MONASH
University

Polyynes to Polycycl-es:
Rich Polycyclic Aromatic Compoundsvia

Alkyne Activation

Vanessa Chew Li Shan

B. Pharm.Sci. Hons

A thesis submitted for the degreeldctor of Philosopht
Monash University in 2024

Medicinal Chemistry, Monash Institute of Pharmaceutical Science



Copyright notice

© Vanessa Chew024

| certify that | have made all reasonable efforts to secure copyright permissions fqatttyrd
content included in this thesis and have not knowingly added copyright content to my work

without the ownerdéds permission.



Table of Contents

N 0 1] = o PP PPPPPPPPPY i
D<ol F=T = 11 [ o PP PPPPPPPPP PP ii..
ACKNOWIEAGEMENTS. .. ..ot e e e e e e e eeeera e s s s e e e e e e e e e e e e e e eeaesannneeeaaeeeeees lii
Abbreviations and aCrONYIMS.........cccoeieiiiiiieeeieeeee e e e et e e eeeesaaa e e e e ean v
(@ gF=T o1 (= g I [ o1 1o To [1 [ 1 o PRSP 1
1.1 Introduction td -rich polycyclic aromatic cCompounds.................eeeeiiiiiccmeeeevenennnnns 1
1.2 Contribution of -rich heteroacenes towards material SCIENCES.............ceeeeviaemen. 1
1.3 Contribution of -rich PACs towards drug diSCOVELY..........cccuuviiiiiiiiieaniiiiieeeeeeeenn 5
1.4 ElectrophiliC CYCIZALION. ...........uuiiiiiiiiiiie ettt 7
1.4.1 Electrophilic cyclization by halides...........cooooeiiiiiiiiicc e 8
1.4.2 Electrophilic cyclization by chalcogens............cooooiiiiiicce e 13
1.4.3 Electrophilic cyclizatiofacilitated by transition metals................cccccvvvieeennns 18

1.5 Expansion of electrophilic cyclization by our (Flynn) group; polyynes to polycyZses

1.5.1 DoubleElectrophilic Cyclization (DEC)........cccooeiiiieieeiiiiiieeeiie e 23
1.5.2DoubleElectrophilic Cyclization Reductive Elimination (DECRE)................ 24
1.5.3 Polyelectrophilic cyclization (PEC)..........cccooiiiiiiiiiieeee e 25
1.6 AlMIS. ..ttt ettt e e et eemt e e e e n b n e e e e e e ananes 27
1.6.1 Aim 1: Accessing angular heteroacena®ECRE..................ccoooiiiiieeee 27

1.6.2 Aim 2: Investigating alternate methods for the ready access of extended polycycle

S 111101 10 PP 28
1.6.3 Aim 3: Alternative nucleophilic group Study..............eeeeeviiiiieemiiieiiiiiiiiieeeeen 30

Chapter 2: Results and discussion: Synthesis of angular heteroacemnés Double

Electrophilic Cyclization Reductive Elimination (DECRE) ...........ccccovviiiiiiiiiiicccicee e, 32
2.1 Accessing diynes for application of preliminary DECRE study.................c........ 33
2.2 Initial investigation and optimization of cyclization conditians........................... 35

2.3 Synthesis of benzene linked heteroacene Systems..........cccoovevvieeenieiiiiiiiieeeeeenns 38



2.4 Accessing thiophene linker scaffolds..............ueiiiiiiicccicc e 42

2.5 Unsymmetrical and extended angular heteroacenes.........cccccccvveeeeeeeeeeeeeeennnns 45
2.6 Study of a bidirectional application of the DECRE.............cccooiiiiieeeiviiicieeenn. a7
2.7 Application of DECRE in accessing fulvalene derivatives..............ccccoevvceeevnnnns 50
2.8 Preliminary intermolecular DECRE cyclizatiQnS............coooooiiiiiicceis 92
2.10 Conclusion and fUtUre WOIK ............ooiiiiiiiiiiieee e 56

Chapter 3: Results and discussion: Exploration of alternate methods fdhe readily

access of extended polyCyCle StrUCTUIES...........oooiiiieiiiiiiiieee e 60
3.1 Preliminary polyyne cyclization StUdIES................uvvviiiiicccrreeeeeeeicene e 63
3.2 Extension of cyclization SUDSIIAtES............uuueiiiii e 67
3.3 Bidirectional double iodocyClizatian................coiiiiiiiicecicccee e 68
3.4 Double BuchwalkdHartwig coupling reaction..............coovvvvvivvimemeeeeeeeeeeeeinn 70
3.5 Conclusion and fULUIE WOIK .........ooiiuiiiiiiie ittt e e 71

Chapter 4: Results and discussion: Investigation of pyrrole rings as an alternative

NUCIEOPNIIIC SOUICE......oi ittt e e e e e e e e e e e e s s e e e e e e e e 73
4.1 Accessing preliminary pyrrole studies scaffald................ccccvieeeiiiciiiiiiiiiieeee 5

4.2 Initial cyclization studies on pyrrole scaffold (DEC & bidirectional iodocyclizatid@)

4.3 Investigation of metamediated protoCycClizations............ccccoevviiiiiicccieeeeeees 80
4.4 Study of a bidirectional application of protocyclizations..............ccccoovviccceeeeeennn. 84
4.6 Conclusion and fULUIE WOIK .........cooiiiiiiiiii e 90
Chapter 5: Conclusion and FUture WOork................ooiviiiiiiiiimmme e e 93
Chapter 6: EXPErimMENtal.............uuuuiiiiiiii e eeeer e e e e nnne s 95
6.1 General EXperimental..............oooiiiiiiiiier e 95
6.2 Chapter 2 EXPerimental...........ccouuiiiiiiiiieee e eeeee e 96
6.3 Chapter 3 EXPerimental...........coouuiiiiiiiiieee e eeeee e 126
6.4 Chapter 4 EXPerimental...........coouuiiiiiiiiiieee e eeeee e 136
Chapter 7: REEIENCES. ......cooi ittt e e e e e e e e e s eemee s 157

Chapter 8: APPENICES. ... ...ttt ettt e e e e eeee e et et e e e e e e e e e e e e e e e s s ammneeens 170



8.1 Appendices A: NMR data............coevviiiiiiniire et erenr e e e e e e e e e e 170

8.2 Appendices B: »Ray crystallography data...............ccooeevvivieeeiiii e 239



Abstract

“-Rich polycyclic aromaticompoundg¢PACs)have significant roles in material sciences due

to their electronic and photonic activity as well as in areas of medicinal chemistry and chemical
biology. These properties allow PACs to be used as organic semiconductor materials in organic
light emitting diodes, field effect transistors, photovoltaics and for biomedical imaging
purposes. PACs demonstrate variable structure property relationships wherensimat
features such as heteroatoms and fused ring patterns can result in variation of their electronic
and photonic behaviouDespite their vast range of applications, difficulties in synthesis is a

major hindrance to their developmendinly due to adck of efficient synthetic methods.

The work presented in this thesis explores synthetic access to PACs through electrophilic
cyclization (Fig. i). Chapter 2 of this thesis details further study of the previously reported
double electrophilic cyclizatioreductive elimination (DECRE) by our group. This involved

the study of cheaper catalytic sources allowing the DECRE to be applied ofkilogtam

scales. Chapter 3 further studied the bidirectional application of various electrophilic
cyclizations as wélo give novel PACs. Lastly, Chapter 4 of this thesis reports the exploration
of double nucleophilic sources as well as metal mediated protocyclizations allowing the

formation of” -rich macromolecules.

Figure i: Graphicalrepresentation of polyynes to polycycles through alkyne activation
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Chapter 1
Chapter 1. Introduction

1.1Introduction to " -rich polycyclic aromatic compounds

“-Rich polycyclic aromatic compounds (PACa)ye currently of great interest in the area of
synthetic organic chemistry due to their various advantageous properties as novel materials or
drug therapies. This includes but is not limited to, their use in both photonic atdretec
materials as well as their useful biological activity, for example, by formingnteractions

with targets such as DNand RNA?® 2

X X X X
\ VA - Qﬁ
COD G R o
A B C D

X = heteroatoms: O, S, N, Se, Te
Figure 1: General structure of acerfg, heteroacends, linear,C, and helicalD, heteroacenes

A class of compounds that is within tiR&C chemical space are acer{é3 and heteroacenes

(B-D) (Figure 1). Acenes ar®ACsthat consists of linearly fused benzene riAgsvhilst the
distinguishing difference wh heteroacenes is that heteroatoms are incorporated into the ring
B. Commonly, the heteroatoms are sulfur, nitrogen and oxygen with other chalcogens such as
selenium tellurium and phosphatebeing used more rarely. Heteroacenes consist of two
structuralclasses which are linearly, and angularly fuse® heteroacenes, each displaying

utility for different applications.

Despite tleir value,PACscan be expensivi® producedue to difficulies in theirsynthesis.
Theiraccess usually involvemsmmerciallyaccessibleatarting materials that already include a
heterodom that are then functionalised and fused in multistep synthEsis. limits the
diversity of compounds that can be accessed through this method. Therefore, there is a great
need for synthetic ethod development in being able to access heteroacenes through efficient
and reliable chemistdyom simple substrate3his work aims to develop concise and efficient
method to formPAC materials that will have significant impact in the application okasing

this class of desired compoundsrbgterial and medicinahemists.

1.2 Contribution of " -rich heteroacenes towards material sciences
The area of organielectronics in material science has undergone major development

throughout the past 20 yed&rRespi t e this, there is stildl t
1



Chapter 1

where there is a lack of efficient synthetic methods to access various extended fused
heteroacene systems. Heteroacdreseshown to be good alternatives to acenes as they can
be stabileed from the incorporation of electronegative heteroatoms such as nitrogen, sulfur or
oxygen into the backbone of acenes, or by fusing togethemferabered rings such as
thiophenes, selenophenes and pyrroles in mixed heterodc@nese e x t-retwarle d
resulting from both linearly and angularly fused heteroaromatic rings are of great significance
in the design of novel functional materials, particularly in photonics where interactions between

p h ot o n-slecteonsdare éxploited in many applicatidns.

“-Rich heteroacenes are very valuable within material science due to their unique electronic
and photonic characteristics. Some of their applications inclhéi use in conducting

polymers and chir@ptics Figure 2).*° Aromatic rings are used oftem électrochemistry due

to the 6clouddé of delocalised electrons that
has the potential to be electrically conductive as a semiconductor. This property is increased
with theincreasing numbeof fused aroratic rings as there is a greater surface for the electrons

to flow freely® Their unique characteristics and properties are applied widely in modern
electronics, including the fabrication of transistors, microprocessors and amplifiers, which are

essentiaparts of consumer electronics such as phones, computers and displays.

Figure 2: Examples of semiconductor’(28, 3° and4'9)

Organic semiconductors have previously been shown to be more advantageous compared to

inorganic semiconductors, as they are easier to process in solution at room temperature. Due

2
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to this, they are able to be deposited onto flexible and large substrates using techniques that are
inexpensive and at a highte!! Moreover, whilst organic seevnductors can exhibit lower

or comparable electrical performance than inorganics such as crystalline and amorphous silicon,
they have attractive advantages such as large area coverage, tuneable optoelectronic properties,
high-speed fabrication, lowost and facile synthetic modification. Features as such are very
desirable in a large variety of electronic products such agpomer consumption flexible
displays, smart cards, electronic paper, plastic solar cells, inexpensive plastic RFID tags and
printablesensors! 12 Another significance of organic materials are their properties such as
solubility and stability, are compatible with higlwroughput printing, patterning, and spin
coating of active materials over large areas under ambient conditions, ihacklistinct

contrast to the fabrication of silicon microelectronics which requires highly capaisive
lithographic techniques. Moreover, their conductivity, stability, structural diversity and low
temperature solution processability can be-fureed by chemical functionalization to be able

to fit the demands of various applicatioiis allows for the possibility of creating products

that are foldable and bendablgain examplesof their useinclude organic field effect
transistors (OFETS), orgarlight emitting diodes (OLEDSs), and organic photovoltaics (OPVSs)

such as organic solar cells and chiral gfagg® 13 14

"-Rich PACs are known to have good stability due to their rigidity. While PACs are more
stable than polyene and polyyne likenrgmounds, which are ultimately rotating and usually
unstabl e, polyacenes such as benzene rings o
preferred functions. With the introduction of various heteroatoms, heteroacenes are able to
improve functionsas well as having excellent stability. In addition to thisich compounds

also possess a small or narrow band gap. Photonics are able to convert light energy to electrical
currents from the physical phenomeremntoAphot
occur, a photovoltaic material requires photons with sufficient energy to elevate electrons
within the material to the free state, creating the electric current. The band gap is the energy
gap between the highest occupied molecular orbital andstawmccupied molecular orbital
(HOMO/LUMO), meaning it is the minimum amount of energy that is required to excite the
electron in a material into the free state. Thus, this propertyrich compounds is highly

desired by material scientists, as a narlmamd gap allows for easier elevation of electrons
through photo absorptioff*®
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OLEDs:

OFETs:

CioHz1~_-Ci12Hzs

0y 0.0 Oxp- N0
s
SONRPvasebvae@
CeHis S
0”07 o O™ 'N" "0

10
CioHzs™  "CioHa2s

1"

OPVs:

Figure 3: Examples of PACs (OLED$?°, 6%, 722 and8%, OFETs:9%4, 107, 11?6, 12" and13*% &
OPVs:14%°,15%, 16°, 17°2and18%)
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1.3 Contribution of " -rich PACstowards drug discovery

Notwithstanding their major applications in material sciences, photonic materials are also
widely used in medicinal chemistry with their increased roles in biomedical applications such
as biomedicalmaging, disease mapping and clinical treatm&htdedicinal chemists have

long had interest in improving synthetic access to heteroacenes due to their presence in many
drug discovery programs. The ability to potentially incorporate selenium and tellatums

into aromatic rings is of interest to chemisésed onheir proven value to drug discovery and
chemical biology due to their redox properties. However, research has been greatly limited by
their difficult synthesis#3¢

Some of their roles in bioedical applications include light activated drug delivery systems,

biosensors and bioimaging agents, and theranostics. The structural motif of the fused aromatic
rings is commonly present in drug candidates, and some examples of heteroacene derivatives
that are in pharmaceutical use currently are estrogen receptor antagonists, cognition enhancers,

antifungal and antinflammatory agentsHigure 4).

CgH17

CgH17~ "CqoHas

20 21 22
Camptothecin Risdiplam

Figure 4: Examples oPACsin drug discovery (topoisomerase inhibitor Camptoth&é, antifungal
agent20%, photo absorbing polymer in cancer phototherano2fit’and Risdiplam, drug used for spinal

muscular atroph22*°)

Being’ -rich allows for heteroacenes to target andrbd -richdargéts such as DNér RNA,

for example, they are able to function as interfacial inhibitors, that form dysfunctional ternary
complexas (DTC) with proteins and DNA! In the ternary complex (DNA, protein and drug)

that forms upon binding, the drug acts as an interfacial inhibitor disrupting thedDiNéin
interaction, inhibiting its activitylnterfacial inhibitors are part of a broad class of natural
products and syhetic drugs that are used to treat diseases such as cancers as well as bacterial
and HIV infections. Some of their targets include topoisomerase and retroviral intégrase.
These DNAsmall molecule binding events can sometimes lead to changes in thesexpre

of mMRNAs and nostoding RNAs, such as miciRNAs. This leads to the dowsiream
changes in protein expression and cellular phenotype. An example of this is Riséigiara (
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4), a drug that was recently approved for spinal muscular at§@tudieshave shown that
Risdiplam binds to the mRNA and encodes the dysfunctional survivor motor neuron 2 (SMN2)
protein and promotes a re#trough of a stop codon to provide more functional SMN
proteins?0: 43. 44

R1 Br
Ry Br o Ri Br R, / \ S Br Br «  Liniation R, s R,
etallation hBuLi
/U\ T /m —— XX — AN N
Ry™ Ng” 7Br Ro™ g7 ™M Ry S R, RS 7 g 5
2 24 25 26

Scheme 1Limited current methods to forming a heteroacenée*titig

Regardless of their various properties and advantages, accessing these \aiwbus
heteroacene systems has prow@rbe quite limited until nowAn example can be seen in
Scheme Wwhere typically 2,adibromothiophen@3 undergoes metalation to give intermediate

24 which is able to react with another equivalenc@®fThis can be followed by a lithiation

with an electrophilic sulfur source and ring closing form& Whilst this aes allow the
formation of a new ring, this demonstrates the synthesis of heteroacenes proceeds usually on

the stepwise introduction and formation of new rings and heteroatoms.

Miyasaka:
4 R
~ s
Br Pd(P(t-Bu)s), (0.6 eq) LDA (2.4 eq)
- % K3POy4 (2.1 eq) (-)-sparteine (3.6 eq)
-
T N Toluene (PhS0,),S (1.2 eq)
S S
S
2 28 1.2% yield
Li:
TMS T™MS
. Z4 AN
Br  n-BuLi(1.05eq) g s LDA (2.1 eq) SS
(PhS0,),S (0.5 eq) — — SlCI4 (0.55 eq)
T™MS— ~ N, Et0 s ) (s EuO
s—{ Vg I
S S S NN~
30 31
o
Phillips: o 17 A) y|eld

8 steps Cq2H250

C12H250 OCyzHps

33 34

83% yield

Scheme 2Examples of previous heteroacegathesis demonstrating low yields or long synthetic

steps
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Scheme2 demonstratews/ork by various groups where they have successfully accessed large
heteroacene structur@$, 32 and34.4*! The synthesis by Miyasaka andworkers towards

helical chiralthienohelicene9 is obtained using a late stage insertion of sulfur through the
double lithiation of27 whilst incorporating the chiral ligah(-)-spartein. However, this
synthesis resulted in a very low yield of only 1.29A low yield of 17% was alsolained by

Li research group, where they synthesised a sslficon double helicene like compoua.
Furthermore, traditional pathways usually contain long synthesis, as showed by Phillips and
co-workers where they accessgtlalbeit in high yields howeer only after 8 steps. Therefore,
whilst their work demonstrated the great ability on accessing the various large structures, it
does highlight the great need for more efficient and succinct methods to access multiple new

rings.

1.4 Electrophilic cyclization

A commonly employed reaction to access hetgetessuch as thiophene, indoles, furans and
pyrroles is electrophilic cyclization. Various electrophiles such,d€l or organochalcogen
derivatives are employed during this proc¥ss.

e
E-X
® E E
__R E5 R (&
7 2 R _MeX
( — ) —  Ni® E\&R
L Nu
° CH3
NuMe NuMe j
© 38
35 36 37
Nu =S, O, NMe
E=1S, Se
X =1, Br, CI

Scheme 3Mechanism of electrophilic cyclization

Electrophilic cyclization has been of great use to chemists, as it allows for the customization
of functional groups within the central framework, creating possibilities to incorpovatkea
range of functionalities (sulfur, selenium, nitrogen and oxygen). This variation of
heteroaromatic content is important as it contributes to the utility of the heterpémene
example increasing chemical stability for their use in material sciemasewell as their
increasing utility in drug discovery research, particularly selenium incorpofdtidscheme

3 describegshe mechanism of electrophilic cyclizatiarnere the electrophile first attacks the

7
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alkyne forming intermediat86. The electron®n the tethered nucleophile then attacks the
electrophilic end forming cation intermediaBy. The electrofugaimethyl group leaves,
stabilizing the positive charge to give final prod88t with a newly formed ring. Electrophilic
cyclization allows for te formation of not only nearomatic five membered rings (shown in
Scheme 3 but can also include both aromatic and-aoomatic rings, incorporate other aryl

rings and can feature up to seven membered rings. In addition to this, electrophilic cyclization
has demonstrated to be very well tolerant to changes in the nucleophile used, predominantly
involving sulfur, oxygen, nitrogens and chalcogens like selenium and telleFfim.

1.4.1 Electrophilic cyclization by halides

lodocyclization is one of the mokhown, employed and reported versions of this reaction,
where iodine is used as the electrophile. Its great utility is due to its advantages of allowing for
modifications postyclization through various palladiunatalysed reactions such as
Sonagashira, &uki and Negishi couplings. Due to this ability, iodocyclization diversification

is very useful for applications such as compound library formation for-thiglughput
screening. Previous studies have also demonstrated that utilizing iodocyclization for
synthesizing heterocycles provides the opportunity to produce-sulitituted heterocyclés.

62 1t should also be noted that whilst iodocyclization is the preferred halocyclization, other

halocyclizations that incorporate chloro and bromo groups hawebakn reportett: %4

o)
R. =~

S O > O::—S
CI)J\/ EtsN, CH,CI ® s N/\R' >
EtsN, CHCl, | Cl tH WPh RAAPH

C TN

EtsN R

39

S l,, CH,Cl, O, S
R’ 2 2L

41

Scheme 4 Synthesis o#t1, a penem analogue for antibacterial activity
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In 1994, Ren and eworkers reported thérst successful synthesis of novelactam core
structures that were relatedggenam and penem antibioticScheme4).%® They successfully
formed a variety of penem derivatives sucitawia iodocyclization of alkyne intermediate
40.

OMe
. 9 .
/@i 2 steps // l,, DCM N
MeO S
MeO SBn
44

42
43
OMe
MeO OMe MeO
Tubulin binding agent MeO 0
949 MeO Cl
(0] t-BuLi, THF

MeQO OH

OMe
e Cry<Cprom ——
o) MeO S

45
O N O OMe
MeO S MeO
47 O
HO

OH  oMme
Oy Cpom
S
OMe

46

MeO

Scheme 5Access to Tubulin binding analoguga iodocyclization by Flynn and eworkers

In 2001, Flynn and cavorkers demonstrated the great potential of electrophilic cyclization
the synthesis ofubulin-binding analoguesf 47.°® They reported a concise access to- 2,3
disubstituted benzb[thiophenes using benzylmercaptan and zinc acetylides to give lwenzyl
ethynylphenyl sdides. These can then be reacted with iodine iead®dig- iodocyclization

to give 3iodobenzop]thiophenes which are further elaborated using palladgnediated
cowlings or metalation techniques giving a variety of analogues su¢hasl46 (Scheme

5). This has broad ability dsenzop]thiophenesareknown to be useful heterocyclic cores to a
host of drug candidates currently in pharmaceutical use suehtidsaderial, anticancer,

antimitotic agents, estrogen receptor antagonist and cognition enchfiigers.
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Larock and ceworkers have also reported extensive studies on alkyne iodocyclization,
accessing an array of heteroaromatic scaffol8shéme 6).5% © They successfully
demonstrated the synthesis of a variety of polyheterocyclic compounds involving iterative
cycles of palladiurrcatalyzed Sonagashira coupling, followed by iodocyclization with ICI.

This demonstrates the great utility of iodocyclization as it allows for further elaboration.
Another example of reiterative iodocyclization was demonstrated by Flynn research group,
where the synthesis of thiefiagsed systems was achieved throwsgifbsequent iterations of
alkyne coupling and iodocyclizaticn.

Work by Larock and co-workers:

R4

=z
X;Me Pd(PPh3),Cl, X1Me X Iterative coupling
Rz'@i Cul, EtNg R,- 12/ICI Rz /R4 and cyclization
| Q . |
1
47 48 49
X, X5 X3 = S, Se, O, NMe Over 30 examples
Over 15 examples
MeX2 X
R
R34
=
Ry =TMS, PhL’LLL
R,, R3, R4 = H, fuctional groups
Work by Flynn and co-workers:
R 34 (R = X'Me) VR
| . .
/ (i) alkyne coupling S further
& Iz G\/\g’R (i) I ‘ \_S iterations
- Mel S s
SMe
51 52 53

Scheme 6Work by Larock and Flynn research group to access various heteroaromatic scaffolds via

reiterative iodocyclization

Notwithstanding the great advascmade towards thiophenes and bebjtbiophenes, recent
advancements in benzofurans have also been a focus of chemists bBeraatf have been
reported to have appealing biological activities, for example asantier, antinflammatory

and antivirals. Furthermore, benzdfuran derivatives have also been applied in areas such as

organic electroluminescence device materials, organic dyes and photosensitizing materials.
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HO
0 ) nBu
o~ HN3< O D Y
A “nBu
O nBu
(0]
56 57

55
Amiodarone Burufuralol Dronedarone

PdCl,(PPhjz),, K,CO3
Mechanism of 38: CO (1 atm), anisole

YOEt i) I(coll);,PFg, BF3 OEt ! ,ZBU
o) DCM 2F e, B3 UELD : \< . o\/\/N\nBu
MS\N \\ ii) 10% HCI, THF, MeOH o (HO)ZB/[;
)\oa ney 60

58

59

Scheme 7Benzop]furan containing compoundblat possess biological activities

Some derivatives that are currently on the market and in clinical trials are sh8e¢imeime7

such as Aminodaron&%), an antiarrhythmic agent, and Bufuraleé), ab-adrenergic blocker.

Okitsu and ceworkers havereported a versatile synthesis of utilizing iodocyclization of
ethoxyethyl ether substituted alkynes to access benzofurans. They successfully demonstrated
the use of bis(2,4;60llidine)iodonium hexafluorophosphate [I(ceRfs] as the iodinating

agent inthe process of forming Dronedarofd), an antiarrhymatic ageft.

In the early 2000s, Hessian and Flynn reporteeeadiodocyclization followed by a tandem
rearrangement and substitution or elimination to accessyR or 2-(1-iodoalkenyl}
benzop]thiophene systems as well as the formation of indoles and quinolines. In the
communication they describe the ability to access hbttough either anendo/exo
iodocyclization (mechanisms described belovseheme 8 simply by varying the solvents,
with ACN or DCM leading to éendacyclized product4 and the Bexocyclized product6
formed when EtOH or MeOH being us€d’*
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Formation of variously
substituted benzothiophenes:

HO Rj3 I
|
i BN % 5-exo0- dlg cyclization
T Ry -IR4
SRy
R4 = Benzyl, alkyl 63
61
Formation of quinolines
and indoles: HO. R, R,
©\/I 12,CHCN. ©\)\ 1o, EtOH CEg_«
€2
64 © 65 66
Proposed mechanisms of:
64 (6-endo-digonal)
66 (5-exo-digonal) QOH
HO R, HE R, Ro
|
l, CH3CN/CH,Cl, | Mel e I N +Mel
® Al @l “MeoH ®/
" ,';l;M Ry N™ "R N
Rz OH ¢ el M Me 'V'e @
68 | 69
X — 70 64
R4
NMe,
R, OH
67 | 1o, EIOHIMeOH @fg_< ©f§:< — I > % o I > {
Me‘\
7 72 73 66

Scheme 8Successful formation of benzothiophenes, indoles and quinolines through iodocyclization

Recently, Chen and Flynn established a diveisitgntated scaffoldnorphing approach to
PACs, particularly indoles, quinolines and quinolinones, through electrophilic cyclization
(Scheme 9.4° They reported a orstep bicyclization method for reactions proceeding through
diazonium and nitrilium intermediates and for those of a dihalide intermediate (I/Br or Br/Br),
they found further ring closure forming the second ring can be employed. Gheonaiarkers
demonstrated successful Ullmann coupling cyclization (UCC) and palladium mediated

carboxyamidation cyclization (PdCC) to access further elaborated scaffolds.
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e (O

N N

Scheme 9Successfully formed heteroacene exampie€hen and Flynn

1.4.2 Electrophilic cyclization by chalcogens
Regardless of the broad utility and use of electrophilic cyclization by halides, in particular
iodocyclization, chalcogens such as sulfur and selenium have also showcased their successful

applications in electrophilic cyclization cyclizations.
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R4 Me
= ®SH Me© SMe
/ \
Me” ST BFy A\
R4
R; sme  DCM R; s
74 75
Over 20 examples formed
Proposed mechanism:
I\I/Ie
®S,  Me Me SMe
Me L/S‘\ ®Sﬁ
&’4 a "MeS | YR DR Moy o
) 1 R2 ®S'\\z 43> \ R1
R S: e S
Ry SMe 2 Ve s R;
Me~ Me 75
76 77

Scheme 10Electrophilic thiomethyl mediated cyclizations to access béithigphene derivatives

Alikhani and ceworkers reported the successful formation of a variety of betihajphene
derivatives utilising dimethyl(thiodimethyl)sulfonium tetrafluoride salt. The electrophilic
sulfur component of the salt is first attacked by the alkyne followed by removal of the dimethyl
sulfide. Intermediate’7 undergoes intramolecular nucfdolic ring-opening of the three
membered sulfonium ring leading to cyclization. The dimethyl sulfide group then acts as a
nucleophile and demethylates cationic intermedi@éeading to75. This was a great finding

as their reported method was one @ fiist methods utilizing a commercially available and
stable sulfur electrophile, use of nontoxic reagents, mild reaction conditions (no heat was

required) and was mostly all high yieldif.

©
C © 2 T ©
Ry O~ Ry
Pz Me”® "Ar + Tf,0 N
|| SAr
Et;N R,
R
% o 79 ? 83
oTf
Me/g)\Ar ® O
Et;N \-EtsNMe OTf
o_ © 0N © o ©
QS oTf R o O r S OHTf
(e C;),Me 5 F~g-Me  TfOH_ ™1 A _~ C;),Me
7 |
R | |
2 o A ‘\®R2 Ar R, Ar
oTf oTf
80 81 82

Scheme 11Sulfur-mediated electrophilic cyclization accessing benzopyran com@&®ind
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Not only work towards accessing benzothiophe

successful sulfumediated electrophilic cyclization of synthesizing benzopyran contgpinin
compound82. Their research demonstrated the successful use of triflic anhytidated
sulfoxides to initiate electrophilic cyclization and demethylation with triethylamine in one pot,
affording 83 and up to 20 related type products with yields magdrom 3094% Scheme
11).7®

Notwithstanding the ability of sulfur to initiate the electrophilic cyclization process, there has
also been reported work on accessing heteroacenes through use of selenium electrophiles.
There have been increased interesemély in the area of selenium containing compounds as
they have promising applications as catalysts, synthetic intermediates as versatile reagents in

selective reactions-82

R
NH R, SeR
N RSeSeR 7
N Oxone N \
ST R NT R
R EtOH |
2 R3
84 85

Over 15 examples

Electrophile generation:

S + .
PhSeSePh + HO-0SO; === PhSeSePh +OH + S0,

from Oxone

®
PhSeOSO; + PhSeOH —=—— Ph§?OSO3'

| . SePh
o OH
Cyclization:
PhS %SO' ﬂ
Ph eYSVs
\_/ I
/’ It SePh
H. Ph
/N: — —— -
Ph™ N~ “Ph N 2—Ph
~'"YN
86 Ph
N
H &) -H 87
PhSeOH <—= PhSeOH, 20

Scheme 12Formation of pyrazoles through eteophilic cyclization of hydrazones using diorganyl

diselenides
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Scheme 12describes work byPerin and cewvorkers on the synthesis of a range of 4
organoselanylH-pyrazoles through electrophilic cyclization of alkynyl hydrazone by
utilizing diorganyldiselenide$? The generation of the electrophile first beings with a SET
from the diphenyl diselenide #8SGOs, followed by a cleavage of the-Se& bond, giving the
strong electrophiles PhSeO%@nd PhSeOH. These electrophiles then react with the alkynyl
hydrazone86 to give 87 after the removal of HSOor water. This metal and halogen free
method was successful in accessing up to 17 varying pyrazoles with yields ranging from 40
97%.

AgSeCN
NCS
Et,0.BF, PeCN
CH5CN RIS Ra
I 10
Z X
Proposed mechanism: \
AgSeCN + NCS
9 @g SeCN
IS \_/ \ /
(SeCN)2  "Et,0.BF, ) N
XMe Me  se=Cc=N
Se=C=N _oBFs
BF3 91

Scheme 13Studies of electrophiliselenocyanogen cyclization of alkynes by Wang anrdaders

Anot her example displaying seleniumbs abild:i
reported by Wangbds research group. I n the ¢
large range of bezofurylselenocyanates, benzothienylselenocyanates, and
indolylselenocyanates derivatives under efficient and mild conditiBokeme 132 The
pseudohalogen (SeCN} first generated in situ from AgSeCN and NCS and the presence of

the Lewis acid EO'BFz generates the selenocyanate cation. This selenocyanate cation can then
combine with88, forming the reactive selenonium i@® which undergoes intramolecular
cyclization and the methyl leaving group is removed by the selenocyanate anion to give the

final heterocyclicselenocyanat89 (up to 40 examples reported).
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Ry ArTeTeAr TeAr
“ = PIFA N
HFIP
R _ Ry _ D Rz
\H N
R3 R3
92 93
30 examples formed
Generation of electrophile:
PhTe TePh
PR Te-Ph o OCOCF,
CF30CO—1TQCOCF; — F3,COCO—I-Te® ~—F> ph—TeTe-Ph ~ — 2PhTeOCOCF,
Ph Ph
o OCOCF;
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A B c
Mechanism:
(L — —
Ph._.O.__CF
Te 3 CF3
FR ° " O P
= 2 Te TePh
R A N ) — | R i N A\ R . | AN
U s T @, 2 R Ro
NH AR N
Rs <'H Rs
S 96
94 L OCOCF;_|
95

Scheme 14Tellurium mediated cyclization of anilin@g

Organotellurides have over the years, garnered attention from chemists due to their features as
well asthe important roles they have in organic synth&#s@rganotellurides possess various
pharmacological properties such as antibiotic, antimicrobial, antimalarial and cytotoxic to

name a fev*8’

Recently, Zhang and eworkers reported the intramoleculayclization of 2alkynylanilines

to access a series ofaByltelluroindoles through an AFe; mediated synthesi§¢heme 138

As described in the communication, a tellurium atom in the PhTeTePh nucleophile attacks the
iodine centre in PIFA givind\. Thisintermediate is then be converted to the telluriumBalt

with elimination of Phl and one molecule of trifluoroacetate anion. The tellurium cerre of

is attacked by the trifluoroacetate anion, leading to the formation of PhTeQCORE
electrophile ighen used to facilitate the electrophilic cyclization process forming a variety of

indoles.
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1.4.3Electrophilic cyclization facilitated by transition metals

Whilst iodocyclizationand cyclizations mediated by chalcogens hetearly demonstrated

thergr eat wuse and ut i | irchgomponndd, tharerhasralgo been negomsi et y
of successful electrophilic cyclization that was directed by transition metals such as palladium.
Palladiumcatalyzed reactions have gained much prominence forahgity to work with a

diverse array of functional groups making them very suitable for synthesizing complex

molecules®
R
R3X (X = I/Br) * Meo ~ OMe
DMSO R TN g
P ——» 1 _ 2
F 0 MeO O
Ry R o
! i)2x MeMgel, THF ‘ = 99
R - R —
Pz ii) Pd(PPhj3),Cl 1 A\
OH ) Pd(PPhs);Cly Z OMgCl R3X (X = 1/Br) R3 o

97 DMSO, CO (g) O  MeO
98 = OH
TN A\
Ry R2 101
Z 0
BNC105

100

Scheme 15Formation of BNC105 (antiancer drugyia transition metamediated electrophilic

cydization

In 2001, Flynn and Chaplin reported the successful use of palladium in transition metal
mediated alkyne cyclizatis®®l n a modi fi cat i on°tweyded@omstratddi 6 s ¢
a onepot multrcomponent coupling approach to bergfifrans and indoles involving an

initial deprotection of iodophen®I7 and a terminal alkyne with MeMgCI. This is followed by
addition of palladium catalyst and heating giving thalkynylphenoxy magnesium chloride
intermediate98. The last step involvea dilution with equal volumes of DMSO and an
appropriate coupling partngr give99. The inclusion of CO gas in the second stage allows for

a PdCO insertion step and eventual formation of ketone derivatives sa€@@as well, further
expanding the prdical application of this approadf.Currently in clinical trials is drug
BNC105, an anticancer drug, and this concise approach allows for it to be produced on a
kilogram scale showcasing the ability of laregeale synthesis through this mwdtbmponent

coupling reaction methot¥>!
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MeOQ, ‘

o HQ o%(
HoN
O NHMe O \f\?/ o}

{ L

N H

H

OMe 104 105
102 103_ OMe Rucaparib (ovarian Elliptinium acetate

Tryptophan Reserpine cancer treatment) (breast cancer treatment)

Figure 5: Examples of natural products and Fapproved drugs containing indoles and carbazoles

I n addition to FIl ynn a nworkeshhaye Irepartasddhe esefofor t s,
palladium(ll}catalyzedcyclization in particular palladium acetatef various alkynes in one

pot to access a series of functionalized ind®ldadoles are a structural component that is
present in a large amount of biologically active natural andturadamaterials, as shown in
Figure 5.88 9 This was ausefulfinding by Xia as the use of palladium(ll) as a catalyst to
modify alkynes has become an appealing approach for the quick formation of complex
molecules. This is due to it being able to formltiple carboncarbon and carbon/heteroatom
connections in a single step. This flexibility, coupled with its broad functigmalp
compatibility and its resistance to air and moisture leads to the palladiaoai@lyzed dual
functionalization of alkynesotbe an incredibly powerful asset to chemi$they reported

the formation of analogues @b8 via the proposed mechanism shown belovsahemels,

which first involves the alkyn&06 undergoing €H activation withthe palladium(ll) species

and cyclizimg to afford intermediat10. The anion PivO attacKslOyielding intermediatd 11

which undergoes tandem intermolecular cyclization with an alkytis then suitable for a
basepromoted aromatic palladium and proton abstraction affording the sevenemssimb
intermediatel 13 The last step involves a reductive elimination, generating the prbd@ast

well as the palladium(0) complex that is able to be reoxidized back to the palladium(ll) species

by copper salt and 32
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Xia's and co-workers work: Pd(OAc) 10 mol%
Cu(OAc).CuCl, 20 mol%
= NaOAc (3 eq) R
1R, TBAB (1 eq) Ry ™4
= X PivOH (2 eq) R
YR
X . R.—— R DMAc, O, (1 atm) N X X
R 3 4 LU —
Z N
NMe, Me
106 107 108

Over 15 examples formed
Proposed mechanism:

X2Pd
e L T e e O
N—
(.,‘Vlek\
109 111
110 OPlv
Ry—— R4
CUX2 + 02 (1 atm)
R4
Rs
Pd PdX
Pd(0) O \ Base
N
R3 R4 Me
O 113 112
-0
Me
108

Scheme 16Palladium mediated electrophilic cyclization affording indole scaffb@fs

Further findings by Arcadi and emorkers also showcased successful cyclizations utilizing
palladium(ll) chloride* | n t he communi cati on, dlddieg(®ve r erg
chloride enabling the direct synthesis edubstituted 3-carboxymethylfuro[3,2

blpyridines and Substitued arboxymethylfuro[2,&]pyridines 115 from o-
acetoxyalknylpyridined14. The reactions were conducted through simple and straightforward
conditions by subjectingg14 with PdCb in methanol, in the presence of simple bases NaOAc

and KCQOs, CuCh as the oxidative agent, and carbon monoxide yielding a range of

furopyridines.
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R _Rs PdCl,, NaOAc, K,CO, R COOMe
7 CuCl,.2H,0,MeOH N\
HN co ] H/N/ g e
RZ// OAc R3
115
114 5 examples formed

Scheme 17Successful formation of indoles by Arcadi research group

Notwithstanding the great utility of palladiumediated cyclizations as explained above,

another source of transition metals that allows alkyne activistigold. Over the last 15 years,

the discovery of gold as an effective catalyst has allowed new and exciting research
opportunities in the fiel@ *® Recently, there has been an increase in the amount of reactions

that are facilitated by gold complexegecifically gold(l) and gold(lll), typically serving as
homogenous catalysts due to them being soft Lewis &M r eov er |, ehcidec t o t h
characteristics therefore making them attracted to alkynes (alkynophilicity), gold catalysts are

very effedive in activating alkynes for nucleophilic attat#®

Marinelli group:

=" NaAuCl; 2H,0 4 mol%
N EtOH/H,0 y mY
X1- T
[ _ 7 H
7

116 1"

X= C|, F, CF3, N02
Y = H, Ph, Ar, alkyl, alkenyl

Over 10 examples

Scheme 18Successful work by Marinelli research group forming scaftdldutilizing gold-

catalysis

In 2004, Marinelli research group reported the grthlyzed cglization of 2alkynylanilines

116 leading to the formation of indolek17.>" % % They successfully demonstrated the
conversion of terminal/internal alkynes into a variety substitued indoles utilizing 4 mol%

of NaAuCl.2H,O. They reported that from a screening of catalysts, gold(lll) salts were much
more effective at initiating cyclization as compared to gold(l), palladium(ll) and copper(ll)
salts® In addition to this, they also reported the same findings with an ianialisolvent
system, where the use of ([omim]BRvith 1 mol% NaAuCl.2H.0O yielded the formation of

the desired indoles with yields up to 94%.
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COzMe
(0] , N N .
Multistep AN CO,Me i) o-iodoaniline, Pd(PPh3), N\
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121
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Scheme 19Synthesis of natural product mersicarpine involving gathlyzedcyclization

Fukuyama and cworkers employed this approach in the synthesis)dférsicarpinel2l
(Scheme 9). The synthesis commenced with the known ketoddt@undergoing a multistep
synthesis to intermediatel9. A Sonagashira coupling with-iddoaniline then afforded the
respective alkynylaniline which was cyclized with the gold (IIl) catalyst giving the iridifle
which after 5 steps gives the natural product mersicafpite.

©
CIA R AuCl
R u__nv
=z 2 \
R n-coordination R cyclization R4
e O e
S~ TOR, S° OR; )\R3
R,0
122 123 124
R, = Ph, alkyl o
R, = Me, Et, TBS, MPM, TMSE [1,3] migration
Rs = H, Me
© R
Rs OR, CAu |
N __silyldemetalation SRZ
R1 - AuCl S ®
S
126 125

Scheme 20Benzop]thiophene formation catalyzed by AuCl

In addition taindoles gold catalysts have also shown successful formation of thiophenes and/or
benzop]thiophenes. Nakamura and-emrkers have demonstrated the goétalyzed &endo

dig cyclization of o-alkynylphenylthiosilane&® 19! The plausible mechanism involves the
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Lewis acidic gold(l) chloride coordinating to the alkynyl bond1@2 This results in the
electrondeficient bond of123 undergoing intramolecular nucleophilic attaok the sulfur
atom, forming silylsulfonium intermediaf?4. The last steps involve a [1,3] migration of the
silyl group as well as elimination of the AuCl, also called silyldemetalation, giving product
126.101

1.5Expansion of electrophilic cyclizationby our (Flynn) group; polyynes to polycycles

Whilst Chapter 1.4.1 to 1.4.3 have shoavmast range of electrophilic cyclization chemistry,

the examples all contain one alkyne group that formed just one new heterocycle when cyclized.
Notwithstanding the ge¢ advancements made, extensive research by our group has been done
on cyclizing multiple alkynes (a diyne or polyyne) simultaneously to form multiple new

heteroacenes.

1.5.1Double-Electrophilic Cyclization (DEC)

One of the first novel concepts reporteg Blynn and Gupta is thdoubleelectrophilic
cyclization (DEC) which enables the synthesis of linearly fused heteroacenes through a one
pot process? This marked the first initial report of an electrophilic source that is capable of
allowing two cyclizéionsin a domino reactiarnthereby expanding the range of electrophilic
cyclization possibilitiesFlynn and Guptalemonstrated the DEC reaction being carried out
with electrophiles SGJ SeCh and TeClto yield 129. In the same communication, they also
reported the use of iodine allowing aibdocyclization affordingl30. This showed great
potential as it can be followed with ring closing reactions such as a edable double
Ullmann type reaction, and a lithiatm followed with MeGeCb.

MeX ECI
E
Q0= 0= — QO
S S X
SMe MeX

127 128 129

X=§, Se
llz, DCE E=S, Se, Te

. . , Y.
O N\ O Ring closing reactions O Y O Ph
Double-Heck y= =/ ,NR, GeMe;

Double-Uliman S S
130 Double-lithiation, YCI, 131

Scheme 21Formation of linearly fused heteroaced@9and131via double electrophilic cyclization
(DEC)!03
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Moreover, in unpublished results, our group has also reported the formatfatvaiéne
derivatives. Bidulvalene structures exhibit capacity for charge transfer, leading to their
interest in the area of material sciences, particularly for advancing organic photovoltaic (OPV)
technologies®* Scheme22 demonstrates intermediat@3 cyclized successfully with Tegl

via a DEC reaction to giv&34in 72% yield.

double SMe TeCl, (1.05 eq)

DCE
DEC

Scheme 22DEC cyclization utilizing TeGlof intermediatel 14to access fulvalentl5

1.5.2Double-Electrophilic Cyclization Reductive Elimination (DECRE)

2=
/ \
136

Reductive elimination step
Proposed mechanism: -AuCl
e/
-~ Au()|2/© QXAUAQ\ QiAD
X ZF
S&s/ Se SMe Mej

c®
135 137 138 C'

I SMe O

AuCl3 (1.3 eq)
AuCl3 (1.1 eq) DCM:Dioxane
O I DCE SMe  slow addition
X O
*C O
139 140 133 141

Scheme 23DECRE cyclization accessing mutthalcogen containing heteroacelr@s, extended
structurel40and fulvalene derivativé41

Flynn and ceworkershave alsareported the novel method dowakectrophilic cyclization
reductive elimination (DECREf? Scheme23 demonstrates the successful formation of a
sulfur and selenium containing heteroac&B& They describe gold displaying high reactivity

as an electrople, leading to the nucleophilic attack of sulfur on the alkyne, causing an endo
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dig electrophilic cyclization. Monocyclized intermedid®/ has its electrofugal methyl group
removed, and the other alkyne undergoes intramolecular cyclization formingexiatel 38

The last steps involve themainingmethyl group leaving again, as well as the extremely
reactive Bmembered Au(lll) containing intermediate undergoing reductive elimination. This
step removes the Au(l)Cl, and finally results in the formatibheteroacen&36. In addition

to this, more recently thé-lynn group have also demonstrated the successful formation of

extended heteroacehd0as well as fulvalene structutd?2

1.5.3Polyelectrophilic cyclization (PEC)

Another expanded concept th#he Flynn group has developed over the vyears is
polyelectrophilic cyclization (PEC), where with the use of an ambiplfdts as both
electrophile and nucleophilegagent MXCI (X=S, Se, or Te) polyfused chalcogenophenes
are able to be formed in one ®€® This novel concept wadeneficia] as linear
chalcogenophenes are utilized greatly in various applications, particularly organic solar cells,
organic lightemitting diodes and semiconducté?3Until recent times in material sciences,

the focus orchalcogenophenes have primarily revolved around thiophenes. Notwithstanding
the properties that they possess, there is significant interest in exploring the utilization of
heavier and more metallic chalcogens such as selenium and tellurium, along witélaibed

heterocycles, selenophenes and telluroph&ié¥
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Scheme 24Formation of polyfused chalcogenophewuiaspolyelectrophilic cyclization (PEC)

The Flynn group explored and reported the successful use of chloromethyl chalcogens with
chalcogens such as sulfur, selenium and tellurium, to synthesize chalcogenophenes, ranging
from a simple alkyne to tetraynes cyclizing to gi48in a single step® They also explored

the possibility of a bidirectional cyclization and accessed cyclized matdGahcorporating

sulfur and selenium. The mechanism depictefdneme24d e s c r i bseasw 6éa ndescehea ni s
This cyclization is a result of the shifts in d@len density that alternates from one end of the
polyyne to the otherl45 first undergoes cyclization with MeSCl giving monocyclized
intermediate147. The resulting electrarich-3-(methylthio}benzothiophenyl groupghen

drives the electron density tbe distal alkynyl carbon, favouring cyclizationa 148to give

diyne intermediatel49. 149 undergoes a similar monocyclization as described earlier giving
151 For the final cyclization, again the more electdmamse 3 methytthio)-benzothiophenyl

groy directs the attack of MeSCI to the remote carbon, favouring cyclization via the most
stabilised catiori52to give153
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1.6 Aims

1.6.1Aim 1: Accessing angular heteroacenesa DECRE

The first aim of this thesis will involve the investigation of synthiegi angular heteroacenes
utilizing the doubleelectrophilic cyclization reductive elimination (DECRE) process. In
particular, efforts will be directethto studying the DECRE process and if it can be done
catalytically. Whist published and unpublished DRE have been studied by previous Flynn
group membersthis has been achievemhly with AuCl;1°? Notwithstanding its success in
accessing simpler and extended heteroacenes, gold is considered to be a cosilyonetal

to require high loadingnaking this process expensive and impractical to be empioyeade

industrial scales.

XMe
= Q|
I A
' XMe XMe
N )I<Me
| ! §\ PN
| X =S8, O, NMe, Se |“ 7
I S
X s
MeX . _AL
154 ‘:’” ﬂ
S
155 156

Scheme 25Proposed catalytic DECRE synthetic route towards angular heteroacenes

Scheme25 depicts the initial proposed synthegiathway that will be undertaken to access a
variety of dialkynyl compoundsl65). This will be done through Sonagashira coupling with
1,2-dilodobenzene, followed by a DECRE reaction to synthesize angular heterd&&ene
forming 3 new rings. This approachould be advantageous as it allows the possibility of
expansion with 1,2 ,4;fetraiodobenzene and therefore the formation of 6 new rings in a
bidirectional formation. Another additional aim would be the introduction of suitable oxidants,

in an attempt to cay out the DECRE catalyticallyWe hypothesize this addition would allow

the catalyst usetb bereoxidized backo its palladium(ll) stateallowing minimal amount of
catalyst needed. With our proposed aim, we intend to be able to access a diverse range of
heteroacenes efficiently, therefore improving current methods that are employed in material

sciences.
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1.6.2 Aim 2: Investigating alternate methods for theready access of extended polycycle
structures

Previous unpublished work within the Flynn group ma®Ilved on expanding the PEC onto
polyyne structures, which when cyclized, gives a unique 3D conformatrmnpfanar acenes
Scheme26 displays the synthetic pathway that was completed by a previous Flynn group
member, where a range of polyynes ranging from a monoyne to a tetvaygsuccessfully

poly-iodocyclized to givel 60

Previous work:

I
O MeO B(OH), Multistep polyyne

synthesis

_—
O OMe

158

TMS

N\ /7

57 159

160

Scheme 26Unpublished works towards accessimanplanar acene structures

The second aim of this thesis thus involves investigating methods for the ready access of
polycyclesand extended cyclized compoundsis will include applying the DECRE onto
simple monoynd 62 which will then give dimed63when successfully cyclized. This preof

of-concept can possibly also be extended onto larger polyyne systems if successful.

Another part of this aim also focusses on elaborating the bidirectional double iodocyclization.
This will be done through a multistep synthesid ® with 165yielding tetrayne intermediate
166 This approach allows for further expansion with possible ring closing reactions to be

performed such as an Ullmann couplingniediated additions and the ¢kereaction.
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A: MeO OMe
Br .
Multistep O O
@/' synthesis _ DECRE
161 O
162
B: .
| I S Multistep
@ W' synthesis
SMe Me Me
164 =S, Se
165

166

1. Bi-directional

double iodocyclization
2. Ring closing

reaction (Y)

n-hex n-hex

Qatztata?
s s

167

Scheme 27Expansion of DECRE onto polyyne systeA$ & the study of a bdirectional double

iodocyclization accessing extended cyclized compouBjls (
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1.6.3 Aim 3: Alternative nucleophilic group study

DEC & lodocyclizations:

Multistep

7\ synthesis I\
. ROn
Ph Ph
168 169

Pd-me@
coupling

lodine source
—_—

lodocyclization

Metal-mediated protocyclizations:

Protocyclization

Scheme 28Proposed cyclization studies on pyrrole containing scaffolds

The final aim of this thesis would be investigating alternative nucleophilic groups. In particular
interest in the synthesis of acenes will be theettgwment of arenes as nucleophilic groups.
Arenes are used extensively in iodo anddulization reactions and the extension of their use

to DEC and DECRE will significantly expand the scope of these processes in the synthesis of
photonic materials. Of ggific interest to us is the potential application of pyrroles as double
nucleophiles. Our proposed synthesis includes synthediithrough a multistep synthesis

of commercially available-phenyl1H-pyrrole. Compound69could either be homooupled

or undergo palladium mediated coupling to accé3® and 172 respectively. Various
cyclization methods will be studied in this aim, such as DEC cyclizations with» ais@ell

as iodocyclization giving71and173 lodocyclized material 73 could potentialy be further

elaborated with ringlosing reactions and/or iterative iodocyclization, as explained earlier in
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this chapter. In addition to this, potential diynes accessed sutfidawill be studied to
determine possible successful metadiated protocydations. This new proedf-concept

will allow for the readily access of a range of extended PACs if successful.

31



Chapter 2

Chapter 2. Results and discussion: Synthesis of angular heteroacengm Double

Electrophilic Cyclization Reductive Elimination (DECRE)

As discussed in Chapter 1, our group has developed the DBlgateophilic Cyclization (DEC)
reaction, in which iodine and EQWwhere E = S, Se, Teglare used as electrophiles to access
bis-iodobenzothiophend30 or heteroacené78 respectively'? 1% The ability to double
iodocyclizel77to give130is beneficial as the further elaboration can be done to synthesize
linear heteroaceng29where elements such carbon, amines and germaenienmcorporated
(Scheme L

| |
i . X
lodocyclization O A\ 74 O Pd-mediated coupling O \ O
O I2 S X = CCHPh, 5 s
130 N(CH;),NMe,, 129

Z —
. = SMe — Or n-BuLi & Me,GeCl,
SMe

177

(7]

Scheme 29lodocyclization and doublelectrophilic cyclization towards various heteroacenes

Further building on the DEC concept, is the Double Electrophilic Cyclization Reductive
Elimination (DECRE) and our group has successfully proved this concept by synthesizing the
sulfur and selenium containing compout®b6 in satisfactory yield of 51%Schene 30.1%2

Also, unpublished work has also seen further elaboration on accessing angular heteroacenes
such asl40, 182 and 142 however past studies have mainly utilized Ay @ading us to

explore other more cheaper and efficient metals and catalysis in the DECRE.
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Previous DECRE studies:

Ph
Q0 P QD
@\ /@ /\ s/ s
SMe Se SMe s 3sé S SMe
135 179

Ph Ph

136, 51%
180, 61%

Unpublished work:

141 142, 87%

Scheme30: Previous AuGI DECRE studies by the Flynn group

2.1 Accessing diynes for application of preliminary DECRE study
We initiated our study by first preparing a series of terminal alkyne starting matergl$86,
190, 193and198(Scheme 3L
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A:
™S H (1.2 eq)
Pd(PPh;),Cl, (0.03 eq) t™ms KF (1.6-2eq) H
| Cul (0.01 eq) = Et,0 FZ
@i Et;N MeOH
XMe XMe XMe
164: X =S 183:X=S, 99% 176:X=S, 94%
184: X=0 185X=O, 98% 186)(:0, 94%
B:
TMS———=—H(1-3 eq)
Mel (4 eq) Pd cat. (0.03 eq)

K2CO3 (2 eq) I

o E
NH, NMe,

187 188, 95%

Jlsopentyl nitrite (3 eq)

©:I Me,Se, (3 eq) ©:
® SeMe

Cul (0.06 eq)
Et;N/DIPA

TMs KF/K2CO3 (1-3 eq)
MeOH

=
Z DCM/EL,O

XMe

189: X = NMe, 94%
192: X = Se, 97%

H
=

XMe

190: X = NMe, 63%
193: X = Se, 58%

°N 191, 96%
196
C:
l2 (1.29) n-hex | h |
- n-
n-hex gg‘;\'ﬂcoa (1.2 eq) \©i Isoamyl nitrite (3 eq) ex\@:
NH NH2 Me282 (2027 eq) SMe
2
194 195, 81% 144, 92%
TMS acetylene (1.2 eq)
Pd(PPh3),Cl, (0.02 eq)
Cul (0.01 eq)
EtsN
_ H TBAF . ™S
n-hex\©\/ THE _ hex
SMe SMe
198, 98% 197, 99%

Scheme 3 A-C: Synthesis oYariousterminal alkynes

PathwayA utilizes @mmerciallyavailable 2iodothioanisole and-bdoanisol {64 and184),

which undergoes palladiimediated Sonagashira coupling with ThM&etylene followed by
a silyl deprotection to yield the terminal alkyng86 (94%) and186 (94%). Similarly, B

describes 2odoanline undergoing Malkylation as well as being diazotized giving

intermediatel96 and reacted with dimethyl diselenide to give intermedidg&®and 191

respectively. These were then coupled (Sonagashira) and silyl deprotected forming terminal
alkynes190 (63%) and193 (58%). The'H NMR spectras obtained after their corresponding
reaction times and purifications matched that of precedented literature with satisfactory
yields105 109113 astly, the hexyl substituted terminal alkyb@ was accessed througfitial

selectiveortho-iodination of n-hexyl aniline 194, affording 195 in high yield (81%). The
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iodoanilinel95was diazotized and further reacted with dimethyl disulfide to fb4i(92%).
The last steps of the synthes®) were a Sonagashira coupling Bf4 with TMS-acetylene
and a deprotection to yield the terminal alky®8 (98%).

Li S
= [
< \@\/ aBuli IR \@\/ R \@\/ R\@\/ A
XM XMe XM XMe MeX

205

e

H

H _ s
n-BuLi (1 e
R F THE (1eq) R = X R
o o
Ph-S-S-S-Ph
XMe oo XMe MeX
e po 0.5 eq) 199: X = S, 70%
176:X=S,R=H (0-5eq :
193-x=2é == 200: X = Se, 48%

198: X = S, R = n-hexyl 201: X = S, R = n-hexyl, 59%

~)

Scheme32: Mechanism of formind.99- 201

Once the terminal alkynes were synthesized, they were depredonahn-BuLi and reacted

with bis(phenylsulfonyl)sulphide in a nucleophilic substitution reacti&chéme 32to give
199 200and200respectively.

2.2 Initial investigation and optimization of cyclization conditions

R R
gz S X
O, = A
XMe MeX X /S\ X

200: X = Se 202: X = Se

201: X = S, R = n-hexyl

203: X = S, R = n-hexyl

Scheme33: Trialled DECRE cyclization conditions
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Table 1 Reaction conditions trialled in optimization of DECRE cyclizatior20®@201Y 202203
(Scheme 33

Entry  Diyne Catalyst Solvent Temp. Time Product

1 200 AuCl3 (1 eq) DCE 60 °C 2h Degradation

2 200 AuCls (1 eq) in THF DCE 70 °C 2h 202 21%
(double slow addition)

3 200 AuClz3 (1 eq) 1,4-DioxaneTHF 70 °C 2h Degradation

4 200 PdCk(1.3eq) NMP 100 °C 2h 202 23%

5 201 AuClz(1eq) DCE 22 °C 6h 203 26%

6 201 AuCls (1 eq) in THF DCE 70 °C 2h 203 49%
(double slow addition)

7 201 PdCh(1.3eq) NMP 100°C 2h 203 7.5%

Our initial investigation of the DECRE involved attempted cyclizations of compdgand
201 (Scheme 33 Firstly, the multichalcogen containing compou80was attempted to be
cyclized with AuC} (Table 1, Entry 1). Whilst *tH NMR did show product formation,
difficulty was experienced with purification as multiple sgleducts had formed and was
unable to be discerned due to the crude being unstable during purifiéapogvious method
within the Flynn group of formind36 (Scheme 3D successfully was employed to fo202
This involved a double slow addition method of the starting mat2di@dhnd gold catalyst in
THF being added simultaneously to heated DCE which yielded 212@2{(fTable 1, Entry

2). A further attempt wasonducted where a esolvent system of 1;8ichloroethane (DCE)
and 1,4dioxane was employedTéble 1, Entry 3). However, this did not yield an
improvement as it was observed that A4MZ&s mainly insoluble and unstable in-Hidxane
leading to it decompsing. As mentioned i€hapter 1 an interest to us is to explore other
cheaper electrophilic alternatives, such as Pdit could be further progressed to a catalytic
process in the presence of a suitable oxidant. An attempt with Rd€lconductedral 200
was successfully cyclized with a 23% vyielthble 1, Entry 4). The n-hex variant200 was
successfully cyclized usimrguCls in anhydrous DCE, which resulted in a yield of 26Pal{le

1, Entry 5). The double slow addition method was once again attempted and this saw a
significant increase in the yield @03 by nearly double to 49%/T@ble 1, Entry 6). A final
attempt with PdGlwas conducted which also cycliz2@1 albeit in low yield (7.5%) Table

1, Entry 7) . However, this outcome was promising
ability to be used in the DECRE.
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S
é % Pd source O O
Solvent

: / \
XMe  MeX Oxidant X S X
199: X=S 204: X =S
200: X = Se 202: X = Se

Scheme34: Preliminary catalytic cyclization studies of DECRE

Table 2 Optimization of reaction conditions for catalytic DECRE cyclizations94200Y 204202
(Scheme 3%

Entry Diyne Catalyst Oxidant Solvent Temp. Time  Product
1 199 PdChk (1.3 eq) - NMP  100°C 2h 204 27%
2 199 PdChk (1.3 eq) - DMSO 100°C 25h 204 45%
3 199 Pd(OAc) (1.3 eq) - DMSO 100°C 2h 204 59%
4 199 Pd(OAc)» (0.3 eq) Cu(OAc) (1 eq) DMSO 100°C 25h Complex
mixture
5 199 Pd(OAc) (0.3 eq) Chloranil(0.6 eq) DMSO 100°C 2h 204 51%
6 199 Pd(OAc)» (0.1 eq) Chloranil(1 eq) DMSO 100°C 2h 204 96%
7 199 Pd(TFA) (0.1 eq) Chloranil(1 eq) DMSO 70°C 18h 204 99%
8 200 Pd(OAc) (0.1 eq) Chloranil(1 eq) DMSO 100°C 2h 202 71%

We began our oxidant studies employing Pdith the trisulfide199 The cyclization 0fl99

to 204was successfully achieved utilizing Pd@ NMP in a moderate yield (27%]) &ble 2,

Entry 1). A change to a more polar solvent, DMSO, saw an increase of formatitfla tf

45% vyield, which was further increased with the use of Pd(&iAg)lace of PdClto afford

an improved yield of 59%T@ble 2, Entry 3). With the successful use of Pd(OAca study

into the use of suitable oxidants was done in an attempt to reduce the amount of palladium
catalyst needed. Initial attempts saw the use of Cu(®Ac)veve, H NMR analysis indicated
polymerization Table 2 Entry 4). Chloranil was also evaluated as another cheaper oxidant
source and was found to successfully reduce the amount of catalyst needed significantly to only
0.1 eq whilst accessing a high yielthple 2, Entry 6). Pd(TFA) was also evaluated giving

the cyclized produc@04in near equivalent yield (99%) &ble 2, Entry 7). With the optimized
catalytic conditions determined, we attempted to cyclize the 4chdticogen containing
compound200, achiewng 202in 71% vyield Table 2, Entry 8).
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2.3 Synthesis of benzene linked heteroacene systems

o

ool S S
XMe

XMe Condition A: 207a: X = S, 83%
| Pd(PPhs), (0.02 eq) ‘ I Condition B: 207a: X = S, 78%

| Cul (0.04 eq) Condition B: 207b: X = NMe, 98%
Et;N/DIPA %

X =S, NMe, O XMe O

205
206a: X = S, 80% 0O OMe

206b: X = NMe, 86%
206c: X = O, 88% O O’ O

Condition A-B: 208, 17% Condition C: 209, 12%

Scheme35: Condition A & B : Pd(OAc) [A] OR Pd(TFA)[B] (0.1 eq), Chloranil (1 eq), DMSO, 100
°C; Condition C: Pd(TFA} (1.1 eq), DMSO, 100 °C

Scheme 3%bove displays the successful synthesis of various diyne sub20étes as well

as a study into DECRE cyclizations utilizing the previously optimized DECRE conditions.
Diyne 207awas successfully formed with high yig]eéi8-83%). The results that were obtained
from 'H NMR analysis had confirmed product formation, as a loss of the methyl peak
resonance was observed. Encouraged by the outcome, we attempted t®206¢gtizee NMe
variant. Similarly, this was also succagsfwith 'H NMR and mass spectroscopic analysis
confirming that207b had formed (98%). This result was significant as previous cyclization
studies of this variant with Aughad saw polymerization occurring and the desired product

did not form.

With the sicess of the formation &f07aand207b with conditions A & B, we looked at
repeating the same reaction with the methoxy diyne subs2@®e) (which had been unable

to be successfully cyclized in previous AwGtudies by our group. We initially trialled the
optimized catalytic DECRE condition# (& B), however it was observed that the desired
product did not form. TLC analysis showed that all starting material diyne was consumed,
however'H NMR had indicated fanation of an undesired product with the presence of one
methyl groupUpon purificationthe mass as well a8l NMR spectrum, seemed to be identical

to a previously formed chloride produ208, that resulted when Aug€las the electrophile.
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We suggest #h source of the chloride comes from the chloranil oxidant. We propose the
mechanism of the chlorenium ion coordinates to the triple bond and electrophilically activates
the alkyne forming the allenyl oxonium cati@il The other alkyne then traps the aile
oxonium ion and allows for intramolecular cyclization to occur. The interme2ii&#hen has

its methyl group removed to give us the chloride pro@Q8t To further investigate our theory

that the chlorenium ion comes from chloranil and is the reésoformation of208 we
attempted cyclization utiliziniy-Chlorosuccinimide. This was successful in yield20§(31%)

as well, confirming our rational for the formation2{8 (Scheme 3%

nlii OMe
O | | Conditions A/B

X

OMe O

208 213 212

Scheme36: Condition A: Pd(OAc)/Pd(TFA) (0.1 eq), Chloranil (1 eq), DMSQ@Q0 °C Condition
B: N-Chlorosuccinimidé1.1 eq), DMSO, 100 °C

Due to the conditions with chloranil giving 288 we looked into removing the chloride source
and employ stoichiometric amounts of palladiwatalyst Scheme 35 Condition C).
However, this too did not cyclize compouBd6c The analysis leading us to concludi2@P
(12%) was from various reasons. The analystsidiMR of the obtained product had indicated
the presence of two methyl peaks,igating that an unsymmetrical product was obtaifég.
NMR also contained no peaks corresponding to alkynes, with two downfield peaks
corresponding to ketones. Based on this, we propose we had 08wHere206cundergoes
activation of its carbomarbm triple bond by PY that produces intermedia2l4 214
undergoes substitution by-& to generate intermedia#d5 Finally, tautomerization occurs
of 215to 216followed by oxidation of the resulting intermediatesto afford the produc09.
Mass speitoscopic analysis had confirm@@9with indication of correct mass present.

39



Chapter 2

Proposed mechanism:

OH MeO

OH OMe OH OMe

D~ o U

& D et
pg" MeO MeO MeO
206¢c 214 215

|

H

o QMe Co OMe
U0~ o (I )

() Y

@)

ey

MeO MeO
209, 12%

216

Scheme37: Proposed mechanism flmrmation of stoichiometric cyclization produ2®9

H ) SMe |
= n-BuLi(1.05eq) = I (1.05 eq)
THF BCE N
O—> —_— SMe
SMe I SMe S
H3C—S—SCHs
L 217, 100% 218, 93%
176 0(1.1 eq)
TMS acetylene (5
eq)
Pd(PPhs), (0.02 eq)
| Cul (0.06 eq)
I DIPA
~Z~3Me 205 (1 eq) H TMS
Pd(PPhs), (0.02 &q) / KF (2.5 eq) /
S Cul (0.04 eq) MeOH
DIPA Et,O
MeS = N SMe 5 N SMe
S S
0,
220, 91% 219, 71%
221, 72% (2.2 eq)

Scheme38: Syntheic routeto acces®enzothiophendiyne221

We proceeded to synthesize a more extended diyne structure, one having two ring systems

coupled to the benzene linker, instead of previous examples, which just had a benzene ring.
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Scheme 3&hows the synthesis toves the benzothiophene diy@81 Terminal alkynel76
was first lithiated and undergoes a nucleophilic substitution to 2ive(100%). This is
followed by an iodocyclization, a Sonagashira coupling and silyl deprotection to2#éld
(91%)2 220then undergoes further Sonagashira coupling witidiiglobenzene to afford the
diyne 221 which was subjected to DECRE studies, as previous work utilizing Auw@b

unsuccessful in forming22

222
Not formed

Products obtained

Scheme39: Condition A: Pd(TFA) (0.1 eq), Chloranil (1 eq), DMSQQO0 °C Condition B:
Pd(TFA)(1.1 eq), DMSO, 100 °C

We first attempted cyclization with catalytic DECRE conditions, however a similar chloride
product 273 8%) was obtained. We propose that the mechanism le&olid@7ais similar

to what is described earlier i®cheme 36 This could be due to the electroith
benzothiophene ring as well as the SMe grou@2if which promotes the formation of
intermediate224. This then undergoes a nucleophilic attack from tiy@et bond to the
electrophilic allenyl intermediate, formir&25 The presence of the SMe group2#bacts as

a nucleophile, attacking the allenyl intermediate, forming c&@® which has its methyl
group removed giving produ2l7ain 8% yield Whilst the obtained yield was low, this was
successful in confirming that the chloride-poducts are due to the chlorenium ion from the

chloranil.
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Schemed0: Mechanism detailing formation @27aand227b

With our findingsthat chloranil gives us unexpected chloridepogducts 2273, we decided

to remove chloranil and employ stoichiometric DECRE conditions, in an attempt to redirect
the reaction to the DECRE. However, this did not form the desired pr22acétH NMR and

13C NMR analysis indicated a very similar producR&7awas obtained with an extra singlet
present in théH NMR as well as a CH peak in place of a quaternary C it*f@&IMR. With

mass spectroscopic analysis, it was concluded 2B8@b had formed, where instead of a
chloride, a proton is in place. The mechanism &2 formation is similar to the chloride
by-product, where the Pdacts as the electrophile instead and undergoes protodemetalation.
Intermediate226 has its palladium pdaced with a proton during the aqueous workup giving
227h The synthetic difficulty in accessing cyclized mate?i2? was thought to be likely due

to steric hinderance and thus further attempts were not conducted.

2.4 Accessing thiophene linker scaffokl

i) TMS acetylene (25 eq)
Pd(PPhs), (0.2 eq) R R

Br Br  Cul (0.1 eq) AN Vi
Z—§ DIPA Pathways 1-4 MeS N\ 4/  SMe
[S) i) KoCO3 (4.03 eq) [\ 7\
298 MeOH (0.2 M) S s
|:229' R =TMS, 87%
230,R=H, 97% 231
2 steps

Schemed1: Synthesis of terminal alkyne diy280and formation o231 attempts
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Once studies towards the extended heteroacenes were completed, we focussed our synthetic
efforts in accessing and cyclizing heteroacene variants with a thiophene linker, instead of the
previously focussed benzene ring. Commercially availablediB#mothophene was first
coupled using Sonagashira method and deprotected to access terminal alkyBa@liy0&%

yield (Scheme 4L

Pathway 1 H H
N\ 7
I N 230 (1e
Jmow O ()
Cul (0.1 - 0.3 eq)
| Pd cataylst MeS N SMe
©i Solvent _ \ /
SMe ]\
164 S
(3 eq) 231, Not formed
Pathway 2

|

164

H  n-Buli(2eq) | Brzn ZnBr (2 eq)
SMe

ZnBr, (2 eq)
\\ // T N\ 7 Pd(t-BusP), (0.05 eq)
m 231, Not formed

S
230 232
(1eq)

Pathway 3 Z—§ 228
MaCl (1eq)
/-PngCI (3.05 eq) _ 9 S
1,4-Dioxane = Pd(PPhs), (0.05 eq)
> 231, Not formed
SMe

176
(3 eq) 233
Pathway 4 B N n
| Br Br
ZNgMe 228
Bl (1 eq su I I\ (0.25eq)
= InCl; (0.25 eq) e S
©\/ W | == PA(dppnCl, (0.1 e9) 231, 259
_/ — N N\ 7 » 25%
SMe
176 Il mes
1e
(1 eq) MeS /I
x
- 234 B

Schemed2: Different varying pathways attempted to access thiophene linked 28ine
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Table 3: Varying Sonagashira reaction conditid®Y 231(Scheme 42Pathway 1)

Entry Reaction Conditions Product
1 (PPh).PdCL (0.05 eq), EN, 22 °C Starting material 64
2 (PPR)2PdCL (0.05 eq), DIPA, 22 °C Starting material 64
3 Pd(PPBh)4 (0.15 eq), DIPA, reflux Starting material 64
4 Slow addition over 1.5 h, Pd(dppf)&D.15 eq)n-BuNH,, 50 °C  Starting material 64

Scheme 42depicts the various pathways all employed to access di@ie Multiple
Sonagashira attempts at coupl@80 with 2-iodothioanisole 164 were attemptedScheme

42, Pathway 1). An aliquot study of the first attempt showed no product formation had
occurred with only starting materiab4 present Table 3, Entry 1). This was also confirmed

by TLC analysis whichad indicated that-bdothioanisole was unreacted. A change of solvent
from E&N to DIPA as well as palladium catalyst and heating to reflux were also unsuccessful
in forming produc33(Table 3, Entry 2 & 3). A slow addition of the terminal alkyne dign

to 2-iodothioanisole was attempted, as well as a changdtylamine and Pd(dppf)&were

also unsuccessful in synthesizipgl (Table 3, Entry 4). It was thought that terminal alkyne

231 was easily polymerizing before it can coudlé4 and this pathay was subsequently

discontinued.

We moved to attempt a Negishi coupling using ZnBcheme 42Pathway 2). Bis-alkyne
230was first lithiated withn-BuLi and ZnBp was added to form intermedia282to which
bis(tri-tert-butylphosphine)palladiunand 2iodothioanisole was then addedd NMR was
used to monitor the reactionsé progress and
formed with onlyl5 present in théH NMR, likely due to230polymerizing again. Due t330
undergoing rapid polyerization, we attempted to directly couple terminal alk{ié with
3,4-dibromothiophene instead. Using isopropyl magnesium chloride, we formed the
magnesium acetylide intermedia283 in-situ, and the reaction progress was monitored by
aliquot study $cheme 42 Pathway 3. Whilst'H NMR analysis had shown that there was full
consumption of starting material, product formation had not occurred. It was difficult to
determine the multiple sideroducts that had formed as the spectrum was complex to assign.
Puification was attempted however, degradation had occurred due to product instability. Work
by Kang and cavorkers had demonstrated the success of palladatalyzed multialkynyl
crosscoupling reactions utilizing the use with teteraalkynylindatéghis led us to attempt

coupling using InG giving us produc31in 25% yield with several bproducts forming,
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such as homocoupleti76 and monocoupled produ¢6cheme42, Pathway 4). The final
cyclization in this area of work was done with catalytic amounts of Pd@ldmAl) successfully
gave235in 79% vyield.

Pd(TFA), (0.1 eq)
O Chloranil (1 eq)
DMSO

MeS \\ // SMe >

/ \

S

Schemed3: Successful DECRE cyclization affordiag5s

2.5 Unsymmetrical and extended angulaheteroacenes

With the previous success in synthesizing and cyclizing extended heteroacenes, our focus was
moved towards accessing and cyclizing unsymmetrical compounds. W&#&unghwaland
coworkers have demonstrated the successful formation of gariaialkynyl

aromatic/heteroaromatics frorabtomo2-iodo-benzenél®

/

176

(1 eq)
SMe MeS 190 MeS

(1 eq) | |
| Pd(PPh3),Cl, (0.02 eq) NMe,
Br
236

B Cul (0.01 eq) P
©/ " DIPA

d(PPh3),Cl, (0.02 eq) O Z NMe,
161

237

Schemed4: Initial attempts at accessing unsymmetrical subsfaie

1-Bromo-2-iodo-benzenel61 was first coupled with terminal alkyriZ6to form 236 in-situ
which was then coupled with the second terminal ally@@and heated to Sonagashira couple
at the remaining bromine position. However, after the allowed fith& MR analysis failed

to indicate that the product was formed. Purification was atesnpowever, this was

unsuccessful due to the crude not being stable and degrading during chromatography.
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" H
= &
176 O
SMe XMe XMe
[ Pd(PPh;)s (0.05eq) Pd(PPhs), (0.05 eq)
| Cul (0.05 eq) | Cul (0.05 eq) I

DIPA A DIPA

X
SMe O X = NMe, Se SMe O

205 238, 70%

237: X = NMe, 46%
239: X = Se, 60%

Pd(OAc), (0.1 eq)
Chloranil (1 eq)
DMSO

N
240: X = NMe, 62%
241: X = Se, 57%

Schemed5: Synthetic pathway to access unsymmetrical cyclized heteroa24&s241

Therefore, 1,2liiodobenzene was used as an alternative, with slow addition method employed

to preventl76coupling to both iodo position38was successfully synthesized withNMR

analysis matching precedented literattifelt then was subjected tauther Sonagashira

coupling with terminal alkyne$90and193to successfully give the unsymmetri@d7 and

239in 46% and 60% yield respectiveld NMR and*3C NMR analysis showed two separate

met hyl peaks which were the main indication
subjected to catalytic DECRE cyclizations witH NMR indicating disappearance of the

methyl peaks, yielding40(62%)and241(57%)in satisfactory yield.
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2.6 Study of a bidirectional application of the DECRE

n-hex | N
n-he n-hex
X Z > sMe
AN Previous work
X
SMe | AuCls (2.6 eq)
= SMe
\\ DCM:1,4-Dioxane (1:1)
| | 70 °C, slow addition
MeS
= | n-hex
™ n-hex
n-hex
242 243,10%

Current work
Pd(TFA), (0.1 eq)
Chloranil (1 eq)
DMSO:Toluene (1:1)

243, 87%

Schemed6. Previous work of cyclizing tetrayr#&3using AuCh

Tetrayne243had previously been accessed previously within our group (unpublished results)
with stoichiometric amounts of Au€lin a cosolvent system of DCM and tdloxane.
However, this saw very little success in form@gBwith only ~10% yield of product possibl
forming, with full characterization unable to be completed. Therefore, with the proven success
of using palladium catalysts, initial attempts saw the use of catalytic amounts of PA(@AC)
chloranil in DMSO, however this was unsuccess2dR was mo#ly insoluble in DMSO even
when heated to 10. *H NMR diquot study revealed minimal new peaks were being formed

in the aromatic regions, however this was difficult to discern as product as starting material
was mainly present. The reaction was lefttar for 18 h to attempt to fully solubilist2,
however'H NMR after this allowed time showed that degradation had occurred. As a solution
to this, we decided a esplvent system of DMSO:toluene (1:1) would result in better solubility,
as well as it beip conducted as a microwave reaction, to bring it up to a high temperature
(135°C) in a short amount of time to avoid degradation. This saw a vast improvement with all
of the starting material going into solution yielding 879248 The aliquot study done showed

that after 2.5 h, full consumption of starting material had occurred?d8dormation was
indicated by théH NMR showing major disappearance of the methyl peak as well as a shift

of the aryl singlet peak of the benzenddénproton.
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Propargyl alcohol (3 eq) OH . fe)
Pd(PPhj3),Cl, (0.05 eq) Dess-Martin |
nehex | Cul (0.1 eq) n-hex A periodinane (1.56 eq) =
\©: DIPA DCM n-hex
SMe SMe SMe
145 244, 82% 245, 87%
P H
n-hex 4 198
(1.5 eq)

SMe
i) n-BuLi (1.4 eq)

ii) DMP (1.2 eq)

DCM
(o}
CBry (2 eq)
n-hex PPhs (4 eq) n-hex & % n-hex
Lk s N o
SMe MeS
247 246

Pd(PPh3), (0.03 eq)
Cul (0.06 eq)
DIPA

Schemed7: Synthetic pathway to accetsdrayne248

With the success of cyclizing tetray2d2, we attempted to cyclize another tetraygs,
previously accessed within our groupS¢heme 4Y. Initially 145 was coupled using
Sonagashira protocol with propargyl alcohol to g4t (82%), followed by formation of
ketone245 (87%). The remaining steps were carried out by another Flynn group member to
access tetrayn248 Upon considering the structure of thedgne248, either a 1,50r a 1,6
cyclization could possibly occug¢heme 438
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Schemed8: Possible 1,50r 1,6cyclization mechanisms tetray@d8could undertake

Cyclization attempts were made with the same conditions as the previous tQ42ythid

NMR analysis had indicated thatarting material was fully consumed, with odistinct
product being formedt was challenging to determine which cyclization rowté taken place,
however our main rationale as to deduc2®@ had form was due to the formation of similar
fulvalenelike compounds ¥41) that have previously been accessed by our group. A
comparison of3C NMRs had indicated more deshielded alkenes p&sdding us to conclude
253had formed. In addition, a crystal structure was obtained, confirming successful formation
of 253

n-hex n-hex

Pd(TFA), (0.1 eq)
n-hex Chloranil (1 eq)
DMSO:Toluene (1:1)

248 n-hex n-hex
253, 98%

Schemed9: DECRE cyclization of tetrayn248accessin@53and obtained crystal structure
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2.7 Application of DECRE in accessing fulvalene derivatives

The last of these extended heteroacene system structures that were studied was the cyclization
of fulvalene derivatives. In recent times, fulvalene type compounds have been found to contain
great eletronic properties such as superior charge transfer abilities, which is extremely
beneficial for the development of material sciences in particular organic photovoltaics leading
to our groups interest in forming novel fulvalene type compotitfdireviousDECRE studies

has been done with Aug€lvhich has been successful in yielditgfl with a high yield (87%).

Previous work

AuCl3 (1.3 eq)
DCM:1,4-Dioxane (1:1)

70 °C, slow addition

Current work

133 Pd(TFA),
DMSO

Oxidant, 100 °C

Schemeb0: DECRE cyclization studies accessing fulvaldike systems

Table 4: Reaction conditions attempted for palladium mediated DECRE cyclizati®dsy 141
(Scheme 5D

Entry Catalyst Oxidant Product
1 Pd(TFA) (1 eq) - 141: 10%
2 Pd(TFAY (0.1 eq) Chloranil (1 eq) 254 6%, 255 4%
3 Pd(TFAR (0.1 eq) DDQ (1 eq) 255 6%
4 Pd(TFA)Y (0.1 eq) 02 (g) (oxygen balloon) Starting material 33

Several palladium mediated DECRE cyclizations were attemptdale 4, Entry 1 reports
stoichiometric conditions being applied and this saw the successful formation of fulvalene
compound141 albeit in low yield (10%). Catalytic DECRE conditions were applied with
outcomes of various oxidants studidéble 4, Entry 2 employed chloraihas the oxidant
however the crudéH NMR indicated a messy spectrum. Upon purification, 2 products were
isolated with neither matchiri41*H NMR. One of the byroducts formed was proposed to

be protecyclized254. This was rationalised from a few reasoFirstly, whilst no peaks were
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present in the aliphatic region of thé NMR, indicating full cyclization, there was a distinct
singlet present in the aromatic regid®C NMR only presented 6 quaternary carbon peaks
present which is one less than wigexpected from the fulvalene compoutdiL Finally,

mass spectroscopic analysis had confirmed 2 additional protons, leading us to conclude proto
cyclized materia54had formed. The second4pyr o d t*@ NMR&ontained 2 peaks in the
alkyne region, ingtating that one alkyne unit was unreacted. This had led us to believe that the
other product obtained was partially pratgclized 255 with mass spectroscopic analysis
confirming its formation. DDQ was also attempted, however this was not an improvement in
yielding 141 (Table 4, Entry 3). Upon purification, the only isolated product obtained was
partially cyclized255. Our last attempsaw the use of £{g) as the oxidant, however aliquot
study had indicated no conversion of starting material to product had occurred even after a long
reaction period of up to 48 figble 4, Entry 4).

Mechanism of partially 255 and fully proto-cyclized 254

255
(Partially proto-cyclized)

254
(Fully proto-cyclized)

Scheme51: Proposednechanisms of formation abmpound254 & 255
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2.8 Preliminary intermolecular DECRE cyclizations

Notwithstanding the great efforts and successful progress made towards studies on
intramolecular DECRE cyclizations, remaining candidature time of thisnaisdirected to
exploring intermolecular cyclizations. Whilst work by Gupta and Flynn have seen the
successful formation of from intermolecular DECRE cyclizations utilizing Augevious

studies by our group has had limited scope with only one compaerdsed](80).1°

Previous work
=
AuCl; (0.5 eq)

(12 eq) DCE:THF (1:1) s \_s
Pd(PPh3),Cl; (0.02 eq) O Ph Ph
| Cul (0.1 eq) = Intermolecular
@: Et;N Z DECRE 180,61% N O
SMe s
SMe Current work
164 H HTN
179, 83% Pd(TFA),
Oxidant N\
L= 5 N\
DMSO, 100 °C S S
258, 5% 259, 10%

Scheme52: Preliminary intermolecular DECRE studies

We first synthesized79 by Sonagashira couplingi@dothioanisole tethynylbenzeneThis
was successful in forming79 in 83% vyield with!H NMR analysis matching precedented
literature!!” Both stoichiometric and catalytic intermolecular DECRE attempts were carried

out as demonstrated belowTiable 5.

Table 5: Preliminary intermolecular DECRE cyclization conditions attemptel76fY 180(Scheme
52)

Entry Catalyst Oxidant Time Product
1 Pd(TFA» (0.1 eq) Chloranil (1 eq) 18 h 258 5%,259 10%
2 Pd(TFA)Y (1.1 eq) - 2h 259 12%

We initially attempted optimised DECRE conditions, with oxidant chlordrable 5, Entry

1). Whilst aliquot study had shown full consumption of starting material had occurred, product
180 did not form. Upon purification, th&H NMR obtained showed two products had been
formed. Monocyclized compour2b8had been cyclized with ifé1 NMR spectrunmatching
reported literaturé*® Due to previous outcomes of obtaining the chloride pro2d@and2273

this led to us to initially deducing we had obtained a chloridproguct. However'H NMR
analysis did not match its proposed structure with detipgak being present in the aromatic

region. Moreover, th&’C NMR spectrum indicated that there was one less quaternary carbon
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present with an extra peak in the aliphatic reg@onfirmation of 259 mass from mass
spectroscopic analysis concluded that we had obt&@s@ihstead in which a proton is present

instead of a chloride group. Proposed mechanisms for comp@68dsd259 are described
below inScheme 53

Proposed mechanism of 258 & 259

Pd"

L .
. O e o
O — &0 _Pd, -MeTFA 5
~
179

Pd

Me ©)
TFA 258
260

RN

Il /
Pdh ¢ N O
\‘ S \
O e
= Pd O
& O \ H@ \
— O N\ O -Pd, -MeTFA {
O ) &> .
-
)
79

() =

Me)"\e)
TFA

1 261

Schemeb3: Mecharisms leading to formation @8and259

Table 5, Entry 2 used stoichiometric DECRE conditions however the ctHddMR obtained

was messy and complex to assign. Upon purification, only one product, con@afindas

able to be isolated in similar yielgith other byproducts degrading during chromatography.
Due to time constraints of remaining candidature time, further intermolecular studies were
discontinued with efforts directed to other aims.

2.9 UV-Vis data results andanalysis

The opticalproperties of the compounds were measured byMi$/absorption spectra in
chloroform solution (10@M) as shown irFigure 7 and8. To confirm that the colour was
coming from the product rather than highly coloured impurities, TLC analysis of the products
were undertaken to confirm that the product spot as determined by UV visualisation and the
colour spot were coincident with eacther. Figure 7 showthe UV-vis absorbance spectra of

the cyclized diynes afforded207g 235 241, 240 and 207hb. All UV-vis spectra were
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performed in CHG at 100uM. A change of a benzene ring to thiophene 20Fgto 235
displayed a change of colouoi white to dark yellow. This coincides with the UV vis spectra
obtained a235continues to absorb into the visible range which likely contributes to its colour.
It was observed a change of heteroatoms of sutfirg for selenium 241) produced lower
absorbance (<380 nm), whilst a change to N2éQ{ saw a stronger absorbance at a longer
wavelength (>380 nm). It was observed that a change of two heteroatoms of @it

NMe (207b) produced a UWis spectra that absorbed into the visible rang&@>8n) which

accounts for its yellow colour.

The UV-vis of cyclized tetrayn@53 (Figure 8), a dimer 02073 saw significant absorbance

into the visible range accounting for its dark orange colour. An introduction of a benzene ring
between the 2 pentacycles (compo@dg) interestingly shifted most of the absorbance out of

the ultraviolet region (<380 nm243also has a longer wavelength and greater absorbance than
2073 leading to a more prominent colour which reflects a reduction in the HOW®O gap.
Therefore, the changes of heteroatoms or amount of aromatic (benzene) rings was determined
to alter the absption profile, and hence optical band gap, which can be utilized for organic

electronic applications such as OFETS.
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UV-Vis absorbance spectra (100 uM in CH)Gif cyclized diyne207a 235, 241, 240, and
207h

UVW-Vis absorbance

4
3.5
3
2.5
>S5
S
82
c
5]
O
as \
0
QO
©
1
N
0.5 i
0 SS——— e r—
250 300 350 400 450 500 550
-0.5
wavelength (nm)
—235 =241 =—240 ——207b 207a
Oy QY R
Q{ s@int®
s Iy O
J \
S
241
207 235 i
whit: dark yellow white
Loy Ysoq
N h O
e
240 207b
white yellow

Figure 7: UV-Vis absorbance spectra of cyclizdignes afforded in this chapter
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UV-Vis absorbance spectra (100 uM in CH)Gif cyclized tetrayne@43and253

e U\-Vis absorbance
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n-hex

243
L green

Figure 8: UV-Vis absorbance spectra of cyclizetraynes afforded in this chapter

2.10 Conclusion and future work

The work in this Chapter has presented a thorough investigation into the catalytic DECRE
process, which had successfully formed a variety of heteroacene systems such as simpler diyne
systemg02, 203 and204, benzendinked heteroaceneX7a 207b, 240ard 241, thiophene

linked 235 and cyclized tetrayne compoun243 and 253 obtained through a bidirectional
DECRE Scheme 54
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Di t :
iyne systems hex nhex
P s X Pd" cat.
R\©\/ \in [0] O
—_—
\ / A\ o=
Me Me Se ! s Se S s S S s
202, 71% 203, 49% 204, 98%

Benzene linked systems:

L, o 9 Q. - "
o T ad o
Me% O Me O 0 O

207a, 83% 207b,98% 240, 62% 241, 57%

Thiophene linked system:

S Conditions:
MeS N\ /Mo —— O O PA(TFA); (0.1 eq)
Chloranil (1 eq)
7\ SO DMSO
S S

233 235,79%

Bidirectional benzene linked systems:

n-hex N
n-hex ‘ %
SMe
A
SMe A -
Pz SMe
X
MeS :
\fl n-hex - -
N"p-hex 253, 98%
245 243, 86%

Schemeb4: Successfully synthesized angular heteroacene strueiarestalyticDECREconditions

Interestingly, the methoxy and benzothiophene variants gave the chlofleducts 208and
2273 when catalytic conditions were applied and compou@89 and 227b from
stoichiometric DECRE conditions. It was proposed that thegerducts formed due to the
methoxy and benzothiophene electdomating groups causing their preferred mechanisms

described earlier to occur.
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Catalytic DECRE
_[O] = Chloranil

208, 17%

Cl Catalytic DECRE Q

[O] = Chloranil

/ \
AN
MeS

227a, 8%

S
A
OMe O

O
O

0 OMe
OMe
Stoichiometric ’ O
DECRE
av
MeO
206¢ 209, 12%
SMe

Stoichiometric
DECRE

221 227b, 15%

Schemeb5: Formationof methoxy and benzothiophebg-products

Catalytic DECRE
[O] = Chloranil/DDQ

255, 4%

MeS

\Q

259, 10%

Catalytic DECRE
[O] Chloranil

-0

258, 5%

Stoichiometric
DECRE

Pd(TFA), (1 eq)
DMSO

141, 10%

AuCl; (1.3 eq)
DCE:1,4-Dioxane (1:1)

Previous work

141, 87%

MeS O

Stoichiometric

DECRE
Pd(TFA), (1.1 eq) HTN O
DMSO
O
g ;
4 259, 12%
SM
© AuCls (0.5 eq) O Q
DEC:THF (1:1)
Previous work S / \ S
Ph Ph

180, 61%

Schemeb6: Preliminary intermoleculaaind fulvalendDECRE studies

Fulvalene cyclizations were also studied in this
compounds 455 were obtained through the

DECRE conditions were successful in forming

chapter. 2B @nd partially protocyclized
catalytic DECRE and whilst stoichiometric

produty, it was significantly lower in yield
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(10%) compared to when cyclized with A4dB7%). Similarly, intermolecular DERE

studies saw the formation of compoun2s8 (5%) and259 (10-12%) regardless if the
cyclization was carried out with stoichiometric or catalytic conditions. Previous DECRE work
with AuCl; saw a far more satisfactory yield »80 being obtained (61%), shaasing the
limitations of a palladium mediated DECRE with Ag®king superior with fulvalene and
intermolecular DECRE cyclizations. Nonetheless, the work presented in this chapter has
demonstrated the wide scope of applications of the palladium me@&ERKE as a novel

proof of concept in accessing various extended and complex heteroacene structures in a concise

and efficient manner.

To better understand the nature of these structureay Xrystallography was performed on
241 and 253 by Prof. Jonathan White (University of Melbourne) and are shown below in
Figure 6. Compound41 and253 were found to be neplanar and have a twisted nature.

Further crystallography data is described in appe8@x

Figure 6: Crystal structures obtained of unsymmetrz4l and tetrayn®53
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Chapter 3: Results and discussion: Exploration of alternate methods for the readily

access of extended polycycle structures

e oue )
Multistep MeO O / \
7 N\ ]

\\ synthesis Poly-iodocyclization

[
262 263, 61%
264, 82%
Post-cyclization
modification
MeO
EWG = <>
F NO
F7OF 2
Crystal structure of 267 267, 68% 266, 70%

obtained by fellow group
member Ahmad El-Hawli

268

Currently ongoing

Scheme 57Previous work towardsonplanar acenstructures

Previous work within our group has allowed the successful accessnpiianar acenes
structures as mentioned Dhapter 1.7.2Scheme 57depicts the successful formation of

Aski ppedodo polyynes that ranged from ar si mpl
group (Dillon, EtHawli, Flynn unpublished resultshave successfully iodocyclize2b3 to

give compound264 which then underwentgstcyclization modifications such as Suzuki
coupling to couple oanitro or p-trifluorobenzene substituent givi2§6(20%)and267(68%).
Furthermore heptyn268 has been accessed and iodocyclized to 2@ still under study).
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Previous work by Gupta & Flynn:

cr
SMe

179 136

This work:

MeO OMe

O MeO OMe

| 2n DECRE

©/ Pd-mediated coupling condmons
MeO

270

272

Scheme 58Proposed synthetic route for preliminary studies of accessing polycyclic structures

The objective in this Chapter of the project involves investigating the readily access to
polycyclic structurewia previously stidied DECRE conditions as reportedGhapter 2 As
described in previous Chapters, the nucleophilic source of previous studies has mainly
containedheteroatoms such as S, N, and O, leading us to want to explore the possibility of
cyclizations where aromiatrings (benzene rings) are the nucleophile source as shown in
Scheme 58We also hypothesize the possible further expansion onto larger polyyne systems,
with the use of 12liiodobenzene instead.

In addition to this, another aim in this Chapter is tplere the bidirectional double
iodocyclization. Whilst Flynn and Gupta reported the success of a double iodocyclization
yielding 130 (85%) Scheme 59 no additional investigations of a bidirectional double
iodocyclization has been conducted since théiaincommunicatiort® Moreover, with
previous success in carrying out the DECRE bidirectionalGhapter 2this further prompted

our interest in studying a bidirectional double iodocyclizat®chgme 5%
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Flynn and Gupta : Double lodocyclization

s s _S s
-2 x CHCly M\ m
¥ ¥

n-hex n-hex

166 275

Scheme 59Proposed bidirectional double iodocyclization pathway acceg3mg
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3.1 Preliminary polyyne cyclization studies

3,5-Dimethoxyphenyl
TMS acetylene (1.2 eq) boronic acid (4 eq)
Pd(PPh3)4 (0.01 eq)

Tms  PA(PPhs), 0.01 eq) Z
| Cul (0.06 eq) = CsCO; (10 eq) O
©j Et;N Toluene: EtOH O OMe
Br

Br
238

276, 74% OMe
277, 88%
| K2C03 (15 eq)
THF:MeOH
‘ (4 eq)
H
Pd(PPhs)Cl, (0.05 eq)
= Cul (0.1 eq) Z
DIPA
I OMe O OMe
OMe OMe

162, 88% 271, 100%
Scheme 60Synthetic pathway accessing monoy6e

Our studies began with first accessing the adgkstarting material substrat62 Commercially
available tbromo2-iodo-benzene underwent a Sonagashira coupling of -BREylene and
Suzuki coupling with 3,8limethoxyphenylboronic acid to yieR¥7in 88%. This intermediate

was then silyl deprotected and lastly Sonagashira coupled with iodobenzene to give the
monoynel62in 88% yield Scheme 6

O eO ‘ OMe
=
DECRE attempts O
OMe
O Pd(TFA), catalyst
OMe O O
M

MeO OMe
eO

162
163 278

Scheme 61Initial cyclization attempts studied for cyclizationX§2

Table 6. Reaction conditions attempted for DECRE cyclization@2yY 163(Scheme 6}

Entry  Pd Catalyst Oxidant Solvent Temp. Time Product
1 l.1leq - DMSO 100°C 18h 163 9%
2 0.1eq Chloranil (1 eq) DMSO 100°C 18h Degradation
3 0.1eq DDQ (1eq) DMSO 100°C 24-96 h 278 14%

63



Chapter3

Once monoynel62 was accessed, stoichiometric DECRE conditions were first attempted
(Table 6, Entry 1). The'H NMR aliquot study taken at set monitored time intervals showed a
complex crudéH NMR and upon purification, it was determined teatloendoproduct 163

was obtained'H NMR and**C NMR analysis indicated a symmetrical product had formed
with 2 peaks in the aliphatic region corresponding to the 2 methyl peaks. The low yield was
thought to be attributed to the products instability on silica and multiple unstaipeodycts
formed. With the low yielding outcome of the stoichiometric DECRE condition attempt, we
attempted employing previously optimised catalytic DECRE conditions usoggoaidant
developed from Chapter 2. The first attempt was with chloranil as the oxicgdne 6, Entry

2). The aliquot study indicated the crude product obtained was very complex, and degraded
upon purification, likely due to the instability of the chtle byproducts that were likely
formed. We next moved onto attempting the cyclization with DD&ble 6, Entry 3). The
aliquot study conducted showed a very slow consumption of starting material, with starting
material 162 still present in theH NMR even with the reaction time extended to 96 h.
Confirmation of 278 formation was mainly indicated from thé! NMR and *3C NMR
indicating an unsymmetrical product had formed with 4 singlet peaks in the aliphatic region,
corresponding to 4 methoxy groups preseimon purification it was determined that #redo
exocyclized produc78had formedIt was thought that the large presence of starting material
remaining was the main reason as the low yiel@7&obtained (14%), along with the product
being sensitie on silica. The proposed mechanisms of betidcendo and endeexo

cyclizations are described belowScheme 62
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Endo-endo cyclization:

-Pd source O
Reductive Pd
Elimination

Endo- cyclization:

MeO,

MeO O
-Pd source oM
‘ Reductive Pd
O O Elimination
MeO OMe O
281

Scheme 62Proposed mechanisms leading to eado cyclized compoung@78

S Cr 1
MeO
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Scheme 62alescribes the mechanism leading to the formation of obtainddexocyclized
product 278 Two units of monoynel62 was initially intended to undergo two endo
cyclizations to give the symmetrical dimer prodd&3 However, we proposed that one
equivalem undergoes endo cyclization and likely due to steric factors, the second monoyne
undergoes exo cyclization whilst corresponding to the same palladium. InternZ&digten
undergoes a reductive elimination of the palladium source givi2g&sThis wasconfirmed

by the mass present on mass spectroscopic analysis as well¥ kMR indicating correct
predicted peaks such as peaks resonating in the ketone region as well as 4 methyl peaks present
in the aliphatic region. The outcome of the cyclizatigrgely to be determined by the nature

of the second cyclization. It is thought that the same palladium needing to be invoked for the
second cyclization reaction is likely is competition with another free palladium, being one of
the main reasons as teetlow yields being obtained.

MeO O OMe

‘ 271

(1eq)
PA(PPh3),Cl (0.1 eq) Me© OMe OMe
! Cul (0.1 eq) Pd(TFA), (1.1 eq)
DIPA DMSO
OMe
282

(4 eq)

AN

283, 70%

284, 7%

Scheme 63Accessing methoxgolyynevariant298and subsequent cyclization

A methoxy electrordonating group was introduced to the compound in an attempt to redirect
the cyclizations to thdesired end@&ndo cyclizations§cheme 63 1-lodo-4-methoxybenzene

was coupled using Sonagashira method Rith accessin@83 in satisfactory yield (70%).
Intermediate283 was cyclized with stoichiometric amounts of palladium catalyst however

upon purifcation, endeexo cyclized compoung84, albeit in low yield (7%).
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3.2 Extension of cyclization substrates

OMe
] OMe
N
oS Bidirectional

I:@ Sonogashira
>R TE .
|

OMe

Reductive I OMe
-elimination I l
O%

OMe
287

Scheme 64Proposed synthetic method to acomgendedliyne 285followed by cyclization
synthesizing287

With preliminary intermolecular cyclization studies on the monoyne deemed unpromising, we
hypothesized the possible successful intramolecular cyclizations as depiGekeime 64
Scheme 64shows the proposed synthetic pathway to access diyne str@&uthrough a
double Sonagashira coupling @71 with 1,2diiodobenzene.285 will then cyclize
intramolecularly to give twisted ace@87.

OMe

MeO ‘ O
= 271

(3 eq)
Pd(dppf)Cl (0.1 eq)
| Cul(0.1eq)
©i DIPA .
|

205
(1eq)

OMe
288 93% 287

Scheme 65Accessing diyn288and stoichiometric and catalytic cyclization attesnpt
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Table 7: Cyclization conditions attempts 288Y 287 (Scheme 6%

Entry Catalyst Oxidant  Solvent Temp. Time Outcome
1 Pd(TFAY (1.1 eq) - DMSO 100 °C 18 h  Degradation
2 Pd(TFA» (0.1eq) DDQ(1eq) DMSO 100 °C 48 h  Starting materia88
Diyne structure288 was accessed through successful double Sonagashira coupling in high

yield (93%). Initial cyclization attempt saw the use of stoichiometric DECRE conditions
(Table 7, Entry 1). However, after the aliquot study, the resulting crildlé&MR indicated a
complex spectrum. Purification was attempted however degradation occurred likely due to the
unstable crude product. A second attempt using DDQ was carried out, although no conversion
to product was indicated with only starting mate@8l7 remaining, even with additional
catalyst and oxidant being added over an extended reaction duration of up to 48 h. The presence
of the methoxy group (in red) is thought to likely be causing steric hinderance causing
cyclization to not occur. With preliminaistudies deemed unpromising, further efforts were

redirected towards the bidirectional double iodocyclization and other project aims.

3.3 Bidirectional double iodocyclization

The second aim studied in this Chapter involved investigating the possibdgityidirectional
double iodocyclization. Studies were initiated by first accessing the simpleridiynieat has
been previously accessed in our grétfprhis involved Glaser coupling of terminal alkyne
176and subsequent iodocyclization with NIS givit@0in high yield (90%).

MeS O
NIS (4.4 eq)

Z

H .
_ Cu(OAc), (2 eq) PPhj resin (0.25 eq)
7 Pyridine:MeOH =7 DCE O N\ O
C =
SM SMe

e

176 177, 68% 130, 90%

Scheme 66Homocoupling ofLl76 and subsequent iodocyclization acces4i8Q

Flynn and Gupta have explored subsequentcloging reactions such as the Heck reaction

with styrene, Ulmann coupling witlN,N-dimethylethanel,2-diamine, lithiation mediated

additions with dichlorodimethylgermane and Buchwidltwig coupling with 4hexylaniline

as shown below irBcheme 67° Following their successful preliminary results, we were
interested to revisit the Buchwaldartwig coupling, in particular a double Buchwsd@rtwig

coupling as shown iBcheme 67We first repeated Guptaand Flyns r epor t ed met h.
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Heck reaction with styrene to revalidate the coupling ability3tfand this was successful in

accessin@92albeit in a lower yield (30%).

Work by Nozaki:
BrBr, Pdy(dba); Rs
_ Phosphane N
7\ \ Rs  Base / T\
A—/ N\ _¥ NH, —  — _© N
R1 R2 R1 — — Rz
289 290 291
Over 10 examples
Heck reaction Ph
rPh ‘
S S
292, 62%
Work by Flynn group: NMe,
Ulmann coupling
INHQ
Me;,N

N
L. 5
- 580
S S
O N/ O Ring-closing reactions 293 42%

S S Li-mediated N
additions Ge

130 GeMe,Clp O \ O

S S
n-hex 294, 60%
n-hex
NH,

Buchwald-Hartwig

coupling O \N ) O
S S

295, 99%

This work:
n-hex n-hex n-hex

) . O O
AN /S\ S\ - g NH, n-hex n-hex

n-hex O d s O Double Buchwald-

Hartwig couplin
275 g pling

296
Scheme 67Previous studies of ringlosing reaction§?

To access the larger tetrayne alkyne starting mates@la CoreyFuchs reaction involving
aldehyde248 was convertednto the gem dbromide and lithiated witm-BuLi to give the
terminal alkyne298(100%). Commercially available 3gibromothiophene was converted to
299 with n-BuLi and dimethyl disulphide and iodinated to giMgs. Thiophene intermediate
165 was then Sonagashira coupled w28 yielding tetrayne intermediat&66 (69%) and
finally iodocyclized to give the intermedig2&5in 74% yield.
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o Br Br P H
=
i CBry (1.5 eq) \ )
PPhs (2.98 e n-Buli(zeq) oy Z
n-hex z~ TPha@98ed Z DC
SMe
SMe SMe
248 297, 60% 298, 100%
NIS (2.2 eq)
n-BulLi (2.4 eq) p-toluenesulfonic
Br Br s,Me, (2.5eq) MeS SMe acid (0.1 eq) MeS SMe
Z/ \S Et,0 Z—ﬁ EtOH /Z—ﬁ\
S s -
228 299 165
298 (2.1 eq)
Pd(PPhg), (5 mol%)
Cul (10 mol%)
DIPA (0.2 M)
MeS, SMe
n-hex | | n-hex \is (8 eq)
PPhsresin (0.47 eq)
DCE n-hex

166, 69%
275, 74%

Scheme68: Synthetic route to access tetraiodo intermeda@tcompoundl65was provided by

fellow group member Dr. Giang Le)

3.4 Double BuchwaldHartwig coupling reaction

NH,

CHj3 (2.5eq) CHs CHs
Pd,(dba); (0.2 eq)
Cs,CO3 (5 eq)
RuPhos (0.4 eq)
Dioxane n-hex n-hex

275 296

Scheme69: Double BuchwaleHartwig coupling attempts

Table 8 Varying BuchwaldHartwig coupling attempts &75Y 296 (Scheme 69

Entry Conditions Time Outcome

1 Mi crowav« 2h Extreme difficulty with purification, minimal product
was isolated (7%)
Mi cr owavt 4h Degradation
3 Reflux 110 6 h Starting material75

Several double Buchwaldartwig coupling attempts were carried out, with varying

temperature and reaction duration conditiofable 8 Entry 1 utilized previous optimised
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BuchwaldHartwig conditions determined by our group. Whilst product was observed in the
crudeH NMR, difficulty was experienced in chromatography purification due to the product
being extremely unstable on sdi as well as the formation of multiple-pyoducts. This led to
minimal amounts of impure product isolated (7%) as showrrigure 9, with further
purification yet to be completed. Formation 286 was also further confirmed with correct

mass identifiedri mass spectroscopic analysis.
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Figure 9: *H NMR spectra of isolated produ296

A second attempt of a longer reaction time in the microwave was carried out however this led

to degradationTable 9, Entry 2). A final attempt saw a slight lowering of tperature to

110 , however the aliquot study indicated onl
formation.Due to time constraints, further purification efforts were not performed and efforts

were redirected to other aims.

3.5 Conclusion and futue work
The efforts in this Chapter of work has demonstrated the investigation of extending the
chemistry to where the nucleophile is aromatic (benzene rings) in place of a heteroatom such

as sulfur, oxygen or selenium is complex. Attempted intramolecytdization reactions on
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the monoyne yielded the endso cyclized compound279 and 284 in 14% and 7%
respectively. End@ndo cyclized dimet63was accessed when catalytic conditions with DDQ
were employed however the reasoning as to this occurrenet te Ye fully studied and
determined by our group. The low yields were thought to be attributed mainly to the
compounds being very sensitive on silica, with reaction optimization remaining as part of
future work. In addition, the double Buchwaitartwig gudies were successful in forming
product296, however extreme difficulty in isolation was experienced and remains as part of
future work. Exploration of other aniline sources that might prove to be more stable is of area
of interest in our group, as weueademonstrated that this proof of concept was achieved for

the coupling, but the instability of the product was very limiting.

Stoichiometric
DECRE

Pd(TFA), (1.1 eq)
DMSO

MeO ‘ OMe R 278Y 14% 284, 7%

g Pd(TFA), (0.1 eq)
DDQ (1 eq) ‘
DMSO ‘
Catalytic
DECRE O O
OMe

MeO

163, 9%

CH3 CH3
n-hex

Double Buchwald-

Hartwig coupling n-hex n-hex
N S N

QS s sy
S S S S
275 296

Product observed in crude 'H NMR,
however was unable to be isolated

Scheme70: Summary of heteroacene structures afforded withinctiapte
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Chapter 4: Results and discussion: Investigation of pyrrole rings as an alternative

nucleophilic source

As previous Chapters have demonstrated the focus mainly on benzene linked scaffolds as well
as sulfur as the heteroatom, leading to the fdomaif mainly thiophene rings, our last aim

was to investigate the effects of differing nucleophile groups such as pyrroles. The
development of synthetic methodologies for pyrrole derivatives is a constantly ongoing area of
interest in organic and medicirdnemistry due to their presence in many natural and synthetic
compounds that contain biomedical and biological actitty:?°Moreover, pyrroles were of

great interest to us with its potential to be employed as a double nucleophile, allowing the
cyclization to occur in a bidirectional manner as seen bel@&cheme 71

73



Chapter4

General scaffold for
bidirectional cyclization studies:

R R E R R E
®
/A AN\ E
I\ = I\
) )
Ph Ph
300 301
Proposed synthesis:
H H
Z/ \B Multistep / / \\
N synthesis Cu(OAc), g2+
= . ]\ kel bt/ AN _ET
O N Base
|
Ph
168 169
171, E?* = TeCl4
302, E2* = SCI2
Cyclization mechanism: 303, E2* = SeClI2

Scheme7 1 Initial proposal of pyrrole studies to access macromolecule stracture

Our initial proposed scheme involves utilizinggenylpyrrole 168 accessing compouriéb9

via multiple synthetic steps, and homocoupling it to access intermddiatentermediatel 70

would be able to undergo cyclizations, particularly double electrophilic cyclizations (DEC)
with various electrophile sources such as Te@eCf, SCb. This would be of great
significance of the scope of this project, allowing the readily access of a variety of macrocyclic

structures.
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4.1 Accessing preliminary pyrrole studies scaffold

Work by Zheng:

intermolecular Ry H intramolecular ﬂ\
hyd inati L
R—==——==R, + H,N-R, _YZoamnaion_ RaN \ hydroamination _ g —\ R,
3 |
H \ Rs
305 R,

307

306 Up to 18 examples

NH
i) TMS acetylene (1.2 eq) 2
Pd(PPha), (0.01 eq) R (10 eq) Br

Br
Cul (0.06 mol) = Cu(OAc), (2 eq) I\
@il Et;N @\/ MeOH:Pyridine Q = — O CuCl2eq) N
B Br

ii) K,CO3 (1.5 eq)
" MeOH:E,0 Br Br
161 (2:1) 276, R = TMS, 74% 309, 35%

30 = 9
8, R =H, 92% 310, Not formed

Scheme72: Synthetic steps t@mpted to access pyrrole derivatBE)for preliminary cyclization

studies

Weinitiated our studieby Sonagashira couplingdromo 2-iodobenzene witif MS-acetylene
andasilyl deprotectiorto acces808(92%), which was furtheGlaser couple@ccessing09
in 35% vyield. Zheng and eworkers have demonstrated the successful @a@lylzed
cycloaddition of 1,3utadiynes with primary amines to formp to 18 examples of
trisubstituted pyrrole&?! Similar conditions were repeated, however this was unsuiot@ss

forming 310with only starting material and aniline present afteragveductedaliquot study
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(0]

©\)LH (2.2 eq)
B(OH)

2
Br/Q\Br Pd(PPh), (0.03 eq)

NBS (2.2 eq) Na,COj3 (10 eq)
DMF Toluene:EtOH:H 0 (3:1:2)
Pathway 1
311, 73%
I\ °
N
© S0,CI
@[ (2.5 eq)
Br Br Br
168 PACI,(CH5CN), (0.05 eq) I\
Li,CO3 (3 eq) O N O
1,4-Dioxane

Pathway 2 ©

310, 46%

Mechanism of Pathway 2:

&©
( L%

Pd( ||
314
PdCl,
. %
N /\
168 BN _
B N~ Pl S0,
HCI ph G
Br
313

Scheme73: Alternative pathways attempted to accg$8

312, Not formed

With CuClcatalyzed cycloaddition o809 being unsuccessful, alternative attempts were

carried outScheme 73Pathway 1describes ammerciallyavailable168firstly undergoing
bromination with NBS in DMF accessir3y1in 73% yield. The next step of Suzuki coupling

with  (2-hydroxyphenyl)boronic acid was unsuccessful in accessi3d2 with only

monocoupled product being obtained. A similar method reported by Hagui amdrkers

where they reported the use of palladicatalyzed €H bond arylations to synthesize a range
of heterocycles with a brignead nitrogen atom was attempt&dheme 73Pathway 2).1%2
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Its proposed mechanism is shown above wherein the Pd(ll) catalyst first reacts with the pyrrole
at the G2 position forming intermediatgl3 This is subsequently displaced by sulfinic acid
forming intermediat@14. 314undergoes desulfination generating the-pajladium complex
315and a reductive elimination 8fL5gives the producd16. This successfully yielde8ilOin

46%.

| i) TMS acetylene (5 eq) R

n-BulLi (2.2 eq) Pd(PPh3), (0.05 eq)

Br Br I /R
/ \ / \
W © (D sapes )

I\
i) K,COj3 (3 eq) O N O
MeOH
310, 46% 317, 92% @

318, R = TMS, 86%
169, R = H, 100%

2 steps

Scheme74: Synthetic pathway to aess intermediat&69

The subsequent steps of this pathway invoB&@deprotonated withn-BuLi and iodinated to
give 317 (92%). Lastly, a Sonagashira coupling with T¥&:tylene and a silyl deprotection
with K>2COs were done to access the terminal alkyne diyé@(100%).

Work by Maeda group:

Ar. Ar. Ar
= Cu(Oac),.H,0 =
Pyridine
Toluene
NH D U——
(e ( L
—
Ar = Ar = Ar
319 320, 49%

This work: @
O
O é S

170, Not formed

Cu(OAc), (8.2 eq) |
Pyridine:Toluene (1:1)

Air |

O
T
S
z
—
o=
—

169

Scheme75: Homocoupling attempt to access intermediat@
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Homocoupling of terminal alkkynet69was at t empt ed wuti |l i zing condi

research grqu where they successfully homocoupled large pyrrole ring systéritéis
included use of Cu(OAg) as well as atmospheric oxygen due to reported literature of their
success in aiding and/or facilitating homocoupfiffy2®Whilst aliquot study indicated full
consumption of starting material with disappearance of the singular aliphatic peak assigned to
the alkyne, it was challenging to discern if product had forit¢dlMR indicated an extremely
messy crude that proved to beastable upon purification. It was thought that competing
polymerization is the main reason as to why formatiot #tfis challenging. Moreover, the
conformational bias ir321 might disfavour cyclization contributing to the difficulty of

cyclization to fom 170

ik I\
]\
Cry

169

Scheme76. Competing polymerization leading to difficulty of formationlafO

4.2 Initial cyclization studies on pyrrole scaffold (DEC & bidirectional iodocyclization)
Due to the inability to synthesiZ&/Q, alternate cyclization studies were of interest to us, such

as the DEC and iodocyclization.
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DEC
TeCl4 (2 eq) in THF
DCE

298 (2.4 eq) H double slow addition
n-hex

n-hex Z
SMe

| | Pd(PPh3), (0.1 eq)
Cul (0.1 eq)

O DIPA

NIS (8 eq)
Triphenylphosphine
resin (0.48 eq)
DCE

172, 27% lodocyclization

173, Not formed

Scheme77: Preliminary cyclization studies attempted on tetral/fi

Scheme 77@emonstrates the synthesislaR through a double @&agashira coupling &17

with terminal alkyne298 in 27% vyield. The low yield was attributed to competing
homocoupling of the alkyne occurring as well as steric hinderance causing monocoupling to
be favoured as observed in the conducted aliquot studdE® cyclization utilizing double

slow addition of TeGlin THF and172added simultaneously to heated DCE was attempted,
however it was observed that only starting matele® was present after the aliquot study.
lodocyclization was also attempted, however'thé&MR indicated an extremely messy crude

that was unstable and degraded upon purification.

=
(21 eq) Q Q
\

Pd(PPhj3), (0.1 eq) ///
/ ]\ Cul (0.1 eq) lodocyclization
O DIPA DIPATHF (1:1) i {/ \} i studies

317

174, 86% 324, Not formed 325 326

Scheme78: Preliminary iodocyclization studiesaliynel74

Table 9. Varying reaction conditions studied for iodocyclizatioriof 4 Y (Shéme 73

Entry Reaction Conditions Solvent Temp. Time Product
1 NIS (2.4 eq), PP4resin (2.4 eq) DCE 0-22°C 2-48h 325 69%
3 ICI (3 eq), NaHCQ (3 eq) Et.O 22 °C 18 h Degradation
3 I2 (6 eq) DCE 50-85 °C 27 48h 326 33%
4 12 (6 eq) Chlorobenzene Reflux 140°C 271 48h 326 10%
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Due to the unsuccessful iodocyclization of tetraym@ a simpler diyne system was accessed
and studied. Phenyl acetylene was first coupled using Sonagashira meth8d Awttlaccess
174(86%), and various iodine sources was employed in an attempt to successfully synthesize
324. NIS and PPfresin were firsattempted, however upon purification it was determined that
325had formed in moderate yield (69%)able 9, Entry 1). This was deduced from various
reasons; firstly, whilst the aliquot study indicated full consumption of starting material after 2
h, 13C NMR contained 4 peaks in the alkyne region, indicating an unsymmetrical product had
formed. TheH NMR also had a noticeable upfield shift of a singlet corresponding to the single
proton of the pyrrole ring. Mass spectroscopic analysis had also confilmethe mone
iodinated product had formed. The reaction was extended to 48 h, though no further reaction
progress was observed. We next attempted the use of ICl which gave a complex miXture by
NMR of the crude, that was unable to be purified due itegheénstable during chromatography
(Table 9, Entry 2). The last iodine source studied wakdwever this gave produ826(Table

9, Entry 3 & 4). 'H NMR of the main product isolated indicated a noticeable downfield shift

of the singlet peak corresponditigthe protons of the pyrrole rintfC NMR also indicated a
symmetrical product had formed with no peaks present within the alkyne region leading us to

conclude formation o826

4.3 Investigation of metalmediated protocyclizations

With the unsuccessfulodocyclizations outcomes, we next turned to metatiated
protocyclizations of pyrrole scaffolds. Protocyclizations of aryl alkynes, including pyrroles are
relatively well precedentecstheme 79 and a variety of transition metal catalysts have been

explored for this type of cyclizatiof?®32
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General scaffold:
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= newly formed bond

Rz~ Rz ™
" Metal-mediated s
cyclization ! |
A - Ry
Ry
327 328

Saunthwal et. al:
Dankwardt et. al: OMe
Me
N N\ Me\N
- PtCI, N
Toluene O O
S / AgOTf
e Me DCE
329 330, 94% B Q .
s 335
0,
Cao, Jianhua et. al: 336’ 85%
QMe OMe K t al:
Br Br. omeyamaTes. al: T
O PdCl, N N
Toluene
Toluene _ Fe(OTf); §
I DCE
R .
334 H 332, 72% O
Y.Li et. al: 337 338, 90%
G0 w QO [
DCE AuCI(PPhj3) ‘
A AgSBFg
O Toluene O
333 OFEt 334, 85% 340, 63%
Yang et. al: OCoHa21
6 InCl,
Cr o e 000
341 OC10H21 342, 88%
This work

(J
I
&

Metal-mediated
‘ ‘ cyclization

= =

v

Scheme79: Metalmediated cyclization studies on pyrrole scaffold
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Table 1Q Screening of transition metals employed for cyclizatioh7fY 175(Scheme 79

Entry Metal Solvent Temp. Time Product
1 PtCh (0.08 eq) Toluene 90 °C 3h 175 33%
2 Pd(TFA) (0.08 eq) Toluene 110 °C 48 h Starting material 74
3 AgOTf (0.1 eq) DCE 70 °C 18 h 175 54%
4 AICl3 (0.1 eq) DCE 22-70°C 371 18 h Starting material74
5 Fe(OTfk (0.1 eq) DCE 80 °C 1-48h 175 43%
6 InCl3 (0.3e0) Toluene 100 °C 1h 175 78%
7 AuCI(PPh) (0.1 eq), AgSbE  Toluene 110°C 1lh 175 70%
(0.1 eq)
InCl3 (0.3 eq) Toluene 70 °C 1lh 175 80%
InCl3 (0.1 eq) Toluene 70 °C 1lh 175 95%
10 AuCI(PPh) (0.1eq), AgSbs  Toluene 70°C 1h 175 86%
(0.1 eq)

A screening of various conditions and metals was conducted on compa@dntiable 10

Entry 1 utilized PtC} yielding 175in 33%. Full consumption of the starting material was
observed after 3 h with main indication due to the disappearance of the singlet peak
corresponding to the pyrrole ring in thd NMR as well as*C NMR indicating loss of all
peaks in the alkyne regioA change to Pd(TFA)kaw no product formation, with only starting
material present during the aliquot study conducleble 10 Entry 2). Table 10, Entry 3
involved utilizing AgOTTf and this gave a moderate yield of 54%. Af@led to achieve any
cyclization conversion to product, returnic@4 (Table 10 Scheme 4. Precedent literature
described successful cyclization2# °C after 3 h, howevethe observedH NMR aliquot

study conducted only displayed starting materialks@né after this time, with no product
formation observed regardless of further heating and a longer reactiomabie (0 Entry

4).128 Fe(OTf) saw a very slow conversion of starting material to product and it was observed
full consumption of startingnaterial was not further improved with a longer reaction time,
leading to only 43% vyield being obtainetaple 10 Entry 5). Lastly, InCk and AuCIPPh)

with AgSbFes successfullyormed175with 78% and 70% yields, respectivelaple 10 Entry

6& 7).

With results from the preliminary studies being promising, optimization of reaction conditions
was conducted, in particular, conditionslable 10 Entry 6 and?. InCls conditions were first
optimized withTable 1Q Entry 8 successfully lowering the higlemperature to 70C which

yielded 175 in 80%. This was further optimized with the amount of metal needed being
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successfully reduced to 0.1 e€tpble 10 Entry 9). Similarly, AuCI(PPhy and AgSbk was
found to play dual roles of activating the alkyne ara found to cyclizd 74 successfully at

a reduced temperature, synthesizZliigin a high yield (86%).

Variationsof scaffold174 were proceeded to be accessed, in particular a heptoxy group as
shown inScheme 80 Commercially available -tbdophenol first undergoes a Williamson
Ether reaction with bromoheptane vyielding44 (73%). Subsequent steps included a
Sonagashira coupling with TM&cetylene and silyl deprotection givirgg6 in high yield
(92%). 346 was reated in a double Sonagashira coupling Wait¥ to access the diyn@47

(53%) which was successfully cyclized to gB4Bin 79% vyield.

TMS
| TMS acetylene (1.2 eq) ‘ ‘ ‘ ‘

| 4-Bromoheptane (2 eq) Pd(PPh3), (0.1 eq)
K2CO3 (5 eq) Cul (0.1 eq) K,COj5 (5.06 eq)
DMF DIPA MeOH

o

o
o /\)\/\ /\j\/\ /\)\/\
343 344, 73% 345, 97% 346, 92%
H _
Il
o) o)
O 346 (3 eq) o o

AN
' ! Pd(PPha), (0.1 eq) O O
I\ Cul (0.05 eq) InCl; (0.1 eq)
O N O DIPA:THF H H Toluene I I

347, 53% 348, 79%

Scheme80: Synthetic route accessing heptoxy dia3 and successful cyclization

The possibility of incorporating a heterocycle ring in addition to a benzene ring was also of
interest to us. Thus, the last variant of the diyne scaffold that was synthesized included a
thiophene ring$cheme 81 317was Sonagashira coupled witkethynylthophene accessing
349in high yield (95%). The last step of cyclization with la@liccessfully gav850(87%).
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% (3 eq)

| | Pd(PPh3), (0.1 eq)

7\ Cul (0.05 eq) InCl; (0.1 eq)
O N O DIPA:THF (1:1) Toluene (0.2 M)
317 349, 95% 350, 87%

Scheme81: Accessing and cyclization of thiophene variaf®

4.4 Study of a bidirectional application ofprotocyclizations

P TMS
TMS acetylene (1 eq) Z
Cul (0.1 eq) g7z Sonagashira
@' DIPA Z coupling X O
| | 0
205 351, 63%
352

Scheme82 Sonagashira attempts to access interme@kie

Table 11 Varying reaction conditions for Sonagashira coup8BgY 352(Scheme 82

Entry  Alkyne 335 Conditions Temp. Product
1 1l.1eq Pd(PPh). (0.1 eq), Cul (0.05 eq), DIPA 60 °C Homocoupled46
2 0.25 eq Pd(PPh). (0.1 eq), Cul (0.1 eq), DIPA 60 °C Homocoupled46
3 1l.1leq Pd(dppf)Ct (0.1 eq), Cul (0.05 eq), DIPA  Reflux 352 33%

From successful protocyclizations on the diyne scaffold, we next turned to accessing a larger
and more complex tetrayne scaffold. We first utilizeddii@dobenzen205and Sonagashira
coupled TMSacetylene accessir®p1 (63%). Several Sonagashira coupling attempt35df

with terminal alkyne346 were studied {able 11). Table 11, Entry 1 employed 1.1 eq of
terminal alkyne846however the aliquot study done indicated the main product that had formed
was homocouple@46with only trace amounts of product observed in‘thédMR and mass
spectroscopic analysis. In an attempt to reduce the occurrence of homocoupling, the
equivalence of terminal alkyne was reduced to 0.25Taqlé 11, Entry 2). Regardless, this

did not resultin an improvement with only homocoupled alkyne being formed again. A last

attempt involved a change of catalyst to Pd(dppf)& well as a higher temperature employed
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(Table 11, Entry 3). Whilst this did form352, it was low yielding with only 33% of pouct

formed as homocouplegfi6was still found to be the dominating product.
H
=
o 2.8
O -
X (12-2 eq) ol e P
0 gdﬁgggsh (0).1 eq) O H N© (1.2 eq) Z
ul (0.05 eq
N chO3 (2 eq)
dH DIPA R o T
- C

X = heptoxy

353 354: X = H, 83% 356: X = H, 76%
355: X = heptoxy, 82% 357: X = heptoxy, 79%

Scheme83: Alternative pathway to access terminal alkyBB§ & 357

Due to the unsatisfactory yield 852 obtained, an alternative pathway was preferred. This

involved a Sonagashira coupling, acces8itg)(83%) and355(82%), followed by a Seyferth

Gilbert homologation. The Seyferilbert homologation converts aldehydes or aryl ketones

to substituted alkyes utilizing dimethyll-diazo2-oxopropylphosphonate (OhiBestmann
reagent), with its mechanism described belowSicheme 8433 134 This successfully

synthesized compoun@§6 (76%) and357 (79%) respectively.

o 0 (u
\_/ OMe

K>CO3; + MeOH == MeO

w@

NO @

358 359 360

06 [
MeO— FI’ (0] o

QO ® Q o OMe |v|eo\p,<2O

C\L\JEN -~ =N Meo/)ﬂ_&k@

@GEN H M
362b 362a N

361
H

g@
l
o

364

SchemeB4: SeyferthGilbert homologation mechanism converting an aldehyde to an alkyne
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Pathway 1: H

®
() 356 (3- 5 eq)

01eq)

7\

| Pd(PPh3),
Cul (0. 05 eq)

|
/ \
en'gel
50 °C
slow addition 1.5-4.5h

365, Not formed

Pathway 2:
| |
H M
~ z
317 (1 eq) 365, Not formed
, NOot Torme:
X n-BuLi (4 eq)
O InCl, (1 eq)
Pd(dppf)Cl, (0.01 eq)
THF
356
(4 eq) Reflux

Pathway 3:

H

g O
O 317 (1 eq) 365, 60%
A iPrMgCl (3.1 eq)
O Pd(PPhs), (0.05 eq)
1,4-Dioxane
70 °C
356
(3 eq)

Scheme85: Different coupling methods attempted to access tetrégne

Several pathways were attempted to access tet@ghescheme 85Pathway 1 employed
Sonagashira conditions, however no product formation had occurred with only homocoupled
356 being isolated. In an attempt to minimize homocoupling, the alRgBequivalence and

slow addition duration was increased to 5 eq being addedtbe span of 4.5 h. However,
mass spectroscopic analysis indicated only homocolg8édnd starting materié317 was
present. A second method utilizingBuLi and InCk was attempted, although no improvement

in outcome was observed®dheme 85 Pathway 2). A final attempt saw the successful
formation 0f365in 60% yieldvia Negishicoupling withiPrMgClI (Scheme 85Pathway 3.
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Cyclization OO OQ

END
365 366
Scheme86: Cyclization attempts of tetrayr366
Table 12 Conditions for the cyclization &65Y 3 S6heme 8p
Entry Metal Solvent Temp. Time Product
1 InCl3 (0.1 eq) Toluene 70 °C 18h  Complex mixture
2 AuCI(PPh) (0.1 eq), AgSbE(0.1 eq) Toluene 70°C 1lh 366 73%

Once tetrayne365 was synthesized, we attempted a bidirectional cyclization withz InCl

conditions Table 12, Entry 1). The crudéH NMR obtained had indicated a messy spectrum

that was difficult to assign to produB66. A second attempt with AuCl(PBhsaw the
successfutyclization of365, giving366in satisfactory yield of 73%Il@ble 12, Entry 2). This

was confirmed wittH NMR and*3C NMR indicating a singular symmetrical product being

formed, as well as mass spectroscopic analysis indicating the correct mass present.
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H

?

=
AN 317 (1 eq)
O iPrMgCl (4.1 eq)
o Pd(PPh3)4 (0.05 eq)

1,4 Dloxane
70°C
357

(4 eq) 367, 79%

AgSbFg (0.1 eq)
Toluene

gy
OOOQO

368, 84%

\AuCI(PPh3) (0.1 eq)

Scheme87: Accessing and successful cyclizatior86§7 affording368

The second tetrayne structure that was synthesized was the heptoxy variant as shown in
Scheme 87Terminal alkyne57was first Negishi coupled witB17accessing tetrayr#67in
79% yield. This was then successfully cyclized affording comp368¢84%).
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M
O SN 357 TMS H
O (1.2 eq) O !

Pd(PPh3)4 (0.1 eq)

= Cul (0.05 eq) K,CO3 (2 eq)
DIPA O MeOH:THF (0.2 M)
Reflux
[ " O o)
Slow addition 2 h
351
369, 75% 37

O
\ 7/ \

0, 78%

317 (1 eq)

iPrMgCl (4.1 eq)
Pd(PPhs), (0.05 eq)
1,4-Dioxane

371, Not formed

Scheme88: Synthetic route to access hexyne compdiifitl

With the successful formation and cyclizations of tetraynéada, attempts to build a larger
structure, hexyne, was attemptédtileme 88 351 was Sonagashira coupled with terminal
alkyne357forming intermediat&69 (75%), followed by a silyl deprotection to acc859in
78% yield. A Negishi coupling witB17 was attempted however this was unsuccessful with
only starting material present in thé NMR. Due to time restrictions, further attempts were

not conducted and remains as part of future work within our group.
4.5UV-Vis data analysis and discussion

As in Chapter 2, UWis absorbance studies were also conducted of the cyclized compounds.
The optical properties of the compounds were measured byis\&bsorption spectra in
chloroform solution (10QuM) as shown inFigure 11 Similarly, the confirmation of the
products colour was determined through TLC analysis where the product spot corresponded to
the product spot determined by UV. A greater absorbance at a longer wavelength (>400 nm)
was observed for tetrayne compourgib and 357 accounting for their promant colour

characteristic.
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UV-Vis absorbance spectra (100 uM in CH)Gif heteroacene75 348 350 366and368

UVW-Vis absorbance

absorbance (au)

250 300 350 400 450 500 550

wavelength (nm)

175 348 350 366 368

SI® D) oY
Cr{) )
O OO OO
O O O

175 348
yellow yellow

350
yellow

e~ A L
OO OQ OO : OQ
& &

366 368

— yellow-orange vellow

Figure 11: UV-Vis absorbance spectra of cycliZeeteroacenes afforded in this chapter

4.6 Conclusion anduture work
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The work in this chapter has presented a thorough investigation into-mextated
protocyclizations of pyrrole scaffolds, successfully forming a range of cyclized diynes such as
176, 348and350 Tetrayne866and368were also obtained thugh successful bidirectional

cyclizations Scheme 8%

Whilst metatmediated protocyclizations have been successful, there are also limitations as to
other cyclization methods that were studied on pyrrole scaffolds. Cyclizations mediated by
halides suchsiodine were not successful in yielding iodocyclized compounds, as it was found
that nucleophilic addition and/or substitution were preferred. Another limitation is cyclizations
facilitated by chalcogens such as Ta@la related DEC cyclization. Furtheifforts within this

area of work includes continuous studies into DEC cyclizations with various other electrophiles,

as well as accessing larger hexyne compounds si®Hlasd subsequent cyclization studies.

— newly formed bond
Diyne compounds:

R R
y \
ik W

InCl3 (0.1
O /N\ O 'I[:)Iu?erge o9

Tetrayne compounds:

175, 95% 348, 79% 350, 87%

AgSbFg (0.1 eq)
Toluene

R/O/ A\ \©\R AuCI(PPhs) (0.1 eq)

366, 73% 368, 84%

Scheme89: Summary of successfully protocyclized compounds

Similarly to Chapter 2, Xay crystallography was performed bns5and368by Prof. Jonathan
White (University of Melbourne) and are shown belowigure 12. Compound234and256
were found to be neplanar and have a twisted nature. Further crystallography data is

described in appendi&2.
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Figure 12: Crystal structures cyclized compourid&and368
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Chapter 5: Conclusion and Future Work

In conclusion, the work presented in this thessdbearlyinvestigated andlentified several

efficient and concise methods to access a variety of polycyclic aromatic compounds through

alkyne activationScheme 9highlights some of th&ey compounds thatere successfully

obtained in each chapterds relevant met hodol

Key cyclized materials from:

Chapter 2:
(Intramolecular DECRE)

n-hex n-hex

X = heteroatoms
(S, O, NMe, Se)

n-hex n-hex

253

Chapter 3:
(Intermolecular DECRE &
Double Buchwalk-Hartwig)

CHj CHj

OMe

Chapter 4:
(Metal mediated protocyclizations)

Scheme 90Summary of key polycyclic aromatic compounds cyclized in relevant chapters
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Chapter 2 highlights the successful investigation into the intramolecular catalytic DECRE to
access noiplanar achiral compounds such as various cyclized diynes with different
heteroatoms incorporated as well as tetray@#3and 253 Chapter 3 explored ¢hDECRE
cyclization but intermolecularly. Monoyne systems were found to undergo ertderendo
cyclization giving product63 orendaeexocyclized compoun@78 The exact reasons leading

to either cyclization route occurring is yet to be fully studied iaentified and remains as part

of future work to be studied by our group. Double Buchwéddtwig coupled materig296

was also successfully synthesized however, full characterization is yet to be completed.
Chapter 4 of this thesis investigated metaddmted protocyclizations and successfully
accessed a class of chiral planar polycyclic pyrroles sué@®and368 An area that could

be explored as part of future work is chiral catalysts with Chapter 4.

Due to time constrains, enantioselective/asymimesynthesis could not be explored and
remain as part of future work. This would include the study of incorporating gold complexes,
as well as chiral phosphines as showhigure 13. Additionally, future work within this thesis
includesexploring change of direct substituents and evaluation of their photonic properties,

such as their near infrared absorbance.

I CroC D@
PAr, o. 0O o

N7

AI I I I 3/ \U

372 (BINAP) 373 374

Ar
L o
_ Me PPh
S?F’(O M X tpphz
OO OAuPPh; € 0: 2
H
Ar

376 ((S,S)-diop)
375

Figure 13 Examplesof chiral phosphineandcounterion gold complexdbat remain part of future

work 135139
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Chapter 6: Experimental

6.1 General Experimental

All reactions were performed under an inert atmosphere of anhydedgsaxid all glassware

used was dried by heating under vacuum before use. All reactions hbatexi22 °Gvere

performed by placing the reaction RBF in a heated sand bath. DCE and THF were purchased

in an anhydrous form and stored undes (d). Solvents used in reaction extractions and
chromatography and all other reagents were used as supplied by comussrdak without

further purifications or dryingAll column chromatography was performed on silica ge} (40

6 3 amtess otherwise indicatednalytical TLC was performed using aluminium backed

0.2 mm thick silica gel 60 GF245 plat@derck). TLC plates wee analysed using a 254 nm

UV lamp and/or stained using a solution of phosphomolybdic acid (5% w/v ethanol) followed

by heating’H NMR spectra were obtained at 400 M&z*3C DEPTQ NMR spectra at 100

MHz, the number of attached hydrogens to each caditom was determined using
Distortionless Enhancement by Polarization Transfer with detection of quaternary carbons
(DEPTQ135), as indicatedChemical shifts were calibrated using residual nondeuterated
solvent as an internal reference and are reporte¢p anr t s per mi |l | ion (
trimethylsilane( U  =Higl®rgsolution mass spectra were recorded on both adfrfight

mass spectrometer fitted with either an electrospray (ESI) ion or atmospheric pressure chemical
ionization (APCI) source, the cilpry voltage was 4000 V or on an texctive mass
spectrometer fitted with an ASAP ion sourthe nitrogen nebulizing/desolvation gas used for
vaporization was heated to 550 °C in these experiments. The sheath gas flow rate was set to 10,
the auxiliary @s flow rate to 0 and the sweep gas flow rate to 2 (all arbitrary units). The
discharge current was 4 mA and the capillary temperature was 320 °C. Liquid
chromatographyi Mass spectrometry (LCT MS) w a
LCT MS. Eachd ne54h ondm udseet ect or and a reverse p
column. The column temperature was 30 AC and
used was solvent A @ 0.1% formic acid) and solvent B (MeCN 0.1% formic acid). The
gradient for EEwas 5 to 100% B over A over 4 min then eluted 100% B for 6 min. The
gradient for APCIl was 5 to 100% B over A over 2 min then eluted 100% B for 2 min.
Triphenylphosphine resin: (diphenylphosphineopolystyrene, 0.9+£0.06 mmol/g).

95



Chapter6

6.2 Chapter 2 Experimental
Trimethyl((2 -(methylthio)phenyl)ethnyl)silane (183

TMS
(:K
SM

e

2-lodothioanisole (8.10 g, 32.4 mmol) andNE(100 mL)wereadded taaflask and degassed
with N2 (g) x 3. Pd(PPK2Cl> (0.63 g, 0.97 mmol) and Cul (0.46 g, 2.59 mmedreadded
and the flask was degassed again witlg\x 3. Trimethylsilylacetylene (5.53 mL, 38.9 mmol)
was added dropwise and the reactiomesifor 18 h at 22 °C. After this time, the reaction was
conentratedin vacuobefore being dissolved in #2 (25 mL) and filtered oveCelite®,
washing with E£O (20 mL). The organic solution was washed witdH2 x 20 mL) and brine

(2 x 20 mL). The organic layer was dried with Mg&@ltered off and concentrated vacuo

to result in a dark yellow oil. The crude residue was purified by column chromatography (silica
gel,n-hexanes) to givehe product as a yellow oil (7.09 g, 99%H NMR (400 MHz,CDCl)

a 7. 4z7.7 8.@Hz, 1H), 7.327.23 (m, 1H), 7.13 (dl= 8.1 Hz, 1H), 7.06 (td = 7.5,
1.2 Hz, 1H), 2.48 (s, 3H), 0.28 (s, 9H). Spectra conforms to previously reportéd®data.

(2-Ethynylphenyl)(methyl)sulfane (176)

H

@K
SMe

Trimethyl((2-(methylthio)phenyl)ethnyl)silane (7.09 g, 32.2 mmol), KF (2.99 g, 51.5 mmol),

EtO (22 mL) and MeOH (100 mlyyereadded to the flask and allowed to stir for 18 h at 22 °C.

After this time, the reaction was diluted with® (25 mL)and extracted witlEtO (3 x 20

mL) and washed with cold sat. M€l (aq.) (20 mL) and brine ( 20 mL). The combined

organic layers were dried with Mg@@iltered and concentrated in vactmresult in a brown

oil (4.47 g, 94%) without needing further purificatioh. NMR (400 MHzCDClk) U 7. 46 ( d
J=7.6, 1.5 Hz, 1H), 7.36 7.29 (m, 1H), 7.17 (dJ = 8.0 Hz, 1H), 7.09 (td] = 7.5, 1.2 Hz,

1H), 3.47 (s, 1H), 2.50 (s, 3H). Spectra conforms to previously reportetftata.
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((2-Methoxyphenyl)ethynyl)trimethylsilane (185

TMS
()\/
oM

e

2-lodoanisole (10.0 g, 42.7 mmol) anadf&{150 mL)wereadded taflask and degassed with
N2(g) x 3. Pd(PP2Cl> (0.60 g, 0.85 mmol) and Cul (0.08 g, 0.43 mmaéreadded and the

flask was degassed again with (iy) x 3. Trimethylsilylacetylene (7.30 mL, 51.3 mmol) was
then added dropwise and the reaction was allowed to stir for 18 h at 22 °C. After this time, the
reaction was diluted with #0 (25 mL)and extracted witkt.O (3x 20 mL) and washed with

H2>0 (20 mL)and brine (2< 20 mL). The combined organic layers were dried with MgSO
filtered off and concentratech vacuoto result in a dark brown oil. The crude residue was
purified by column chromatography (silica gel, EtO&bexanes 2:8) to give the produsta

brown oil (8.53 g, 98%)H NMR (400 MHz,CDCl) U 7 . %=37.6,(18,dd Hz, 1H),

7.311 7.25 (m, 1H), 6.9% 6.83 (m, 2H), 3.88 (s, 3H), 0.26 (s, 9H). Spectra conforms to

previously reported dafd?
1-Ethynyl-2-methoxybenzeng186)

H

@K
OMe

((2-Methoxyphenyl)ethynyl)trimethylsilane (8.53 g, 41.8 mmol), KF (4.85 g, 83.5 mme0, Et
(39 mL) and MeOH (150 mLyvereadded to the flask and allowed to stir for 18 h at 22 °C.
After this time, the reaction wakluted with H-O (20 mL)and extracted witlEtO (3 x 20

mL) and washed with ¥© (2 x 20 mL) and brine (% 20 mL). The combined organic layers
were dried with MgSQ filtered off and concentrateid vacuoto result in a brown oil (5.18 g,
94%) without needing further purificatiotd NMR (400 MHz,CDCl) U 7 J#47/5,1(8d d ,
Hz, 1H), 7.35 7.30 (m, 1H), 6.94 6.87 (m, 2H), 3.91 (s, 3H), 3.31 (s, 1H). Spectra conforms

to previously reported dat&’
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2-lodo-N,N-dimethylaniline (188

Cx
NMez

2-lodoaniline (5.00 g, 22.8 mmol) and DMF (110 mL, 0.2W8readded to the flask. &0z

(6.31 g, 45.7 mmol) was added, followed by a dropwise addition of Mel (5.68 mL, 91.3 mmol)
and the reaction wastirredfor 18 h at 40 °C. After this time, the reaction vegisited with

H20 (20 mL)and extracted witfetOAc (3% 20 mL) and washed with 4@ (2 x 15 mL) and

brine (2x 15 mL). The combined organic layers were dried with MgSiered off and
concentratedn vacuoto result in a light orange oil (5.38 g, 95%) without needing further
purification.!H NMR (400 MHz,CDCl;) U 7 J8758, 1(5dHz, 1H), 7.367.27 (m, 1H),

7.12 (d,J = 8.0 Hz, 1H), 6.77 (td) = 7.6, 1.6 Hz, 1H), 2.78 (s, 6H). Spectra conforms to

previously reported dafa!

N,N-Dimethyl-2-((trimethylsilyl)ethynyl)aniline (189)

TMS
O\/
NMe,

2-lodo-N,N-dimethylaniline (5.38 g, 21.77 mmol) ang®{100 mL, 0.2 Mwereadded to the

flask and degassed withefg) % 3. Pd(PPK)2Cl2 (0.31 g, 0.44 mmol) and Cul (0.001 g, 0.001
mmol) were then added and the flask was degassed again with(gN x 3.
Trimethylsilylacetylene (3.72 mL, 26.1 mmol) was added dropwise and the reaction was
allowed to stir for 18 h at 22 °C. After this time, the reaction was diluted vgith (B85 mL)

and extracted witEt2O (3% 20 mL) and washed with4® (2% 20 mL) and bring2 x 20 mL).

The combined organic layers were dried with MgSiltered and concentrated in vactm

result in a dark brown oil. The crude residue was purified by column chromatography (silica
gel, EtOAcn-hexanes 1:9) to give the product as a browr(v#46 g, 94%)H NMR (400

MHz, CDCk) U 7J=4738 HZ, tiH), 7.25 7.18 (m, 1H), 6.89 6.79 (m, 2H), 2.95 (s,

6H), 0.26 (s, 9H). Spectra conforms to previously reported‘data.
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2-Ethynyl-N,N-dimethylaniline (190

H

o
NM62

N,N-Dimethyl-2-((trimethylsilyl)ethynyl)aniline (4.46 g, 20.5 mmol), KF (1.79 g, 30.8 mmol),

EtO (35 mL), and MeOH (175 mlLyereadded to the flask and allowed to stir for 18 h at

22 °C. After this time, the reaction wdsuted with HO (20 mL)and extacted withEt.O (3

x 20 mL) and washed with 4@ (2 x 20 mL) and brine (% 20 mL). The combined organic

layers were dried with MgS£Xiltered and concentrated in vactmoresult in a dark yellow oil.

The crude residue was purified by column chromatdgrdgilica gel, DCMn-hexanes 5:5) to

give the product as a yellow oil (1.87 g, 63%) NMR (400 MHz,CDClL) & 7 J#A76, (dd,
1.7 Hz, 1H), 7.30 7.24 (m, 1H), 6.94 (d] = 8.3 Hz, 1H), 6.89 (td] = 7.5, 1.1 Hz, 1H), 3.42

(s, 1H), 2.94 (s, 6H). Spectra conforms to previously reportedtata.

(2-lodophenyl)(methyl)selane(191)

CC
SeMe

A solution of2-iodoaniline (1.50 g, 6.85 mmol), dimethyl diselenide (1.94 mL, &th&ol),

isopentyl nitrite (2.76 mL, 20.55 mmol), and DCE (34.2 mL, 0.2\dj)e added to a flask and

stirred at reflux for 1 h in the darKfter this time the reaction was concentratedacuobefore

being diluted with HO (20 mL)and extracted witkEtO (3 x 20mL) and washed with D (2

x 15 mL) and brine (2 15 mL). The combined organic layers were dried with Mg&{®ered

and concentrated in vacand subjected to heating at 110 °C for 6 h to result in a dark orange

oil (1.96 g, 96%) without needirfgrther purification’H NMR (400 MHz,CDClL) & 7. 75 ( d
J=7.8, 1.4 Hz, 1H), 7.30 (ddd= 7.9, 7.3, 1.4 Hz, 1H), 7.18 (dd= 7.9, 1.6 Hz, 1H), 6.89
(ddd,J=7.9, 7.3, 1.6 Hz, 1H), 2.33 (s, 3H). Spectra conforms to previously reported®data.
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Trimethyl((2 -(methylselanyl)phenyl)ethynyl)silane(192)

TMS
()\/
S

eMe

(2-lodophenyl)(methyl)selane (1.96 g, 6.59 mmol) and DIPA (32.9 mL, 0.@dv¢added to

the flask and was degassed with(ty) x 3. Pd(PPk)4 (0.23 g, 0.20 mmol) and Cul (0.08 g,
0.40 mmol) was then added and the flask was then degassed again -Wih N 3.
Trimethylsilylacetylene (2.79 mL, 19.6 mmol) was added dropwise and the reaction was
allowed to stir for 2 h at 68C. After this time tle reaction was diluted withJ8 (20 mL)and
extracted withEt,O (3 x 20 mL) and washed with 4@ (2 x 15 mL) and brine (Z 15 mL).

The combined organic layers were dried with MgSiltered and concentrated in vacum

result in brown oil (1.70 g, 97%) thiout needing further purificationH NMR (400 MHz,
CDCl) 0 17.394m2, 1H), 7.2% 7.23 (m, 2H), 7.13 7.08 (m, 1H), 2.34 (s, 3H), 0.29 (s,

9H). Spectra conforms to previously reported déta.
(2-Ethynylphenyl)(methyl)selane(193)

H

@K
SeMe

Trimethyl((2(methylselanyl)phenyl)ethynyl)silane (2.30 g, 8.60 mmopC&s (3.57 g, 25.8
mmol), MeOH (36 mL) and DCM (18 mL) was addedatitask andallowed to stir for 18 h at

22 °C. After this time, the reaction waduted with BHO (15 mL)and extracted with ED (3

x 15 mL) and washed with4® (10 mL) and brine (2 10 mL). The combined organic layers
were dried with MgSQ filtered and concentrated in vactmresult in a dark brown oil. The
crude residue was puefl by column chromatography (silica gel, EtOibexanes 5:9)o

afford the products a dark brown oil (0.97 g, 58%H NMR (400 MHz,CDCl) U 17 . 47
7.43 (m, 1H), 7.28 (ddl = 6.4, 1.4 Hz, 2H), 7.14 (ddd= 7.6, 6.4, 2.2 Hz, 1H), 3.44 (s, 1H),

2.36 (s, 3H). Spectra conforms to previously reported'data.
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4-Hexyl-2-iodoaniline (195

n-hex\©il
NH,

A solution of 4-hexylaniline (0.50g, 0.54 mL. 2.82 mmol), iodine (0.859 g, 3.38 mmol),
NaHCQ; (0.284 g, 3.38 mmol) in #D (3.33 mL) and DCM (1.42 mlyere added to a flask

and stirred a2 °C for 18 hin the darkThe reaction was thediluted with HO (5 mL) and

NaS0s3 (sat. aqg.) (h ml). The organic layer was extracted with DCMx(8 mL) and washed

with brine (2x 5 mL). The combined organic layers were dried with MgS{Dered and
concentrated in vacut result in a dark brown oil (0.70 g, 81%), without needing further
purification.*H NMR (400 MHz,CDCl) 4 7.46 (d, J = 2.0 Hz, 1H)
1H), 6.68 (d, J = 8.1 Hz, 1H), 3.94 (s, 2H), 2i5R.42 (m, 2H), 1.60 1.47 (m, 2H), 1.34

1.27 (m, 6H), 0.93 0.84 (m, 3H)1°C DEPTQ NMR (100 MHz,CDCkL) & 144.6 ( C) ,
(CH), 135.0 (C), 12.5 (CH), 114.8 (CH), 84.5 (C), 34.6 (CH2), 31.8 (CH2), 31.8 (CH2), 29.0
(CH2), 22.7 (CH2), 14.2 (CH3). HRMS (APQH/z[M+H] " Calcd. for G2H19IN 304.0555,

found 304.0557

(4-Hexyl-2-iodophenyl)(methyl)sulfane(144)

n-hex\(:[I
SMe

Dimethyl disulfide (20.69 mL, 229.8 mmol) and isopentyl nitrite (4.64 mL, &h®l) were
added toa flask and4-hexyl-2-iodoaniline (3.44 g, 11.3 mmol) wésen addediropwiseand
the reaction wakeft to reflux for 2 h at 80 °C. After thiperiod, the raction was concentrated
in vacuobefore beingliluted with BO (25mL). The organic layer was then extracted with
EtO (3x 20 mL) and washed witH>O (15 mL) and brine (& 15 mL). The combined organic
layers were driedvith MgSQy, filtered and concentratl in vacuo The crude material was
purified with column chromatography (silica gathexanes}o afford the producas adark
yellow oil (2.61g, 92%).!H NMR (400MHz, CDCl) 763 (d,J= 1.9 Hz,1H), 7.15(dd,J =
8.1, 1.9 Hz1H), 7.04(d, J = 8.1 Hz, 1H), 2.551 2.48(m, 2H), 2.45(s, 3H), 1.61i 1.56(m,
2H), 1.30i 1.27 (m, 6H), 0.9% 0.85(m, 3H). Spectra conforms to previously reported #3ta.
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((5-Hexyl-2-methylthio)phenyl)ethnyl)trimethylsilane (197)

P TMS
n-hex\(:(
SM

e

(4-Hexyl-2-iodophenyl)(methyl)sulfang3.48 g, 10.40 mmol), Pd(PPh)2Cl>(0.15 g, 0.21
mmol), Cul (0.02 g, 0.10 mmol) and EtsN (32.5 mL) was added to a flask.
Trimethylsilylacetylene (1.78 mL, 12.48 mmol) was then adttegwiseandthereactionwas
stirred for 18 h at 22 °C. After this period, the reaction was conceninataduobefore being
dissolved in EO (25 mL) and filtered oveCelite®, washing with E4O (15 mL). The organic
solution was then washed with® (2 % 15 mL) and brine (2 15 mL), dried with MgSQ,
filtered and concentrated in vactmresult in a dark brown oil’he crude residue was purified
by column chromatography (silica gethexanes}o afford the producas adark brown oil
(3.15 g, 99%)'H NMR (400 MHz, CDCls) Ui 7.26 (s, 1H), 7.117 7.04(m, 2H), 2.54(t, J =
7.7Hz, 2H),2.46 (s, 3H), 1.57 (s, 2H), 1.28 (m, 6H), 0.88 (s, 3H), 0.28 (s,"8E)DEPT-Q
NMR (100 MHz, CDCl) U 139.3(C), 138.6 (C), 132.8 (CH), 129.5 (CH),124.7 (CH),
121.4 (C), 102.7 (C), 100.7 (C), 35.2 (CHz), 31.8 (CH2), 31.4 (Ch), 29.0 (CH), 22.7
(CH), 15.4 (CH), 14.2 (CH}), 0.1 (CH). LCMS: (m/z) 305.2 [M+H], t = 8.7min. HRMS
(APCI) m/z[M+H] " Calcd. for GgH29SSi: 305.1662, found 305.1675.

(4-Hexyl-2-iodophenyl)(methyl)sulfane(198)

H

SMe

((5-Hexyl-2-(methylthio)phenyl)ethynyl)trimethylsilane (3.15 g, 10.35 mmaoBAF (20.8
mL of a 1.0 M solution in THF) and THF (50 mL, 0.2 M) was addealftask and allowed to
stir for 25 min at 22 °C. After this timehe reaction wasliluted with HO (25 mL)and
extracted withiEtO (3% 20 mL) and washed with cold sat. M€l (aqg.)(20 mL) and brine (2
x 15 mL). Thecombined organic layers were dried with MgSfiitered and concentrated in
vacuoto result in a darkrown oil (2.35g, 98%) withouheeding further purificatiotH NMR
(400MHz, CDCls) 11 7.30(d, J = 1.5Hz, 1H), 7.167 7.07(m, 2H), 3.43(s, 1H),2.55 (t,J =
7.7 Hz, 2H)2.49 (s, 3H), 1.55 (s, 2H), 1.28 @H), 0.88 (m, 3H)*C DEPT-Q NMR (100
MHz, CDCls) U 139.7(C), 138.5(C), 133.4(CH), 129.8 (CH),125.2(CH), 83.0(C), 35.2
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(CHg), 31.8 (CHz), 31.4 (CH), 29.0 (CH), 22.7 (CH), 15.7 (CHg), 14.2(CHs). HRMS
(APCI) m/z[M+H]* Calcd. for GsH20S: 233.1355, found 233.1358.

Bis((2-methylthio)phenyl)ethynyl)sulfane (199

O\/\@
SM MeS

(2-Ethynylphenyl)(methyl)sulfane (0.15 g, 1.01 mmol) was diluted in anhydrous THF (5.06
mL, 0.2 M) and cooled ter8 °C.n-BuLi in hexanes (2.10 M, 0.48 mL, 1.01 mmol) was added
dropwise to the solution and the reaction was left to stir a8 °C for 1 h.
Bis(phenylsulfonyl)sulfide (0.16 g, 0.48 mmol) was added and the reaction was brought up to
22 °C and left to stir for 1 h. After this time, the reaction disted with HO (15 mL)and
extraced withEtO (2 x 15 mL) and washed with water €15 mL) and brine (% 10 mL).

The combined organic layewgerethen dried with MgSQ filtered and concentrated in vacuo

to result in an orangeed solid (0.23 g, 70%), without needing further purificattH NMR

(400 MHz,CDCls) U 7 J#A®5, 1(2cHd, 2H), 7.387.28 (m, 2H), 7.18 7.15 (m, 2H),

7.09 (td,J = 7.5, 1.2 Hz, 2H), 2.49 (s, 6HYC NMR (100 MHz,CDClL) U 142.6 ( C) ,
(CH), 129.5 (CH), 124.7 (CH), 124.5 (CH), 120.7 (C), 92.3 {8)4 (C), 15.4 (Ch). HRMS

(ESI) m/z[M+H] * Calcd. for GsH15Ss: 327.033, found 328.0361.

Bis((2-(methylselanyl)phenyl)ethynyl)sulfane(200)

S
O\/\@
S MeSe

eMe

(2-Ethynylphenyl)(methyl)selane (0.30 g, 1.54 mmol) was diluted in anhyditeEg7.69 mL,
0.2 M) and cooled te78 °C.n-BuLi in hexanes (1.73 M, 0.89 mL, 1.%4mol) was added
dropwise to the flask and the reaction was left to stir ad88 °C for 1 h.
Bis(phenylsulfonyl)sulfide (0.24 g, 0.77 mmol) was added and reaction was brqugb
22 °C andleft to stir for 1 h. After this time, the reactionwas quenchedwvith H2O (20 mL)
and extracted witEtO (2x 20 mL) and washedith H2O (15 mL) and brine (2 x 15 mL).
The combinedorganiclayerswas thendriedwith MgSQy, filtered andconcentrated in vacuo
to result in a light purple solid (0.31 g, 48%), without needinther purification.'H NMR
(400 MHz, CDCl3) U 7.43(ddd,J = 7.6,1.5,0.6 Hz, 2H), 7.317 7.23(m, 4H),7.167 7.11
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(m, 2H), 2.35 (s, 6H):*C DEPT-Q NMR (100 MHz, CDCl) i 137.1(C), 132.9(CH), 129.6
(CH), 128.0 (CH),125.4 (CH), 123.4C), 93.3 (C), 77.5C), 6.5 (CH). HRMS (ESI)m/z
[M+H]* Calcd. for GeH1sSSe: 420.9232, found 420.9237.

Bis((5-hexyl-2-(methylthio)phenyl)ethynyl)sulfane (201)

S

SM MeS

e

(4-Hexyl-2-iodophenyl)(methyl)sulfan€l.00 g, 4.30 mmol) was diluted in anhydrousTHF
(22 mL, 0.2 M) and cooledto -78 °C. n-BuLi in hexaneg1.47 M, 2.93mL, 4.30 mmol)
was added dropwise to the flask and the reaction was left to stir at -78 °C for 1 h.
Bis(phenylsulfonyl)sulfidg0.68 g, 2.15 mmol) was added andreaction was brought up to
22 °C and left to stir for 1 h. After this time, the reactasdiluted with HO (20 mL)and
extracted withEt:O (2 x 20 mL) and waséd with BO (15 mL) and brine (% 15 mL). The
combined organitayers were dried with MgSQfiltered offinto a pre weighed round bottom
flask and concentratad vacuoto result in a dark brown oil (1.26 g, 59%), witho@eding
further purification.*H NMR (400 MHz, CDCl) Ui 7.28(d, J = 0.8 Hz, 2H), 7.11(d, J= 1.3
Hz,4H),2.561 2.51 (m, 4H), 2.48 (s, 6H), 1.55 (s, 4H), 1.28 (s, 12H), 0.88 (s 8HPEPT-
Q NMR (100 MHz, CDCls) 1 139.6(C), 134.0(C), 133.0(CH), 129.9 (CH),125.4 (CH),
120.9(C), 92.7 (C), 77.7 (C),35.2 (CHy), 31.8 (CHy), 31.3 (CHy), 28.9 (Ch), 22.7(CHy),
15.8 (CHz), 14.2 (CH). HRMS (APCI) m/z [M+H]* Calcd. forCsoHssSs: 495.2206 found
495.2208.

Benzo[4,5]selenopheno[2;B]benzo[4,5]selenopheno[3;&]thiophene (202

(L)

Se/\ Se
S

Bis((2-(methylselanyl)phenyl)ethynyl)sulfane (0., 0.24 mmol) was dissolved in DMSO

(2.29 mL, 0.2 M) and Pd(OAg)0.01 g, 0.02 mmol) and chloranil (0.06 g, 0.24 mmol) was
added to the flask and was left to stir overa2 h0O °C. After this time, the reaction whkited

with H>O (15 mL)and extracted witlet:O (3% 10 mL). The combined organic layers were
dried with MgSQ, filtered off,andconcentrated in vacuo result in a light brown solid (0.07

g, 71%) without needing further purificatiotd NMR (400 MHz,CDCls) G 8 J¥&2, ( d d,
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0.6 Hz, 2H), 7.95 7.91 (m, 2H), 7.58 7.53 (m, 2H), 7.37 7.31 (m, 2H)1C DEPTQ NMR
(100MHz,CDCY) U 1 4 3 .68C), 3.V (C), IBBB(C), 126.9 (CH), 125.1 (CH), 125.0
(CH), 124.3 (CH). HRMS (APCIn/z[M] * Calcd. for GeHsSSe: 391.8682, found 397.8673.

2,10-Dioctyl-Benzo[d][1]benzothieno[3',2":4,5]thieno[2,3b]thiophene (203
n-hex n-hex
S / S
S

In two separate flasksidf(5-hexyt2-(methylthio)phenyl)ethynyl)sulfane (@14, 0.20 mmol)
was diluted in DCE (2 mLandAuCls (0.06 g, 0.20 mmol) was diluted in THF (2 mDhese
separate solutions were then simultaneously ad@deslow additionover2 hto a dried flask
with heated DCE at 70 °C. The reaction was left to stir further for anothemntl Hter this
time the reaction was quenched with8€3 (10 mL). The organic layer was extracted with
DCM (3 x 10 mL), washed with HO (5 mL) and brine (2 x 5 mL) dried with MgSQ,
filtered and concentrated in vactmresult in a pale light brown solitthe crude residue was
purified by column chromatography (silica gel.@n-hexanes 0.2:9.8p afford the product
as white crystals5({.0mg, 49%).*H NMR (400 MHz, CDCls) & 7.65i1 7.61(m, 4H), 7.38i
7.31(m, 8H), 7.117 7.09 (m,4H), 2.541 2.49(m, 4H), 2.41 (s, 6H), 2.30(s, 6H), 1.56 (s,
4H), 1.357 1.24(m, 12H), 0.86 (s, 6H)}:3C DEPT-Q NMR (100MHz, CDCls) i 139.4(C),
138.7(C), 137.8(C), 132.9(CH), 132.3(CH), 132.3(CH), 129.4(CH), 128.9(CH), 128.5
(CH), 128.2(CH), 125.9(C), 125.3(C), 124.78(CH), 122.5(C), 121.6(C), 96.4 (C), 94.0
(C), 91.6 (C), 90.9 (C), 35.3(CHy), 31.8 (Ch), 31.4(CH2), 29.1(CHp), 22.7 (Ch), 15.5
(CHs), 15.4(CHz). HRMS (APCI)m/z[M] " Calcd. for GgHz.Ss: 464.1661, found 464.1657.

Thieno[2,3-b:5,4-b'] bis[1]benzothiopheneg204)

S/\S
S

Bis((2-methylthio)phenyl)ethynyl)sulfane (0.10 g, 0.31 mmol) was dissolved in DMSO (1.53
mL, 0.2 M) and Pd(TFA)(0.01 g, 0.03 mmol) and chloranil (0.08 g, 0.31 mmol) was added
to the flask andtirredfor 18 h at 70 °C. After this time, the reaction widsted with HO (15
mL) and extracted witkt.O (3% 10 mL). The combined organic layavere dried with MgS@
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filtered off, and concentrated in vacutd result in white crystals9f.6 mg, 98%) without
needing further purificationrH NMR (400 MHz,CDCl;) & 8J =684 HZ%, 8H), 7.93
7.89 (m, 2H), 7.60 7.55 (m, 2H), 7.45 7.40 (m, 2H)**C DEPT-Q NMR (100MHz, CDCls)

a 143.3 (C), 139.7 ( QCH),128.3@H),123.6(CH), 123.3GH).. 7
HRMS (ESI)m/z[M]* Calcd. for GeHeSs: 295.9783, dund 295.9787. Spectra conforms to

previously reported dafd®

1,2-Bis((2-methylthio)phenyl)ethynyl)benzene(2069

O SMe
S

A
SMe O

1,2-Diiodobenzene (0.50 g, 1.52 mmol), Cul (0.01 g, 0.06 mmol) asidl @58 mL, 0.2 M)
was added t@ flask and degassed with: (g) x 3. Pd(PP§)4 (0.04 g, 0.03 mmol) an¢k-
ethynylphenyl)(methyl)sulfane (0.49 g, 3.30 mmol) was addadlow additiorover 1.5 h and
left to stir for 18 h at 22 °C. After this time, the reaction was diluted wih 15 mL) and
extracted withEt;O (3 x 15 mL) and washed with 4@ (15 mL) and brine (2 10 mL). The
combined organic layers were dried with MgSfitered and concentrated in vactmresult
in a light green solid. The crude residue was purified by column chognaghy (silica gel,
DCM:n-hexanes 4:6jo afford the producas a light green solid (0.45 g, 809 NMR (400
MHz,CDClk) O 7 J#$%8, 3.3dHd, 2H), 7.58 7.54 (m, 2H), 7.32 (dd] = 5.8, 3.3 Hz,
2H), 7.301 7.27 (m, 2H), 7.19 7.16 (m, 2H), 7.09 (td) = 7.5, 1.2 Hz, 2H), 2.43 (s, 6H).
HRMS (ESI)m/z[M+H]" Calcd. for G4H16S: 371.0923, found 371.0925. Spectra conforms
to previously reported daté
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2 , -@.,@-Phenylenebis(ethyne2,1-diyl))bis(N,N-dimethylaniline) (206b)

O NM62
O

X
NMe, O

1,2-Diiodobenzene (0.50 g, 1.52 mmol), Cul (0.01 g, 0.06 mmol) and DIPA (7.58 mL, 0.2 M)
was added to the flask and degassed Nit{g) x 3. Pd(PPk)4 (0.04 g, 0.03 mmol) was added
and the flask wadegassed witN (g) x 3 again2-EthynytN,N-dimethylaniline (0.48 g, 3.33
mmol) was added slowlyia slow additiorover 1.5 h at 60 °C and the reaction was left to stir
for a further 18 h. After this timehe reaction was diluted with,8 (15 mL)and extracted
with Et2O (3% 15 mL) and washed with4® (15 mL) and brine (2 10 mL). The combined
organic layers were dried with MggQiltered and concentrated in vactmresult in a dark
brown oil. The crude residue was purified by column chromatography (silica gel, CM:
hexanes 7:3)o afford the producas a brown oil (0.2g, 86%).'H NMR (400 MHz,CDCl)

U 71.7%B(m, 2H), 7.55 7.52 (m, 2H), 7.28 (ddl= 5.8 3.4 Hz, 2H), 7.25 7.21 (m, 2H),

6.89 (d,J = 7.8 Hz, 2H), 6.84 (td] = 7.5, 1.1 Hz, 2H), 2.97 (s, 12HFC DEPT-Q NMR (100
MHz,CDCk) G4 154.8 (C), 134.9 (CH), 131.9 (CH),
(CH), 116.8 (CH), 114.9 (C), 93.8 ((®3.0 (C), 43.5 (Ck. HRMS (ESI)m/z[M+H] * Calcd.
for CoeH25N2: 365.2012, found 365.2021.

1,2-Bis((2-methoxyphenyl)ethynyl)benzeng2069

O OMe
S

A
OMe O

1,2-Diiodobenzene (0.50 g, 1.52 mmol), Cul (0.01 g, 0.03 mmol) and DIPA (7.58 mL, 0.2 M)
was added to the flask and degassed Nitfg) x 3. Pd(PPH4 (0.04 g, 0.03 mmol) was added
and the flask wadegassed witiN2 (g) x 3 again.1l-Ethynyl2-methoxybenzene (0.48 g, 3.64
mmol) was added slowlyia slow additiorover 1.5 h at 60 °C and the reaction wasestifor

a further 18 h. After this time, the reaction was diluted wit® KIL5 mL)and extracted with
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EtO (3% 15 mL) and washedith H>O (15 mL) and brine (& 10 mL). The combined organic
layers were dried with MgS£Xfiltered and concentrated in vactmoresult in a dark orange oil.
The crude residue was purified by column chromatography (silica gel, D&&kanes 5:5p
affordthe products a thick orange oil (0.45 g, 88%H) NMR (400 MHz,CDCls) & 7. 59
J=5.8, 3.3 Hz, 2H), 7.58 7.54 (m, 2H), 7.32 7.27 (m, 4H), 6.90 (td] = 8.4, 1.8 Hz, 4H),
3.82 (s, 6H). HRMS (ESn/z[M+H] " Calcd. for G4H190-: 339.138, found 381365. Spectra
conforms to previously reported dafa.

Naphtho[1,2-b:4,3-b"] bis[1]benzothiopheng(2079

1,2-Bis((2-methylthio)phenyl)ethynyl)benzene (0.15 g, 0.40 mmol) was dissolved in DMSO
(2.98 mL, 0.2 M) andPd(OAc) (0.01 g, 0.04 mmol) and chloranil (0.1 g, 0.40 mnveére
added to the flask arstirred forl8 h at 100 °C. After this time, the reaction widated with

H20 (20 mL)and extracted witlet,O (3% 15 mL). The combined organic layers were dried
with MgSQy, filtered off,andconcentrated in vacuo result in offwhite crystals (0.11 g, 83%)
without needing further purificatiorH NMR (400 MHz,CDCl) U i 8.929m8, 2H), 8.23
(dd,J = 6.2, 3.2 Hz, 2H), 7.67 (dd,= 6.2, 3.2 Hz, 2H), 7.56 7.51 (m, 2H).13C NMR (100
MHz,CDCkL) U4 139.3 (C), 137.2 (C), 136.4 (C),
125.3 (CH), 125.3 (CH), 123.8 (CH), 123.3 (CH). HRMS (E&Z[M] " Calcd. for GoH13S:
340.0375, found 340.0381. Spectra conforms twipusly reported dat4®

5,10Dimethyl-5,10dihydrobenzo[a]indolo[2,3-c]carbazole (207b)

O NMe
T
Me

2 , -@.,8-Phenylenebis(ethyr2,1-diyl))bis(N,N-dimethylaniline) (0.10 g, 0.28 mmol) was
dissolved in DMSO (2.06 mL, 0.2 M) amt(TFA) (0.01 g, 0.03 mmol) and chloranil (0.07
g, 0.28 mmolwereadded to the flask and was left to stir over 2 h at 100 °C. After this time,
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the reaction wadiluted with HO (20 mL)and extracted witibCM (3 x 20 mL) and washed

with K2COzs (2 x 15 mL). The combined organic layers were dried with MgSiltered off,
andconcentrated in vacuo result in very light brown solid®@.5 ng, 98%) without needing

further purification!H NMR (400 MHz,CDCl;) U 8J1=%8% HZ, 2H), 8.80 (d) = 9.8

Hz, 2H), 7.63i 7.58 (m, 4H), 7.58 7.53 (m, 2H), 7.4% 7.40 (m, 2H), 4.38 (s, 6H)*C NMR

(100 MHz,CDClL) u 141.6 (C), 132.4 (C), 124.3 (CH)
122.8 (C), 119.1 (CH), 114.6 (C), 109.4 (CH), 35.3 §CHRMS (ESI)m/z[M]* Calcd. for

C24H19N2: 334.1465found 334.1474. Spectra conforms to previously reportedtata.

11-Chloro-6-(2-methoxyphenyl)indeno[1,2c]chromene (208

O O
OMe

1,2-Bis((2-methoxyphenyl)ethnybenzene (0.10 g, 0.30 mmol) was dissolved in DMSO (1.48
mL, 0.2 M) andN-Chlorosuccinimide (0.04 g, 0.33 mmol) was added to the flask and was left
to stir over 18 h at 100 °C. After this time, the reaction diaged with HO (20 mL)and
extracted withEt2O (3% 20 mL). The combined organic layers were dried with Mg3$(dered

and concentrated in vacuo result in red solid. The crude residue was purified by column
chromatography (silica gel, DChthexanes 7:3jo afford the producas a yellow waxy dal

(33.2 mg 31%)."H NMR (400 MHz,CDCls) U 1 8.83§r8, 1H), 7.69 (d] = 7.8 Hz, 1H),

7.651 7.58 (m, 1H), 7.56 (dd] = 7.5, 1.7 Hz, 1H), 7.49 (d,= 0.5 Hz, 1H), 7.47 7.40 (m,

3H), 7.20i 7.13 (m, 2H), 7.13 7.06 (m, 1H), 6.99 (d] = 7.8 Hz, 1H), 3.77 (s, 3H)°C NMR
(100MHzCDCl) U 158.0 (C), 150.5 (C), 150.0 (C),
(C), 128.4 (CH) 126.9 (CH), 125.4 (CH), 124.7 (CH), 123.7 (CH), 122.4 (C), 122.0 (C), 121.3
(CH), 121.0 (CH), 119.4 (C), 11B(CH), 117.8 (CH), 116.9 (C), 114.3 (C), 111.9 (CH), 55.9
(CHs). HRMS (ESI)m/z[M+H] " Calcd. for GzH16ClO.: 359.0833, found 359.0835.
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3-(2-Methoxybenzoyl)}2-(2-methoxyphenyl}1H-inden-1-one (209
Qg

MeO o
’ i

1,2-Bis((2-methoxyphenyl)ethnyl)benzen@5.0 mg 0.22 mmol) was dissolved in DMSO
(2.11 mL, 0.2 M) and Pd(TFA)0.07 g, 0.24 mmol) was added to the flask and left to stir over
18 h at 100 °C. After this time, the reaction widated with HO (20 mL)and extracteavith

EO (3 x 15 mL). The combined organic layers were dried with MgSered and
concentrated in vacuto in a red solid. The crude residue was purified by column
chromatography (silica gel, DChthexanes 5:5)p afford the producis an orange waxy solid
(10.0 ny, 12%).!H NMR (400 MHz,CDCkL) U 7 J#$7%7, A 8Hd, 1H), 7.57 (d,= 6.9

Hz, 1H), 7.400 7.35 (m, 1H), 7.34 7.29 (m, 1H), 7.28 7.23 (m, 2H), 7.20 (ddl= 7.6, 1.7

Hz, 1H), 7.16" 7.05 (m, 1H), 6.87 (df] = 11.3, 7.5 Hz, 2H), 6.67 (d,= 8.4 Hz, 1H), 6.56 (d,
J=7.4 Hz, 1H), 3.62 (s, 3H), 3.51 (s, 3H)C NMR (100 MHz,CDCl) UG 197 . 4 (C) ,
(C), 159.0 (C), 157.1 (C), 151.9 (C), 144.4 (C), 134.3 (CH), 134.2 (CH), 131.6 (C), 131.0 (CH),
131.0 (CH), 130.1C), 130.0 (CH), 128.7 (CH), 127.0 (C), 123.5 (CH), 122.0 (CH), 120.3
(CH), 120.0 (CH), 119.2 (C), 111.3 (CH), 110.3 (CH), 55.7{CB4.7 (CH). LCMS: (m/z)

371.2 [M+HT, t = 4.0min. HRMS (APCI)m/z[M+H]* Calcd. for GsH1904: 371.1278, found
371.1281.

Methyl(2-((methylthio)ethynyl)phenyl)sulfane (217)

o
SM

e

SMe

(2-Ethynylphenyl)(methyl)sulfan€0.50 g, 3.37 mmolyas diluted in anhydrous THA.§.8
mL, 0.2 M) and cooled te/8 °C.n-BuLi in hexanesX.73M, 2.05mL, 3.54mmol) was added
dropwiseto the flask and the reaction was left to stir-a8 °C for 30 min Smethyl
methanesulfonate (0.35 mL, 3.71 mmwhs added and the reactioas stirred for a further
20 min before being brought up to 22. After this time,thereaction wagliluted with HO
(15 mL)and extracted witktO (2x 15 mL) and washed with water ¥21.5 mL) and brine (2
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x 10 mL). The combined organic layers were then dried with Mgfiteéred and concentrated
in vacuoto result in a brown oil (0.66 400%), without needing further purificatiotd NMR
(400 MHz,CDCL) U 7 J3®6, .504d,,1H), 7.30 7.22 (m,1H), 7.13 (d,J = 8.0 Hz,
1H), 7.06 (tdJ= 7.5, 1.2 Hz, 1H), 2.52 (s, 3H), 2.48 (s, 38pectra conforms to previously
reported data

3-lodo-2-(methylthio)benzolb]thiophene (218

@SMe
S

Methyl(2-((methylthio)ethynyl)phenyl)sulfan€0.21 g, 1.08 mmol) was dissolved in DCE
(5.41 mL, 0.2 M) and:I(0.29 g, 1.14 mmol) was added to the flask. The reaction was then left
to stir for 18 h at 22C. After this time, the reactiomas quenched witNa$0s (15 mL)and
extracted withEtO (2 x 15 mL) and washed with water €15 mL) and brine (% 10 mL).

The combined organic layers were then dried with Mg3$iered and concentrated in vacuo

to result in a brown oil (819, 93%), without needing further purificatiofd NMR (400 MHz,
CDCl) U0 7J=BDHz IH), 7.67 7.63 (m, 1H), 7.44 7.39 (m,1H), 7.361 7.30 (m,

1H), 2.63 (s,3H). Spectra conforms to previously reported data

Trimethyl((2 -(methylthio)benzolb]thiophen-3-yl)ethynyl)silane (219

TMS

)l

N SMe
S

3-lodo-2-(methylthio)benzdj]thiopheng0.69 g, 2.26 mmol) was dissolved in DIPA (11.3 mL,
0.2 M) in aflask and was degassed whh (g) x 3. PdPPR)4 (0.05 g, 005 mmol) and Cul
(0.26 g, 0.14 mmol) were then added and the flask was degassed againNvi(g) x 3.
Trimethylsilylacetylene .61 mL, 11.3 mmol) was added dropwise and the reaction was
allowed to stir for 18 h at 22 °@fter this time,the reaction wadiluted with HO (15 mL)

and extracted witletO (2 x 15 mL) and washed with water €15 mL) andbrine (2x 10

mL). The combined organic layevgere driedwith MgSQ,, filtered off, andconcentrated in
vacuoto result inorangeoil. The crude residue was purified by column chromatography (silica
gel,n-hexanesjo afford the produais a yellow oil (34 g, 71%)*H NMR (400 MHz, CDCl)
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a 7. W#8.GQ 0.9 Hz, 1H), 7.69 (d§,= 8.0, 0.9 Hz, 1H), 7.39 (ddd,= 8.1, 7.2, 1.1 Hz,
1H), 7.30 (dddJ = 8.3, 7.2, 1.3 Hz, 1H), 2.66 (s, 3H), 0.32 (s, 98pectra conforms to

previously reported dafa
3-Ethynyl-2-(methylthio)benzolb]thiophene (220)

H

)

N SMe
S

Trimethyl((2(methylthio)benzdj]thiophen3-yl)ethynyl)silane (0.44 g, 1.59 mmol) was
dissolved in MeOH (7.94 mL) andJ4&x (3.97 mL). KF (0.23 g, 3.98 mmol) was added and the
reaction was allowed to stir for 18 h at 22 After this time, the reaction wakluted with
H20 (10 mL) and extracted witktO (3x 10 mL) and washed with4® (2x 10 mL) and brine

(2 x 10 mL). Thecombined organic layemere driedwith MgSQ;, filtered and concentrated

in vacuoto result in a brown oil (0.30 g, 91%) without needing further purificatienNMR
(400MHz,CDClL) U 7 J880, Q6dHd, 1H), 7.787.70 (m, 1H), 7.43 7.38 (m,1H),
7.351 7.30 (m,1H), 3.62 (s1H), 2.66 (s3H). Spectra conforms to previously reported data

1,2-Bis((2-methylthio)benzolb]thiophen-3-yl)ethynyl)benzene(221)

1,2-Diiodobenzene (0.11 g, 0.33 mmol), Cul (0.003 g, 0.01 mmol) and DIPA (1.67 mL, 0.2 M)
was added to a flask and degassed Witfg) x 3. Pd(PPB)4 (0.01 g, 0.01 mmol) was added
and the flask wadegassed witN2 (g) x 3 again.3-Ethynyl-2-(methylthio)benzdj]thiophene
(0.15 g, 0.73 mmol) was added slowly via slow addition over 1.5 h &€ &hd the reaction
was stirred for a further 18 h. After this time, the reaction was diluigdH.O (10 mL) and
extracted with EO (3 x 10 mL), washedwith H-O (10 mL) and brine (2x 5 mL). The
combined organic layemsere driedwith MgSQy, filtered and concentrated in vactmresult

in a dark orange oil. The crude residue was purified by column chromatography (silica gel,
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DCM:n-hexanes ) to affordthe produchs a thick orange wax (0.11 g, 72%J.NMR (400
MHz,CDCk) 4 7J=8.8 Hz(2H),7.727 7.69 (m,2H), 7.69i 7.65 (m, 2H), 7.38 (ddl
= 5.8, 3.3 Hz, 2H), 7.247.18 (m, 2H), 7.08 6.98 (m, 2H), 2.54 (s, 6HY*C NMR (10 MHz,
CDCl) U  184(@),.140.1(C), 138.2(C), 1324 (CH), 128.3(CH), 125.7(C), 125.0(CH),
1246 (CH), 123.0 (CH) 121.6(CH), 117.6(C), 95.7(C), 86.4(C), 19.0 (CH). HRMS ESI)
m/z[2M+H]* Calcd. forCseHs7Ss: 965.0655found965.0699

12-Chloro-7-(2-(methylthio)benzolb]thiophen-3-yl)benzo[4,5]thieno[2,3b]indeno[2,1-
d]thiopyran (22739

1,2-Bis((2-methylthio)benzdj]thiophen3-yl)ethynyl)benzene 20.0 mg, 0.04 mmol) was
dissolved in DMSO (0.21 mL, 0.2 M) and Pd(TE4A).001 g, 0.004 mmol) and chloranil (0.01

g, 0.04 mmolwereadded to the flask anstirredover 18 h at 100 °C. After this time, the
reaction wagliluted with HO (15 mL)and extracted witlEt,O (3 % 20 mL). The combined
organic layers were dried with Nb@X, filtered and concentrated in vactmoresult in an orange
solid. The crude residue was purified by column chromatography (silica gel, ii@&Manes

2:8) to afford the producas a bright orange waxy solid.70mg, 8%).'H NMR (400 MHz,
CDCk) U 8J1=®B8& Hz 1H), 7.95 7.84 (m, 2H), 7.73 (d] = 7.6 Hz, 1H), 7.61 7.54

(m, 1H), 7.49 7.46 (m, 1H), 7.46 7.42 (m, 1H), 7.40 7.34 (m, 2H), 7.28 (d) = 1.1 Hz,

OH), 7.05i 6.98 (m, 1H), 6.64 (d] = 7.8 Hz, 1H), 2.50 (s, 3H}*C NMR (100 MHz,CDCl)

a 141.5 (C), 140.0 (C), 139.8 (C), 138.7 (C)
(©), 128.2 (C), 128.2 (CH), 127.8 (C), 127.6 (CH), 125.6 (CH), 125.3 (C), 125.2 (CH), 125.2
(CH), 124.9 (CH), 124.5 (C), 124.4 (CH), 122.4 (CH2.2 (CH), 121.92 (CH), 121.8 (CH),
118.2 (CH), 117.9 (C), 19.8 (GH HRMS (APCI) m/z [M+H]* Calcd. for G7H16ClSs:
502.9218, found 502.9813
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7-(2-Methylthio)benzo[b]thiophen-3-yl)benzo[4,5]thieno[2,3b]indeno[2,1-d]thiopyran
(227b

1,2-Bis((2-methylthio)benzdj]thiophen3-yl)ethynyl)benzene (0.08 g, 0.18 mmol) was
dissolved in DMSO (0.88 mL, 0.2 M) and Pd(TEAD.06 g, 0.19 mmol) was added to the
flask and left to stir over 2 h at 100 °C. After ttirme, the reaction wadiluted with HO (15

mL) and extracted withbCM (3 x 15 mL). The combined organic layers were dried with
MgSQ; filtered and concentrated in vactmgive a red solid. The crude residue was purified
by column chromatography (silica gel, DQihexanes 5:5)0 afford the producas a bright
orange solid§4.0mg, 58%).'H NMR (400 MHz,CDCl;) U 8J.=@.2 Hz( 1H), 7.96 (d,
J=8.0 Hz, 1H), 7.89d, J = 8.1 Hz, 1H), 7.79 (s, 1H), 7.687.61 (m, 2H), 7.57 7.47 (m,

1H), 7.38 (ddJ = 7.9, 8.2 Hz, 3H), 7.26 (d,= 14.1 Hz, 1H), 6.95 (1= 7.8 Hz, 1H), 6.73 (d,
J=7.8 Hz, 1H), 2.52 (s, 3H}>*C NMR (100 MHz,CDCkL)4 142. 9 (C), (CL41. 3 (
138.8 (C), 138.2 (C), 136.7 (C), 134.6 (C), 131.8 (C), 130.1 (C), 129.4 (C), 129.4 (C), 128.8
(C), 128.0 (CH), 126.0 (C), 125.6 (CH), 125.4 (CH), 125.3 (CH), 125.1 (CH), 123.8 (CH),
123.4 (CH), 122.7 (CH), 122.5 (CH), 122.3 (CH), 122.1 (CH), 120t8,(C14.9 (CH), 19.9
(CHz). HRMS (APCIl)m/z[M] * Calcd. for G7H17S4: 468.6798, found 469.0204.

3,4-Bis((trimethylsilyl)ethynyl)thiophene (229

T™MS TMS

N\ /7

/\
S
3,4-Dibromothiophene (0.25 g, 1.03 mmahid DIPA (5.17 mL, 0.2 M) was addedddlask
and degassed withoig) x 3. Pd(PPH)4 (0.24 g, 0.2 mmol) and Cul (0.02 g, 0.10 mmeére
added and the flask was degassed again wi(g)X 3. Trimethylsilylacetylene (3.68 mL, 25.8
mmol) was then added dropwise and the reaction was allowed to reflux for 3 dGtAfier
this time, the reaction was diluted with®1(20 mL)and extracted witkt.O (3% 20 mL) and
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washed with HO (15 mL) and brine (% 15 mL). The combined organic layerens dried

with MgSQ, filtered and concentrated in vactm result in a dark brown solid. The crude

residue was purified by column chromatography (silicagélexanesjo afford the product

as a brown oil (0.25 g, 87%9H NMR (400MHzCDClL) U 7.39 (s, 2H), 0. 2¢

conforms to previously reported dafa.
3,4-Diethynylthiophene (230

H H

N\ 7

/ \
S

3,4-Bis((trimethylsilyl)ethynyl)thiophene (0.10 g, 0.36 mmol»CQOs (0.20 g, 1.45 mmol) and

MeOH (1.81 mL, 0.2 M) was added to the flask andedfor 3 h at 22 °C. After this time, the

reaction wagliluted with HO (20 mL)and extracted witEkt:O (3x 20 mL) and washed with

H20 (2% 20 mL) and brine (2 20 mL). The cenbined organic layers were dried with Mg&0

filtered off, andconcentrated in vacuo result in a brown oil (0.05 g, 97%) without needing

further purification’H NMR (400MHz,CDCl) G 7. 48 (s, 2H), 3.21 (s

to previously reportedatal®

3,4-Bis((2-methylthio)phenyl)ethynyl)thiophene (231

U

MeS \\ // SMe

/ \
S

(2-Ethynylphenyl)(methyl)sulfane (0.15 g, 1.01 mmol) was diluted in anhydrous THF (5.06
mL, 0.2 M) and was cooled to 0 °@BulLi (1.44 M, 0.70 mL, 1.01 mmol) was addimpwise
to the flask and the reaction was left to stir at 0 °C for 1.5 h. In a separate flasKpI6€Ig,
0.25 mmol) was diluted in anhydrous THF (1.02 mL, 0.25 M). Once fully dissolved, the InCl
was added to the reaction-&B °C, stirred for 30 min, brought up to 22 °C atidredfor a
further 30 min. Pd(dppf)€I(0.07 g, 0.10 mmol) and 3dibromothiophene (0.03 mL, 0.25
mmol) was added to the flask and refluxed for 18 h. After this timeagetetion wasliluted
with H2O (10 mL)and extracted witletOAc (3% 10 mL). The combined organic layers were

dried with MgSQ, filtered off, and concentrated in vacui result in orange oil. The crude

115



Chapter6

residue was purified by column chromatography (sije DCMn-hexanes 3:7p afford the

productas a bright yellow oil (0.10 g, 25%H NMR (400 MHz,CDCls) 4 7 .55 (s, 2%
(dd,J=1.5, 0.5 Hz, 2H), 7.3 7.26 (m, 2H), 7.16 (ddl = 8.0, 1.1 Hz, 2H), 7.09 (td,= 7.5,

1.2 Hz, 2H), 2.42 (s, 6H}3*C NMR (100 MHz,CDCl}) G4 141.9 (C), 132.8 (
128.6 (CH), 124.9 (C), 124.3 (CH), 124.3 (CH), 121.6 (C), 89.7 (C), 89.1 (C), 153}.(CH

HRMS (ESI)m/z[M+H] " Calcd. for G2H17Ss: 377.0487, found 377.0486.

[2]Benzothieno[45-b:7,6-b"] bis[1]benzothiopheng(235

3,4-Bis((2-methylthio)phenyl)ethynyl)thiophene2@.0 mg, 0.06 mmol),was dissolved in

DMSO (0.3 mL, 0.2 M) and Pd(TFA{0.001 g, 0.006 mmol) and chloranil (0.01 g, 0.06 mmol)
wereadded to the flask and was left to stir over 2 h at 100 °C. After this time, the reaction was
diluted with HO (20 mL)and extracted witkt,O (3x 15 mL). The combined organic layers

were dried with MgSQ filtered and concentrated in vactgoresult in a very pale light brown

solid (16.1 ng, 79%) without needing further purificatioid NMR (400 MHz,CDCls) UG 8. 79
i 8.72 (m, 1H), 8.04 7.95 (m, 1H), 7.89 (s, 1H), 7.557.41 (m, 2H)**C NMR (100 MHz,

CDClL) UG 139.1 (C)GQG),132DEC), 327.56(C), 1,25.4(CH), 1.3 (CH), 124.0
(CH), 123.2 (CH), 117.0 (CH). HRMS (ESH)/z[M+H] * Calcd. for GoH11Ss: 347.0017, found
347.0009.

(2-((2-lodophenyl)ethynyl)phenyl)(methyl)sulfane(238)

MeS O

od
I

1,2-Diiodobenzene (0.25 g, 0.76 mmahd DIPA (0.76 mL, 0.2 M) was addedadlask and
was degassed withzih) x 3. Pd(PP¥k)4 (0.01 g, 0.01 mmol) and Cul (0.01 g, 0.01 mmol) was
then added and the flask was then degassed again with(gN x 3. (2-
Ethynylphenyl)(methyl)sulfane (0.02 g, 0.15 mmol) was added sleialglow additiorover
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1 h at 50 °C and the reaction was left to stir for a further 2 h. After this time, the reaction was
diluted with HO (20 mL)and extracted witkt:O (3% 15 mL) and vashed with HO (15 mL)

and brine (2x 15 mL). The combined organic layers were dried with MgSiered and
concentrated in vacu result in a brown solid. The crude residue was purified by column
chromatography (silica gel, EtOAechexanes 0.5:9.5)0 afford the producias oftyellow

crystals 87.4mg, 71%).'H NMR (400 MHz,CDCl;) & 1 7.86910, 1H), 7.61 7.56 (m,

2H), 7.361 7.30 (m, 2H), 7.22 7.18 (m, 1H), 7.13 (td) = 7.6, 1.2 Hz, 1H), 7.02 (ddd,=

8.0, 7.4, 1.7 Hz, 1H), 2.53 (s, 3SHJCNMR (100MHzCDClL) &4 142.0 (C), 138.
(CH), 132.9 (CH), 130.0 (C), 129.6 (CH), 129.2 (CH), 127.9 (CH), 124.5 (CH), 124.4 (CH),
100.7 (C), 97.6 (C), 90.7 (C), 15.4 (eHSpectra conforms to previously reported dé&ta.

N,N-Dimethyl-2-((2-((2-(methylthio)phenyl)ethynyl)phenyl)ethynyl)aniline (237)

Me,N \\ // SMe

(2-((2-lodophenyl)ethynyl)phenyl)(methyl)sulfane (0.20 g, 0.58 mmaokl DIPA (2.89 mL,

0.2 M) was added to the flask and was degassed witt) M 3. Pd(PP¥)4 (0.03 g, 0.3 mmol)

and Cul (0.01 g, 0.03 mmol) was then added and the flask was then degassed agai(gyvith N

x 3. 2-Ethynyl-N,N-dimethylaniline (0.08 g, 0.63 mmol) was added slowy slow addition

over 1 h at 50 °C and the reaction was left to stir for a further 2 h. After this time, the reaction
wasdiluted with HO (20 mL)and extracted witEt.O (3x 15 mL) and washed with4® (15

mL) and brine (Z 15 mL). The combined organic layers were digtth MgSQ;, filtered and
concentrated in vacuo result in a palgellow solid. The crude residue was purified by column
chromatography (silica gel, DChthexanes B) to afford the producas a light brown solid

(98.8 mg 47%).'H NMR (400 MHz,CDCls) U 1 7.61m, 1H), 7.59 7.54 (m, 2H), 7.52
(d,J=7.6 Hz, 1H), 7.34 7.22 (m, 4H), 7.17 (dd] = 7.8, 1.1 Hz, 1H), 7.08 (td,= 7.5, 1.2

Hz, 1H), 6.93 6.80 (m, 2H), 2.98 (s, 6H), 2.44 (s, 3fC NMR (100 MHzCDCl) & 154 . 8
(C), 142.0 (C), 35.0 (CH), 132.8 (CH), 132.4 (CH), 131.9 (CH), 129.5 (CH), 128.9 (CH),
128.2 (CH), 127.8 (CH), 126.3 (C), 125.3 (C), 124.3 (CH), 124.2 (CH), 121.6 (C), 120.1 (CH),
116.7 (CH), 114.9 (C), 94.9 (C), 93.7 (C), 93.3 (C), 90.8 (C), 43.6)(aH.2 (CH). HRMS
(ESI)m/z[M+H]* Calcd. for GsH22NS: 368.1467, found 368.1480.
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Methyl(2-((2-((2-(methylselanyl)phenyl)ethynyl)phenyl)ethynyl)phenyl)sulfang239)

MeS \\ // SeMe

(2-((2-1odophenyl)ethynyl)phenyl)(methyl)sulfane (0.20 g, 0.57 mmaoll DIPA (2.86 mL,

0.2 M)wereadded to the flask and was degassed witfg\« 3. Pd(PP§)4 (0.03 g, 0.3 mmol)

and Cul (0.01 g, 0.03 mmolerethen added and the flask was then degassed again with N
(9) x 3. (2Ethynylphenyl)(methyl)selan€).12 g, 0.63 mmol) was added slowla slow
additionover 1 h at 50 °C and the reaction was left to stir for a further 2.5 h. After this time,
the reaction was diluted with2B (20 mL)and extracted witlEtO (3 x 15 mL) and washed
with H20 (15 mL) andrine (2x 15 mL). The combined organic layers were dried with MgSO
filtered and concentrated in vactmoresult in a brown solid. The crude residue was purified by
column chromatography (silica gel, DChMhexanes 4:6fo afford the producas a brown oi

(0.14 g, 60%)H NMR (400 MHz,CDCl;) U 1 7.62¢n8 2H), 7.59 7.54 (m, 2H), 7.36

7.31 (m, 2H), 7.30 7.23 (m, 3H), 7.20 7.12 (m, 2H), 7.11 (d] = 7.5 Hz, 1H), 2.43 (s, 3H),
2.30 (s, 3H)*C NMR (100 MHz,CDCl) 4 142. 1 ( C) (CH),1132®.(GH), ( C) ,
132.4 (CH), 129.0 (CH), 129.0 (CH), 128.2 (CH), 128.2 (CH), 127.6 (CH), 125.6 (C), 125.5
(C), 125.2 (CH), 124.2 (CH), 124.2 (CH), 124.0 (C), 121.6 (C), 94.8 (C), 94.0 (C), 91.9 (C),
91.1 (C), 15.2 (CH), 6.24 (CH). HRMS (ESI)m/z[M+H] * Calcd. for GsH19SSe: 419.0368,
found 419.0368.

Benzop] benzo[ 46, 56] sel enopHétiophgn8(@4)26: 3, 4] napht |

vos
e

Methyl(2-((2-((2-(methylselanyl)phenyl)ethynyl)phenyl)ethynyl)phenyl)sulfan€0.0 ng,

0.06 mmol)wasdissolved in DMSO (0.3 mL, 0.2 M) and Pd(OA¢).001 g, 0.01 mmol) and
chloranil (0.01 g, 0.06 mmol) was added to the flask and was left to stir over 18 h at 100 °C.
After this time, the reaction wasiluted with HO (20 mL)and extracted witlEtO (3% 15
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mL). The combined organic layers were dried with MgSDiered off, andconcentrated in
vacuoto result in a light green solid@.0 ng, 57%) without needing further purificatiottd

NMR (400 MHz,CDCls) U 71 8.81&n® 2H), 8.23 8.18 (m, 1H), 8.09 7.99 (m, 3H), 7.68

i 7.61 (m, 2H), 7.54 7.47 (m, 3H), 7.47 7.40 (m, 1H)3C NMR (100 MHzCDClL) U 13 9.
(C), 139.4 (C), 139.3 (C), 139.2 (C), 137.9 (C), 136.1 (C), 132.0 (C), 129.9 (C), 129.8 (C),
127.7 (C), 127.5 (CH), 127.4 (CH), 127.2 (CH), 127.0 (CH), 126.4 (CH), 126.2 (CH), 126.0
(CH), 125.6 (CH), 125.3 (CH), 124.0 (CH), 123.6 (CH), 123.3 (CH). HRMS (ARt1)

[M+H] ™" Calcd. for G2H13SSe: 388.1829, found 388.1842.

10-Methyl-10H-benzo[a]benzof,5]thieno[2,3c]carbazole (240)

(2

OS
e T
Me

N,N-Dimethyl2-((2-((2-(methylthio)phenyl)ethynyl)phenyl)ethynyl)aniline (0.10 g, 0.27
mmol) was dissolved in DMSO (1.34 mL, 0.2 M) and Pd(QA®.01 g, 0.03 mmol) and
chloranil (0.07 g, 0.27 mmoWereadded to the flask aralirredover 2 h at 100 °C. After this
time, the reaction wadiluted with HO (20 mL)and extracted witlet:O (3 x 15 mL). The
combined organic layers were dried with MgS@ltered off, and concentrated in vacuio

result in a light brown solid. The crude residue was purified by column chromatography (silica
gel, DCMn-hexanes 5:5p afford the produdis a light brown solids7.1mg, 62%).1H NMR

(400 MHz,CDCll) U0 9J=0r3 H4, tH), 8.78 (dJ = 8.1 Hz, 1H), 8.51 (d] = 7.9 Hz,

1H), 8.13 (d,) = 7.7 Hz, 1H), 8.00 (d] = 7.2 Hz, 1H), 7.61 7.55 (m, 1H), 7.50 (dd] = 15.0,

6.8 Hz, 5H), 7.34 (ddd] = 8.1, 5.8, 2.3 Hz, 1H)3C NMR (100 MHz,CDCls) & .6 (C% O
139.4 (C), 137.2 (C), 135.4 (C), 131.4 (C), 128.7 (C), 128.1 (C), 125.6 (CH), 125.5 (CH), 125.5
(CH), 125.1 (CH), 124.3 (CH), 123.8 (CH), 123.1 (CH), 123.0 (CH), 123.0 (CH), 122.0 (C),
122.0 (C), 119.2 (CH), 114.8 (C), 109.4 (CH), 34.5 {CHRMS (ESI) m/z[M+H]* Calcd.

for C23H16NS: 338.0998, found 338.0992.
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3,6,14,17
Tetrahexylbenzo[4',5Tthieno[3',2":3,4]benzo[4',5']thieno[2',3":5,6]benzo[4',5"|thieno[3',2
".7,8]anthra[1,2-b]benzothiophene(243

n-hex

1,2,4,5Tetrakis((5hexyl2-(methylthio)phenyl)ethynyl)benzené@.0 mg, 0.06 mmol) was

dissolved in DMSO:Toluene (1:1, 0.2 M) and Pd(TE@).00mg, 0.006 mmol) and chloranil

(0.015 g, 0.06 mmol) was addamla sealed tuband was left to stir over 2.5dt 135 °C in a
microwave. After this time, the reaction was diluted with DCM (15 mL) and washed water (10

mL), NaxS:0s (sat.aq.) (10 mL) and KCOs (sat.aqg.) (10 mL)and extracted witlbCM (3 x

15 mL). The combined organic layers were dried with MgS3i@ered off, andconcentrated

in vacuo to result in a thick brown oil. The crude residue was purified by column
chromatography (silica gel, DCkthexanes 4:6)o afford the producas a green solidiB.1

mg, 86%).'H NMR (400 MHz,CDCl) & 8. 93 (s, 2HN=8ZBHz,ZH), (s, 4
7.38 (d,J= 8.1 Hz, 4H), 2.85 () = 7.9 Hz, 8H), 1.80 (t) = 7.9 Hz, 8H), 1.35 (m, 24H), 0.91
(d,J=6.9 Hz, 12H)®*C NMR (100 MHzCDCl;) 4 138.7 (C), 137.0 (C
(C), 129.0 C), 126.9 (CH), 126.6 (C), 125.2 (CH), 122.8 (CH), 120.6 (CH), 36.%)@32.5

(CH), 32.1 (CH), 29.5 (CH), 22.9 (CH), 14.3 (CH). HRMS (APCIl)m/z[M+Na]" Calcd.

for CeoHssuNa: 961.3940, found 961.4047.
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3-(5-Hexyl-2-(methylthio)phenyl)prop-2-yn-1-ol (244)

n-hex\CZ\OH
SM

e

(4-Hexyl-2-iodophenyl)(methyl)sulfane (1.0 g, 2.99 mmol) was dissolved in DIPA (15 mL, 0.2
M) andthe flask was degassed with (g) x 3. Pd(PPH4 (0.10 g, 0.15 mmol) and Cul (0.06
g, 0.30 mmolwerethen added and the flask was degassed againNyi{fp) x 3. Propargyl
alcohol (0.26 mL, 4.49 mmol) was addd@pwiseand the reaction was allowed to stir for 18
h at 22 °C. After this time, the reamti wasdiluted with HO (25 mL)and extracted witEt:O

(2 x 20 mL) and washed with water ¥21L5 mL) and brine (X 15 mL). The combined organic
layers were dried with MgSfXiltered off,andconcentrated in vacuo result in a dark orange
oil. The crude residue was purified by column chromatography (silica gel, BibAganes
3:7) to afford the producas a dark orange oil (0.68 g, 879%). NMR (400 MHz,CDCl) U
7.24 (d,J= 1.8 Hz, 1H), 7.13 7.06 (m, 2H), &6 (s, 2H), 2.59 2.49 (m, 2H), 2.47 (s, 3H),
1.56 (m, 1H), 1.28 (dJ = 1.9 Hz, 6H), 0.88 (m, 2H). HRMS (ES#)/z[M+H] " Calcd. for
C16H230S: 263.1464, found 263.1466.

Spectra conforms to unpublished characteristics in the thesis by former colleague, Dr

Annaliese Dillon.

3-(5-Hexyl-2-(methylthio)phenyl)propioaldehyde (245

3-(5-Hexyl-2-(methylthio)phenyl)prog2-yn-1-ol (0.30 g, 1.14 mmol) was dissolved in DCM
(5.72 mL, 0.2 M) andhe flaskwas cooledto 0 °C. DessMartin periodinane(0.76 g, 1.78
mmol) wasaddedslowly to the flask andthereactionwaswarmed to 22 °C and stirred for 20
min. After this time the reactionwas quenched with EtOH (15 mL) anc@t(10 mL) and
filtered overCelite®, washing with E£O (20 mL). The organic solution was then washed with
NaOH (2x 15 mL), NaS03 (2 x 15 mL) and brine (¥ 15 mL). The combined organigyers

were dried with MgSQ filtered and concentrated in vactmresult in a light orange oil (0.28

g, 93%) without eeding further purificatiofH NMR (400 MHz,CDCl) UG 9. 48 ( s,
(d,J = 2.0 Hz, 1H), 7.24 (d) = 2.0 Hz, 1H), 7.15 (d] = 8.2 Hz, 1H), 2.59 2.53 (m, 2H),
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