL). The aq phase was extracted with Et,O (2
x 25 mL). The combined organic phase was washed with H,O (20 mL) and saturated aq
NaCl (20 mL), dried with MgSQ,, filtered, and the solvent removed in vacuo. Column
chromatography (silica gel, 2:1 Hex/CH,Cl,) afforded 2.35a (0.214 g, 34%) as a
yellow/brown solid. Ry = 0.40 (1:1 Hex/CH,Cl,). Mp = 98 °C. IR (ATR): 3052 (w), 2937
(s), 2890 (m), 2860 (s), 2200 (w), 2181 (w), 2137 (w), 1462 (s). '"H NMR (300 MHz,
CDCl;) 8 7.39 (td, J= 7.9 Hz, 1.1 Hz, 4H), 7.25 (td, J=7.7 Hz, 1.4 Hz, 2H), 7.03 (td, J =
7.5 Hz, 1.2 Hz, 2H), 3.40 (br s, 6H), 3.05 (br s, 6H), 1.14-0.99 (m, 42H). C NMR (75
MHz, CDCl3) 8§ 152.3, 132.6, 129.4, 124.5, 119.3, 117.7, 117.0, 114.9, 104.3, 100.7,
97.5,91.8, 42.9 (br), 36.2 (br), 18.6, 11.3. EI MS m/z 730 (M", 100), 687 ([M — NMe,],

40).

To a solution of 2.31 (1.008 g, 1.734 mmol) in THF (6 mL) and MeOH (6 mL) was
added KOH (3.40 mL, 3.40 mmol, 1.0M in H,O). The reaction was stirred for 20 min and
then quenched via the addition of saturated aq NH4Cl (25 mL). The aq phase was
extracted with Et,O (2 x 25 mL). The combined organic phase was washed with H,O (20
mL) and saturated aq NaCl (20 mL), dried with MgSQOy, filtered, and the solvent reduced
to ca. 5 mL in vacuo. The solution was then transferred to a flask charged with 2.14b
(1.232 g, 4.064 mmol) dissolved in deoxygenated, dry THF (6 mL) and i-Pr,NH (2 mL).

To this solution was added Pd(PPhs)s (0.106 g, 0.092 mmol) and Cul (0.043 g, 0.23
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mmol). The flask was sealed under argon with a rubber septum and stirred for 24 h. The
reaction was quenched via the addition of saturated aqg NH4Cl (50 mL). The aq phase was
extracted with Et,O (2 x 25 mL). The combined organic phase was washed with H,O (20
mL) and saturated aq NaCl (20 mL), dried with MgSQy, filtered, and the solvent removed
in vacuo. Column chromatography (silica gel, 2:1 CH,Cl,/Hex) afforded 2.35b (0.564 g,
41%) as an orange/yellow solid. Ry = 0.60 (1:1 CH,Cl,/Hex). Mp = 98 °C. IR (ATR):
3048 (w), 2937 (s), 2889 (m), 2861 (s), 2198 (m), 2181 (m), 2137 (m), 1461 (s). 'H NMR
(400 MHz, CDCl;) & 7.41 (dd, J = 7.7 Hz, 1.2 Hz, 2H), 7.36 (dd, /= 8.2 Hz, 0.8 Hz,
2H), 7.23 (ddd, J = 8.3 Hz, 7.2 Hz, 1.3 Hz, 2H), 7.00 (td, J = 7.5 Hz, 1.1 Hz, 2H), 3.65
(bs, 8H), 1.21 (bs, 12H), 1.11-1.00 (m, 42H). °C NMR (100 MHz, CDCl3) § 152.7,
132.7,129.3, 1242, 119.4, 117.8, 116.7, 114.9, 104.4, 100.6, 97.7, 91.3, 18.6, 11.3 (two
signals coincident or not observed). MALDI MS m/z 788 (IM + H]', 25), 686 ([M —

N:Et,]", 100).

To a solution of 2.31 (281 mg, 0.483 mmol) in THF (4 mL) was added K,CO; (139 mg,
1.03 mmol). The reaction was for 30 min, and then quenched via the addition of saturated
aq NH4CI (25 mL). The aq phase was extracted with Et,O (2 x 25 mL). The combined
organic phase was washed with HO (20 mL) and saturated aq NaCl (20 mL), dried with
MgSOQ,, filtered, and the solvent reduced to ca. 5 mL in vacuo. The solution was then
transferred to a flask charged with 2.20a (502 mg, 1.03 mmol) dissolved in

deoxygenated, dry THF (5 mL) and i-Pr,NH (3 mL). To this solution was added
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Pd(PPhs), (6 mg, 0.004 mmol), Cul (5 mg, 0.03 mmol). The flask was sealed under argon
with a rubber septum and stirred for 24 h. The reaction was quenched via the addition of
saturated aq NH4CI (25 mL). The aq phase was extracted with Et,O (2 x 25 mL). The
combined organic phase was washed with H,O (20 mL) and saturated aq NaCl (20 mL),
dried with MgSOQ,, filtered, and the solvent removed in vacuo. Column chromatography
(silica gel, 5:1 Hex/EtOAc) afforded 2.35¢ (319 mg, 57%) as a yellow solid. Ry = 0.15
(5:1 Hex/EtOAc). Mp = 208-210 °C. IR (neat): 3062 (w), 2961 (s), 2890 (m), 2866 (s),
2189 (w), 2140 (w), 1594 (m), 1464 (m). '"H NMR (400 MHz, CDCl3) § 7.64 (d, J = 2.0
Hz, 2H), 7.50-1.48 (m, 2H), 7.44 (d, J = 8.5 Hz, 2H), 7.40-7.38 (m, 6H), 3.81 (br s, 4H),
3.60 (br s, 4H), 1.77 (br s, 4H), 1.53 (br s, 4H), 1.37 (s, 36H), 1.08-1.06 (m, 42H). °C
NMR (100 MHz, CDCl3) & 152.2, 151.1, 139.6, 138.4, 130.6, 128.7, 121.4, 121.2, 117.8,
117.0, 104.5, 100.8, 98.0, 92.5, 35.0, 31.6, 18.7, 11.3 (two signals coincident or not

observed). EIMS m/z 1158.8 (M", 100).

2.36a

To a solution of 2.34 (0.163 g, 0.287 mmol) in THF (2 mL) and MeOH (5 mL) was
added KOH (0.049 g, 0.87 mmol). The reaction was stirred for 20 min and then quenched
via the addition of saturated aqg NH4CI (15 mL). The aq phase was extracted with Et,O (2
x 15 mL). The combined organic phase was washed with H,O (10 mL) and saturated aq
NaCl (10 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.
The solution was then transferred to a flask charged with 2.20a (0.311 g, 0.635 mmol)

dissolved in deoxygenated, dry THF (20 mL) and Et;N (10 mL). To this solution was
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added PdCI,(PPhs), (0.012 g, 0.017 mmol) and Cul (0.006 g, 0.03 mmol). The flask was
sealed under argon with a rubber septum and stirred for 24 h. The reaction was quenched
via the addition of saturated aqg NH4CI (30 mL). The aq phase was extracted with Et,O (2
x 25 mL). The combined organic phase was washed with H,O (20 mL) and saturated aq
NaCl (20 mL), dried with MgSQ,, filtered, and the solvent removed in vacuo. Column
chromatography (silica gel, 10:1 Hex/EtOAc) afforded 2.36a (0.073 g, 24%) as a yellow
oily solid. R = 0.30 (4:1 Hex/EtOAc). IR (neat film): 3600-3200 (br), 3059 (w), 2962
(s), 2866 (s), 2190 (w), 2137 (w), 1594 (m). '"H NMR (500 MHz, CDCl;) & 7.71 (d, J =
2.0 Hz, 2H), 7.56-7.50 (m, 2H), 7.50-7.46 (m, 2H), 7.46-7.40 (m, 6H), 3.84 (bs, 2H),
3.76 (bs, 4H), 3.66 (bs, 2H), 2.27 (s, 1H), 1.80-1.72 (bs, 8H), 1.60 (s, 6H), 1.40 (s, 18H),
1.39 (s, 18H), 1.12-1.08 (m, 21H). °C NMR (125 MHz, CDCl5) & 152.25, 152.18, 151.2,
151.1, 139.6, 139.4, 138.5, 138.4, 130.8, 130.6, 128.78, 128.75, 121.5, 121.4, 121.16,
121.12, 120.3, 117.7, 117.6, 117.4, 117.0, 113.8, 103.8, 101.9, 101.4, 97.9, 97.6, 92.3,
92.0, 80.7, 65.7, 51.0 (br), 47.0 (br), 35.0, 31.61, 31.59, 31.4, 23.9 (br), 23.6 (br), 18.8,
11.3 (one signal coincident or not observed). ESI MS m/z 1083.70 ([M + Na]", 20),

990.64 (M — C4HgN]', 100]. ESI HRMS m/z caled for C;0Ho,NgNaOSi ([M + Na]")

1083.6994, found 1083.6966.

To a solution of 2.34 (0.103 g, 0.182 mmol) in THF (2 mL) and MeOH (5 mL) was
added KOH (0.2 mL, 0.2 mmol, 1.0M in H,0). The reaction was stirred for 20 min and

then quenched via the addition of saturated aq NH4Cl (15 mL). The aq phase was
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extracted with Et,O (2 x 15 mL). The combined organic phase was washed with H,O (10
mL) and saturated aq NaCl (10 mL), dried with MgSQOy, filtered, and the solvent reduced
to ca. 5 mL in vacuo. The solution was then transferred to a flask charged with 2.20b
(0.181 g, 0.368 mmol) dissolved in deoxygenated, dry THF (8 mL) and i-Pr,NH (4 mL).
To this solution was added Pd(PPhs)s (0.013 g, 0.011 mmol) and Cul (0.005 g, 0.03
mmol). The flask was sealed under argon with a rubber septum and stirred for 24 h. The
reaction was quenched via the addition of saturated aqg NH4Cl (30 mL). The aq phase was
extracted with Et,O (2 x 25 mL). The combined organic phase was washed with H,O (20
mL) and saturated aq NaCl (20 mL), dried with MgSOQy, filtered, and the solvent removed
in vacuo. Column chromatography (silica gel, 10:1 Hex/EtOAc) afforded 2.36b (0.063 g,
33%) as a yellow oily solid. Ry = 0.40 (5:1 Hex/EtOAc). '"H NMR (400 MHz, CDCl) §
7.68 (d,J=1.5 Hz, 1H), 7.64 (d, J= 1.6 Hz, 1H), 7.54-7.43 (m, 4H), 7.41-7.38 (m, 6H),
3.72-3.68 (m, 8H), 2.13 (bs, 1H), 1.56 (s, 1H), 1.371 (s, 18H), 1.367 (s, 18H), 1.24-1.13
(m, 12H), 1.07-1.01 (m, 21H). "C NMR (100 MHz, CDCls) & 152.1, 152.0, 151.4,
151.3, 139.8, 139.7, 138.7, 138.5, 131.1, 131.0, 129.0, 128.9, 121.64, 121.57, 121.40,
121.36, 120.3, 118.2, 118.1, 117.4, 117.1, 114.6, 111.2, 104.0, 102.0, 101.5, 98.0, 97.9,
91.6, 91.2, 80.8, 65.9, 35.2, 31.8, 31.6, 18.9, 11.5 (four signals coincident or not

observed).

To a solution of 2.21 (293 mg, 0.638 mmol) in THF (5§ mL) and MeOH (5 mL) was
added K,CO; (103 mg, 0.745 mmol). The reaction was stirred for 1 h, and then quenched
via the addition of saturated aqg NH4CI (25 mL). The aq phase was extracted with Et,O (2

x 25 mL). The combined organic phase was washed with H,O (20 mL) and saturated aq
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NaCl (20 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.
The solution was then transferred to a flask charged with 2.38 (77 mg, 0.20 mmol)
dissolved in deoxygenated, dry THF (5 mL) and i-Pr,NH (10 mL). To this solution was
added PdCl,(PPh;), (5 mg, 0.007 mmol), Cul (3 mg, 0.02 mmol). The flask was sealed
under argon with a rubber septum and stirred for 24 h. The reaction was quenched via the
addition of saturated aq NH4CI (25 mL). The aq phase was extracted with Et,O (2 x 25
mL). The combined organic phase was washed with H,O (20 mL) and saturated aq NaCl
(20 mL), dried with MgSQ,, filtered, and the solvent removed in vacuo. Column
chromatography (silica gel, 5:1 Hex/EtOAc) afforded 2.42 (88 mg, 36%) as a bright
yellow solid. Ry =0.15 (5:1 Hex/EtOAc). Mp = 300-305 °C. UV-vis (CH,Cly) Amax: 258,
384, 406 nm. Fluorescence (CH,Cl): Aexe = 406 nm, Apaxem = 424 nm. IR (microscope):
3050 (w), 2963 (s), 2871 (s), 1940 (w), 1593 (s). 'H NMR (400 MHz, CDCl;) & 7.89 (dd,
J=1.7 Hz, 0.8 Hz, 2H), 7.78 (dd, J = 8.9 Hz, 0.8 Hz, 2H), 7.63 (dd, J = 8.9 Hz, 1.7 Hz,
2H), 7.47 (d, J= 1.8 Hz, 4H), 7.43 (t, J = 1.8 Hz, 2H), 3.62-3.59 (m, 8H), 2.09-2.07 (m,
8H), 1.37 (s, 36H). °C NMR (100 MHz, CDCls) § 151.2, 144.9, 140.9, 137.6, 123.1,
121.86, 121.42, 121.3, 118.1, 117.5, 117.4, 88.1, 55.2, 35.0, 31.4, 23.2. ESI HRMS m/z

calcd for Cs;HgsNg ([M + H]") 773.5265, found 773.5261.

2.44
To a solution of 2.21 (523 mg, 1.15 mmol) in THF (20 mL) and MeOH (20 mL) was
added aq KOH (74 mg, 1.3 mmol). The reaction was stirred at rt for 2 h, and then

quenched via the addition of HO (50 mL). The aq phase was extracted with CH,Cl, (2 x
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25 mL). The combined organic phase was washed with HO (25 mL) and saturated aq
NaCl (25 mL), dried with MgSQ,, filtered, and the solvent removed in vacuo. Column
chromatography (silica gel, 1.5:1 Hex/CH,Cl,) afforded 2.44 (338 mg, 76%) as a yellow
solid. Ry =0.35 (1.5:1 Hex/CH,Cl,). Mp = 130-131 °C IR (microscope): 3289 (m), 3062
(W), 2962 (s), 2868 (m), 2106 (w), 1593 (m). 'H NMR (400 MHz, CDCl;) 8 7.74 (d, J =
2.0 Hz, 1H), 7.53 (dd, J = 8.5 Hz, 2.1 Hz, 1H), 7.48 (d, J = 8.5 Hz, 1H), 7.41 (s, 3H),
3.93 (brs, 2H), 3.79 (br s, 2H), 3.30 (s, 1H), 2.04 (br s, 4H), 1.37 (s, 18H). °C NMR (75
MHz, CDCl;) 8§ 152.1, 151.1, 139.5, 138.7, 132.2, 128.6, 121.5, 121.3, 117.3, 116.9,
82.3, 80.8, 51.2, 46.8, 35.0, 31.6, 23.8. EI HRMS m/z calcd for CsH34N; ([M + H])

388.2747, found 388.2744.

t-Bu I t-Bu

2.45
The synthesis of 2.44 occasionally gave 2.45 in small amounts (1-3%) which could be
isolated via column chromatography (silica gel, 3:2 Hex/CH,Cl,) as a bright orange semi-
solid. R¢=0.15 (1:1 Hex/CH,Cl,). '"H NMR (300 MHz, CDCl3) 8 10.44 (s, 1H), 8.36 (dd,
J=1.7 Hz 0.9 Hz, 1H), 7.82 (dd, J = 8.9 Hz, 0.8 Hz, 1H), 7.68 (dd, J= 8.9 Hz, 1.8 H,

1H), 7.47-7.39 (m, 3H), 3.58-3.54 (m, 4H), 2.14-2.10 (m, 4H), 1.38 (s, 18H).
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Synthesis of 2.47 using original conditions

To a solution of 2.33 (246 mg, 0.525 mmol) in THF (6 mL) was added TBAF (1.1 mL,
1.1 mmol, 1.0 M in THF) at 0 °C. The reaction was stirred at 0 °C for 15 min, and then
quenched via the addition of saturated aq NH4CI (25 mL). The aq phase was extracted
with Et,;O (2 x 25 mL). The combined organic phase was washed with H,O (20 mL) and
saturated aq NaCl (20 mL), dried with MgSOQ,, filtered, and the solvent reduced to ca. 5
mL in vacuo. The solution was then transferred to a flask charged with 2.37 (894 mg,
1.32 mmol) dissolved in deoxygenated, dry THF (6 mL) and i-Pr,NH (6 mL). To this
solution was added Pd(PPh;),; (25 mg, 0.022 mmol) and Cul (4 mg, 0.02 mmol). The
flask was sealed under argon with a rubber septum, stirred for 24 h, and the reaction
quenched via the addition of saturated aq NH4CI (25 mL). The aq phase was extracted
with Et,;O (2 x 25 mL). The combined organic phase was washed with H,O (20 mL) and
saturated aq NaCl (20 mL), dried with MgSOQ,, filtered, and the solvent removed in
vacuo. Column chromatography (silica gel, 7:1 Hex/EtOAc) afforded 2.47 (25 mg, 4%)
as an oily brown solid.

Synthesis of 2.47 using “optimized” conditions

To a solution of 2.33 (143 mg, 0.305 mmol) in THF (6 mL) was added TBAF (0.65 mL,
0.65 mmol, 1.0 M in THF) at 0 °C. The reaction was stirred at 0 °C for 15 min, and then
quenched via the addition of saturated aq NH4CI (25 mL). The aq phase was extracted

with Et;O (2 x 25 mL). The combined organic phase was washed with H,O (20 mL) and
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saturated aq NaCl (20 mL), dried with MgSOQ,, filtered, and the solvent reduced to ca. 5
mL in vacuo. The solution was then transferred to a flask charged with 2.37 (623 mg,
0.923 mmol) dissolved in deoxygenated, dry THF (4 mL) and i-Pr,NH (3 mL). To this
solution was added PdCl,(PPh;), (14 mg, 0.019 mmol), Cul (5 mg, 0.03 mmol) and P(z-
Bu); (0.15 mL, 0.050 mmol, 0.33 M in toluene). The flask was sealed under argon with a
rubber septum, heated to 50 °C, and stirred for 48 h. The solution was cooled to rt and the
reaction quenched via the addition of saturated aqg NH4CI (25 mL). The aq phase was
extracted with Et,O (2 x 25 mL). The combined organic phase was washed with H,O (20
mL) and saturated aq NaCl (20 mL), dried with MgSQy, filtered, and the solvent removed
in vacuo. Column chromatography (silica gel, 7:1 Hex/EtOAc) afforded 2.47 (40 mg,
10%) as an oily brown solid.

Data for 2.47 (sample obtained from “optimized” reaction): Ry = 0.15 (5:1 Hex/EtOAc).
IR (neat): 3500-3200 (br), 2891 (s), 2867 (s), 2210 (w), 2150 (w). 'H NMR (400 MHz,
CDCl;) & 2.00 (s, 2H), 1.56 (s, 12H), 1.08 (s, 42H), 1.06 (s, 42H), 0.97 (t, J = 7.9 Hz,
18H), 0.61 (q, J = 7.9 Hz, 12H). C NMR (100 MHz, CDCl3) & 119.6, 117.8, 117.7,
116.0, 104.2, 103.9, 103.8, 103.32, 103.27, 103.1, 101.9, 95.3, 93.9, 79.5, 65.7, 31.1,
18.62, 18.60, 11.3, 11.2, 7.5, 4.2. MALDI HRMS (DCTB) m/z calcd for CgoH;250,Sis

(M) 1288.8524, found 1288.8535.
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6.3 Experimental Details for Chapter 3

Synthesis of 3.7a via one-pot reaction:

To a solution of 2.25 (736 mg, 1.35 mmol) and 1,2-diethynylbenzene (171 mg, 1.36
mmol) in deoxygenated, dry Et;N (10 mL) was added Pd(PPh;s)4 (158 mg, 0.137 mmol)
and Cul (52 mg, 0.273 mmol). The flask was sealed under argon with a rubber septum,
heated to 60 °C, and stirred for 24 h. The solution was cooled to rt and the reaction
quenched via the addition of saturated aq NH4CI (30 mL). The aq phase was extracted
with Et;O (2 x 25 mL). The combined organic phase was washed with H,O (20 mL) and
saturated aq NaCl (20 mL), dried with MgSOQ,, filtered, and the solvent removed in
vacuo. Column chromatography (alumina, neutral, 4:1—2:1 Hex/CH,Cl,) afforded a dark
yellow solid. The solid was further purified by dissolving into a small amount of CH,Cl,
and precipitated by the addition of MeOH to yield 3.7a (83 mg, 12%) as a bright yellow
solid.

Synthesis of 3.7a via stepwise reaction:

To a solution of 3.32 (100 mg, 0.113 mmol) in THF (2 mL) and MeOH (10 mL) was
added KOH (65 mg, 1.2 mmol). The reaction was stirred at rt for 3 h and then quenched
via the addition of saturated aqg NH4CI (20 mL). The aq phase was extracted with Et,O (2
x 20 mL). The combined organic phase was washed with H,O (10 mL) and saturated aq
NaCl (10 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.

This solution was transferred to a solution of 2.25 (62 mg, 0.11 mmol) in deoxygenated,
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dry Et;N (5 mL), and purged with argon for 15 min. To the reaction was added Pd(PPhs),
(7 mg, 0.006 mmol) and Cul (3 mg, 0.02 mmol). The flask was sealed under argon with a
rubber septum, heated to 50 °C, and stirred for 18 h. The solution was cooled to rt and the
reaction quenched via the addition of saturated aqg NH4CI (25 mL). The aq phase was
extracted with Et,O (2 x 25 mL). The combined organic phase was washed with H,O (20
mL) and saturated aq NaCl (20 mL), dried with MgSOQy, filtered, and the solvent removed
in vacuo. Column chromatography (alumina, neutral, 4:1—2:1 Hex/CH,Cl,) afforded a
dark yellow solid. The solid was further purified by dissolving into a small amount of
CH,Cl, and precipitated by the addition of MeOH to yield 3.7a (45 mg, 39%) as a bright
yellow solid.

Data for 3.7a (obtained from samples via stepwise reaction): Ry = 0.50 (4:1 Hex/CH,Cl,).

UV-vis (THF) Anax (€): 282 (82 700), 313 (28 200), 330 (32 300), 371 (22 400), 426 (51
800), 450 (65 900) nm. IR (ATR): 2939 (m), 2890 (w), 2862 (m), 2134 (w), 1460 (m). 'H
NMR (300 MHz, CDCl3) 8 7.52-7.46 (m, 4H), 7.30-7.22 (m, 4H), 1.14-1.11 (m, 84H)
C NMR (75 MHz, CDCl;) § 132.1, 128.5, 125.4, 117.4, 116.8, 104.4, 102.8, 96.8, 91.3,
18.7, 11.3. MALDI HRMS (DCTB) m/z calcd for CesHoySis (M) 1020.6271, found
1020.6278. DSC: decomposition, 254 °C (onset), 266 °C (peak).

Crystals suitable for X-ray crystallography by slow evaporation of solutions of 3.7a in
hexanes left standing in the dark at rt for several days. X-ray crystallographic data for
3.7a (ADMO1): CesHo,Siy, M, = 1021.78; crystal dimensions (mm) 0.3094 x 0.1924 x
0.1574; triclinic space group Pl (no. 2); a= 8.4669(5) A, b= 12.5501(7) A, c=
15.4542(11) A; a = 90.022(5)°, = 96.448(6)°, y = 97.093(5)°; V' = 1619.12(17) A’; Z=
1; Peatca = 1.048 mg mm™>; g = 1.115 mm'; A = 1.54178 A; T = —100 °C; 26ne =
146.82°; total data collected = 9735; R; = 0.0503; wR, = 0.1407 for 337 variables, 6214

unique reflections, and 0 restraints; residual electron density = 0.714 and —0.621 e A™.
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The stepwise route to 3.7a occasionally gave 3.7d in small amounts (1-3%) which could
be isolated via column chromatography (alumina, neutral, 4:1—2:1 Hex/CH,Cl,) as a
bright yellow solid. Ry = 0.55 (4:1 Hex/CH,Cl,). IR (ATR): 3064 (w), 2943 (s), 2892 (m),
2865 (s), 2211 (w), 2198 (w), 2175 (w), 2138 (w), 1469 (s). 'H NMR (300 MHz, CDCl;)
7.48-7.44 (m, 2H), 7.36-7.32 (m, 2H), 7.30-7.26 (m, 4H), 1.16-1.12 (m, 42H). °C
NMR (75 MHz, CDCl3) 8 131.3, 129.5, 129.1, 128.8, 128.7, 125.5, 118.1, 116.7, 104 .4,
103.7,97.3, 92.6, 87.0, 81.4, 18.8, 11.4. MALDI HRMS (DCTB) m/z calcd for C44Hs(Si,

(M) 634.3446, found 634.3447.
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Synthesis of 3.7b via one-pot reaction:

To a solution of 3.10 (80 mg, 0.15 mmol) and 2.25 (166 mg, 0.30 mmol) in
deoxygenated, dry THF (15 mL) and i-Pr,NH (15 mL) was added Pd(PPh;3); (37 mg,
0.032 mmol) and Cul (6 mg, 0.03 mmol). The flask was sealed under nitrogen with a
rubber setptum, heated to 60 °C, and stirred for 18 h. The solution was cooled to rt and
the reaction quenched via the addition of saturated aq NH4Cl1 (30 mL). The aq phase was
extracted with Et,O (2 x 30 mL). The combined organic phase was washed with H,O (25
mL) and saturated aq NaCl (25 mL), dried with MgSOQy, filtered, and the solvent removed

in vacuo. Column chromatography (alumina, neutral, 5:1—2:1 Hex/CH,Cl,) afforded a
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dark red solid. The solid was further purified by dissolving into a small amount of THF
and precipitated by the addition of MeOH and cooling to —78 °C to yield 3.7b (10 mg,
5%) as a deep red solid.

Synthesis of 3.7b via stepwise reaction:

To a solution of 3.33 (58 mg, 0.051 mmol) in THF (4 mL) and MeOH (10 mL) was
added KOH (30 mg, 0.53 mmol). The reaction was stirred at rt for 4 h and quenched via
the addition of saturated aq NH4Cl (20 mL). The aq phase was extracted with Et,O (2 x
20 mL). The combined organic phase was washed with HO (10 mL) and saturated aq
NaCl (10 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.
This solution was transferred to a solution of 2.25 (28 mg, 0.051 mmol) in deoxygenated
dry Et;N (5 mL), and purged with argon for 15 min. To the reaction was added Pd(PPh;),4
(3 mg, 0.003 mmol) and Cul (1 mg, 0.005 mmol). The flask was sealed under argon with
a rubber septum, heated to 50 °C, and stirred for 16 h. The solution was cooled to rt and
the reaction quenched via the addition of saturated aq NH4Cl1 (25 mL). The aq phase was
extracted with Et,O (2 x 25 mL). The combined organic phase was washed with H,O (20
mL) and saturated aq NaCl (20 mL), dried with MgSOQy, filtered, and the solvent removed
in vacuo. Column chromatography (alumina, neutral, 4:1—2:1 Hex/CH,Cl,) afforded
3.7b (12 mg, 18%) as a deep red solid.

Data for 3.7b (obtained from samples via one-pot reaction): Ry = 0.44 (2:1 Hex/CH,Cl,).

Mp =200 °C (decomp). UV-vis (THF) Apax: 287, 343, 415, 485, 504 nm. IR (CHCI; cast
film): 3058 (w), 2943 (s), 2892 (m), 2865 (s), 2185 (w), 2136 (w), 1485 (m), 1463 (m).
'H NMR (400 MHz, CDCls) & 7.64—7.62 (m, 4H), 7.55-7.53 (m, 4H), 7.38-7.30 (m, 8H),
1.16-1.12 (m, 84H) >C NMR (100 MHz, CDCl;) & 132.3, 131.8, 128.73, 128.67, 128.5,

1255, 125.4, 117.8, 117.0, 116.8, 104.4, 103.0, 97.9, 96.8, 92.0, 91.5, 18.7, 11.4. ESI
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HRMS m/z caled for CooHiooNaSiy ([M + Na]+) 1315.6794, found 1315.6759. DSC:
decomposition, 280 °C (onset), 285 °C (peak).

Crystals suitable for X-ray crystallography by slow evaporation of solutions of 3.7b in
hexanes left standing in the dark at rt for several days. X-ray crystallographic data for
3.7b (ADMO04): CooHjoSig, M, = 1294.06; crystal dimensions (mm) 0.373 x 0.1684 x
0.0756; triclinic space group Pl (No. 2); a = 8.9732(7) A, b = 13.1109(9) A, ¢ =
18.0827(12) A; a=71.321(6)°, B =80.336(6)°, y = 79.647(6)°; V' =1968.6(2) A’; Z = 1;
Peaicd = 1.092 mg mm73; u=1.018 mmﬁl; A=1.54178 A; T=—100 °C; 26, = 147.34°;
total data collected = 11687; R; = 0.0493; wR, = 0.1461 for 436 variables, 7538 unique

reflections, and 0 restraints; residual electron density = 0.56 and —0.28 ¢ A

To a solution of 3.34 (65 mg, 0.046 mmol) in THF (5 mL) and MeOH (8 mL) was added
KOH (30 mg, 0.53 mmol). The reaction was stirred at rt for 4 h, and then quenched via
the addition of saturated aqg NH4Cl (25 mL). The aq phase was extracted with CH,Cl, (2 x
25 mL). The combined organic phase was washed with HO (20 mL) and saturated aq
NaCl (20 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.
The solution was then transferred to a flask charged with 2.25 (25 mg, 0.046 mmol)
dissolved in Et;N (5 mL) and the combined solution purged with argon for 15 min. To
this solution was added Pd(PPhs)4 (3 mg, 0.003 mmol) and Cul (1 mg, 0.005 mmol). The
flask was sealed under argon with a rubber septum, heated to 50 °C, and stirred for 16 h.

The solution was cooled to rt and the reaction quenched via the addition of saturated aq
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NH4CI (25 mL). The aq phase was extracted with CH,Cl, (2 x 25 mL). The combined
organic phase was washed with HO (20 mL) and saturated aq NaCl (20 mL), dried with
MgSOQ,, filtered, and the solvent removed in vacuo. Preparative TLC (silica gel, 3:2
Hex/CH,Cl,) afforded 3.7¢ (3.5 mg, 5%) as a dark red solid, which decomposed when
dissolved in CDCl;. Ry = 0.4 (3:2 Hex/CH,Cl,). UV-vis (THF) Apax: 284, 490, 522 nm.

MALDI HRMS (DCTB) m/z calcd for Cy1,H;05Si4 (M+) 1564.7523, found 1564.7532.
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To a solution of 2.24 (816 mg, 1.76 mmol) and 1,2-diethynylbenzene (222 mg, 1.76
mmol) in deoxygenated, dry THF (10 mL) and i-Pr,NH (2 mL) was added Pd(PPh;),
(203 mg, 0.176 mmol) and Cul (65 mg, 0.34 mmol). The flask was sealed under nitrogen
with a rubber septum, heated to 60 °C, and stirred for 24 h. The solution was cooled to rt
and the reaction quenched via the addition of saturated aq NH4CI (30 mL). The aq phase
was extracted with Et,O (2 x 25 mL). The combined organic phase was washed with H,O
(20 mL) and saturated aq NaCl (20 mL), dried with MgSO,, filtered, and the solvent
removed in vacuo. Column chromatography (alumina, neutral, 10:1 Hex/CH,Cl,)
afforded a dark yellow solid. The solid was further purified by crystallization from
hexanes to yield 3.9 (116 mg, 15%) as a bright yellow solid. Ry =0.60 (2:1 Hex/CH,Cl,).
Mp = 225-230 °C (decomp). UV-vis (THF) Apax (€): 280 (75 300), 312 (30 700), 328 (33
700), 370 (21 600), 424 (52 200), 448 (71 100) nm. IR (CHCI; cast film): 3018 (w), 2956
(m), 2935 (m), 2875 (m), 2193 (w), 2140 (w), 1485 (w). '"H NMR (300 MHz, CDCl;)

§7.51-7.46 (m, 4H), 7.32-7.26 (m, 4H), 1.04 (t, J = 7.8 Hz, 36H), 0.70 (q, J = 7.9 Hz,
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24H). "C NMR (75 MHz, CDCls) & 132.1, 128.6, 125.4, 117.7, 117.2, 103.6, 103.3,
97.0, 91.3, 7.5, 4.3. MALDI HRMS (DCTB) m/z caled for CssHgsSis (M") 852.4393,
found 852.4396. DSC: decomposition, 232 °C (onset), 236 °C (peak).

Crystals suitable for X-ray crystallography by slow evaporation of solutions of 3.9 in
hexanes left standing in the dark at rt for several days. X-ray crystallographic data for 3.9
(ADMO3): Cs¢HgsSiyq, M, = 853.46; crystal dimensions (mm) 0.305 x 0.1584 x 0.1164;
triclinic space group Pl (no. 2); a = 8.4415(6) A, b= 11.9793(9) A, c¢=13.312009) A;
a=79.899(6)°, = 86.040(6)°, y = 88.457(6)°; ¥ =1321.98(16) A’; Z=1; peaea = 1.072
mg mm; u = 1.283 mm™'; A = 1.54178 A; T = —100 °C; 26 = 151.42°; total data
collected = 9637; R, = 0.0562; wR, = 0.1652 for 277 variables, 5351 unique reflections,

and 0 restraints; residual electron density = 1.13 and —0.46 ¢ A™.

To a solution of 3.18 (104 mg, 0.106 mmol) THF (10 mL) was TBAF (0.50 mL, 0.50
mmol, 1.0 M in THF) at 0 °C. The solution was stirred at 0 °C for 10 min, warmed to rt,
and stirred for an additional 20 min. The reaction was quenched via the addition of
saturated aq NH4CI (20 mL). The aq phase was extracted with Et,O (2 x 15 mL). The
combined organic phase was washed with H,O (10 mL) and saturated aq NaCl (10 mL),
dried with MgSQ,, filtered, and the solvent removed in vacuo. The yellow solid was
dissolved in minimum amount of CH,Cl, and precipitated by the addition of hexanes to
yield 3.10 (49 mg, 88%) as a bright yellow solid. R = 0.25 (2:1 Hex/CH,Cl,). Mp = 150-

155 °C (decomp). IR (ATR): 3295 (m), 3280 (m), 3062 (w), 2209 (w), 2184 (w), 1475
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(m), 1440 (m). "H NMR (400 MHz, CDCl;)  7.57-7.49 (m, 8H), 7.33-7.28 (m, 8H),
3.18 (s, 4H). °C NMR (100 MHz, CDCl;) & 132.6, 132.5, 128.7, 128.4, 125.8, 124.9,
117.3, 97.4, 91.1, 82.2, 81.6. MALDI MS (DCTB) m/z 524 (M", 100). ESI HRMS m/z
calcd for C4;HoNa ([M + Na]") 547.1457, found 547.1456.

|
L

3.13

Synthesis of 3.13 via triazene decomposition of 3.14

A solution of 3.14 (1.706 g, 6.952 mmol) in Mel (10 mL) was sealed under nitrogen in an
Ace-glassware pressure tube. The reaction was heated to 140 °C and stirred for 24 h. The
reaction was cooled to rt and the remaining Mel was removed under vacuum, condensed,
and quenched with MeOH. The residual product was purified by passed through a plug of
silica gel with hexanes to give 3.13 (1.356 g, 65%) as an orange oil.

Synthesis of 3.13 via a modified Sandmeyer reaction

A solution of 3.15a (11.973 g, 63.239 mmol) in dry THF (100 mL) was added dropwise
to BF;°Et,O (32 mL) at —20 °C and stirred for 20 min. To this solution was added
dropwise a solution of +-BuONO (26 mL, 22 g, 220 mmol) dissolved in dry THF (50
mL). The reaction was stirred for 1 h, after which the diazonium salt was precipitated by
addition of Et,O (300 mL). The supernatant was carefully decanted, the solid was
dissolved in MeCN (150 mL), and cooled to 0 °C. To this solution was added Et4NI
(20.696 g, 80.482 mmol) in small portions. The reaction was warmed to rt, stirred for 30
min, and quenched via the addition of saturated aq Na,S,0;3 (200 mL). The aq phase was
extracted with hexanes (2 x 100 mL). The combined organic phase was washed with H,O
(100 mL) and saturated aq NaCl (100 mL), dried with MgSQ,, filtered, and the solvent
removed in vacuo. Column chromatography (silica gel, Hex) afforded 3.13 (12.091 g,

64%) as an orange oil. Spectroscopic data matches that previously reported.'
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To a solution of 2.14a (2.02 g, 7.34 mmol) in deoxygenated, dry Et;N (50 mL) was added
PdCI(PPhs), (0.26 g, 0.37 mmol) and Cul (0.16 g, 0.81 mmol). The solution was purged
with argon for an additional 10 min after which trimethylsilylacetylene (2.1 mL, 1.5 g, 15
mmol) was added. The flask was sealed under argon with a rubber septum and stirred for
18 h. The reaction was quenched via the addition of saturated aq NH4CI (100 mL). The
aq phase was extracted with Et,0 (2 x 50 mL). The combined organic phase was washed
with H,O (50 mL) and saturated aq NaCl (50 mL), dried with MgSQ,, filtered, and the
solvent removed in vacuo. Column chromatography (silica gel, 2:1 Hex/CH,Cl,) afforded
3.14 (1.71 g, 95%) as an amber solid. Ry = 0.15 (2:1 Hex/CH,Cl,). Mp = 3940 °C. IR
(ATR): 3048 (W), 2954 (s), 2898 (m), 2154 (s), 1468 (s). '"H NMR (300 MHz, CDCl;) §
7.45(dd, J=17.7 Hz, 1.4 Hz, 1H), 7.39 (dd, J=8.2 Hz, 0.9 Hz, 1H), 7.23 (td, J= 7.7 Hz,
1.4 Hz, 1H), 7.03 (td, J = 7.5 Hz, 1.2 Hz, 1H), 3.49 (br s, 3H), 3.25 (br s, 3H), 0.23 (s,
9H). >C NMR (75 MHz, CDCls)  152.3, 133.1, 129.1, 124.8, 117.9, 116.9, 103.3, 98.2,
0.1 (one signal coincident or not observed). ESI HRMS m/z calcd for C3H;9yN;NaSi ([M

+Na]") 268.1241, found 268.1238.
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To a solution of 3.13 (0.883 g, 2.94 mmol), PdCI,(PPhs)4 (0.103 g, 0.147 mmol), and Cul
(0.055 g, 0.29 mmol) in deoxygenated Et;N (8 mL) was added triethylsilylacetylene (1.3

mL, 1.0 g, 7.2 mmol). The flask was sealed under argon with a rubber septum and stirred
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at rt for 16 h. The reaction was quenched via the addition of saturated ag NH,4Cl1 (25 mL).
The aq phase was extracted with Et,O (2 x 25 mL). The combined organic phase was
washed with HO (20 mL) and saturated aq NaCl (20 mL), dried with MgSO,, filtered,
and the solvent removed in vacuo. Column chromatography (silica gel, Hexanes)
afforded 3.16 (0.894 g, 97%) as a yellow oil. R¢ = 0.3 (Hexanes). IR (CH,Cl, cast film):
3061 (w), 2954 (s), 2911 (m), 2874 (m), 2159 (m), 1476 (m). '"H NMR (300 MHz,
CDCl;) 6 7.48-7.41 (m, 2H), 7.23-7.20 (m, 2H), 1.05 (t, /= 7.8 Hz, 9H), 0.68 (q, J = 7.8
Hz, 6H), 0.24 (s, 9H). >C NMR (75 MHz, CDCl3) § 132.64, 132.57 128.0, 127.9, 125.8,
125.6, 104.4, 103.3, 98.3, 96.0, 7.8, 4.4, 0.0. EIMS m/z 312.2 (M, 59), 283.1 ([M — Et]’,

83). EI HRMS m/z calcd for Cy9HysSi, (M+) 312.1729, found 312.1724.

=

To a solution of 3.16 (9.994 g, 31.81 mmol) in THF (5 mL) and MeOH (25 mL) was
added K,CO; (4.421 g, 31.99 mmol). The solution was stirred for 1 h after which the
reaction was quenched via the addition of saturated aq NH4Cl (50 mL). The aq phase was
extracted with Et,O (2 x 50 mL). The combined organic phase was washed with H,O (50
mL) and saturated aq NaCl (50 mL), dried with MgSOQy, filtered, and the solvent removed
in vacuo. Column chromatography (silica gel, 10:1 Hex/CH,Cl,) afforded 3.17 (7.306,
96%) as an orange oil. Ry = 0.25 (10:1 Hex/CH,Cl,). IR (neat film): 3305 (m), 3062 (w),
2954 (s), 2910 (m), 2874 (s), 2158 (s), 1474 (m). 'H NMR (300 MHz, CDCl3) § 7.50—
7.43 (m, 2H), 7.29-7.20 (m, 2H), 3.26 (s, 1H), 1.05 (t, /= 7.8 Hz, 9H), 0.67 (q, J = 7.9
Hz, 6H). °C NMR (75 MHz, CDCl3) & 132.4, 132.3, 128.3, 128.0, 126.4, 125.0, 104.1,
96.4, 82.1, 81.0, 7.5, 4.4. EIMS m/z 240.1 (M", 30), 211.1 ([M — Et]’, 100). EI HRMS

m/z calcd for C;¢H,oS1 (M+) 240.1334, found 240.1332.
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To a solution of 3.17 (126 mg, 0.524 mmol) and tetrabromoethene (40 mg, 0.12 mmol) in
THF (2 mL) and i-Pr,NH (1 mL) was added Pd(PPhs); (10 mg, 0.008 mmol) and Cul (1
mg, 0.005 mmol). The flask was sealed under argon with a rubber septum, heated to 60
°C, and stirred for 24 h. The solution was cooled to rt and the reaction quenched via the
addition of saturated aq NH4CI (10 mL). The aq phase was extracted with Et,O (2 x 15
mL). The combined organic phase was washed with H,O (10 mL) and saturated aq NaCl
(10 mL), dried with MgSQ,, filtered, and the solvent removed in vacuo. Column
chromatography (silica gel, 5:1 Hex/CH,Cl,) afforded 3.18 (56 mg, 50%) as a bright
yellow/orange oily solid. Ry = 0.53 (2:1 Hex/CH,Cl,). IR (ATR): 2951 (s), 2908 (m),
2871 (s), 2193 (w), 2154 (w), 1476 (m). 'H NMR (400 MHz, CDCl3) & 7.49-7.45 (m,
8H), 7.25-7.16 (m, 8H), 0.93 (t, J = 7.9 Hz, 36H), 0.56 (q, J = 7.9 Hz, 24H). C NMR
(75 MHz, CDCl;) 8 132.6, 132.4, 128.3, 127.8, 125.8, 125.6, 118.3, 103.9, 97.6, 97.0,

90.7, 7.5, 4.3. ESI HRMS m/z calcd for CeH76NaSiy ([M + Na]+) 1003.4916, found

1003.4893.

To a solution of 2.31 (1.002 g, 1.724 mmol) in THF (20 mL) cooled to 0 °C was added

TBAF (7.0 mL, 7.0 mmol, 1.0M in THF). The reaction was stirred for 30 min, and then
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quenched via the addition of saturated aq NH4CI (25 mL). The aq phase was extracted
with Et;O (2 x 25 mL). The combined organic phase was washed with H,O (20 mL) and
saturated aq NaCl (20 mL), dried with MgSOQ,, filtered, and the solvent reduced to ca. 5
mL in vacuo. The solution was then transferred to a flask charged with 2-iodoaniline
(1.588 g, 7.250 mmol) dissolved in deoxygenated, dry Et;N (40 mL). To this solution
was added PdCI,(PPh;), (0.122 g, 0.174 mmol) and Cul (0.070 g, 0.368 mmol). The flask
was sealed under argon with a rubber septum and stirred for 24 h. The reaction was
quenched via the addition of saturated aq NH4CI (50 mL). The aq phase was extracted
with CH,Cl, (2 x 25 mL). The combined organic phase was washed with H,O (20 mL)
and saturated aq NaCl (20 mL), dried with MgSQ,, filtered, and the solvent removed in
vacuo. Column chromatography (silica gel, 2:1 CH,CIl,/EtOAc) afforded 3.19 (0.110 g,
13%) as red/brown solid. Ry = 0.20 (CH,Cl,). Mp = 205 °C. IR (ATR): 3447 (w), 3429
(W), 3359 (w), 3333 (w), 3028 (W), 2919 (w), 2206 (m), 2171 (m), 1607 (s). '"H NMR
(300 MHz, Acetone-dg) 6 7.32 (d, J=7.7 Hz, 1H), 7.16 (d, J/ = 8.3 Hz, 1H), 6.82 (d, J =
8.3 Hz, 1H), 6.63 (d, J = 7.7 Hz, 1H). >C NMR (75 MHz, Acetone-dg) & 150.7, 132.7,
131.6,117.4,115.0,114.9, 106.0, 96.8, 93.5. ESI HRMS m/z calcd for C34H,4N4Na ([M +

Na]") 511.1893, found 511.1899.

To a solution of 3.22 (719 mg, 1.13 mmol) and 2.24 (521 mg, 1.13 mmol) in
deoxygenated, dry THF (50 mL) and i-Pr,NH (15 mL) was added Pd(PPh;3); (65 mg,
0.056 mmol) and Cul (65 mg, 0.34 mmol). The flask was sealed under argon with a

rubber septum, heated to 60 °C, and stirred for 18 h. The solution was cooled to rt and the
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reaction quenched via the addition of saturated aqg NH4CI (25 mL). The aq phase was
extracted with Et,O (2 x 25 mL). The combined organic phase was washed with H,O (20
mL) and saturated aq NaCl (20 mL), dried with MgSOQy, filtered, and the solvent removed
in vacuo. Column chromatography (alumina, neutral, 10:1 Hex/CH,Cl,) afforded a dark
yellow solid. The solid was further purified by crystallization from hexanes to yield 3.21
(505 mg, 48%) as a bright yellow solid. Ry = 0.45 (5:1 Hex/CH,Cl,). Mp = 215 °C. UV-
vis (THF) Anax (g): 282 (82 700), 315 (25 700), 329 (28 900), 371 (19 300), 426 (47 800),
450 (63 200) nm. IR (ATR): 2943 (m), 2865 (m), 2137 (w), 1459 (m). '"H NMR (400
MHz, CDCl;) 8 7.52-7.46 (m, 4H), 7.30-7.25 (m, 4H), 1.14-1.11 (m, 42H), 1.04 (t, J =
7.9 Hz, 18H), 0.70 (q, J = 7.9 Hz, 12H). °C NMR (100 MHz, CDCl5) & 132.12, 132.06,
128.5, 1254, 117.8, 117.6, 117.1, 116.8, 104.4, 103.5, 103.3, 102.9, 97.1, 96.8, 91.4,
18.7, 11.4, 7.5, 4.4 (three signals coincident or not observed). APPI HRMS m/z calcd for

Ce:Hs1Sis (IM + H]") 937.5410, found 937.5407 DSC: decomposition, 231 °C (onset),

234 °C (peak).

Synthesis of 3.22 via 3.25

To a solution of 3.25 (605 mg, 0.803 mmol) in benzene (50 mL) was added KOH (452
mg, 8.06 mmol). The reaction was heated to reflux and stirred for 24 h, cooled to rt, and
quenched via the addition of saturated aq NH4CI (50 mL). The aq phase was extracted
with Et;O (2 x 25 mL). The combined organic phase was washed with H,O (15 mL) and

saturated aq NaCl (15 mL), dried with MgSOQ,, filtered, and the solvent removed in

188



vacuo. Column chromatography (silica gel, 5:1 Hex/CH,Cl,) afforded 3.22 (149 mg,
30%) as an amber oil.

Synthesis of 3.22 via 3.26

To a solution of 3.26 (62 mg, 0.079 mmol) in THF (3 mL) and MeOH (8 mL) was added
aq KOH (0.2 mL, 0.2 mmol, 1.0 M). The reaction was stirred at rt for 3 h, and then
quenched via the addition of saturated aq NH4CI (15 mL). The aq phase was extracted
with Et;O (2 x 10 mL). The combined organic phase was washed with H,O (10 mL) and
saturated aq NaCl (10 mL), dried with MgSOQ,, filtered, and the solvent removed in
vacuo. Column chromatography (silica gel, 4:1 Hex/CH,Cl,) afforded 3.22 (49 mg, 97%)
as an amber oil.

Data for 3.22 (obtained from samples via 3.26): Ry = 0.6 (5:1 Hex/CH,Cl,). IR (ATR):

3298 (m), 2060 (w), 2940 (s), 2891 (m), 2862 (s), 2187 (w), 2138 (w), 1463 (m). 'H
NMR (400 MHz, CDCl3) & 7.50—7.44 (m, 4H), 7.29-7.25 (m, 4H), 3.30 (s, 2H), 1.09—
1.05 (m, 42H). °C NMR (75 MHz, CDCl;) & 132.4, 132.0, 128.5, 128.2, 125.8, 124.9,
117.8,117.5,103.9, 102.4, 96.8, 90.6, 82.1, 81.7, 18.6, 11.2. APPI MS 669.39 ([M + H +
MeOH]’, 100), 637.36 (M + H]", 60). APPI HRMS m/z caled for C44Hs3Si, ([M + H]")

637.3680, found 637.3672.

OH
=

|
3.23

To a solution of 1,2-diiodobenzene (2.5 g, 7.6 mmol) and 2-methyl-3-propyn-2-ol (0.65
g, 7.7 mmol) in deoxygenated THF (10 mL) and i-Pr,NH (1 mL) was added Pd(PPh;)4
(0.451 g, 0.390 mmol) and Cul (0.159 g, 0.835 mmol) at 0 °C. The flask was sealed
under argon with a rubber septum, warmed to rt, and stirred for 18 h. The reaction was
quenched via the addition of saturated aq NH4CI (25 mL). The aq phase was extracted

with Et,;O (2 x 25 mL). The combined organic phase was washed with H,O (20 mL) and
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saturated aq NaCl (20 mL), dried with MgSOQ,, filtered, and the solvent removed in
vacuo. Column chromatography (silica gel, 2:1 Hex/EtOAc) afforded 3.23 (1.729 g,
79%) as an orange oily solid. Ry = 0.50 (2:1 Hex/EtOAc). IR (CH,Cl, cast film): 3340
(br), 3054 (w), 2977 (m), 1459 (m) 'H NMR (300 MHz, CDCl3) § 7.83-7.80 (m, 1H),
7.42-7.38 (m, 1H), 7.29-7.24 (m, 1H), 7.00-6.94 (m, 1H), 1.64 (s, 6H) °C NMR (75
MHz, CDCl;) 6 138.6, 132.4, 129.4, 129.1, 127.8, 101.3, 97.5, 84.5, 65.8, 31.3. EIMS

m/z 286 (M, 89), 271 ([M — Me]’, 100), 159 ([M —1]", 95).

3.25

To a solution of 3.24 (646 mg, 2.52 mmol) in THF (10 mL) at 0 °C was added TBAF (2.6
mL, 2.6 mmol, 1.0 M). The reaction was stirred at 0 °C for 30 min, and then quenched
via the addition of saturated aqg NH4CI (25 mL). The aq phase was extracted with Et,O (2
x 25 mL). The combined organic phase was washed with H,O (20 mL) and saturated aq
NaCl (20 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.
The solution was then transferred to a flask charged with 2.25 (653 mg, 1.19 mmol)
dissolved in dry, deoxygenated THF (6 mL) and i-Pr,NH (1 mL), and purged with argon
for 15 min. To this solution was added Pd(PPh;), (140 mg, 0.121 mmol) and Cul (42 mg,
0.22 mmol). The flask was sealed under argon with a rubber septum and stirred for 20 h.
The reaction was quenched via the addition of saturated aq NH4CI (25 mL). The aq phase
was extracted with Et,O (2 x 25 mL). The combined organic phase was washed with H,O
(20 mL) and saturated aq NaCl (20 mL), dried with MgSO,, filtered, and the solvent

removed in vacuo. Column chromatography (silica gel, 5:1 Hex/EtOAc) afforded 3.25
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(666 mg, 74%) as an oily yellow solid. R¢ = 0.35 (2:1 Hex/EtOAc). Mp =47 °C. IR (neat
film): 25003200 (br), 3062 (w), 2944 (s), 2892 (m), 2866 (s), 2208 (w), 2188 (w), 2140
(w), 1483 (m), 1463 (m) '"H NMR (400 MHz, CDCls) & 7.45-7.39 (m, 4H), 7.28-7.21 (m,
4H), 2.74 (s, 2H), 1.53 (s, 12H), 1.08-1.04 (m, 42H). °C NMR (100 MHz, CDCl;) &
132.0, 131.7, 128.7, 127.8, 125.5, 125.3, 118.3, 116.9, 103.9, 102.7, 99.0, 97.1, 90.4,
80.6, 65.6, 31.1, 18.6, 11.3. ESI HRMS m/z caled for CsoHeNaO,Si, ([M + Na])

775.4337, found 775.4334.

Synthesis of 3.26 via 2.31

To a solution of 2.31 (1.00 g, 1.72 mmol) in THF (4 mL) and MeOH (10 mL) was added
K,CO; (0.530 g, 3.84 mmol). The reaction was stirred at rt for 1 h, and then quenched via
the addition of saturated aq NH4Cl (25 mL). The aq phase was extracted with Et,O (2 x
25 mL). The combined organic phase was washed with HO (20 mL) and saturated aq
NaCl (20 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.
The solution was then transferred to a flask charged with 3.13 (1.10 g, 3.67 mmol)
dissolved in deoxygenated, dry THF (10 mL) and i-Pr,NH (2 mL) and purged with argon
for 15 min. To this solution was added Pd(PPh;3)s (100 mg, 0.0865 mmol) and Cul (33
mg, 0.17 mmol). The flask was sealed under argon with a rubber septum, heated to 50 °C,
and stirred for 24 h. The solution was cooled to rt and the reaction quenched via the
addition of saturated aq NH4CI (25 mL). The aq phase was extracted with Et,O (2 x 25

mL). The combined organic phase was washed with H,O (20 mL) and saturated aq NaCl
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(20 mL), dried with MgSQ,, filtered, and the solvent removed in vacuo. Column
chromatography (silica gel, 10:1 Hex/CH,Cl,) afforded 3.26 (1.117 g, 83%) as an amber
oil.

Synthesis of 3.26 via 3.27

To a solution of 3.27 (0.105 g, 0.125 mmol) and trimethylsilylacetylene (0.10 mL, 0.068
g, 0.69 mmol) dissolved in deoxygenated, dry THF (5 mL) and i-Pro,NH (1 mL) was
added Pd(PPh;)4 (0.013 g, 0.011 mmol) and Cul (0.008 g, 0.04 mmol). The reaction was
sealed under argon with a rubber septum, heated to 50 °C, and stirred for 4h. The solution
was cooled to rt and the reaction quenched via the addition of saturated aq NH4Cl (15
mL). The aq phase was extracted with Et,O (2 x 15 mL). The combined organic phase
was washed with H,O (10 mL) and saturated aq NaCl (10 mL), dried with MgSQOy,
filtered, and the solvent removed in vacuo. Column chromatography (silica gel, 4:1
Hex/CH,Cl,) afforded 3.26 (0.062 g, 63%) as an amber oil.

Data for 3.26 (obtained from samples via 2.31): Ry = 0.4 (4:1 Hex/CH,Cl,). IR (ATR):

2942 (m), 2893 (m), 2863 (m), 2159 (w), 2144 (w), 1463 (m) 'H NMR (400 MHz,
CDCl3) & 7.44-7.40 (m, 4H), 7.25-7.18 (m, 4H), 1.07-1.02 (m, 42H), 0.14 (s, 18H). °C
NMR (75 MHz, CDCls) 8 132.0, 131.9, 128.3, 127.7, 126.0, 125.8, 118.2, 104.0, 103.0,
102.1, 99.6, 97.0, 90.4, 18.6, 11.3, 0.2 (one signal coincident or not observed). ESI

HRMS m/z calcd for CsoHggNaSiy ([M + Na]+) 803.4290, found 803.4305.

A solution of 2.35b (100 mg, 0.127 mmol) in Mel (5 mL) was sealed under nitrogen in an

Ace-glassware pressure tube. The reaction was heated to 140 °C and stirred for 24 h. The
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reaction was cooled to rt and the remaining Mel was removed under vacuum, condensed,
and quenched with MeOH. The residual product was purified by passed through a plug of
silica gel with 4:1 Hex/CH,Cl, to give 3.27 (105 mg, 98%) as an orange oily solid. Ry =
0.40 (4:1 Hex/CH,Cl). IR (ATR): 2939 (s), 2890 (m), 2861 (s), 2202 (w), 2138 (w),
1460 (s). '"H NMR (300 MHz, CDCl;) & 7.85-7.82 (m, 2H), 7.46 (dd, J = 7.8 Hz, 1.7 Hz,
2H), 7.28 (td, J = 7.6 Hz, 1.2 Hz, 2H), 7.00 (ddd, J = 8.0 Hz, 7.5 Hz, 1.7 Hz, 2H), 1.09—
1.04 (m, 42H). °C NMR (75 MHz, CDCl;) & 138.8, 133.0, 129.9, 129.3, 127.5, 117.8,

117.0,103.9, 102.8, 101.0, 100.4, 89.9, 18.6, 11.2. MALDI m/z 713 ([M — 11", 100).

To a solution of 3.21 (85 mg, 0.091 mmol) in THF (5 mL) and MeOH (7 mL) was added
KOH (25 mg, 0.45 mmol). The reaction was stirred at rt for 2 h, and then quenched via
the addition of saturated aq NH4Cl (25 mL). The aq phase was extracted with Et,O (2 x
25 mL). The combined organic phase was washed with HO (20 mL) and saturated aq
NaCl (20 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.
The solution was then transferred to a flask charged with 3.13 (185 mg, 0.616 mmol)
dissolved in deoxygenated, dry THF (4 mL) and i-Pr,NH (2 mL). To this solution was
added Pd(PPh;)s (6 mg, 0.005 mmol) and Cul (1 mg, 0.005 mmol). The flask was sealed
under nitrogen with a rubber septum and stirred for 24 h. The reaction was quenched via
the addition of saturated aq NH4Cl (15 mL). The aq phase was extracted with Et,O (2 x
15 mL). The combined organic phase was washed with HO (10 mL) and saturated aq

NaCl (10 mL), dried with MgSQ,, filtered, and the solvent removed in vacuo. Column
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chromatography (silica gel, 10:1 Hex/CH,Cl,) afforded 3.28 (9 mg, 9%) as an orange
film. Re=0.40 (2:1 Hex/CH,Cl,). '"H NMR (400 MHz, CDCl;) § 7.90 (d, J = 7.9 Hz, 2H),
7.62-7.58 (m, 4H), 7.53-7.51 (m, 2H), 7.36 (t, J = 7.5 Hz, 2H), 7.32-7.28 (m, 4H), 7.06
(t, J = 7.7 Hz, 2H), 1.07-1.05 (m, 42H), 0.05 (s, 18H). >C NMR (100 MHz, CDCl;) §
139.0, 133.1, 132.7, 132.2, 130.1, 129.4, 128.63, 128.60, 127.8, 125.5, 125.2, 117.7,
117.3, 116.7, 116.5, 104.4, 103.0, 101.1, 100.9, 97.7, 96.8, 91.8, 91.5, 90.6, 18.7, 11.3,

1.0 (two signals coincident or not observed).

To a solution of PPh; (7.130 g, 27.18 mmol) and CBr,; (4.468g, 13.47 mmol) in dry,
deoxygenated CH,Cl, (90 mL) was added a solution of 3.31 (3.226 g, 6.365 mmol) in
dry, deoxygenated CH,Cl, (10 mL). The solution was stirred for 3 h at rt. The reaction
was quenched via the addition of hexanes, followed by a plug through silica gel with
hexanes. Solvent removal in vacuo afforded 3.29 (3.849 g, 91%) as a yellow oil. Ry =
0.60 (2:1 Hex/CH,Cl,). IR (CH,Cl,; cast film): 3061 (w), 2955 (s) 2934 (s) 2910 (s) 2874
(s), 2204 (w), 2158 (m), 1480 (m) '"H NMR (500 MHz, CDCl;) & 7.50-7.47 (m, 4H),
7.29-7.23 (m, 4H), 0.99 (t, J = 7.9 Hz, 18H), 0.63 (q, J = 7.9 Hz, 12H). °C NMR (125
MHz, CDCl;) 6 132.7, 132.2, 128.6, 127.9, 125.8, 124.9, 114.4, 108.6, 104.0, 97.0, 94.3,
89.2, 7.5, 4.4. EIMS m/z 583.2 (IM — Br]’, 5), 115.1 ([SiEt;]", 40). MALDI HRMS

(DCTB) m/z caled for C34Hss  Br*'BrSi, (M") 660.0873, found 662.0857.
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To a solution of 3.17 (7.306 g, 30.39 mmol) in dry THF (150 mL) was added MeMgBr
(9.2 mL, 28 mmol, 3.0 M in Et,0). The solution was stirred for 30 min at rt, and ethyl
formate (1.0 mL, 0.92 g, 12 mmol) was then added. The solution was gently heated to
refluxed and stirred under argon for 1 h. The solution was cooled to rt and the reaction
quenched via the addition of saturated aq NH4CI (150 mL). The aq phase was extracted
with Et,O (2 x 100 mL). The combined organic phase was washed with HO (50 mL) and
saturated aq NaCl (50 mL), dried with MgSOQ,, filtered, and the solvent removed in
vacuo. Column chromatography (silica gel, 7:1 Hex/EtOAc) afforded 3.30 (3.522 g,
56%) as a yellow oil. Ry = 0.20 (5:1 Hex/EtOAc). IR (CH,ClI; cast film): 3550-3300 (br,
m), 3061 (w), 2955 (s) 2935 (s) 2911 (s) 2875 (s), 2234 (w), 2158 (m) 1478 (m), 1442
(m) '"H NMR (500 MHz, CDCls) & 7.47-7.45 (m, 4H), 7.26-7.24 (m, 4H), 5.58 (d, J =
7.0 Hz, 1H), 2.24 (d, J= 8.0 Hz, 1H), 1.03 (t, /= 8.0 Hz, 18H), 0.64 (q, J= 8.0 Hz, 12H).
C NMR (125 MHz, CDCls) § 132.4, 132.2, 128.4, 126.1, 124.8, 104.2, 96.4, 89.6, 83.3,
53.4,7.5, 4.4. EIMS m/z 508.3 (M", 10), 493.2 (M — Me]", 45), 479.2 (IM — Et]", 100).

EI HRMS m/z calcd for C;33H,40OSi, (M+) 508.2619, found 508.2620.
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To a solution of 3.30 (3.522 g, 6.922 mmol) in dry, deoxygenated CH,Cl, (150 mL) was
added 4A mol. sieves (5 g), celite (5 g) and PCC (2.249 g, 10.43 mmol). The solution
was stirred for 24 h at rt. The reaction was quenched via a plug through silica gel with
CH,Cl,. Solvent removal in vacuo afforded 3.31 (3.226 g, 92%) as a yellow oil. Ry =0.40
(5:1 Hex/EtOAc). IR (CH,Cl, cast film): 3063 (w), 2955 (s) 2935 (s) 2911 (s) 2875 (s),
2217 (s), 2185 (s) 2160 (m), 1622 (s), 1477 (m) "H NMR (500 MHz, CDCl3) & 7.56 (ddd,
J=17.7 Hz, 1.4 Hz, 0.6 Hz, 2H), 7.51 (ddd, J = 7.8 Hz, 1.3 Hz, 0.6 Hz, 2H), 7.4 (td, J =
7.7 Hz, 1.4 Hz, 2H), 7.30 (td, J = 7.3 Hz, 1.4 Hz, 2H), 0.99 (t, J= 7.9 Hz, 18H), 0.64 (q,
J =79 Hz, 12H). °C NMR (125 MHz, CDCl;) & 160.3, 133.1, 132.5, 130.3, 128.0,
127.4, 122.6, 103.0, 98.6, 92.0, 89.5, 7.5, 4.3. EIMS m/z 491.1 (M — Me]’, 10), 477.2
([M - Et]", 100). MALDI HRMS (DCTB) m/z caled for C33H390Si, ([M + H]") 507.2534,

found 507.2534.

To a solution of 3.29 (1.244 g, 1.877 mmol) in deoxygenated, dry Et;N (10 mL) was
added Pd(PPh;), (0.125 g, 0.108 mmol) and Cul (0.039 g, 0.205 mmol). The solution was

purged with argon for an additional 10 min after which triisopropylsilylacetylene (2.2
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mL, 1.8 g, 9.8 mmol) was added. The flask was sealed under argon with a rubber septum
and stirred for 4 h at 50 °C. The solution was cooled to rt and the reaction was quenched
via the addition of saturated aqg NH4CI (25 mL). The aq phase was extracted with Et,O (2
x 25 mL). The combined organic phase was washed with H,O (20 mL) and saturated aq
NaCl (20 mL), dried with MgSQ,, filtered, and the solvent removed in vacuo. Column
chromatography (silica gel, 5:1 Hex/CH,Cl,) afforded 3.32 (1.493 g, 92%) as a dark
amber oil. Ry = 0.60 (5:1 Hex/CH,Cl,). UV-vis (THF) Anax: 238, 322, 362, 372, 390 nm.
IR (CH,Cl, cast film): 2956 (s), 2866 (s), 2159 (w), 1463 (m) 'H NMR (500 MHz,
CDCl;) 6 7.46-7.42 (m, 4H), 7.24-7.19 (m, 4H), 1.05-1.02 (m, 42H), 0.93 (t, J = 7.9 Hz,
18H), 0.58 (q, J = 7.9 Hz, 12H). ”C NMR (125 MHz, CDCl;) § 132.2, 132.0, 128.2,
127.5, 126.1, 125.7, 118.3, 117.8, 104.04, 103.97, 101.9, 97.04, 96.97, 90.2, 18.6, 11.2,

7.4, 43. MALDI HRMS (DCTB) m/z calcd for Cs¢HgoSis (M+) 864.5331, found

864.5335.

To a solution of 3.32 (754 mg, 0.871 mmol) in THF (4 mL) and MeOH (15 mL) was
added KOH (490 mg, 8.73 mmol). The reaction was stirred at rt for 6 h, and then
quenched via the addition of saturated aq NH4CI (25 mL). The aq phase was extracted
with Et,;O (2 x 25 mL). The combined organic phase was washed with H,O (20 mL) and
saturated aq NaCl (20 mL), dried with MgSOQ,, filtered, and the solvent reduced to ca. 5
mL in vacuo. The solution was then transferred to a flask charged with 3.29 (574 mg,

0.866 mmol) dissolved in Et;N (12 mL), and purged with argon for 15 min. To this
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solution was added Pd(PPhs), (53 mg, 0.046 mmol) and Cul (16 mg, 0.084 mmol). The
flask was sealed under argon with a rubber septum, heated to 50 °C, and stirred for 16 h.
The solution was cooled to rt and the reaction quenched via the addition of saturated aq
NH4Cl (25 mL). The aq phase was extracted with Et,O (2 x 25 mL). The combined
organic phase was washed with H,O (20 mL) and saturated aq NaCl (20 mL), dried with
MgSOQ,, filtered, and the solvent removed in vacuo. Column chromatography (silica gel,
3:1 Hex/CH,Cl,) afforded 3.33 (391 mg, 40%) as a bright yellow solid. Ry = 0.33 (2:1
Hex/CH,Cl,). UV-vis (THF) Apax (€): 286 (87 100), 328 (37 800), 338 (35 200), 388 (24
800), 450 (52 300), 470 (59 300) nm. IR (CHCI; cast film): 3060 (w), 2955 (s), 2887 (s),
2867 (s), 2188 (w), 2157 (w), 1481 (m), 1463 (m) '"H NMR (500 MHz, CDCls) § 7.60—
7.57 (m, 2H), 7.54-7.50 (m, 4H), 7.49-7.46 (m, 2H), 7.31-7.29 (m, 4H), 7.27-7.21 (m,
4H), 1.15-1.11 (m, 42H), 0.92 (t, J = 7.9 Hz, 18H), 0.54 (q, J = 7.9 Hz, 12H). °C NMR
(125 MHz, CDCl;) § 132.6, 132.5, 132.1, 132.0, 128.6, 128.5, 128.4, 127.9, 126.0,
125.53,125.48,125.3, 118.1, 117.6, 117.2, 116.9, 104.5, 103.8, 102.8, 97.9, 97.43, 97.35,
96.9, 91.9, 91.3, 90.6, 18.7, 11.4, 7.5, 4.3. MALDI HRMS (DCTB) m/z caled for

CrsHgsSiy (M) 1136.5958, found 1136.5957.

To a solution of 3.33 (391 mg, 0.344 mmol) in THF (7 mL) and MeOH (15 mL) was
added KOH (195 mg, 3.46 mmol). The reaction was stirred at rt for 4 h, and then
quenched via the addition of saturated aq NH4CI (25 mL). The aq phase was extracted

with Et,;O (2 x 25 mL). The combined organic phase was washed with H,O (20 mL) and
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saturated aq NaCl (20 mL), dried with MgSOQ,, filtered, and the solvent reduced to ca. 5
mL in vacuo. The solution was then transferred to a flask charged with 3.29 (223 mg,
0.336 mmol) dissolved in deoxygenated, dry Et;N (6 mL), and purged with argon for 15
min. To this solution was added Pd(PPh;), (20 mg, 0.017 mmol) and Cul (8 mg, 0.040
mmol). The flask was sealed with a rubber septum under argon, heated to 50 °C, and
stirred for 16 h. The solution was cooled to rt and the reaction quenched via the addition
of saturated aq NH4Cl (25 mL). The aq phase was extracted with Et,O (2 x 25 mL). The
combined organic phase was washed with H,O (20 mL) and saturated aq NaCl (20 mL),
dried with MgSQ,, filtered, and the solvent removed in vacuo. Column chromatography
(alumina, neutral, 4:1—2:1 Hex/CH,Cl,) afforded 3.34 (88 mg, 19%) as a dark red solid.
Ry =10.50 (1:1 Hex/CH,Cl,). UV-vis (THF) Ana: 288, 388, 494, 516 nm. IR (CHCI; cast
film): 3061 (w), 2954 (s), 2889 (s), 2867 (s), 2184 (w), 2157 (w), 2138 (w), 1484 (m),
1462 (m) 'H NMR (500 MHz, CDCls) 8 7.66-7.63 (m, 4H), 7.61-7.59 (m, 2H), 7.55—
7.50 (m, 6H), 7.39-7.25 (m, 12H), 1.17-1.08 (m, 42H), 0.94 (t, /= 7.9 Hz, 18H), 0.56 (q,
J =179 Hz, 12H). ”C NMR (125 MHz, CDCl;) & 132.7, 132.6, 132.2, 132.1, 131.74,
131.70, 128.8, 128.73, 128.68, 128.6, 128.5, 127.9, 126.0, 125.54, 125.52, 125.47,
125.43, 125.35 118.1, 117.6, 117.4, 117.11, 117.09, 116.8, 104.4, 103.8, 102.9, 98.00,
97.87,97.49, 97.39, 96.8, 92.16, 92.11, 92.07, 91.5, 90.7, 18.7, 11.3, 7.5, 4.3 (one signal
coincident or not observed). MALDI HRMS (DCTB) m/z calcd for CjooHosSi4 (M+)

1408.6584, found 1408.6596.
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To a solution of 3.21 (31 mg, 0.033 mmol) in THF (6 mL) and MeOH (8 mL) was added
KOH (20 mg, 0.36 mmol). The reaction was stirred at rt for 1 h, and then quenched via
the addition of saturated aq NH4Cl (25 mL). The aq phase was extracted with Et,O (2 x
25 mL). The combined organic phase was washed with HO (20 mL) and saturated aq
NaCl (20 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.
The solution was then transferred to a flask charged with iodobenzene (11 uL, 20 mg,
0.099 mmol) dissolved in deoxygenated, dry THF (5 mL) and i-Pr,NH (1 mL). To this
solution was added Pd(PPh;)s (2 mg, 0.002 mmol) and Cul (1 mg, 0.005 mmol). The
flask was sealed with a rubber septum under N, and stirred for 1 h. The reaction was
quenched via the addition of saturated aq NH4CI (15 mL). The aq phase was extracted
with Et;O (2 x 15 mL). The combined organic phase was washed with H,O (10 mL) and
saturated aq NaCl (10 mL), dried with MgSOQ,, filtered, and the solvent removed in
vacuo. Column chromatography (alumina, neutral, Hexanes — 2:1 Hex/CH,Cl,) afforded
3.35a (21 mg, 75%) as a bright orange solid. Ry = 0.6 (2:1 Hex/CH,Cl,). Mp = 195-200
°C (decomp). UV-vis (THF) Anax (€): 285 (86 600), 305 (32 700), 338 (29 500), 386 (18
300), 467 (52 400) nm. IR (CH,Cl, cast film): 3062 (w), 2943 (s), 2891 (m), 2865 (s),
2187 (w), 2137 (w), 1486 (m). '"H NMR (400 MHz, CDCl3) & 7.64-7.59 (m, 4H), 7.55—
7.50 (m, 4H), 7.40-7.37 (m, 6H), 7.31-7.27 (m, 4H), 1.15-1.11, (m, 42H). °C NMR (75
MHz, CDCl;) 8§ 132.2, 131.9, 131.8, 129.2, 128.7, 128.6, 128.5, 125.4, 122.6, 117.7,

117.2,117.0, 116.7, 104.4, 103.0, 99.5, 97.3, 96.8, 91.7, 91.4, 87.6, 18.7, 11.3 (one signal
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coincident or not observed). ESI HRMS m/z calcd for C¢HgoNaSi, ([M+ Na]+)
883.4126, found 883.4126. DSC: decomposition, 190 °C (onset), 195 °C (peak).

Crystals suitable for X-ray crystallography by slow evaporation of solutions of 3.35a in
dichloromethane/hexanes left standing in the dark at rt for several days. X-ray
crystallographic data for 3.35a (ADMO05): Ce,HeoSin, M, = 861.28; crystal dimensions
(mm) 0.3139 x 0.0789 x 0.0355; triclinic space group Pl (no. 2); a=14.5441(8) A, b=
14.7350(9) A, ¢ = 15.0170(10) A; a = 118.291(7)°, = 107.091(5)°, y = 96.452(5)°; V =
2584.8(3) A’; Z=2; peaiea = 1.107 mg mm>; = 0.894 mm™'; A = 1.54178 A; T'=—-100
°C; 26ma = 147.1°; total data collected = 15535; R; = 0.0378; wR, = 0.1071 for 589
variables, 9871 unique reflections, and O restraints; residual electron density = 0.31 and
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3.35b ]
To a solution of 3.21 (42 mg, 0.045 mmol) in THF (8 mL) and MeOH (10 mL) was
added KOH (25 mg, 0.45 mmol). The reaction was stirred at rt for 2 h, and then quenched
via the addition of saturated aqg NH4CI (25 mL). The aq phase was extracted with Et,O (2
x 25 mL). The combined organic phase was washed with H,O (20 mL) and saturated aq
NaCl (20 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.
The solution was then transferred to a flask charged with 4-iodo-nitrobenzene (34 mg,
0.14 mmol) dissolved in deoxygenated, dry THF (5 mL) and i-Pr,NH (1 mL). To this

solution was added Pd(PPh;)s (3 mg, 0.003 mmol) and Cul (1 mg, 0.005 mmol). The
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flask was sealed with a rubber septum under N, and stirred for 1 h. The reaction was
quenched via the addition of saturated aq NH4CI (15 mL). The aq phase was extracted
with Et,;O (2 x 15 mL). The combined organic phase was washed with H,O (10 mL) and
saturated aq NaCl (10 mL), dried with MgSOQ,, filtered, and the solvent removed in
vacuo. Column chromatography (alumina, neutral, 1:1 Hex/CH,Cl,) afforded 3.35b (38
mg, 88%) as a bright orange solid. Ry = 0.35 (1:1 Hex/CH,Cl,). Mp = 225 °C (decomp).
UV-vis (THF) Apax (€): 286 (74 600), 330 (48 500), 344 (54 400), 393 (28 200), 471 (56
900) nm. IR (ATR): 2940 (m), 2891 (m), 2863 (m), 2182 (w), 2133 (w), 1590 (m). 'H
NMR (400 MHz, CDCl;) 6 8.25 (d, J = 8.9, 4H), 7.74, (d, J = 8.9, 4H) 7.56-7.43 (m,
2H), 7.47-7.45 (m, 2H), 7.36-7.30 (m, 4H), 1.16-1.12, (m, 42H). °C NMR (100 MHz,
CDCl;) & 147.6, 132.4, 131.8, 129.3, 129.1, 128.8, 125.8, 124.7, 123.9, 120.6, 118.3,
116.3, 114.4, 104.3, 103.5, 99.4, 97.1, 96.5, 91.7, 91.5, 91.3, 18.7, 11.4 (one signal
coincident or not observed). ESI HRMS m/z calcd for CgsHssN,NaO4Si, ([M + Na]+)
973.3827, found 973.3811. DSC: decomposition, 221 °C (onset), 228 °C (peak).

Crystals suitable for X-ray crystallography by slow evaporation of a solution of 3.35b in
CDCl; left standing in the dark at 4 °C for several days. X-ray crystallographic data for
3.35b (ADMO02): CgHsoN,O4Si,Cl3, M, = 1070.65; crystal dimensions (mm) 0.2492 x
0.0922 x 0.0574; triclinic space group Pl (no. 2); a=7.5624(4) A, b =16.0301(8) A, c =
25.9429(13) A; a = 107.327(5)°, B = 93.017(4)°, y = 100.290(4)°; ¥ = 2935.1(3) A®; Z=
2; Peated = 1211 mg mm™>; g = 2.175 mm'; A = 1.54178 A; T = —100 °C; 26nax =
146.88°; total data collected = 17654; R; = 0.0505; wR, = 0.1419 for 707 variables,
11177 unique reflections, and 15 restraints; residual electron density = 0.41 and —0.44 ¢
A7, One disordered CHCl; per asymmetric unit. Three Cl atoms split positions refined to

50:50 occupation.
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To a solution of 3.21 (52 mg, 0.055 mmol) in THF (5 mL) and MeOH (10 mL) was
added KOH (33 mg, 0.59 mmol). The reaction was stirred at rt for 1 h and then quenched
via the addition of saturated aqg NH4CI (25 mL). The aq phase was extracted with Et,O (2
x 25 mL). The combined organic phase was washed with H,O (20 mL) and saturated aq
NaCl (20 mL), dried with MgSQy, filtered, and the solvent reduced to ca. 5 mL in vacuo.
The solution was then transferred to a flask charged with 2-iodoaniline (37 mg, 0.17
mmol) dissolved in deoxygenated, dry THF (5 mL) and i-Pr,NH (1 mL) that had been
purged with N, for 15 min. To this solution was added Pd(PPhs)4 (3 mg, 0.003 mmol) and
Cul (1 mg, 0.005 mmol). The flask was sealed under N, with a rubber septum and stirred
for 2 h. The reaction was quenched via the addition of saturated aq NH4CI (15 mL). The
aq phase was extracted with Et,0 (2 x 15 mL). The combined organic phase was washed
with H,O (10 mL) and saturated aq NaCl (10 mL), dried with MgSQ,, filtered, and the
solvent removed in vacuo. Column chromatography (alumina, neutral, 1:2 Hex/CH,Cl,)
afforded 3.35e (36 mg, 73%) as a dark orange solid. Ry = 0.4 (1:1 Hex/CH,Cl,). "H NMR
(300 MHz, CDCl;) 8 7.57-7.50 (m, 4H), 7.42 (dd, J= 7.8 Hz, 1.2 Hz, 2H), 7.34-7.26 (m,
4H), 7.18 (d, J = 7.7 Hz, 2H), 6.74-6.70 (m, 4H), 4.42 (s, 4H), 1.23-1.06, (m, 42H). "°C
NMR (75 MHz, CDCl;) 8 148.5, 132.6, 132.2, 132.1, 130.9, 128.7, 128.4, 125.4, 125.1,
117.8,117.6, 117.5, 116.7, 114.2, 114.1, 106.7, 104.3, 102.9, 96.8, 96.7, 93.4, 92.0, 91 .4,
18.7, 11.3 (one signal coincident or not observed). ESI HRMS m/z calcd for

Cs>He:N>NaSis ([M + Na]") 913.4344, found 913.4320.
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6.4 Experimental Details for Chapter 4

General Procedure A — Thienyl-substituted pentacene synthesis.

Unless otherwise noted in the individual procedures, a solution of 4.26b (ca. 1 equiv per
thienyl halide) and thienyl halide (1 equiv) in deoxygenated, dry THF and Et;N was
added Pd(PPh;)4 (ca. 0.05 equiv) and Cul (ca. 0.1 equiv). The flask was sealed under
argon with a rubber septum and stirred for 24 h. The reaction was quenched via the
addition of saturated aq NH4CI (25 mL). The aq phase was extracted with CH,Cl, (2 x 25
mL). The combined organic phase was washed with H,O (20 mL) and saturated aq NaCl
(20 mL), dried with MgSQ,, filtered, and the solvent removed in vacuo. The crude
product was passed through a plug of silica gel with hexanes:CH,Cl, (1:1) and the
solvent removed in vacuo. The product was dissolved in deoxygenated, dry THF to
which SnCl,*2H,0 (ca. 2.5 equiv per 4.26b) and 1-2 drops 10% H,SO, were added. The
flask was sealed under argon with a rubber septum, covered with aluminum foil, and
stirred for 24 h. The reaction was quenched by passing through a plug of silica gel with
CH,Cl,. Precipitation from EtOAc with hexanes or CH,Cl, with MeOH at —78 °C and/or

column chromatography afforded the desired thiophenyl substituted pentacene.

To a solution of 4.25j (0.152 g, 0.254 mmol) in deoxygenated, dry THF (8 mL) was
added SnCl,*2H,0 (0.148 g, 0.579 mmol). The flask was sealed under argon with a
rubber septum, covered in aluminum foil, and stirred at rt for 5 h. The reaction was
quenched by passing through a plug of silica gel with 1:1 Hex:CH,Cl, and the solvent

removed in vacuo. Column chromatography (silica gel, 2:1 Hex/CH,Cl,) afforded 4.23j
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(0.129 g, 90%) as a dark blue solid. Ry = 0.30 (2:1 Hex/CH,Cl,). Mp = 165-170 °C
(decomp). UV-vis (CH,Cl,) Amax (g): 310 (173 600), 354 (20 000), 438 (3 900), 598 (12
500), 652 (21 900) nm. IR (CH,Cl, cast film): 3047 (w), 2941 (s), 2890 (m), 2863 (s),
2123 (m), 1463 (m). '"H NMR (500 MHz, CDCl3) & 9.32 (s, 2H), 9.25 (s, 2H), 8.04-8.01
(m, 2H), 7.97-7.94 (m, 2H), 7.88 (dd, J = 2.9 Hz, 1.0 Hz, 1H), 7.55 (dd, J =4.9 Hz, 1.0
Hz, 1H), 7.49 (dd, J = 4.9 Hz, 3.0 Hz, 1H), 7.42-7.38 (m, 4H), 1.41-1.35 (m, 21H). °C
NMR (125 MHz, CDCls) § 132.24, 132.16, 130.6, 130.12, 130.07, 129.1, 128.7, 128.6,
128.4, 125.96, 125.88, 125.8, 122.8, 118.2, 118.0, 107.0, 104.9, 99.4, 87.5, 19.1, 11.8.
ESI HRMS m/z caled for C39H3;SSi ([M + H]+) 565.2380, found 565.2392. TGA: Ty =
375 °C. DSC: decomp, 159 °C (onset), 172 °C (peak). Anal. calcd for C;oH36SSi: C,

82.93, H, 6.42; S, 5.68. Found; C, 82.98; H, 6.52; S, 5.52.

4.23n
A solution of 4.26b (200 mg, 0.367 mmol) and 2-bromothiophene (0.10 mL, 170 mg, 1.0
mmol) in deoxygenated, dry THF (10 mL) and Et;N (2 mL) was subjected to general
procedure A. Column chromatography (silica gel, 2:1 Hex/CH,Cl,) afforded 4.23n (37
mg, 18%) as a dark blue/green solid. Ry = 0.50 (2:1 Hex/CH,Cl,). Mp = 210-215 °C. UV-
vis (CH,Cly) Amax (€): 274 (35 400), 312 (88 200), 378 (12 800), 602 (6 600), 656 (10
400) nm. IR (CH,Cl, cast film): 3048 (w), 2941 (s), 2890 (m), 2864 (s), 2129 (w), 1462
(m). "H NMR (300 MHz, CD,Cl,) § 9.32 (s, 2H), 9.23 (s, 2H), 8.10-7.98 (m, 4H), 7.68
(dd, J=3.6 Hz, 1.0 Hz, 1H), 7.54 (dd, J = 5.2 Hz, 1.0 Hz, 1H), 7.48-7.42 (m, 4H), 7.23
(dd, J= 5.2 Hz, 3.7 Hz, 1H), 1.45-1.37 (m, 21H). C NMR (125 MHz, CD,Cl,) & 133.0,

132.7, 130.9, 128.93, 128.88, 128.0, 126.7, 126.64, 126.58, 126.1, 118.9, 117.9, 108.2,
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104.9, 98.2, 92.0, 19.2, 12.1. MALDI HRMS (DCTB) m/z caled for CssHseSSi (M")

564.2302, found 564.2295.

To a solution of triisopropylsilylacetylene (0.24 mL, 0.20 g, 1.1 mmol) in dry THF (5
mL) cooled to —78 °C °C was added n-BuLi (0.35 mL, 0.88 mmol, 2.5 M in hexanes).
The solution was stirred for 10 min at —78 °C, before being transferred via cannula to a
suspension of 6,13-pentacenequinone (0.299 g, 0.969 mmol) in THF (10 mL) at rt. The
suspension was stirred at rt for 2 h. The reaction was then cooled to —78 °C and stirring
stopped to allow undissolved 6,13-pentacenequinone to settle to the bottom of the flask.
The supernatant was transferred via cannula to a solution of lithiated 3-ethynylthiophene
(see below) cooled to —78 °C. The reaction was warmed to rt and stirred for 5 h. The
reaction mixture was cooled to —78 °C and quenched via the addition of saturated aq
NH4CI (25 mL). The aq phase was extracted with CH,Cl, (2 x 25 mL). The combined
organic phase was washed with H,O (50 mL) and saturated aq NaCl (50 mL), dried with
MgSOQ,, filtered, and the solvent removed in vacuo. Column chromatography (silica gel,
2:1 Hex/EtOAc) afforded 4.25j (0.477 g, 91%) as a pale brown solid. Ry = 0.40 (2:1
CH,Cly/Hex). IR (CH,Cl, cast film): 3550-3300 (br, m), 3055 (w), 2943 (s), 2890 (m),
2865 (s), 2231 (w), 2173 (w) 1495 (m). '"H NMR (500 MHz, CDCl;) & 8.77 (s, 2H), 8.59
(s, 2H), 7.96-7.93 (m, 2H), 7.91-7.88 (m, 2H), 7.55-7.51 (m, 4H), 7.38 (dd, J = 3.0 Hz,
1.1 Hz, 1H), 7.16 (dd, J = 5.1 Hz, 3.0 Hz, 1H), 7.01 (dd, J=5.1 Hz, 1.1 Hz, 1H), 3.43 (s,
1H), 3.42 (s, 1H), 1.21-1.16 (m, 21H). ”C NMR (125 MHz, CDCl3) § 137.3, 135.3,

133.4, 133.2, 129.80, 129.77, 128.3, 128.2, 127.03, 126.97, 126.9, 125.3, 125.1, 120.8,
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108.2, 91.6, 90.7, 82.5, 70.9, 68.8, 18.8, 11.4. ESI HRMS m/z caled for C3oH3sNaO,SSi
(IM + Na]") 621.2254, found 621.2245.

Preparation of lithiated 3-ethynylthiophene solution:

To a solution of 3-ethynylthiophene (0.229 g, 2.12 mmol) in dry THF (5 mL) cooled to —
78 °C was added n-BuLi (0.8 mL, 2.0 mmol, 2.5 M in hexanes) and the solution was

stirred for 30 min.

4.37k

A solution of 4.26b (175 mg, 0.321 mmol) and 2,5-diiodothiophene (51 mg, 0.15 mmol)
in deoxygenated, dry THF (2 mL) and Et;N (5 mL) was subjected to general procedure
A. Precipitation from CH,Cl, with MeOH afforded 4.37k (55 mg, 35%) as a deep
blue/green solid. Ry = 0.55 (2:1 Hex/CH,Cl,). Mp = > 300 °C. UV-vis (CH,Cly) Amax (€):
314 (174 400), 406 (21 100), 704 (28 200) nm. IR (CH,Cl; cast film): 3048 (m), 2941 (s),
2890 (m), 2864 (s), 2127 (m), 1463 (m). "H NMR (500 MHz, CD,Cl,) § 9.35 (br s, 2H),
9.27 (br s, 2H), 9.22 (br s, 2H), 9.14 (br s, 2H), 8.13 (br s, 2H), 8.05 (br s, 2H), 7.99 (br s,
4H), 7.72 (br s, 2H), 7.47 (br s, 8H), 1.46—1.34 (m, 42H). °C NMR (125 MHz, CD,Cl,) &
132.72, 132.68, 130.7, 130.2, 129.0, 128.8, 126.7, 126.02, 125.99, 125.93, 125.92, 19.2,
12.1 (five signals coincident or not observed). MALDI HRMS (DCTB) m/z calcd for

C74HesSSi> (MY) 1044.4575, found 1044.4569.
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A solution of 4.26b (200 mg, 0.367 mmol) and 5,5-diiodo-2,2’-bithiophene (69 mg, 0.17

4.371

mmol) in deoxygenated, dry THF (2 mL) and Et;N (2 mL) was subjected to general
procedure A. Precipitation from EtOAc with hexanes afforded 4.371 (143 mg, 75%) as a
dark blue/green solid that was insoluble in common organic solvents. The product was
insufficiently soluble for meaningful NMR spectroscopic analysis. Ry = 0.40 (2:1
Hex/CH,CL,). Mp = > 300 °C. UV-vis (CH;Cly) Amax (€): 272 (42 500), 314 (211 600),
440 (24 200), 628 (19 200), 684 (34 800) nm. IR (CH,Cl, cast film): 3047 (w), 2941 (s),
2891 (m), 2864 (s), 2124 (m), 1463 (m). MALDI HRMS (DCTB) m/z calcd for

C75H70S,Si, (M") 1126.4452, found 1126.4440.

A solution of 4.26b (175 mg, 0.321 mmol) and 2,5-diiodo-3,4-ethylenedioxythiophene
(60 mg, 0.15 mmol) in deoxygenated, dry THF (2 mL) and Et;N (5 mL) was subjected to
general procedure A. Precipitation from EtOAc with hexanes afforded 4.37m (21 mg,
12%) as a dark blue/green that was insoluble in common organic solvents. The product
was insufficiently soluble for meaningful NMR spectroscopic analysis. Ry = 0.6 (2:1

Hex/CH,Cl,). Mp => 300 °C. UV-vis (CH,Cly) Amax: 316, 422, 720 nm. IR (CH,Cl, cast
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film): 3050 (w), 2942 (s), 2890 (m), 2865 (s), 2121 (W), 2065 (w), 1527 (m). MALDI

HRMS (DCTB) m/z caled for CrH00,SSi> (MY 1102.4630, found 1102.4621.

6.5 References

1. Karpov, G. V.; Popik, V. V. J. Am. Chem. Soc. 2007, 129,3892-3793.

209



