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Abstract 

 

-́Rich polycyclic aromatic compounds (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 where variations in 

features such as heteroatoms and fused ring patterns can result in variation of their electronic 

and photonic behaviour. Despite their vast range of applications, difficulties in synthesis is a 

major hindrance to their development mainly due to a lack 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 cyclization reductive elimination (DECRE) by our group. This involved 

the study of cheaper catalytic sources allowing the DECRE to be applied on multi-kilogram 

scales. Chapter 3 further studied the bidirectional application of various electrophilic 

cyclizations as well to 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: Graphical representation of polyynes to polycycles through alkyne activation  
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Chapter 1: Introduction  

 

1.1 Introduction to -́rich polycyclic aromatic compounds  

-́Rich polycyclic aromatic compounds (PACs) are 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 and electronic 

materials as well as their useful biological activity, for example, by forming -́  ́interactions 

with targets such as DNA and RNA.1, 2 

 

Figure 1: General structure of acene, A, heteroacene, B, linear, C, and helical, D, heteroacenes 

A class of compounds that is within this PAC chemical space are acenes (A) and heteroacenes 

(B-D) (Figure 1). Acenes are PACs that consists of linearly fused benzene rings A, whilst the 

distinguishing difference with 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 phosphates being used more rarely. Heteroacenes consist of two 

structural classes which are linearly C, and angularly fused D heteroacenes, each displaying 

utility for different applications.  

Despite their value, PACs can be expensive to produce due to difficulties in their synthesis. 

Their access usually involves commercially accessible starting materials that already include a 

heteroatom that are then functionalised and fused in multistep synthesis. This limits the 

diversity of compounds that can be accessed through this method. Therefore, there is a great 

need for synthetic method development in being able to access heteroacenes through efficient 

and reliable chemistry from simple substrates. This work aims to develop concise and efficient 

methods to form PAC materials that will have significant impact in the application of accessing 

this class of desired compounds by material and medicinal chemists. 

1.2 Contribution of -́rich heteroacenes towards material sciences 

The area of organic electronics in material science has undergone major development 

throughout the past 20 years.3 Despite this, there is still the presence of a óbottleneck effectô, 
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where there is a lack of efficient synthetic methods to access various extended fused 

heteroacene systems. Heteroacenes have shown to be good alternatives to acenes as they can 

be stabilized from the incorporation of electronegative heteroatoms such as nitrogen, sulfur or 

oxygen into the backbone of acenes, or by fusing together five-membered rings such as 

thiophenes, selenophenes and pyrroles in mixed heteroacenes.4 The extended ˊ-networks 

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 

photons and ˊ-electrons are exploited in many applications.3 

-́Rich heteroacenes are very valuable within material science due to their unique electronic 

and photonic characteristics. Some of their applications include their use in conducting 

polymers and chiro-optics (Figure 2).4, 5 Aromatic rings are used often in electrochemistry due 

to the ócloudô of delocalised electrons that resides over the ring/rings. Therefore, the compound 

has the potential to be electrically conductive as a semiconductor. This property is increased 

with the increasing number of fused aromatic rings as there is a greater surface for the electrons 

to flow freely.5 Their unique characteristics and properties are applied widely in modern 

electronics, including the fabrication of transistors, microprocessors and amplifiers, which are 

essential parts of consumer electronics such as phones, computers and displays.6  

 

Figure 2: Examples of semiconductors (17, 28, 39, and 410) 

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 
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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 high-rate.11 Moreover, whilst organic semiconductors 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, low-cost and facile synthetic modification. Features as such are very 

desirable in a large variety of electronic products such as low-power consumption flexible 

displays, smart cards, electronic paper, plastic solar cells, inexpensive plastic RFID tags and 

printable sensors.11, 12 Another significance of organic materials are their properties such as 

solubility and stability, are compatible with high-throughput printing, patterning, and spin-

coating of active materials over large areas under ambient conditions, which is a distinct 

contrast to the fabrication of silicon microelectronics which requires highly capital-intensive 

lithographic techniques. Moreover, their conductivity, stability, structural diversity and low-

temperature solution processability can be fine-tuned by chemical functionalization to be able 

to fit the demands of various applications. This allows for the possibility of creating products 

that are foldable and bendable. Main examples of their use include organic field effect 

transistors (OFETs), organic light emitting diodes (OLEDs), and organic photovoltaics (OPVs) 

such as organic solar cells and chiral glass.6, 7, 11, 13, 14 

-́Rich PACs are known to have good stability due to their rigidity. While PACs are more 

stable than polyene and polyyne like compounds, which are ultimately rotating and usually 

unstable, polyacenes such as benzene rings often however lack stability and donôt possess many 

preferred functions. With the introduction of various heteroatoms, heteroacenes are able to 

improve functions as well as having excellent stability. In addition to this, -́rich compounds 

also possess a small or narrow band gap. Photonics are able to convert light energy to electrical 

currents from the physical phenomenon ñphotovoltaic effectò (PV). For this phenomenon to 

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 and lowest unoccupied 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 property of -́rich compounds is highly 

desired by material scientists, as a narrow band gap allows for easier elevation of electrons 

through photo absorption.15-19 
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Figure 3: Examples of PACs (OLEDs: 520, 621, 722 and 823, OFETs: 924, 1025, 1126, 1227 and 1328 & 

OPVs: 1429, 1530, 1631, 1732 and 1831) 
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1.3 Contribution of -́rich PACs towards 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 biomedical imaging, disease mapping and clinical treatments.33 Medicinal 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 tellurium atoms 

into aromatic rings is of interest to chemists based on their proven value to drug discovery and 

chemical biology due to their redox properties. However, research has been greatly limited by 

their difficult synthesis.34-36 

Some of their roles in biomedical 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 anti-inflammatory agents (Figure 4).  

 

Figure 4: Examples of PACs in drug discovery (topoisomerase inhibitor Camptothecin 1937, anti-fungal 

agent 2038, photo absorbing polymer in cancer phototheranostics 2139 and Risdiplam, drug used for spinal 

muscular atrophy 2240)  

Being ́ -rich allows for heteroacenes to target and bind to ˊ-rich targets such as DNA or RNA, 

for example, they are able to function as interfacial inhibitors, that form dysfunctional ternary 

complexes (DTC) with proteins and DNA.41 In the ternary complex (DNA, protein and drug) 

that forms upon binding, the drug acts as an interfacial inhibitor disrupting the DNA-protein 

interaction, inhibiting its activity. Interfacial inhibitors are part of a broad class of natural 

products and synthetic 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 integrase.42 

These DNA-small molecule binding events can sometimes lead to changes in the expression 

of mRNAs and non-coding RNAs, such as micro-RNAs. This leads to the down-stream 

changes in protein expression and cellular phenotype. An example of this is Risdiplam (Figure 
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4), a drug that was recently approved for spinal muscular atrophy.40 Studies have shown that 

Risdiplam binds to the mRNA and encodes the dysfunctional survivor motor neuron 2 (SMN2) 

protein and promotes a read-through of a stop codon to provide more functional SMN 

proteins.40, 43, 44  

Scheme 1: Limited current methods to forming a heteroacene ring45-48 

Regardless of their various properties and advantages, accessing these various -́rich 

heteroacene systems has proven to be quite limited until now. An example can be seen in 

Scheme 1 where typically 2,3-dibromothiophene 23 undergoes metalation to give intermediate 

24 which is able to react with another equivalence of 23. This can be followed by a lithiation 

with an electrophilic sulfur source and ring closing forming 26. Whilst this does 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.  

 

Scheme 2: Examples of previous heteroacene synthesis demonstrating low yields or long synthetic 

steps 
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Scheme 2 demonstrates work by various groups where they have successfully accessed large 

heteroacene structures 29, 32 and 34.49-51 The synthesis by Miyasaka and co-workers towards 

helical chiral thienohelicene 29 is obtained using a late stage insertion of sulfur through the 

double lithiation of 27 whilst incorporating the chiral ligand (-)-spartein. However, this 

synthesis resulted in a very low yield of only 1.2%.50 A low yield of 17% was also obtained by 

Li research group, where they synthesised a sulfur-silicon double helicene like compound 32. 

Furthermore, traditional pathways usually contain long synthesis, as showed by Phillips and 

co-workers where they accessed 34 albeit in high yields however 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 heterocycles such as thiophene, indoles, furans and 

pyrroles is electrophilic cyclization. Various electrophiles such as I2, ICl or organochalcogen 

derivatives are employed during this process.52  

 

Scheme 3: Mechanism 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 incorporate a wide 

range of functionalities (sulfur, selenium, nitrogen and oxygen). This variation of 

heteroaromatic content is important as it contributes to the utility of the heteroacene, for 

example increasing chemical stability for their use in material science53 as well as their 

increasing utility in drug discovery research, particularly selenium incorporation.34, 54 Scheme 

3 describes the mechanism of electrophilic cyclization where the electrophile first attacks the 



Chapter 1 

8 
 

alkyne forming intermediate 36. The electrons on the tethered nucleophile then attacks the 

electrophilic end forming cation intermediate 37. The electrofugal methyl group leaves, 

stabilizing the positive charge to give final product 38, with a newly formed ring. Electrophilic 

cyclization allows for the formation of not only non-aromatic five membered rings (shown in 

Scheme 3) but can also include both aromatic and non-aromatic 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 tellurium.55-60  

1.4.1 Electrophilic cyclization by halides 

Iodocyclization is one of the most known, 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 post-cyclization through various palladium-catalysed reactions such as 

Sonagashira, Suzuki and Negishi couplings. Due to this ability, iodocyclization diversification 

is very useful for applications such as compound library formation for high-throughput 

screening. Previous studies have also demonstrated that utilizing iodocyclization for 

synthesizing heterocycles provides the opportunity to produce multi-substituted heterocycles.61, 

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

halocyclizations that incorporate chloro and bromo groups have also been reported.63, 64 

 

Scheme 4: Synthesis of 41, a penem analogue for antibacterial activity 
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In 1994, Ren and co-workers reported the first successful synthesis of novel ɓ-lactam core 

structures that were related to penam and penem antibiotics (Scheme 4).65 They successfully 

formed a variety of penem derivatives such as 41 via iodocyclization of alkyne intermediate 

40. 

 

Scheme 5: Access to Tubulin binding analogues via iodocyclization by Flynn and co-workers 

In 2001, Flynn and co-workers demonstrated the great potential of electrophilic cyclization in 

the synthesis of tubulin-binding analogues of 47.66 They reported a concise access to 2,3-

disubstituted benzo[b]thiophenes using benzylmercaptan and zinc acetylides to give benzyl o-

ethynylphenyl sulfides. These can then be reacted with iodine in a 5-endo-dig- iodocyclization 

to give 3-iodobenzo[b]thiophenes which are further elaborated using palladium-mediated 

couplings or metalation techniques giving a variety of analogues such as 45 and 46 (Scheme 

5). This has broad ability as benzo[b]thiophenes are known to be useful heterocyclic cores to a 

host of drug candidates currently in pharmaceutical use such as anti-bacterial, anti-cancer, 

antimitotic agents, estrogen receptor antagonist and cognition enchancers.66-68  
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Larock and co-workers have also reported extensive studies on alkyne iodocyclization, 

accessing an array of heteroaromatic scaffolds (Scheme 6).69, 70 They successfully 

demonstrated the synthesis of a variety of polyheterocyclic compounds involving iterative 

cycles of palladium-catalyzed Sonagashira coupling, followed by iodocyclization with I2 or ICl. 

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 thieno-fused systems was achieved through subsequent iterations of 

alkyne coupling and iodocyclization.2  

 

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

reiterative iodocyclization 

Notwithstanding the great advances made towards thiophenes and benzo[b]thiophenes, recent 

advancements in benzofurans have also been a focus of chemists. Benzo[b]furans have been 

reported to have appealing biological activities, for example as anti-cancer, anti-inflammatory 

and anti-virals. Furthermore, benzo[b]furan derivatives have also been applied in areas such as 

organic electroluminescence device materials, organic dyes and photosensitizing materials.71  
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Scheme 7: Benzo[b]furan containing compounds that possess biological activities 

Some derivatives that are currently on the market and in clinical trials are shown in Scheme 7 

such as Aminodarone (55), an antiarrhythmic agent, and Bufuralol (56), a ɓ-adrenergic blocker. 

Okitsu and co-workers have reported a versatile synthesis of utilizing iodocyclization of 

ethoxyethyl ether substituted alkynes to access benzofurans. They successfully demonstrated 

the use of bis(2,4,6-collidine)iodonium hexafluorophosphate [I(coll)2PF6] as the iodinating 

agent in the process of forming Dronedarone (57), an antiarrhymatic agent.72 

In the early 2000s, Hessian and Flynn reported a 5-exo-iodocyclization followed by a tandem 

rearrangement and substitution or elimination to access 2-acyl- or 2-(1-iodoalkenyl)-

benzo[b]thiophene systems as well as the formation of indoles and quinolines. In the 

communication they describe the ability to access both through either an endo/exo 

iodocyclization (mechanisms described below in Scheme 8) simply by varying the solvents, 

with ACN or DCM leading to 6-endo-cyclized product 64 and the 5-exo-cyclized product 66 

formed when EtOH or MeOH being used.73, 74 
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Scheme 8: Successful formation of benzothiophenes, indoles and quinolines through iodocyclization 

Recently, Chen and Flynn established a diversity-orientated scaffold-morphing approach to 

PACs, particularly indoles, quinolines and quinolinones, through electrophilic cyclization 

(Scheme 9).40 They reported a one-step 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. Chen and co-workers 

demonstrated successful Ullmann coupling cyclization (UCC) and palladium mediated 

carboxyamidation cyclization (PdCC) to access further elaborated scaffolds.  
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Scheme 9: Successfully formed heteroacene examples by Chen 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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Scheme 10: Electrophilic thiomethyl mediated cyclizations to access benzo[b]thiophene derivatives 

Alikhani and co-workers reported the successful formation of a variety of benzo[b]thiophene 

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 77 undergoes intramolecular nucleophilic ring-opening of the three-

membered sulfonium ring leading to cyclization. The dimethyl sulfide group then acts as a 

nucleophile and demethylates cationic intermediate 78, leading to 75. This was a great finding 

as their reported method was one of the first 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 yielding.75 

 

Scheme 11: Sulfur-mediated electrophilic cyclization accessing benzopyran compound 83 
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Not only work towards accessing benzothiophenes, Zhangôs research group also demonstrated 

successful sulfur-mediated electrophilic cyclization of synthesizing benzopyran containing 

compound 82. Their research demonstrated the successful use of triflic anhydride-activated 

sulfoxides to initiate electrophilic cyclization and demethylation with triethylamine in one pot, 

affording 83 and up to 20 related type products with yields ranging from 30-94% (Scheme 

11).76 

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 interest recently in the area of selenium containing compounds as 

they have promising applications as catalysts, synthetic intermediates as versatile reagents in 

selective reactions.77-82 

  

Scheme 12: Formation of pyrazoles through electrophilic cyclization of hydrazones using diorganyl 

diselenides 
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Scheme 12 describes work by Perin and co-workers on the synthesis of a range of 4-

organoselanyl-1H-pyrazoles through electrophilic cyclization of alkynyl hydrazone by 

utilizing diorganyl diselenides.82 The generation of the electrophile first beings with a SET 

from the diphenyl diselenide to HSO5
-, followed by a cleavage of the Se-Se bond, giving the 

strong electrophiles PhSeOSO3
- and PhSeOH. These electrophiles then react with the alkynyl 

hydrazone 86 to give 87 after the removal of HSO4
- or water. This metal and halogen free 

method was successful in accessing up to 17 varying pyrazoles with yields ranging from 40-

97%. 

 

Scheme 13: Studies of electrophilic selenocyanogen cyclization of alkynes by Wang and co-workers 

Another example displaying seleniumôs ability to mediate electrophilic cyclization was 

reported by Wangôs research group. In the communication, they described the synthesis of a 

large range of benzofurylselenocyanates, benzothienylselenocyanates, and 

indolylselenocyanates derivatives under efficient and mild conditions (Scheme 13).83 The 

pseudohalogen (SeCN)2 is first generated in situ from AgSeCN and NCS and the presence of 

the Lewis acid Et2O
.BF3 generates the selenocyanate cation. This selenocyanate cation can then 

combine with 88, forming the reactive selenonium ion 90 which undergoes intramolecular 

cyclization and the methyl leaving group is removed by the selenocyanate anion to give the 

final heterocyclicselenocyanates 89 (up to 40 examples reported). 
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Scheme 14: Tellurium mediated cyclization of anilines 74  

Organotellurides have over the years, garnered attention from chemists due to their features as 

well as the important roles they have in organic synthesis.84 Organotellurides possess various 

pharmacological properties such as antibiotic, antimicrobial, antimalarial and cytotoxic to 

name a few.84-87 

Recently, Zhang and co-workers reported the intramolecular cyclization of 2-alkynylanilines 

to access a series of 3-aryltelluroindoles through an Ar2Te2 mediated synthesis (Scheme 14).86 

As described in the communication, a tellurium atom in the PhTeTePh nucleophile attacks the 

iodine centre in PIFA giving A. This intermediate is then be converted to the tellurium salt B 

with elimination of PhI and one molecule of trifluoroacetate anion. The tellurium centre of B 

is attacked by the trifluoroacetate anion, leading to the formation of PhTeOCOCF3. This 

electrophile is then used to facilitate the electrophilic cyclization process forming a variety of 

indoles. 



Chapter 1 

18 
 

1.4.3 Electrophilic cyclization facilitated by transition metals   

Whilst iodocyclization and cyclizations mediated by chalcogens have clearly demonstrated 

their great use and utility in forming a variety of ˊ-rich compounds, there has also been reports 

of successful electrophilic cyclization that was directed by transition metals such as palladium. 

Palladium-catalyzed reactions have gained much prominence for their ability to work with a 

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

molecules.88  

Scheme 15: Formation of BNC105 (anti-cancer drug) via transition metal-mediated electrophilic 

cyclization 

In 2001, Flynn and Chaplin reported the successful use of palladium in transition metal-

mediated alkyne cyclizations.89 In a modification of Cacchiôs cyclization,56 they demonstrated 

a one-pot multi-component coupling approach to benzo[b]furans and indoles involving an 

initial deprotection of iodophenol 97 and a terminal alkyne with MeMgCl. This is followed by 

addition of palladium catalyst and heating giving the o-alkynylphenoxy magnesium chloride 

intermediate 98. The last step involves a dilution with equal volumes of DMSO and an 

appropriate coupling partner to give 99. The inclusion of CO gas in the second stage allows for 

a Pd-CO insertion step and eventual formation of ketone derivatives such as 100 as well, further 

expanding the practical application of this approach.89 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 large-scale synthesis through this multi-component 

coupling reaction method.89-91 
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Figure 5: Examples of natural products and FDA-approved drugs containing indoles and carbazoles 

In addition to Flynn and Chaplinsô efforts, Xia and co-workers have reported the use of 

palladium(II)-catalyzed cyclization, in particular palladium acetate, of various alkynes in one 

pot to access a series of functionalized indoles.92 Indoles are a structural component that is 

present in a large amount of biologically active natural and unnatural materials, as shown in 

Figure 5.88, 93 This was a useful finding by Xia as the use of palladium(II) 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 form multiple carbon-carbon and carbon/heteroatom 

connections in a single step. This flexibility, coupled with its broad functional-group 

compatibility and its resistance to air and moisture leads to the palladium(II)-catalyzed dual 

functionalization of alkynes to be an incredibly powerful asset to chemists.92  They reported 

the formation of analogues of 108 via the proposed mechanism shown below in Scheme 16, 

which first involves the alkyne 106 undergoing C-H activation with the palladium(II) species 

and cyclizing to afford intermediate 110. The anion PivO attacks 110 yielding intermediate 111 

which undergoes tandem intermolecular cyclization with an alkyne. 112 is then suitable for a 

base-promoted aromatic palladium and proton abstraction affording the seven membered 

intermediate 113. The last step involves a reductive elimination, generating the product 108 as 

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

by copper salt and O2.
92 
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Scheme 16: Palladium mediated electrophilic cyclization affording indole scaffolds 108 

Further findings by Arcadi and co-workers also showcased successful cyclizations utilizing 

palladium(II) chloride.94 In the communication, theyôve reported the use of palladium(II) 

chloride enabling the direct synthesis of 2-substituted  3-carboxymethylfuro[3,2-

b]pyridines and 2-substitued 3-carboxymethylfuro[2,3-c]pyridines 115 from o-

acetoxyalknylpyridines 114. The reactions were conducted through simple and straightforward 

conditions by subjecting 114 with PdCl2 in methanol, in the presence of simple bases NaOAc 

and K2CO3, CuCl2 as the oxidative agent, and carbon monoxide yielding a range of 

furopyridines.  
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Scheme 17: Successful formation of indoles by Arcadi research group 

Notwithstanding the great utility of palladium-mediated cyclizations as explained above, 

another source of transition metals that allows alkyne activation is gold. Over the last 15 years, 

the discovery of gold as an effective catalyst has allowed new and exciting research 

opportunities in the field.95, 96 Recently, there has been an increase in the amount of reactions 

that are facilitated by gold complexes, specifically gold(I) and gold(III), typically serving as 

homogenous catalysts due to them being soft Lewis acids.95 Moreover, due to their ˊ-acidic 

characteristics therefore making them attracted to alkynes (alkynophilicity), gold catalysts are 

very effective in activating alkynes for nucleophilic attack.96-98 

 

Scheme 18: Successful work by Marinelli research group forming scaffold 117 utilizing gold-

catalysis 

In 2004, Marinelli research group reported the gold-catalyzed cyclization of 2-alkynylanilines 

116 leading to the formation of indoles 117.57, 96, 99 They successfully demonstrated the 

conversion of terminal/internal alkynes into a variety of 2-substitued indoles utilizing 4 mol% 

of NaAuCl4.2H2O. They reported that from a screening of catalysts, gold(III) salts were much 

more effective at initiating cyclization as compared to gold(I), palladium(II) and copper(II) 

salts.96 In addition to this, they also reported the same findings with an ionic liquid solvent 

system, where the use of ([bmim]BF4) with 1 mol% NaAuCl4.2H2O yielded the formation of 

the desired indoles with yields up to 94%.  
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Scheme 19: Synthesis of natural product mersicarpine involving gold-catalyzed cyclization 

Fukuyama and co-workers employed this approach in the synthesis of (-)-Mersicarpine 121 

(Scheme 19). The synthesis commenced with the known ketoester 118 undergoing a multistep 

synthesis to intermediate 119. A Sonagashira coupling with 2-iodoaniline then afforded the 

respective alkynylaniline which was cyclized with the gold (III) catalyst giving the indole 120, 

which after 5 steps gives the natural product mersicarpine.96, 100 

 

Scheme 20: Benzo[b]thiophene formation catalyzed by AuCl 

In addition to indoles, gold catalysts have also shown successful formation of thiophenes and/or 

benzo[b]thiophenes. Nakamura and co-workers have demonstrated the gold-catalyzed 5-endo-

dig cyclization of o-alkynylphenylthiosilanes.96, 101 The plausible mechanism involves the 
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Lewis acidic gold(I) chloride coordinating to the alkynyl bond of 122. This results in the 

electron-deficient bond of 123 undergoing intramolecular nucleophilic attack by the sulfur 

atom, forming silylsulfonium intermediate 124.  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  

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

Whilst Chapter 1.4.1 to 1.4.3 have shown a vast range of electrophilic cyclization chemistry, 

the examples all contain one alkyne group that formed just one new heterocycle when cyclized. 

Notwithstanding the great advancements made, extensive research by our group has been done 

on cyclizing multiple alkynes (a diyne or polyyne) simultaneously to form multiple new 

heteroacenes. 

1.5.1 Double-Electrophilic Cyclization (DEC) 

One of the first novel concepts reported by Flynn and Gupta is the double-electrophilic 

cyclization (DEC) which enables the synthesis of linearly fused heteroacenes through a one-

pot process.102 This marked the first initial report of an electrophilic source that is capable of 

allowing two cyclizations in a domino reaction, thereby expanding the range of electrophilic 

cyclization possibilities. Flynn and Gupta demonstrated the DEC reaction being carried out 

with electrophiles SCl2, SeCl2 and TeCl4 to yield 129. In the same communication, they also 

reported the use of iodine allowing a bi-iodocyclization affording 130. This showed great 

potential as it can be followed with ring closing reactions such as a double-Heck, double-

Ullmann type reaction, and a lithiation followed with Me2GeCl2.  

 

Scheme 21: Formation of linearly fused heteroacenes 129 and 131 via double electrophilic cyclization 

(DEC)103 
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Moreover, in unpublished results, our group has also reported the formation of fulvalene 

derivatives. Bis-fulvalene structures exhibit capacity for charge transfer, leading to their 

interest in the area of material sciences, particularly for advancing organic photovoltaic (OPV) 

technologies.104 Scheme 22 demonstrates intermediate 133 cyclized successfully with TeCl4 

via a DEC reaction to give 134 in 72% yield. 

 

Scheme 22: DEC cyclization utilizing TeCl4 of intermediate 114 to access fulvalene 115 

1.5.2 Double-Electrophilic Cyclization Reductive Elimination (DECRE)  

 

 

Scheme 23: DECRE cyclization accessing multi-chalcogen containing heteroacene 136, extended 

structure 140 and fulvalene derivative 141 

Flynn and co-workers have also reported the novel method double-electrophilic cyclization 

reductive elimination (DECRE).102 Scheme 23 demonstrates the successful formation of a 

sulfur and selenium containing heteroacene 136. They describe gold displaying high reactivity 

as an electrophile, leading to the nucleophilic attack of sulfur on the alkyne, causing an endo-
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dig electrophilic cyclization. Monocyclized intermediate 137 has its electrofugal methyl group 

removed, and the other alkyne undergoes intramolecular cyclization forming intermediate 138. 

The last steps involve the remaining methyl group leaving again, as well as the extremely 

reactive 6-membered Au(III) containing intermediate undergoing reductive elimination. This 

step removes the Au(I)Cl, and finally results in the formation of heteroacene 136. In addition 

to this, more recently the Flynn group have also demonstrated the successful formation of 

extended heteroacene 140 as well as fulvalene structure 142.  

1.5.3 Polyelectrophilic cyclization (PEC) 

Another expanded concept that the Flynn group has developed over the years is 

polyelectrophilic cyclization (PEC), where with the use of an ambiphilic (acts as both 

electrophile and nucleophile) reagent MeXCl (X=S, Se, or Te) polyfused chalcogenophenes 

are able to be formed in one step.105 This novel concept was beneficial, as linear 

chalcogenophenes are utilized greatly in various applications, particularly organic solar cells, 

organic light-emitting diodes and semiconductors.105 Until recent times in  material sciences, 

the focus on chalcogenophenes 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 with their related 

heterocycles, selenophenes and tellurophenes.105-108  
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Scheme 24: Formation of polyfused chalcogenophenes via polyelectrophilic 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 give 143 in a single step.105 They also explored 

the possibility of a bidirectional cyclization and accessed cyclized material 146 incorporating 

sulfur and selenium. The mechanism depicted in Scheme 24 describes a ósee-sawô mechanism. 

This cyclization is a result of the shifts in electron density that alternates from one end of the 

polyyne to the other. 145 first undergoes cyclization with MeSCl giving monocyclized 

intermediate 147. The resulting electron-rich-3-(methylthio)-benzothiophenyl groups then 

drives the electron density to the distal alkynyl carbon, favouring cyclization via 148 to give 

diyne intermediate 149. 149 undergoes a similar monocyclization as described earlier giving 

151. For the final cyclization, again the more electron-dense 3-(methyl-thio)-benzothiophenyl 

group directs the attack of MeSCl to the remote carbon, favouring cyclization via the most 

stabilised cation 152 to give 153. 
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1.6 Aims 

1.6.1 Aim 1: Accessing angular heteroacenes via DECRE 

The first aim of this thesis will involve the investigation of synthesizing angular heteroacenes 

utilizing the double-electrophilic cyclization reductive elimination (DECRE) process. In 

particular, efforts will be directed into studying the DECRE process and if it can be done 

catalytically. Whilst published and unpublished DECRE have been studied by previous Flynn 

group members, this has been achieved only with AuCl3.
102 Notwithstanding its success in 

accessing simpler and extended heteroacenes, gold is considered to be a costly metal and tend 

to require high loading, making this process expensive and impractical to be employed in large 

industrial scales.  

 

Scheme 25: Proposed catalytic DECRE synthetic route towards angular heteroacenes 

Scheme 25 depicts the initial proposed synthetic pathway that will be undertaken to access a 

variety of dialkynyl compounds (155). This will be done through Sonagashira coupling with 

1,2-diiodobenzene, followed by a DECRE reaction to synthesize angular heteroacene 156 

forming 3 new rings. This approach would be advantageous as it allows the possibility of 

expansion with 1,2,4,5-tetraiodobenzene 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 carry out the DECRE catalytically. We hypothesize this addition would allow 

the catalyst used to be reoxidized back to its palladium(II) state, allowing 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 the ready access of extended polycycle 

structures 

Previous unpublished work within the Flynn group has involved on expanding the PEC onto 

polyyne structures, which when cyclized, gives a unique 3D conformation of nonplanar acenes. 

Scheme 26 displays the synthetic pathway that was completed by a previous Flynn group 

member, where a range of polyynes ranging from a monoyne to a tetrayne were successfully 

poly-iodocyclized to give 160. 

  

Scheme 26: Unpublished works towards accessing nonplanar acene structures 

The second aim of this thesis thus involves investigating methods for the ready access of 

polycycles and extended cyclized compounds. This will include applying the DECRE onto 

simple monoyne 162 which will then give dimer 163 when successfully cyclized. This proof-

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 synthesis of 164 with 165 yielding tetrayne intermediate 

166. This approach allows for further expansion with possible ring closing reactions to be 

performed such as an Ullmann coupling, Li-mediated additions and the Heck reaction. 
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Scheme 27: Expansion of DECRE onto polyyne systems (A) & the study of a bi-directional double 

iodocyclization accessing extended cyclized compounds (B) 
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1.6.3 Aim 3: Alternative nucleophilic group study 

 

 Scheme 28: Proposed 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 the development of arenes as nucleophilic groups. 

Arenes are used extensively in iodo and Au-cyclization 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 specific interest to us is the potential application of pyrroles as double-

nucleophiles. Our proposed synthesis includes synthesising 169 through a multistep synthesis 

of commercially available 1-phenyl-1H-pyrrole. Compound 169 could either be homo-coupled 

or undergo palladium mediated coupling to access 170 and 172 respectively. Various 

cyclization methods will be studied in this aim, such as DEC cyclizations with TeCl2 as well 

as iodocyclization giving 171 and 173. Iodocyclized material 173 could potentially be further 

elaborated with ring-closing reactions and/or iterative iodocyclization, as explained earlier in 
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this chapter. In addition to this, potential diynes accessed such as 174 will be studied to 

determine possible successful metal-mediated protocyclizations. This new proof-of-concept 

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

 



Chapter 2 

32 
 

Chapter 2: Results and discussion: Synthesis of angular heteroacenes via Double 

Electrophilic Cyclization Reductive Elimination (DECRE) 

 

As discussed in Chapter 1, our group has developed the Double-Electrophilic Cyclization (DEC) 

reaction, in which iodine and ECl2 (where E = S, Se, TeCl2) are used as electrophiles to access 

bis-iodobenzothiophene 130 or heteroacene 178 respectively.102, 103 The ability to double-

iodocyclize 177 to give 130 is beneficial as the further elaboration can be done to synthesize 

linear heteroacene 129 where elements such carbon, amines and germanium are incorporated 

(Scheme 1).  

 

Scheme 29: Iodocyclization and double-electrophilic 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 compound 136 in satisfactory yield of 51% (Scheme 30).102 

Also, unpublished work has also seen further elaboration on accessing angular heteroacenes 

such as 140, 182 and 142, however past studies have mainly utilized AuCl3, leading us to 

explore other more cheaper and efficient metals and catalysis in the DECRE.  
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Scheme 30: Previous AuCl3 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 materials; 176, 186, 

190, 193 and 198 (Scheme 31).   
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Scheme 31 A-C: Synthesis of various terminal alkynes 

Pathway A utilizes commercially available 2-iodothioanisole and 2-iodoanisol (164 and 184), 

which undergoes palladium-mediated Sonagashira coupling with TMS-acetylene followed by 

a silyl deprotection to yield the terminal alkynes 176 (94%) and 186 (94%). Similarly, B 

describes 2-iodoaniline undergoing N-alkylation as well as being diazotized giving 

intermediate 196 and reacted with dimethyl diselenide to give intermediates 188 and 191 

respectively. These were then coupled (Sonagashira) and silyl deprotected forming terminal 

alkynes 190 (63%) and 193 (58%). The 1H NMR spectras obtained after their corresponding 

reaction times and purifications matched that of precedented literature with satisfactory 

yields.105, 109-113 Lastly, the hexyl substituted terminal alkyne 198 was accessed through initial 

selective ortho-iodination of n-hexyl aniline 194, affording 195 in high yield (81%). The 
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iodoaniline 195 was diazotized and further reacted with dimethyl disulfide to form 144 (92%). 

The last steps of the synthesis (C) were a Sonagashira coupling of 144 with TMS-acetylene 

and a deprotection to yield the terminal alkyne 198 (98%).   

Scheme 32: Mechanism of forming 199 - 201 

Once the terminal alkynes were synthesized, they were deprotonated with n-BuLi and reacted 

with bis(phenylsulfonyl)sulphide in a nucleophilic substitution reaction (Scheme 32) to give 

199, 200 and 200 respectively.  

2.2 Initial investigation and optimization of cyclization conditions 

  

Scheme 33: Trialled DECRE cyclization conditions  
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Table 1. Reaction conditions trialled in optimization of DECRE cyclization of 200/201 Ÿ 202/203 

(Scheme 33) 

Entry  Diyne Catalyst Solvent  Temp. Time Product 

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

2 200 AuCl3 (1 eq) in THF 

(double slow addition) 

DCE 70 °C 2 h 202: 21% 

3 200 AuCl3 (1 eq) 1,4-Dioxane:THF 70 °C 2 h Degradation 

4 200 PdCl2 (1.3 eq) NMP 100 °C 2 h 202: 23% 

5 201 AuCl3 (1 eq) DCE 22 °C 6 h 203: 26% 

6 201 AuCl3 (1 eq) in THF 

(double slow addition) 

DCE 70 °C 2 h 203: 49% 

7 201 PdCl2 (1.3 eq) NMP 100 °C 2 h 203: 7.5% 

       

Our initial investigation of the DECRE involved attempted cyclizations of compounds 200 and 

201 (Scheme 33). Firstly, the multi-chalcogen containing compound 200 was attempted to be 

cyclized with AuCl3 (Table 1, Entry 1). Whilst 1H NMR did show product formation, 

difficulty was experienced with purification as multiple side-products had formed and was 

unable to be discerned due to the crude being unstable during purification. A previous method 

within the Flynn group of forming 136 (Scheme 30) successfully was employed to form 202. 

This involved a double slow addition method of the starting material 200 and gold catalyst in 

THF being added simultaneously to heated DCE which yielded 21% of 202 (Table 1, Entry 

2). A further attempt was conducted where a co-solvent system of 1,2-dichloroethane (DCE) 

and 1,4-dioxane was employed (Table 1, Entry 3). However, this did not yield an 

improvement as it was observed that AuCl3 was mainly insoluble and unstable in 1,4-dioxane 

leading to it decomposing. As mentioned in Chapter 1, an interest to us is to explore other 

cheaper electrophilic alternatives, such as PdCl2, that could be further progressed to a catalytic 

process in the presence of a suitable oxidant. An attempt with PdCl2 was conducted and 200 

was successfully cyclized with a 23% yield (Table 1, Entry 4). The n-hex variant 200 was 

successfully cyclized using AuCl3 in anhydrous DCE, which resulted in a yield of 26% (Table 

1, Entry 5). The double slow addition method was once again attempted and this saw a 

significant increase in the yield of 203 by nearly double to 49% (Table 1, Entry 6). A final 

attempt with PdCl2 was conducted which also cyclized 201 albeit in low yield (7.5%) (Table 

1, Entry 7). However, this outcome was promising as it demonstrated palladiumôs possible 

ability to be used in the DECRE.  
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Scheme 34: Preliminary catalytic cyclization studies of DECRE  

Table 2. Optimization of reaction conditions for catalytic DECRE cyclizations of 199/200 Ÿ 204/202 

(Scheme 34) 

Entry  Diyne Catalyst Oxidant Solvent  Temp. Time Product 

1 199 PdCl2 (1.3 eq) - NMP 100 °C 2 h 204: 27% 

2 199 PdCl2 (1.3 eq) - DMSO 100 °C 2.5 h 204: 45% 

3 199 Pd(OAc)2 (1.3 eq) - DMSO 100 °C 2 h 204: 59% 

4 199 Pd(OAc)2 (0.3 eq) Cu(OAc)2 (1 eq) DMSO 100 °C 2.5 h Complex 

mixture 

5 199 Pd(OAc)2 (0.3 eq) Chloranil (0.6 eq) DMSO 100 °C 2 h 204: 51% 

6 199 Pd(OAc)2 (0.1 eq) Chloranil (1 eq) DMSO 100 °C 2 h 204: 96% 

7 199 Pd(TFA)2 (0.1 eq) Chloranil (1 eq) DMSO 70 °C 18 h 204: 99% 

8 200 Pd(OAc)2 (0.1 eq) Chloranil (1 eq) DMSO 100 °C 2 h 202: 71% 

        

We began our oxidant studies employing PdX2 with the trisulfide 199. The cyclization of 199 

to 204 was successfully achieved utilizing PdCl2 in NMP in a moderate yield (27%) (Table 2, 

Entry 1). A change to a more polar solvent, DMSO, saw an increase of formation of 204 to 

45% yield, which was further increased with the use of Pd(OAc)2 in place of PdCl2 to afford 

an improved yield of 59% (Table 2, Entry 3). With the successful use of Pd(OAc)2, a 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(OAc)2, however, 1H 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 yield (Table 2, Entry 6). Pd(TFA)2 was also evaluated giving 

the cyclized product 204 in near equivalent yield (99%) (Table 2, Entry 7). With the optimized 

catalytic conditions determined, we attempted to cyclize the multi-chalcogen containing 

compound, 200, achieving 202 in 71% yield (Table 2, Entry 8). 
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2.3 Synthesis of benzene linked heteroacene systems 

 

Scheme 35: Condition A & B : Pd(OAc)2 [A] OR Pd(TFA)2 [B] (0.1 eq), Chloranil (1 eq), DMSO, 100 

°C; Condition C: Pd(TFA)2 (1.1 eq), DMSO, 100 °C 

Scheme 35 above displays the successful synthesis of various diyne substrates 206a-c, as well 

as a study into DECRE cyclizations utilizing the previously optimized DECRE conditions. 

Diyne 207a was successfully formed with high yield (78-83%). The results that were obtained 

from 1H NMR analysis had confirmed product formation, as a loss of the methyl peak 

resonance was observed. Encouraged by the outcome, we attempted to cyclize 206b, the NMe 

variant. Similarly, this was also successful, with 1H NMR and mass spectroscopic analysis 

confirming that 207b had formed (98%). This result was significant as previous cyclization 

studies of this variant with AuCl3 had saw polymerization occurring and the desired product 

did not form. 

With the success of the formation of 207a and 207b with conditions A & B, we looked at 

repeating the same reaction with the methoxy diyne substrate (206c), which had been unable 

to be successfully cyclized in previous AuCl3 studies by our group. We initially trialled the 

optimized catalytic DECRE conditions (A & B), however it was observed that the desired 

product did not form. TLC analysis showed that all starting material diyne was consumed, 

however 1H NMR had indicated formation of an undesired product with the presence of one 

methyl group. Upon purification, the mass as well as 1H NMR spectrum, seemed to be identical 

to a previously formed chloride product, 208, that resulted when AuCl3 was the electrophile. 
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We suggest the 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 cation 211. The other alkyne then traps the allenyl 

oxonium ion and allows for intramolecular cyclization to occur. The intermediate 213 then has 

its methyl group removed to give us the chloride product 208. To further investigate our theory 

that the chlorenium ion comes from chloranil and is the reason for formation of 208, we 

attempted cyclization utilizing N-Chlorosuccinimide. This was successful in yielding 208 (31%) 

as well, confirming our rational for the formation of 208 (Scheme 36). 

Scheme 36: Condition A: Pd(OAc)2/Pd(TFA)2 (0.1 eq), Chloranil (1 eq), DMSO, 100 °C; Condition 

B: N-Chlorosuccinimide (1.1 eq), DMSO, 100 °C 

Due to the conditions with chloranil giving us 208, we looked into removing the chloride source 

and employ stoichiometric amounts of palladium catalyst (Scheme 35, Condition C). 

However, this too did not cyclize compound 206c. The analysis leading us to concluding 209 

(12%) was from various reasons. The analysis of 1H NMR of the obtained product had indicated 

the presence of two methyl peaks, indicating that an unsymmetrical product was obtained. 13C 

NMR also contained no peaks corresponding to alkynes, with two downfield peaks 

corresponding to ketones. Based on this, we propose we had formed 208 where 206c undergoes 

activation of its carbon-carbon triple bond by PdII that produces intermediate 214. 214 

undergoes substitution by H2O to generate intermediate 215. Finally, tautomerization occurs 

of 215 to 216 followed by oxidation of the resulting intermediate 216 to afford the product 209. 

Mass spectroscopic analysis had confirmed 209 with indication of correct mass present. 
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Scheme 37: Proposed mechanism for formation of stoichiometric cyclization product 209  

  

Scheme 38: Synthetic route to access benzothiophene diyne 221  

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 38 shows the synthesis towards the benzothiophene diyne 221. Terminal alkyne 176 

was first lithiated and undergoes a nucleophilic substitution to give 217 (100%). This is 

followed by an iodocyclization, a Sonagashira coupling and silyl deprotection to yield 220 

(91%).2 220 then undergoes further Sonagashira coupling with 1,2-diiodobenzene to afford the 

diyne 221 which was subjected to DECRE studies, as previous work utilizing AuCl3 was 

unsuccessful in forming 222.  

 

Scheme 39: Condition A: Pd(TFA)2 (0.1 eq), Chloranil (1 eq), DMSO, 100 °C; Condition B: 

Pd(TFA) (1.1 eq), DMSO, 100 °C 

We first attempted cyclization with catalytic DECRE conditions, however a similar chloride 

product (227a, 8%) was obtained. We propose that the mechanism leading to 227a is similar 

to what is described earlier in Scheme 36. This could be due to the electron-rich 

benzothiophene ring as well as the SMe group of 221 which promotes the formation of 

intermediate 224. This then undergoes a nucleophilic attack from the triple bond to the 

electrophilic allenyl intermediate, forming 225. The presence of the SMe group on 225 acts as 

a nucleophile, attacking the allenyl intermediate, forming cation 226, which has its methyl 

group removed giving product 227a in 8% yield. Whilst the obtained yield was low, this was 

successful in confirming that the chloride by-products are due to the chlorenium ion from the 

chloranil.  
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Scheme 40: Mechanism detailing formation of 227a and 227b 

With our findings that chloranil gives us unexpected chloride by-products (227a), 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 product 222. 1H NMR and 

13C NMR analysis indicated a very similar product to 227a was obtained with an extra singlet 

present in the 1H NMR as well as a CH peak in place of a quaternary C in the 13C NMR. With 

mass spectroscopic analysis, it was concluded that 227b had formed, where instead of a 

chloride, a proton is in place. The mechanism as to 227b formation is similar to the chloride 

by-product, where the PdII acts as the electrophile instead and undergoes protodemetalation. 

Intermediate 226 has its palladium replaced with a proton during the aqueous workup giving 

227b. The synthetic difficulty in accessing cyclized material 222 was thought to be likely due 

to steric hinderance and thus further attempts were not conducted.  

2.4 Accessing thiophene linker scaffolds  

 

 

Scheme 41: Synthesis of terminal alkyne diyne 230 and formation of 231 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 available 3,4-dibromothiophene was first 

coupled using Sonagashira method and deprotected to access terminal alkyne diyne 230 in 97% 

yield (Scheme 41). 

 

Scheme 42: Different varying pathways attempted to access thiophene linked diyne 231 
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Table 3: Varying Sonagashira reaction conditions 164 Ÿ 231 (Scheme 42, Pathway 1) 

Entry  Reaction Conditions Product 

1 (PPh3)2PdCl2 (0.05 eq), Et3N, 22 °C Starting material 164 

2 (PPh3)2PdCl2 (0.05 eq), DIPA, 22 °C Starting material 164 

3 Pd(PPh3)4 (0.15 eq), DIPA, reflux Starting material 164 

4 Slow addition over 1.5 h, Pd(dppf)Cl2 (0.15 eq), n-BuNH2, 50 °C Starting material 164 

   

Scheme 42 depicts the various pathways all employed to access diyne 231. Multiple 

Sonagashira attempts at coupling 230 with 2-iodothioanisole (164) were attempted (Scheme 

42, Pathway 1). An aliquot study of the first attempt showed no product formation had 

occurred with only starting material 164 present (Table 3, Entry 1). This was also confirmed 

by TLC analysis which had indicated that 2-iodothioanisole was unreacted. A change of solvent 

from Et3N to DIPA as well as palladium catalyst and heating to reflux were also unsuccessful 

in forming product 233 (Table 3, Entry 2 & 3 ). A slow addition of the terminal alkyne diyne 

to 2-iodothioanisole was attempted, as well as a change to n-butylamine and Pd(dppf)Cl2 were 

also unsuccessful in synthesizing 231 (Table 3, Entry 4). It was thought that terminal alkyne 

231 was easily polymerizing before it can couple 164 and this pathway was subsequently 

discontinued.   

We moved to attempt a Negishi coupling using ZnBr2 (Scheme 42, Pathway 2). Bis-alkyne 

230 was first lithiated with n-BuLi and ZnBr2 was added to form intermediate 232 to which 

bis(tri-tert-butylphosphine)palladium and 2-iodothioanisole was then added. 1H NMR was 

used to monitor the reactionsô progress and after 18 h, it was observed that no product had 

formed with only 15 present in the 1H NMR, likely due to 230 polymerizing again. Due to 230 

undergoing rapid polymerization, we attempted to directly couple terminal alkyne 176 with 

3,4-dibromothiophene instead. Using isopropyl magnesium chloride, we formed the 

magnesium acetylide intermediate 233 in-situ, and the reaction progress was monitored by 

aliquot study (Scheme 42, Pathway 3). Whilst 1H NMR analysis had shown that there was full 

consumption of starting material, product formation had not occurred. It was difficult to 

determine the multiple side-products that had formed as the spectrum was complex to assign. 

Purification was attempted however, degradation had occurred due to product instability. Work 

by Kang and co-workers had demonstrated the success of palladium-catalyzed multialkynyl 

cross-coupling reactions utilizing the use with teteraalkynylindates.114 This led us to attempt 

coupling using InCl3 giving us product 231 in 25% yield with several by-products forming, 
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such as homocoupled 176 and monocoupled product (Scheme 42, Pathway 4). The final 

cyclization in this area of work was done with catalytic amounts of Pd(TFA)2 and successfully 

gave 235 in 79% yield. 

 

Scheme 43: Successful DECRE cyclization affording 235 

2.5 Unsymmetrical and extended angular heteroacenes  

With the previous success in synthesizing and cyclizing extended heteroacenes, our focus was 

moved towards accessing and cyclizing unsymmetrical compounds. Work by Saunthwal and 

co-workers have demonstrated the successful formation of various dialkynyl 

aromatic/heteroaromatics from 1-bromo-2-iodo-benzene.115  

 

Scheme 44: Initial attempts at accessing unsymmetrical substrate 237 

1-Bromo-2-iodo-benzene 161 was first coupled with terminal alkyne 176 to form 236 in-situ 

which was then coupled with the second terminal alkyne 190 and heated to Sonagashira couple 

at the remaining bromine position. However, after the allowed time, 1H NMR analysis failed 

to indicate that the product was formed. Purification was attempted however, this was 

unsuccessful due to the crude not being stable and degrading during chromatography.  
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Scheme 45: Synthetic pathway to access unsymmetrical cyclized heteroacenes 240 & 241 

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

to prevent 176 coupling to both iodo positions. 238 was successfully synthesized with 1H NMR 

analysis matching precedented literature.116 It then was subjected to further Sonagashira 

coupling with terminal alkynes 190 and 193 to successfully give the unsymmetrical 237 and 

239 in 46% and 60% yield respectively. 1H NMR and 13C NMR analysis showed two separate 

methyl peaks which were the main indication of the reactionôs success. Both diynes were 

subjected to catalytic DECRE cyclizations with 1H NMR indicating disappearance of the 

methyl peaks, yielding 240 (62%) and 241 (57%) in satisfactory yield. 
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2.6 Study of a bidirectional application of the DECRE  

 

 

Scheme 46: Previous work of cyclizing tetrayne 243 using AuCl3 

Tetrayne 243 had previously been accessed previously within our group (unpublished results) 

with stoichiometric amounts of AuCl3 in a co-solvent system of DCM and 1,4-dioxane. 

However, this saw very little success in forming 243 with only ~10% yield of product possibly 

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 Pd(OAc)2 with 

chloranil in DMSO, however this was unsuccessful. 242 was mostly insoluble in DMSO even 

when heated to 100 °C. 1H NMR aliquot 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 left further for 18 h to attempt to fully solubilise 242, 

however 1H NMR after this allowed time showed that degradation had occurred. As a solution 

to this, we decided a co-solvent system of DMSO:toluene (1:1) would result in better solubility, 

as well as it being 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 87% of 243. The aliquot study done showed 

that after 2.5 h, full consumption of starting material had occurred and 243 formation was 

indicated by the 1H NMR showing major disappearance of the methyl peak as well as a shift 

of the aryl singlet peak of the benzene linker proton.  
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Scheme 47: Synthetic pathway to access tetrayne 248  

With the success of cyclizing tetrayne 242, we attempted to cyclize another tetrayne 248, 

previously accessed within our group (Scheme 47). Initially 145 was coupled using 

Sonagashira protocol with propargyl alcohol to give 244 (82%), followed by formation of 

ketone 245 (87%). The remaining steps were carried out by another Flynn group member to 

access tetrayne 248. Upon considering the structure of the tetrayne 248, either a 1,5- or a 1,6-

cyclization could possibly occur (Scheme 48).  
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Scheme 48: Possible 1,5- or 1,6-cyclization mechanisms tetrayne 248 could undertake 

Cyclization attempts were made with the same conditions as the previous tetrayne 242. 1H 

NMR analysis had indicated that starting material was fully consumed, with one distinct 

product being formed. It was challenging to determine which cyclization route had taken place, 

however our main rationale as to deducing 253 had form was due to the formation of similar 

fulvalene-like compounds (141) that have previously been accessed by our group. A 

comparison of 13C NMRs had indicated more deshielded alkenes peaks, leading us to conclude 

253 had formed. In addition, a crystal structure was obtained, confirming successful formation 

of 253.  

 

Scheme 49: DECRE cyclization of tetrayne 248 accessing 253 and 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 electronic 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 compounds.104 Previous DECRE studies 

has been done with AuCl3 which has been successful in yielding 141 with a high yield (87%).  

 

Scheme 50: DECRE cyclization studies accessing fulvalene-like systems 

Table 4: Reaction conditions attempted for palladium mediated DECRE cyclizations 133 Ÿ 141 

(Scheme 50) 

Entry  Catalyst Oxidant Product 

1 Pd(TFA)2 (1 eq) - 141: 10% 

2 Pd(TFA)2 (0.1 eq) Chloranil (1 eq)  254: 6%, 255: 4% 

3 Pd(TFA)2 (0.1 eq) DDQ (1 eq) 255: 6%  

4 Pd(TFA)2 (0.1 eq) O2 (g) (oxygen balloon) Starting material 133 

    

Several palladium mediated DECRE cyclizations were attempted. Table 4, Entry 1  reports 

stoichiometric conditions being applied and this saw the successful formation of fulvalene 

compound 141 albeit in low yield (10%). Catalytic DECRE conditions were applied with 

outcomes of various oxidants studied. Table 4, Entry 2  employed chloranil as the oxidant 

however the crude 1H NMR indicated a messy spectrum. Upon purification, 2 products were 

isolated with neither matching 141 1H NMR. One of the by-products formed was proposed to 

be proto-cyclized 254. This was rationalised from a few reasons. Firstly, whilst no peaks were 
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present in the aliphatic region of the 1H NMR, indicating full cyclization, there was a distinct 

singlet present in the aromatic region. 13C NMR only presented 6 quaternary carbon peaks 

present which is one less than what is expected from the fulvalene compound 141. Finally, 

mass spectroscopic analysis had confirmed 2 additional protons, leading us to conclude proto-

cyclized material 254 had formed. The second by-productsô 13C NMR contained 2 peaks in the 

alkyne region, indicating that one alkyne unit was unreacted. This had led us to believe that the 

other product obtained was partially proto-cyclized 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 cyclized 255. Our last attempt saw the use of O2 (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 h (Table 4, Entry 4).  

 

Scheme 51: Proposed mechanisms of formation of compounds 254 & 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 this aim was directed to 

exploring intermolecular cyclizations. Whilst work by Gupta and Flynn have seen the 

successful formation of from intermolecular DECRE cyclizations utilizing AuCl3, previous 

studies by our group has had limited scope with only one compound accessed (180).102 

 

 Scheme 52: Preliminary intermolecular DECRE studies  

We first synthesized 179, by Sonagashira coupling 2-iodothioanisole to ethynylbenzene. This 

was successful in forming 179 in 83% yield with 1H NMR analysis matching precedented 

literature.117 Both stoichiometric and catalytic intermolecular DECRE attempts were carried 

out as demonstrated below in Table 5. 

Table 5: Preliminary intermolecular DECRE cyclization conditions attempted of 179 Ÿ 180 (Scheme 

52) 

Entry  Catalyst Oxidant Time Product 

1 Pd(TFA)2 (0.1 eq) Chloranil (1 eq) 18 h 258: 5%, 259: 10% 

2 Pd(TFA)2 (1.1 eq) - 2 h 259: 12% 

     

We initially attempted optimised DECRE conditions, with oxidant chloranil (Table 5, Entry 

1). Whilst aliquot study had shown full consumption of starting material had occurred, product 

180 did not form. Upon purification, the 1H NMR obtained showed two products had been 

formed. Monocyclized compound 258 had been cyclized with its 1H NMR spectrum matching 

reported literature.118 Due to previous outcomes of obtaining the chloride product 208 and 227a, 

this led to us to initially deducing we had obtained a chloride by-product. However, 1H NMR 

analysis did not match its proposed structure with a singlet peak being present in the aromatic 

region. Moreover, the 13C NMR spectrum indicated that there was one less quaternary carbon 
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present with an extra peak in the aliphatic region. Confirmation of 259 mass from mass 

spectroscopic analysis concluded that we had obtained 259 instead in which a proton is present 

instead of a chloride group. Proposed mechanisms for compounds 258 and 259 are described 

below in Scheme 53.  

 

Scheme 53: Mechanisms leading to formation of 258 and 259  

Table 5, Entry 2  used stoichiometric DECRE conditions however the crude 1H NMR obtained 

was messy and complex to assign. Upon purification, only one product, compound 259, was 

able to be isolated in similar yield with other by-products 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 and analysis 

The optical properties of the compounds were measured by UV-Vis absorption spectra in 

chloroform solution (100 µM) as shown in Figure 7 and 8. 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 each other. Figure 7 show the UV-vis absorbance spectra of 

the cyclized diynes afforded; 207a, 235, 241, 240, and 207b. All UV -vis spectra were 
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performed in CHCl3 at 100µM. A change of a benzene ring to thiophene ring (207a to 235) 

displayed a change of colour from white to dark yellow. This coincides with the UV vis spectra 

obtained as 235 continues to absorb into the visible range which likely contributes to its colour. 

It was observed a change of heteroatoms of sulfur (207a) for selenium (241) produced lower 

absorbance (<380 nm), whilst a change to NMe (240) saw a stronger absorbance at a longer 

wavelength (>380 nm). It was observed that a change of two heteroatoms of sulfur (207a) to 

NMe (207b) produced a UV-vis spectra that absorbed into the visible range (>380 nm) which 

accounts for its yellow colour. 

 The UV-vis of cyclized tetrayne 253 (Figure 8), a dimer of 207a, saw significant absorbance 

into the visible range accounting for its dark orange colour. An introduction of a benzene ring 

between the 2 pentacycles (compound 243) interestingly shifted most of the absorbance out of 

the ultraviolet region (<380 nm). 243 also has a longer wavelength and greater absorbance than 

207a, leading to a more prominent colour which reflects a reduction in the HOMO-LUMO gap. 

Therefore, the changes of heteroatoms or amount of aromatic (benzene) rings was determined 

to alter the absorption 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 µM in CHCl3) of cyclized diynes 207a, 235, 241, 240, and 

207b: 

 

 

Figure 7: UV-Vis absorbance spectra of cyclized diynes afforded in this chapter 
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UV-Vis absorbance spectra (100 µM in CHCl3) of cyclized tetraynes 243 and 253: 

 

 

Figure 8: UV-Vis absorbance spectra of cyclized tetraynes 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 

systems 202, 203, and 204, benzene-linked heteroacenes 207a, 207b, 240 and 241, thiophene-

linked 235, and cyclized tetrayne compounds 243 and 253 obtained through a bidirectional 

DECRE (Scheme 54).  
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Scheme 54: Successfully synthesized angular heteroacene structures via catalytic DECRE conditions 

Interestingly, the methoxy and benzothiophene variants gave the chloride by-products (208 and 

227a) when catalytic conditions were applied and compounds 209 and 227b from 

stoichiometric DECRE conditions. It was proposed that these by-products formed due to the 

methoxy and benzothiophene electron-donating groups causing their preferred mechanisms 

described earlier to occur. 
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 Scheme 55: Formation of methoxy and benzothiophene by-products  

 

Scheme 56: Preliminary intermolecular and fulvalene DECRE studies  

Fulvalene cyclizations were also studied in this chapter. Fully (254) and partially protocyclized 

compounds (255) were obtained through the catalytic DECRE and whilst stoichiometric 

DECRE conditions were successful in forming product 141, it was significantly lower in yield 
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(10%) compared to when cyclized with AuCl3 (87%). Similarly, intermolecular DECRE 

studies saw the formation of compounds 258 (5%) and 259 (10-12%) regardless if the 

cyclization was carried out with stoichiometric or catalytic conditions. Previous DECRE work 

with AuCl3 saw a far more satisfactory yield of 180 being obtained (61%), showcasing the 

limitations of a palladium mediated DECRE with AuCl3 being superior with fulvalene and 

intermolecular DECRE cyclizations. Nonetheless, the work presented in this chapter has 

demonstrated the wide scope of applications of the palladium mediated DECRE 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 structures, X-ray crystallography was performed on 

241 and 253 by Prof. Jonathan White (University of Melbourne) and are shown below in 

Figure 6. Compounds 241 and 253 were found to be non-planar and have a twisted nature. 

Further crystallography data is described in appendix 8.2.  

 

Figure 6: Crystal structures obtained of unsymmetrical 241 and tetrayne 253 
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Chapter 3: Results and discussion: Exploration of alternate methods for the readily 

access of extended polycycle structures 

 

 

Scheme 57: Previous work towards nonplanar acene structures 

Previous work within our group has allowed the successful access of nonplanar acenes 

structures as mentioned in Chapter 1.7.2. Scheme 57 depicts the successful formation of 

ñskippedò polyynes that ranged from a simple monoyne through to a tetrayne. To date our 

group (Dillon, El-Hawli, Flynn unpublished results), have successfully iodocyclized 263 to 

give compound 264 which then underwent post-cyclization modifications such as Suzuki 

coupling to couple on a nitro or p-trifluorobenzene substituent giving 266 (20%) and 267 (68%). 

Furthermore heptyne 268, has been accessed and iodocyclized to give 269 (still under study). 
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Scheme 58: Proposed synthetic route for preliminary studies of accessing polycyclic structures 

The objective in this Chapter of the project involves investigating the readily access to 

polycyclic structures via previously studied DECRE conditions as reported in Chapter 2. As 

described in previous Chapters, the nucleophilic source of previous studies has mainly 

contained heteroatoms such as S, N, and O, leading us to want to explore the possibility of 

cyclizations where aromatic rings (benzene rings) are the nucleophile source as shown in 

Scheme 58. We also hypothesize the possible further expansion onto larger polyyne systems, 

with the use of 1,2-diiodobenzene instead.   

In addition to this, another aim in this Chapter is to explore 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 the initial communication.102 Moreover, with 

previous success in carrying out the DECRE bidirectionally in Chapter 2, this further prompted 

our interest in studying a bidirectional double iodocyclization (Scheme 59).  
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Scheme 59: Proposed bidirectional double iodocyclization pathway accessing 275 
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3.1 Preliminary polyyne cyclization studies 

 

Scheme 60: Synthetic pathway accessing monoyne 162 

Our studies began with first accessing the alkyne starting material substrate 162. Commercially 

available 1-bromo-2-iodo-benzene underwent a Sonagashira coupling of TMS-acetylene and 

Suzuki coupling with 3,5-dimethoxyphenylboronic acid to yield 277 in 88%. This intermediate 

was then silyl deprotected and lastly Sonagashira coupled with iodobenzene to give the 

monoyne 162 in 88% yield (Scheme 60).  

 

Scheme 61: Initial cyclization attempts studied for cyclization of 162 

Table 6: Reaction conditions attempted for DECRE cyclization of 162 Ÿ 163 (Scheme 61) 

Entry  Pd Catalyst  Oxidant Solvent  Temp. Time Product 

1 1.1 eq - DMSO 100 °C 18 h 163: 9% 

2 0.1 eq Chloranil (1 eq)  DMSO 100 °C 18 h Degradation 

3 0.1 eq DDQ (1 eq) DMSO 100 °C 24 -96 h 278: 14% 
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Once monoyne 162 was accessed, stoichiometric DECRE conditions were first attempted 

(Table 6, Entry 1). The 1H NMR aliquot study taken at set monitored time intervals showed a 

complex crude 1H NMR and upon purification, it was determined that endo-endo product 163 

was obtained. 1H NMR and 13C 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 unstable by-products 

formed. With the low yielding outcome of the stoichiometric DECRE condition attempt, we 

attempted employing previously optimised catalytic DECRE conditions using a co-oxidant 

developed from Chapter 2. The first attempt was with chloranil as the oxidant (Table 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 chloride by-products that were likely 

formed. We next moved onto attempting the cyclization with DDQ (Table 6, Entry 3). The 

aliquot study conducted showed a very slow consumption of starting material, with starting 

material 162 still present in the 1H NMR even with the reaction time extended to 96 h. 

Confirmation of 278 formation was mainly indicated from the 1H NMR and 13C NMR 

indicating an unsymmetrical product had formed with 4 singlet peaks in the aliphatic region, 

corresponding to 4 methoxy groups present. Upon purification it was determined that the endo-

exo cyclized product 278 had formed. It was thought that the large presence of starting material 

remaining was the main reason as the low yield of 278 obtained (14%), along with the product 

being sensitive on silica. The proposed mechanisms of both endo-endo and endo-exo 

cyclizations are described below in Scheme 62. 
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Scheme 62: Proposed mechanisms leading to endo-exo cyclized compound 278 
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Scheme 62 describes the mechanism leading to the formation of obtained endo-exo cyclized 

product 278. Two units of monoyne 162 was initially intended to undergo two endo 

cyclizations to give the symmetrical dimer product 163. However, we proposed that one 

equivalent undergoes endo cyclization and likely due to steric factors, the second monoyne 

undergoes exo cyclization whilst corresponding to the same palladium. Intermediate 281 then 

undergoes a reductive elimination of the palladium source giving us 278. This was confirmed 

by the mass present on mass spectroscopic analysis as well as the 13C NMR 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 cyclizations is likely 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 to the low yields being obtained. 

 

Scheme 63: Accessing methoxy polyyne variant 298 and subsequent cyclization 

A methoxy electron-donating group was introduced to the compound in an attempt to redirect 

the cyclizations to the desired endo-endo cyclizations (Scheme 63). 1-Iodo-4-methoxybenzene 

was coupled using Sonagashira method with 271 accessing 283 in satisfactory yield (70%). 

Intermediate 283 was cyclized with stoichiometric amounts of palladium catalyst however 

upon purification, endo-exo cyclized compound 284, albeit in low yield (7%). 
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3.2 Extension of cyclization substrates 

 

Scheme 64: Proposed synthetic method to access extended diyne 285 followed by cyclization 

synthesizing 287 

With preliminary intermolecular cyclization studies on the monoyne deemed unpromising, we 

hypothesized the possible successful intramolecular cyclizations as depicted in Scheme 64. 

Scheme 64 shows the proposed synthetic pathway to access diyne structure 285 through a 

double Sonagashira coupling of 271 with 1,2-diiodobenzene. 285 will then cyclize 

intramolecularly to give twisted acene 287.   

 

Scheme 65: Accessing diyne 288 and stoichiometric and catalytic cyclization attempts 
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Table 7: Cyclization conditions attempts of 288 Ÿ 287 (Scheme 65) 

Entry  Catalyst Oxidant Solvent Temp. Time Outcome 

1 Pd(TFA)2 (1.1 eq) - DMSO 100 °C 18 h Degradation 

2 Pd(TFA)2 (0.1 eq) DDQ (1 eq) DMSO 100 °C 48 h Starting material 288 

Diyne structure 288 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 crude 1H NMR 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 material 287 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 preliminary studies 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 possibility of a bidirectional 

double iodocyclization. Studies were initiated by first accessing the simpler diyne 177 that has 

been previously accessed in our group.102 This involved Glaser coupling of terminal alkyne 

176 and subsequent iodocyclization with NIS giving 130 in high yield (90%).  

  

Scheme 66: Homocoupling of 176 and subsequent iodocyclization accessing 130 

Flynn and Gupta have explored subsequent ring-closing reactions such as the Heck reaction 

with styrene, Ulmann coupling with N,N-dimethylethane-1,2-diamine, lithiation mediated 

additions with dichlorodimethylgermane and Buchwald-Hartwig coupling with 4-hexylaniline 

as shown below in Scheme 67.102 Following their successful preliminary results, we were 

interested to revisit the Buchwald-Hartwig coupling, in particular a double Buchwald-Hartwig 

coupling as shown in Scheme 67. We first repeated Gupta and Flynnôs reported method of the 
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Heck reaction with styrene to revalidate the coupling ability of 130 and this was successful in 

accessing 292 albeit in a lower yield (30%).  

 

Scheme 67: Previous studies of ring-closing reactions102  

To access the larger tetrayne alkyne starting material 166, a Corey-Fuchs reaction involving 

aldehyde 248 was converted into the gem di-bromide and lithiated with n-BuLi to give the 

terminal alkyne 298 (100%). Commercially available 3,4-dibromothiophene was converted to 

299 with n-BuLi and dimethyl disulphide and iodinated to give 165. Thiophene intermediate 

165 was then Sonagashira coupled with 298 yielding tetrayne intermediate 166 (69%) and 

finally iodocyclized to give the intermediate 275 in 74% yield.  
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Scheme 68: Synthetic route to access tetraiodo intermediate 275 (compound 165 was provided by 

fellow group member Dr. Giang Le) 

3.4 Double Buchwald-Hartwig coupling reaction 

 

Scheme 69: Double Buchwald-Hartwig coupling attempts 

Table 8: Varying Buchwald-Hartwig coupling attempts of 275 Ÿ 296 (Scheme 69)   

Entry  Conditions Time Outcome 

1 Microwave 130  2 h Extreme difficulty with purification, minimal product 

was isolated (7%) 

2 Microwave 130  4 h Degradation 

3 Reflux 110  6 h Starting material 275 

Several double Buchwald-Hartwig coupling attempts were carried out, with varying 

temperature and reaction duration conditions. Table 8, Entry 1  utilized previous optimised 
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Buchwald-Hartwig conditions determined by our group. Whilst product was observed in the 

crude 1H NMR, difficulty was experienced in chromatography purification due to the product 

being extremely unstable on silica as well as the formation of multiple by-products. This led to 

minimal amounts of impure product isolated (7%) as shown in Figure 9, with further 

purification yet to be completed. Formation of 296 was also further confirmed with correct 

mass identified in mass spectroscopic analysis.  

 

Figure 9: 1H NMR spectra of isolated product 296 

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

to degradation (Table 9, Entry 2). A final attempt saw a slight lowering of temperature to 

110 , however the aliquot study indicated only starting material was present with no product 

formation. Due to time constraints, further purification efforts were not performed and efforts 

were redirected to other aims. 

3.5 Conclusion and future 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 intramolecular cyclization reactions on 
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the monoyne yielded the endo-exo cyclized compounds 279 and 284 in 14% and 7% 

respectively. Endo-endo cyclized dimer 163 was accessed when catalytic conditions with DDQ 

were employed however the reasoning as to this occurrence is yet to be 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 Buchwald-Hartwig studies were successful in forming 

product 296, 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 we have demonstrated that this proof of concept was achieved for 

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

 

Scheme 70: Summary of heteroacene structures afforded within this chapter
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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 formation of 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 medicinal chemistry due to their presence in many natural and synthetic 

compounds that contain biomedical and biological activity.119, 120 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 below in Scheme 71.  
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Scheme 71: Initial proposal of pyrrole studies to access macromolecule structures 

Our initial proposed scheme involves utilizing N-phenylpyrrole, 168, accessing compound 169 

via multiple synthetic steps, and homocoupling it to access intermediate 170. Intermediate 170 

would be able to undergo cyclizations, particularly double electrophilic cyclizations (DEC) 

with various electrophile sources such as TeCl4, SeCl2, SCl2. 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 

 

Scheme 72: Synthetic steps attempted to access pyrrole derivative 310 for preliminary cyclization 

studies 

We initiated our studies by Sonagashira coupling 1-bromo-2-iodobenzene with TMS-acetylene 

and a silyl deprotection to access 308 (92%), which was further Glaser coupled accessing 309 

in 35% yield. Zheng and co-workers have demonstrated the successful CuCl-cataylzed 

cycloaddition of 1,3-butadiynes with primary amines to form up to 18 examples of 

trisubstituted pyrroles.121 Similar conditions were repeated, however this was unsuccessful in 

forming 310 with only starting material and aniline present after the conducted aliquot study. 
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Scheme 73: Alternative pathways attempted to access 310 

With CuCl-catalyzed cycloaddition of 309 being unsuccessful, alternative attempts were 

carried out. Scheme 73, Pathway 1 describes commercially available 168 firstly undergoing 

bromination with NBS in DMF accessing 311 in 73% yield. The next step of Suzuki coupling 

with (2-hydroxyphenyl)boronic acid was unsuccessful in accessing 312 with only 

monocoupled product being obtained. A similar method reported by Hagui and co-workers 

where they reported the use of palladium-catalyzed C-H bond arylations to synthesize a range 

of heterocycles with a bridgehead nitrogen atom was attempted (Scheme 73, Pathway 2).122 
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Its proposed mechanism is shown above wherein the Pd(II) catalyst first reacts with the pyrrole 

at the C-2 position forming intermediate 313. This is subsequently displaced by sulfinic acid 

forming intermediate 314. 314 undergoes desulfination generating the aryl-palladium complex 

315 and a reductive elimination of 315 gives the product 316. This successfully yielded 310 in 

46%. 

 

Scheme 74: Synthetic pathway to access intermediate 169 

The subsequent steps of this pathway involved 310 deprotonated with n-BuLi and iodinated to 

give 317 (92%). Lastly, a Sonagashira coupling with TMS-acetylene and a silyl deprotection 

with K2CO3 were done to access the terminal alkyne diyne 169 (100%). 

 

Scheme 75: Homocoupling attempt to access intermediate 170 
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Homocoupling of terminal alkyne 169 was attempted utilizing conditions reported by Maedaôs 

research group where they successfully homocoupled large pyrrole ring systems.123 This 

included use of Cu(OAc)2, as well as atmospheric oxygen due to reported literature of their 

success in aiding and/or facilitating homocoupling.124, 125 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 formed. 1H NMR indicated an extremely 

messy crude that proved to be unstable upon purification. It was thought that competing 

polymerization is the main reason as to why formation of 170 is challenging. Moreover, the 

conformational bias in 321 might disfavour cyclization contributing to the difficulty of 

cyclization to form 170.   

 

Scheme 76: Competing polymerization leading to difficulty of formation of 170 

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

Due to the inability to synthesize 170, alternate cyclization studies were of interest to us, such 

as the DEC and iodocyclization. 
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Scheme 77: Preliminary cyclization studies attempted on tetrayne 172 

Scheme 77 demonstrates the synthesis of 172 through a double Sonagashira coupling of 317 

with terminal alkyne 298 in 27% yield. 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 study. A DEC cyclization utilizing double 

slow addition of TeCl4 in THF and 172 added simultaneously to heated DCE was attempted, 

however it was observed that only starting material 172 was present after the aliquot study. 

Iodocyclization was also attempted, however the 1H NMR indicated an extremely messy crude 

that was unstable and degraded upon purification.  

Scheme 78: Preliminary iodocyclization studies on diyne 174 

Table 9. Varying reaction conditions studied for iodocyclization of 174 Ÿ 324 (Scheme 78) 

Entry  Reaction Conditions Solvent  Temp. Time Product 

1 NIS (2.4 eq), PPh3 resin (2.4 eq) DCE 0 - 22 °C 2 - 48 h 325: 69% 

3 ICl (3 eq), NaHCO3 (3 eq) Et2O 22 °C 18 h Degradation 

3 I2 (6 eq) DCE 50 - 85 °C 2 ï 48 h 326: 33%  

4 I2 (6 eq) Chlorobenzene  Reflux 140 °C 2 ï 48 h 326: 10% 
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Due to the unsuccessful iodocyclization of tetrayne 172, a simpler diyne system was accessed 

and studied. Phenyl acetylene was first coupled using Sonagashira method with 317 to access 

174 (86%), and various iodine sources was employed in an attempt to successfully synthesize 

324. NIS and PPh3 resin were first attempted, however upon purification it was determined that 

325 had formed in moderate yield (69%) (Table 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. The 1H NMR also had a noticeable upfield shift of a singlet corresponding to the single 

proton of the pyrrole ring. Mass spectroscopic analysis had also confirmed that the mono-

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 1H 

NMR of the crude, that was unable to be purified due to being unstable during chromatography 

(Table 9, Entry 2). The last iodine source studied was I2 however this gave product 326 (Table 

9, Entry 3  & 4). 1H NMR of the main product isolated indicated a noticeable downfield shift 

of the singlet peak corresponding to the protons of the pyrrole ring. 13C NMR also indicated a 

symmetrical product had formed with no peaks present within the alkyne region leading us to 

conclude formation of 326.  

4.3 Investigation of metal-mediated protocyclizations 

With the unsuccessful iodocyclizations outcomes, we next turned to metal-mediated 

protocyclizations of pyrrole scaffolds. Protocyclizations of aryl alkynes, including pyrroles are 

relatively well precedented (Scheme 79) and a variety of transition metal catalysts have been 

explored for this type of cyclization.126-132  
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Scheme 79: Metal-mediated cyclization studies on pyrrole scaffold 
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Table 10. Screening of transition metals employed for cyclization of 174 Ÿ 175 (Scheme 79) 

Entry  Metal Solvent  Temp. Time Product 

1 PtCl2 (0.08 eq) Toluene 90 °C 3 h 175: 33% 

2 Pd(TFA)2 (0.08 eq) Toluene 110 °C 48 h Starting material 174 

3 AgOTf (0.1 eq) DCE 70 °C 18 h 175: 54% 

4 AlCl3 (0.1 eq) DCE 22 - 70 °C 3 ï 18 h Starting material 174 

5 Fe(OTf)3 (0.1 eq) DCE 80 °C 1 - 48 h 175: 43% 

6 InCl3 (0.3 eq) Toluene 100 °C 1 h 175: 78% 

7 AuCl(PPh3) (0.1 eq), AgSbF6 

(0.1 eq) 

Toluene 110 °C 1 h 175: 70% 

8 InCl3 (0.3 eq) Toluene 70 °C 1 h 175: 80% 

9 InCl3 (0.1 eq) Toluene 70 °C 1 h 175: 95% 

10 AuCl(PPh3) (0.1 eq), AgSbF6 

(0.1 eq) 

Toluene 70 °C 1 h 175: 86% 

      

A screening of various conditions and metals was conducted on compound 174. Table 10, 

Entry 1  utilized PtCl2 yielding 175 in 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 the 1H NMR as well as 13C NMR indicating loss of all 

peaks in the alkyne region. A change to Pd(TFA)2 saw no product formation, with only starting 

material present during the aliquot study conducted (Table 10, Entry 2). Table 10, Entry 3 

involved utilizing AgOTf and this gave a moderate yield of 54%. AlCl3 failed to achieve any 

cyclization conversion to product, returning 174 (Table 10, Scheme 4). Precedent literature 

described successful cyclization at 22 °C after 3 h, however the observed 1H NMR aliquot 

study conducted only displayed starting material present after this time, with no product 

formation observed regardless of further heating and a longer reaction time (Table 10, Entry 

4).128 Fe(OTf)3 saw a very slow conversion of starting material to product and it was observed 

full consumption of starting material was not further improved with a longer reaction time, 

leading to only 43% yield being obtained (Table 10, Entry 5). Lastly, InCl3 and AuCl(PPh3) 

with AgSbF6 successfully formed 175 with 78% and 70% yields, respectively (Table 10, Entry 

6 & 7).  

With results from the preliminary studies being promising, optimization of reaction conditions 

was conducted, in particular, conditions of Table 10, Entry 6  and 7. InCl3 conditions were first 

optimized with Table 10, Entry 8  successfully lowering the high temperature to 70 °C 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 eq (Table 10, Entry 9). Similarly, AuCl(PPh)3 and AgSbF6 was 

found to play dual roles of activating the alkyne and was found to cyclize 174 successfully at 

a reduced temperature, synthesizing 175 in a high yield (86%).  

Variations of scaffold 174 were proceeded to be accessed, in particular a heptoxy group as 

shown in Scheme 80. Commercially available 4-iodophenol first undergoes a Williamson 

Ether reaction with 4-bromoheptane yielding 344 (73%). Subsequent steps included a 

Sonagashira coupling with TMS-acetylene and silyl deprotection giving 346 in high yield 

(92%). 346 was reacted in a double Sonagashira coupling with 317 to access the diyne 347 

(53%) which was successfully cyclized to give 348 in 79% yield.  

 

Scheme 80: Synthetic route accessing heptoxy diyne 336 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 (Scheme 81). 317 was Sonagashira coupled with 2-ethynylthiophene accessing 

349 in high yield (95%). The last step of cyclization with InCl3 successfully gave 350 (87%). 
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Scheme 81: Accessing and cyclization of thiophene variant 349 

4.4 Study of a bidirectional application of protocyclizations 

 

Scheme 82: Sonagashira attempts to access intermediate 352  

Table 11. Varying reaction conditions for Sonagashira coupling 351 Ÿ 352 (Scheme 82) 

Entry  Alkyne 335 Conditions Temp. Product 

1 1.1 eq Pd(PPh3)4 (0.1 eq), CuI (0.05 eq), DIPA 60 °C Homocoupled 346 

2 0.25 eq Pd(PPh3)4 (0.1 eq), CuI (0.1 eq), DIPA 60 °C Homocoupled 346 

3 1.1 eq Pd(dppf)Cl2 (0.1 eq), CuI (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 utilized 1,2-diiodobenzene 205 and Sonagashira 

coupled TMS-acetylene accessing 351 (63%). Several Sonagashira coupling attempts of 351 

with terminal alkyne 346 were studied (Table 11). Table 11, Entry 1  employed 1.1 eq of 

terminal alkyne 346 however the aliquot study done indicated the main product that had formed 

was homocoupled 346 with only trace amounts of product observed in the 1H NMR and mass 

spectroscopic analysis. In an attempt to reduce the occurrence of homocoupling, the 

equivalence of terminal alkyne was reduced to 0.25 eq (Table 11, Entry 2). Regardless, this 

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

attempt involved a change of catalyst to Pd(dppf)Cl2, as well as a higher temperature employed 
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(Table 11, Entry 3). Whilst this did form 352, it was low yielding with only 33% of product 

formed as homocoupled 346 was still found to be the dominating product.  

 

Scheme 83: Alternative pathway to access terminal alkynes 356 & 357  

Due to the unsatisfactory yield of 352 obtained, an alternative pathway was preferred. This 

involved a Sonagashira coupling, accessing 354 (83%) and 355 (82%), followed by a Seyferth-

Gilbert homologation. The Seyferth-Gilbert homologation converts aldehydes or aryl ketones 

to substituted alkynes utilizing dimethyl-1-diazo-2-oxopropylphosphonate (Ohira-Bestmann 

reagent), with its mechanism described below in Scheme 84.133, 134 This successfully 

synthesized compounds 356 (76%) and 357 (79%) respectively.  

Scheme 84: Seyferth-Gilbert homologation mechanism converting an aldehyde to an alkyne  
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Scheme 85: Different coupling methods attempted to access tetrayne 68 

Several pathways were attempted to access tetrayne 365. Scheme 85, Pathway 1 employed 

Sonagashira conditions, however no product formation had occurred with only homocoupled 

356 being isolated. In an attempt to minimize homocoupling, the alkyne 356 equivalence and 

slow addition duration was increased to 5 eq being added over the span of 4.5 h. However, 

mass spectroscopic analysis indicated only homocoupled 356 and starting material 317 was 

present. A second method utilizing n-BuLi and InCl3 was attempted, although no improvement 

in outcome was observed (Scheme 85, Pathway 2). A final attempt saw the successful 

formation of 365 in 60% yield via Negishi coupling with iPrMgCl (Scheme 85, Pathway 3). 
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Scheme 86: Cyclization attempts of tetrayne 366 

Table 12. Conditions for the cyclization of 365 Ÿ 366 (Scheme 86) 

Entry  Metal Solvent  Temp. Time Product 

1 InCl3 (0.1 eq) Toluene 70 °C 18 h Complex mixture 

2 AuCl(PPh3) (0.1 eq), AgSbF6 (0.1 eq) Toluene 70 °C 1 h 366: 73% 

Once tetrayne 365 was synthesized, we attempted a bidirectional cyclization with InCl3 

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

that was difficult to assign to product 366. A second attempt with AuCl(PPh3) saw the 

successful cyclization of 365, giving 366 in satisfactory yield of 73% (Table 12, Entry 2). This 

was confirmed with 1H NMR and 13C NMR indicating a singular symmetrical product being 

formed, as well as mass spectroscopic analysis indicating the correct mass present. 
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Scheme 87: Accessing and successful cyclization of 367 affording 368 

The second tetrayne structure that was synthesized was the heptoxy variant as shown in 

Scheme 87. Terminal alkyne 357 was first Negishi coupled with 317 accessing tetrayne 367 in 

79% yield. This was then successfully cyclized affording compound 368 (84%).  
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Scheme 88: Synthetic route to access hexyne compound 371 

With the successful formation and cyclizations of tetrayne scaffolds, attempts to build a larger 

structure, hexyne, was attempted (Scheme 88). 351 was Sonagashira coupled with terminal 

alkyne 357 forming intermediate 369 (75%), followed by a silyl deprotection to access 370 in 

78% yield. A Negishi coupling with 317 was attempted however this was unsuccessful with 

only starting material present in the 1H NMR. Due to time restrictions, further attempts were 

not conducted and remains as part of future work within our group.  

4.5 UV-Vis data analysis and discussion 

As in Chapter 2, UV-Vis absorbance studies were also conducted of the cyclized compounds. 

The optical properties of the compounds were measured by UV-Vis absorption spectra in 

chloroform solution (100 µM) as shown in Figure 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 compounds 355 and 357 accounting for their prominent colour 

characteristic. 
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UV-Vis absorbance spectra (100 µM in CHCl3) of heteroacenes 175, 348, 350, 366 and 368: 

 

 

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

4.6 Conclusion and future work  
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The work in this chapter has presented a thorough investigation into metal-mediated 

protocyclizations of pyrrole scaffolds, successfully forming a range of cyclized diynes such as 

176, 348 and 350. Tetraynes 366 and 368 were also obtained through successful bidirectional 

cyclizations (Scheme 89).  

Whilst metal-mediated protocyclizations have been successful, there are also limitations as to 

other cyclization methods that were studied on pyrrole scaffolds. Cyclizations mediated by 

halides such as iodine 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 TeCl4 in a related DEC cyclization. Further efforts within this 

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

as well as accessing larger hexyne compounds such as 371 and subsequent cyclization studies.  

 

Scheme 89: Summary of successfully protocyclized compounds  

Similarly to Chapter 2, X-ray crystallography was performed on 175 and 368 by Prof. Jonathan 

White (University of Melbourne) and are shown below in Figure 12. Compounds 234 and 256 

were found to be non-planar and have a twisted nature. Further crystallography data is 

described in appendix 8.2. 
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Figure 12: Crystal structures cyclized compounds 175 and 368 
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Chapter 5: Conclusion and Future Work 

 

In conclusion, the work presented in this thesis has clearly investigated and identified several 

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

alkyne activation. Scheme 90 highlights some of the key compounds that were successfully 

obtained in each chapterôs relevant methodology studies.  

 

Scheme 90: Summary 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 non-planar achiral compounds such as various cyclized diynes with different 

heteroatoms incorporated as well as tetraynes 243 and 253. Chapter 3 explored the DECRE 

cyclization but intermolecularly. Monoyne systems were found to undergo either endo-endo 

cyclization giving product 163, or endo-exo cyclized compound 278. The exact reasons leading 

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

of future work to be studied by our group. Double Buchwald-Hartwig coupled material 296 

was also successfully synthesized however, full characterization is yet to be completed. 

Chapter 4 of this thesis investigated metal mediated protocyclizations and successfully 

accessed a class of chiral planar polycyclic pyrroles such as 175 and 368. An area that could 

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

Due to time constrains, enantioselective/asymmetric synthesis 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 shown in Figure 13. Additionally, future work within this thesis 

includes exploring changes of direct substituents and evaluation of their photonic properties, 

such as their near infrared absorbance.  

 

Figure 13: Examples of chiral phosphines and counterion gold complexes that remain part of future 

work.135-139 
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Chapter 6: Experimental  

 

6.1 General Experimental 

All reactions were performed under an inert atmosphere of anhydrous N2 (g) and all glassware 

used was dried by heating under vacuum before use. All reactions heated above 22 °C were 

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

in an anhydrous form and stored under N2 (g). Solvents used in reaction extractions and 

chromatography and all other reagents were used as supplied by commercial vendors without 

further purifications or drying. All column chromatography was performed on silica gel (40-

63 ɛm) unless otherwise indicated. Analytical TLC was performed using aluminium backed 

0.2 mm thick silica gel 60 GF245 plates (Merck). TLC plates were analysed using a 254 nm 

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

by heating. 1H NMR spectra were obtained at 400 MHz and 13C DEPT-Q NMR spectra at 100 

MHz, the number of attached hydrogens to each carbon atom was determined using 

Distortionless Enhancement by Polarization Transfer with detection of quaternary carbons 

(DEPTQ-135), as indicated. Chemical shifts were calibrated using residual nondeuterated 

solvent as an internal reference and are reported in parts per million (ŭ) relative to 

trimethylsilane (ŭ = 0). High-resolution mass spectra were recorded on both a time-of-flight 

mass spectrometer fitted with either an electrospray (ESI) ion or atmospheric pressure chemical 

ionization (APCI) source, the capillary voltage was 4000 V or on an extractive mass 

spectrometer fitted with an ASAP ion source. The 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 gas 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 

chromatographyīMass spectrometry (LCīMS) was performed using either APCI or ESI 

LCīMS. Each method used 254 nm detector and a reverse phase C8(2) 5 ɛ 50 Ĭ 4.6 mm 100A 

column. The column temperature was 30 ÁC and the injection volume, 5 ɛL. The eluent system 

used was solvent A (H2O 0.1% formic acid) and solvent B (MeCN 0.1% formic acid). The 

gradient for ESI was 5 to 100% B over A over 4 min then eluted 100% B for 6 min. The 

gradient for APCI 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). 
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6.2 Chapter 2 Experimental  

Trimethyl((2 -(methylthio)phenyl)ethnyl)silane (183)   

 

2-Iodothioanisole (8.10 g, 32.4 mmol) and Et3N (100 mL) were added to a flask and degassed 

with N2 (g) × 3. Pd(PPh3)2Cl2 (0.63 g, 0.97 mmol) and CuI (0.46 g, 2.59 mmol) were added 

and the flask was degassed again with N2 (g) × 3. Trimethylsilylacetylene (5.53 mL, 38.9 mmol) 

was added dropwise and the reaction stirred for 18 h at 22 °C. After this time, the reaction was 

concentrated in vacuo before being dissolved in Et2O (25 mL) and filtered over Celite®, 

washing with Et2O (20 mL). The organic solution was washed with H2O (2 × 20 mL) and brine 

(2 × 20 mL). The organic layer was dried with MgSO4, filtered off and concentrated in vacuo 

to result in a dark yellow oil. The crude residue was purified by column chromatography (silica 

gel, n-hexanes) to give the product as a yellow oil (7.09 g, 99%). 1H NMR (400 MHz, CDCl3) 

ŭ 7.42 (dd, J = 7.7, 1.0 Hz, 1H), 7.32 ï 7.23 (m, 1H), 7.13 (d, J = 8.1 Hz, 1H), 7.06 (td, J = 7.5, 

1.2 Hz, 1H), 2.48 (s, 3H), 0.28 (s, 9H). Spectra conforms to previously reported data.105 

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

 

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

Et2O (22 mL) and MeOH (100 mL) were added to the flask and allowed to stir for 18 h at 22 °C. 

After this time, the reaction was diluted with H2O (25 mL) and extracted with Et2O (3 × 20 

mL) and washed with cold sat. NH4Cl (aq.) (20 mL) and brine (2 × 20 mL). The combined 

organic layers were dried with MgSO4, filtered and concentrated in vacuo to result in a brown 

oil (4.47 g, 94%) without needing further purification. 1H NMR (400 MHz, CDCl3) ŭ 7.46 (dd, 

J = 7.6, 1.5 Hz, 1H), 7.35 ï 7.29 (m, 1H), 7.17 (d, J = 8.0 Hz, 1H), 7.09 (td, J = 7.5, 1.2 Hz, 

1H), 3.47 (s, 1H), 2.50 (s, 3H). Spectra conforms to previously reported data.105 
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((2-Methoxyphenyl)ethynyl)trimethylsilane (185) 

 

2-Iodoanisole (10.0 g, 42.7 mmol) and Et3N (150 mL) were added to a flask and degassed with 

N2 (g) × 3. Pd(PPh3)2Cl2 (0.60 g, 0.85 mmol) and CuI (0.08 g, 0.43 mmol) were added and the 

flask was degassed again with N2 (g) × 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 H2O (25 mL) and extracted with Et2O (3 × 20 mL) and washed with 

H2O (20 mL) and brine (2 × 20 mL). The combined organic layers were dried with MgSO4, 

filtered off and concentrated in vacuo to result in a dark brown oil. The crude residue was 

purified by column chromatography (silica gel, EtOAc:n-hexanes 2:8) to give the product as a 

brown oil (8.53 g, 98%). 1H NMR (400 MHz, CDCl3) ŭ 7.43 (ddd, J = 7.6, 1.8, 0.4 Hz, 1H), 

7.31 ï 7.25 (m, 1H), 6.91 ï 6.83 (m, 2H), 3.88 (s, 3H), 0.26 (s, 9H). Spectra conforms to 

previously reported data.109 

1-Ethynyl -2-methoxybenzene (186) 

 

((2-Methoxyphenyl)ethynyl)trimethylsilane (8.53 g, 41.8 mmol), KF (4.85 g, 83.5 mmol), Et2O 

(39 mL) and MeOH (150 mL) were added to the flask and allowed to stir for 18 h at 22 °C. 

After this time, the reaction was diluted with H2O (20 mL) and extracted with Et2O (3 × 20 

mL) and washed with H2O (2 × 20 mL) and brine (2 × 20 mL). The combined organic layers 

were dried with MgSO4, filtered off and concentrated in vacuo to result in a brown oil (5.18 g, 

94%) without needing further purification. 1H NMR (400 MHz, CDCl3) ŭ 7.47 (dd, J = 7.5, 1.8 

Hz, 1H), 7.35 ï 7.30 (m, 1H), 6.94 ï 6.87 (m, 2H), 3.91 (s, 3H), 3.31 (s, 1H). Spectra conforms 

to previously reported data.110  
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2-Iodo-N,N-dimethylaniline (188) 

 

2-Iodoaniline (5.00 g, 22.8 mmol) and DMF (110 mL, 0.2 M) were added to the flask. K2CO3 

(6.31 g, 45.7 mmol) was added, followed by a dropwise addition of MeI (5.68 mL, 91.3 mmol) 

and the reaction was stirred for 18 h at 40 °C. After this time, the reaction was diluted with 

H2O (20 mL) and extracted with EtOAc (3 × 20 mL) and washed with H2O (2 × 15 mL) and 

brine (2 × 15 mL). The combined organic layers were dried with MgSO4, filtered off and 

concentrated in vacuo to result in a light orange oil (5.38 g, 95%) without needing further 

purification. 1H NMR (400 MHz, CDCl3) ŭ 7.85 (dd, J = 7.8, 1.5 Hz, 1H), 7.36 ï 7.27 (m, 1H), 

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

previously reported data.111 

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

 

2-Iodo-N,N-dimethylaniline (5.38 g, 21.77 mmol) and Et3N (100 mL, 0.2 M) were added to the 

flask and degassed with N2 (g) × 3. Pd(PPh3)2Cl2 (0.31 g, 0.44 mmol) and CuI (0.001 g, 0.001 

mmol) were then added and the flask was degassed again with N2 (g) × 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 with H2O (25 mL) 

and extracted with Et2O (3 × 20 mL) and washed with H2O (2 × 20 mL) and brine (2 × 20 mL). 

The combined organic layers were dried with MgSO4, filtered and concentrated in vacuo to 

result in a dark brown oil. The crude residue was purified by column chromatography (silica 

gel, EtOAc:n-hexanes 1:9) to give the product as a brown oil (4.46 g, 94%). 1H NMR (400 

MHz, CDCl3) ŭ 7.42 (d, J = 7.8 Hz, 1H), 7.25 ï 7.18 (m, 1H), 6.89 ï 6.79 (m, 2H), 2.95 (s, 

6H), 0.26 (s, 9H). Spectra conforms to previously reported data.11 
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2-Ethynyl -N,N-dimethylaniline (190) 

 

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

Et2O (35 mL), and MeOH (175 mL) were added to the flask and allowed to stir for 18 h at 

22 °C. After this time, the reaction was diluted with H2O (20 mL) and extracted with Et2O (3 

× 20 mL) and washed with H2O (2 × 20 mL) and brine (2 × 20 mL). The combined organic 

layers were dried with MgSO4, filtered and concentrated in vacuo to result in a dark yellow oil. 

The crude residue was purified by column chromatography (silica gel, DCM:n-hexanes 5:5) to 

give the product as a yellow oil (1.87 g, 63%). 1H NMR (400 MHz, CDCl3) ŭ 7.46 (dd, J = 7.6, 

1.7 Hz, 1H), 7.30 ï 7.24 (m, 1H), 6.94 (d, J = 8.3 Hz, 1H), 6.89 (td, J = 7.5, 1.1 Hz, 1H), 3.42 

(s, 1H), 2.94 (s, 6H). Spectra conforms to previously reported data.111 

(2-Iodophenyl)(methyl)selane (191) 

 

A solution of 2-iodoaniline (1.50 g, 6.85 mmol), dimethyl diselenide (1.94 mL, 20.6 mmol), 

isopentyl nitrite (2.76 mL, 20.55 mmol), and DCE (34.2 mL, 0.2 M) were added to a flask and 

stirred at reflux for 1 h in the dark. After this time the reaction was concentrated in vacuo before 

being diluted with H2O (20 mL) and extracted with Et2O (3 × 20 mL) and washed with H2O (2 

× 15 mL) and brine (2 × 15 mL). The combined organic layers were dried with MgSO4, filtered 

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

oil (1.96 g, 96%) without needing further purification. 1H NMR (400 MHz, CDCl3) ŭ 7.75 (dd, 

J = 7.8, 1.4 Hz, 1H), 7.30 (ddd, J = 7.9, 7.3, 1.4 Hz, 1H), 7.18 (dd, J = 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.112 
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Trimethyl((2 -(methylselanyl)phenyl)ethynyl)silane (192) 

 

(2-Iodophenyl)(methyl)selane (1.96 g, 6.59 mmol) and DIPA (32.9 mL, 0.2 M) were added to 

the flask and was degassed with N2 (g) × 3. Pd(PPh3)4 (0.23 g, 0.20 mmol) and CuI (0.08 g, 

0.40 mmol) was then added and the flask was then degassed again with N2 (g) × 3. 

Trimethylsilylacetylene (2.79 mL, 19.6 mmol) was added dropwise and the reaction was 

allowed to stir for 2 h at 60 °C. After this time the reaction was diluted with H2O (20 mL) and 

extracted with Et2O (3 × 20 mL) and washed with H2O (2 × 15 mL) and brine (2 × 15 mL). 

The combined organic layers were dried with MgSO4, filtered and concentrated in vacuo to 

result in brown oil (1.70 g, 97%) without needing further purification. 1H NMR (400 MHz, 

CDCl3) ŭ 7.42 ï 7.39 (m, 1H), 7.25 ï 7.23 (m, 2H), 7.13 ï 7.08 (m, 1H), 2.34 (s, 3H), 0.29 (s, 

9H). Spectra conforms to previously reported data.113 

(2-Ethynylphenyl)(methyl)selane (193) 

 

Trimethyl((2-(methylselanyl)phenyl)ethynyl)silane (2.30 g, 8.60 mmol), K2CO3 (3.57 g, 25.8 

mmol), MeOH (36 mL) and DCM (18 mL) was added to a flask and allowed to stir for 18 h at 

22 °C. After this time, the reaction was diluted with H2O (15 mL) and extracted with Et2O (3 

× 15 mL) and washed with H2O (10 mL) and brine (2 × 10 mL). The combined organic layers 

were dried with MgSO4, filtered and concentrated in vacuo to result in a dark brown oil. The 

crude residue was purified by column chromatography (silica gel, EtOAc:n-hexanes 5:9) to 

afford the product as a dark brown oil (0.97 g, 58%). 1H NMR (400 MHz, CDCl3) ŭ 7.47 ï 

7.43 (m, 1H), 7.28 (dd, J = 6.4, 1.4 Hz, 2H), 7.14 (ddd, J = 7.6, 6.4, 2.2 Hz, 1H), 3.44 (s, 1H), 

2.36 (s, 3H). Spectra conforms to previously reported data.140 
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4-Hexyl-2-iodoaniline (195) 

 

A solution of 4-hexylaniline (0.50 g, 0.54 mL. 2.82 mmol), iodine (0.859 g, 3.38 mmol), 

NaHCO3 (0.284 g, 3.38 mmol) in H2O (3.33 mL) and DCM (1.42 mL) were added to a flask 

and stirred at 22 °C for 18 h in the dark. The reaction was then diluted with H2O (5 mL) and 

Na2S2O3 (sat. aq.) (15 ml). The organic layer was extracted with DCM (3 × 5 mL) and washed 

with brine (2 × 5 mL). The combined organic layers were dried with MgSO4, filtered and 

concentrated in vacuo to result in a dark brown oil (0.70 g, 81%), without needing further 

purification. 1H NMR (400 MHz, CDCl3) ŭ 7.46 (d, J = 2.0 Hz, 1H), 6.95 (dd, J = 8.1, 2.0 Hz, 

1H), 6.68 (d, J = 8.1 Hz, 1H), 3.94 (s, 2H), 2.50 ï 2.42 (m, 2H), 1.60 ï 1.47 (m, 2H), 1.34 ï 

1.27 (m, 6H), 0.93 ï 0.84 (m, 3H). 13C DEPT-Q NMR (100 MHz, CDCl3) ŭ 144.6 (C), 138.6 

(CH), 135.0 (C), 129.5 (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 (APCI) m/z [M+H] + Calcd. for C12H19IN 304.0555, 

found 304.0557. 

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

 

Dimethyl disulfide (20.69 mL, 229.8 mmol) and isopentyl nitrite (4.64 mL, 34.6 mmol) were 

added to a flask and 4-hexyl-2-iodoaniline (3.44 g, 11.3 mmol) was then added dropwise and 

the reaction was left to reflux for 2 h at 80 °C. After this period, the reaction was concentrated 

in vacuo before being diluted with H2O (25 mL). The organic layer was then extracted with 

Et2O (3 × 20 mL) and washed with H2O (15 mL) and brine (2 × 15 mL). The combined organic 

layers were dried with MgSO4, filtered and concentrated in vacuo. The crude material was 

purified with column chromatography (silica gel, n-hexanes) to afford the product as a dark 

yellow oil (2.61 g, 92%). 1H NMR (400 MHz, CDCl3) ŭ 7.63 (d, J = 1.9 Hz, 1H), 7.15 (dd, J = 

8.1, 1.9 Hz, 1H), 7.04 (d, J = 8.1 Hz, 1H), 2.55 ï 2.48 (m, 2H), 2.45 (s, 3H), 1.61 ï 1.56 (m, 

2H), 1.30 ï 1.27 (m, 6H), 0.95 ï 0.85 (m, 3H). Spectra conforms to previously reported data.105 
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((5-Hexyl-2-methylthio)phenyl)ethnyl)trimethylsilane (197) 

 

(4-Hexyl-2-iodophenyl)(methyl)sulfane (3.48 g, 10.40 mmol), Pd(PPh3)2Cl2 (0.15 g, 0.21 

mmol), CuI (0.02 g, 0.10 mmol) and Et3N (32.5 mL) was added to a flask. 

Trimethylsilylacetylene (1.78 mL, 12.48 mmol) was then added dropwise and the reaction was 

stirred for 18 h at 22 °C. After this period, the reaction was concentrated in vacuo  before being 

dissolved in Et2O (25 mL) and filtered over Celite®, washing with Et2O (15 mL). The organic 

solution was then washed with H2O (2 × 15 mL) and brine (2  15 mL), dried with MgSO4, 

filtered and concentrated in vacuo to result in a dark brown oil. The crude residue was purified 

by column chromatography (silica gel, n-hexanes) to afford the product as a dark brown oil 

(3.15 g, 99%). 1H NMR (400 MHz, CDCl3) ŭ 7.26 (s, 1H), 7.11 ï 7.04 (m, 2H), 2.54 (t, J = 

7.7 Hz, 2H), 2.46 (s, 3H), 1.57 (s, 2H), 1.28 (m, 6H), 0.88 (s, 3H), 0.28 (s, 9H). 13C DEPT-Q 

NMR (100 MHz, CDCl3) ŭ 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 (CH2), 31.8 (CH2), 31.4 (CH2), 29.0 (CH2), 22.7 

(CH2), 15.4 (CH3), 14.2 (CH3), 0.1 (CH3).         LCMS: (m/z) 305.2 [M+H]+, tr = 8.7 min. HRMS 

(APCI) m/z [M+H] + Calcd. for C18H29SSi: 305.1662, found 305.1675. 

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

 

((5-Hexyl-2-(methylthio)phenyl)ethynyl)trimethylsilane (3.15 g, 10.35 mmol), TBAF (20.8 

mL of a 1.0 M solution in THF) and THF (50 mL, 0.2 M) was added to a flask and allowed to 

stir for 25 min at 22 °C. After this time, the reaction was diluted with H2O (25 mL) and 

extracted with Et2O (3 × 20 mL) and washed with cold sat. NH4Cl (aq.) (20 mL) and brine (2 

× 15 mL). The combined organic layers were dried with MgSO4, filtered and concentrated in 

vacuo to result in a dark brown oil (2.35 g, 98%) without needing further purification. 1H NMR 

(400 MHz, CDCl3) ŭ 7.30 (d, J = 1.5 Hz, 1H), 7.16 ï 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 (s, 6H), 0.88 (m, 3H). 13C DEPT-Q NMR (100 

MHz, CDCl3) ŭ 139.7 (C), 138.5 (C), 133.4 (CH), 129.8 (CH), 125.2 (CH), 83.0 (C), 35.2 
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(CH2), 31.8 (CH2), 31.4 (CH2), 29.0 (CH2), 22.7 (CH2), 15.7 (CH3), 14.2 (CH3). HRMS 

(APCI) m/z [M+H] + Calcd. for C15H20S: 233.1355, found 233.1358. 

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

  

(2-Ethynylphenyl)(methyl)sulfane (0.15 g, 1.01 mmol) was diluted in anhydrous THF (5.06 

mL, 0.2 M) and cooled to -78 °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 at -78 °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 was diluted with H2O (15 mL) and 

extracted with Et2O (2 × 15 mL) and washed with water (2 × 15 mL) and brine (2 × 10 mL). 

The combined organic layers were then dried with MgSO4, filtered and concentrated in vacuo 

to result in an orange-red solid (0.23 g, 70%), without needing further purification. 1H NMR 

(400 MHz, CDCl3) ŭ 7.44 (dd, J = 7.5, 1.2 Hz, 2H), 7.33 ï 7.28 (m, 2H), 7.18 ï 7.15 (m, 2H), 

7.09 (td, J = 7.5, 1.2 Hz, 2H), 2.49 (s, 6H). 13C NMR (100 MHz, CDCl3) ŭ 142.6 (C), 133.0 

(CH), 129.5 (CH), 124.7 (CH), 124.5 (CH), 120.7 (C), 92.3 (C), 78.4 (C), 15.4 (CH3). HRMS 

(ESI) m/z [M+H] + Calcd. for C18H15S3: 327.033, found 328.0361. 

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

 

(2-Ethynylphenyl)(methyl)selane (0.30 g, 1.54 mmol) was diluted in anhydrous THF (7.69 mL, 

0.2 M) and cooled to -78 °C. n-BuLi in hexanes (1.73 M, 0.89 mL, 1.54  mmol) was added 

dropwise to the flask and the reaction was left to stir at -78 °C for 1 h. 

Bis(phenylsulfonyl)sulfide (0.24 g, 0.77 mmol) was added and reaction was brought up to 

22 °C and left to stir for 1 h. After this time, the reaction was quenched with  H2O (20 mL) 

and extracted with Et2O (2 × 20 mL) and washed with H2O (15 mL) and brine (2 ×  15 mL). 

The combined organic layers was then  dried with MgSO4, filtered and concentrated in vacuo 

to result in a light purple solid (0.31 g, 48%), without needing  further purification. 1H NMR 

(400 MHz, CDCl3) ŭ 7.43 (ddd, J = 7.6, 1.5, 0.6 Hz, 2H), 7.31 ï 7.23 (m, 4H), 7.16 ï 7.11 
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(m, 2H), 2.35 (s, 6H). 13C DEPT-Q NMR (100 MHz, CDCl3) ŭ 137.1 (C), 132.9 (CH), 129.6 

(CH), 128.0 (CH), 125.4 (CH), 123.0 (C), 93.3 (C), 77.5 (C), 6.5 (CH3). HRMS (ESI) m/z 

[M+H] + Calcd. for C18H15SSe: 420.9232, found 420.9237. 

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

 

(4-Hexyl-2-iodophenyl)(methyl)sulfane (1.00 g, 4.30 mmol) was diluted in anhydrous THF 

(22 mL, 0.2 M) and cooled to -78 °C. n-BuLi in hexanes (1.47 M, 2.93 mL, 4.30 mmol) 

was added dropwise to the flask and the reaction was left to stir at -78 °C for 1 h. 

Bis(phenylsulfonyl)sulfide (0.68 g, 2.15 mmol) was added and reaction was brought up to 

22 °C and left to stir for 1 h. After this time, the reaction was diluted with H2O (20 mL) and 

extracted with Et2O (2 × 20 mL) and washed with H2O (15 mL) and brine (2 × 15 mL). The 

combined organic layers were dried with MgSO4, filtered off into a pre- weighed round bottom 

flask and concentrated in vacuo to result in a dark brown oil (1.26 g, 59%), without needing 

further purification. 1H NMR (400 MHz, CDCl3) ŭ 7.28 (d, J = 0.8 Hz, 2H), 7.11 (d, J = 1.3 

Hz, 4H), 2.56 ï 2.51 (m, 4H), 2.48 (s, 6H), 1.55 (s, 4H), 1.28 (s, 12H), 0.88 (s, 6H). 13C DEPT-

Q NMR (100 MHz, CDCl3) ŭ 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 (CH2), 31.8 (CH2), 31.3 (CH2), 28.9 (CH2), 22.7 (CH2), 

15.8 (CH3), 14.2 (CH3). HRMS (APCI) m/z [M+H] + Calcd. for C30H39S3: 495.2206, found 

495.2208. 

Benzo[4,5]selenopheno[2,3-b]benzo[4,5]selenopheno[3,2-d]thiophene (202) 

 

Bis((2-(methylselanyl)phenyl)ethynyl)sulfane (0.10 g, 0.24 mmol) was dissolved in DMSO 

(1.19 mL, 0.2 M) and Pd(OAc)2 (0.01 g, 0.02 mmol) and chloranil (0.06 g, 0.24 mmol) was 

added to the flask and was left to stir over 2 h at 100 °C. After this time, the reaction was diluted 

with H2O (15 mL) and extracted with Et2O (3 × 10 mL). The combined organic layers were 

dried with MgSO4, filtered off, and concentrated in vacuo to result in a light brown solid (0.07 

g, 71%) without needing further purification. 1H NMR (400 MHz, CDCl3) ŭ 8.75 (dd, J = 8.2, 
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0.6 Hz, 2H), 7.95 ï 7.91 (m, 2H), 7.58 ï 7.53 (m, 2H), 7.37 ï 7.31 (m, 2H). 13C DEPT-Q NMR 

(100 MHz, CDCl3) ŭ 143.8 (C), 138.6 (C), 137.7 (C), 135.2 (C), 126.9 (CH), 125.1 (CH), 125.0 

(CH), 124.3 (CH). HRMS (APCI) m/z [M] + Calcd. for C16H8SSe2: 391.8682, found 397.8673. 

2,10-Dioctyl-Benzo[d][1]benzothieno[3',2':4,5]thieno[2,3-b]thiophene (203) 

 

In two separate flasks, bis((5-hexyl-2-(methylthio)phenyl)ethynyl)sulfane (0.10 g, 0.20 mmol) 

was diluted in DCE (2 mL) and AuCl3 (0.06 g, 0.20 mmol) was diluted in THF (2 mL). These 

separate solutions were then simultaneously added via slow addition over 2 h to a dried flask 

with heated DCE at 70 °C. The reaction was left to stir further for another 1 h and after this 

time the reaction was quenched with Na2S2O3 (10 mL). The organic layer was extracted with 

DCM (3 × 10 mL), washed with H2O (5 mL) and brine (2 ×  5 mL) dried with MgSO4, 

filtered and concentrated in vacuo to result in a pale light brown solid. The crude residue was 

purified by column chromatography (silica gel, Et2O:n-hexanes 0.2:9.8) to afford the product 

as white crystals (51.0 mg, 49%). 1H NMR (400 MHz, CDCl3) ŭ 7.65 ï 7.61 (m, 4H), 7.38 ï 

7.31 (m, 8H), 7.11 ï 7.09 (m, 4H), 2.54 ï 2.49 (m, 4H), 2.41 (s, 6H), 2.30 (s, 6H), 1.56 (s, 

4H), 1.35 ï 1.24 (m, 12H), 0.86 (s, 6H). 13C DEPT-Q NMR (100 MHz, CDCl3) ŭ 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 (CH2), 31.8 (CH2), 31.4 (CH2), 29.1 (CH2), 22.7 (CH2), 15.5 

(CH3), 15.4 (CH3). HRMS (APCI) m/z [M] + Calcd. for C28H32S3: 464.1661, found 464.1657. 

Thieno[2,3-b:5,4-b'] bis[1]benzothiophenes (204) 

 

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)2 (0.01 g, 0.03 mmol) and chloranil (0.08 g, 0.31 mmol) was added 

to the flask and stirred for 18 h at 70 °C. After this time, the reaction was diluted with H2O (15 

mL) and extracted with Et2O (3 × 10 mL). The combined organic layers were dried with MgSO4, 
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filtered off, and concentrated in vacuo to result in white crystals (97.6 mg, 98%) without 

needing further purification. 1H NMR (400 MHz, CDCl3) ŭ 8.64 (d, J = 8.2 Hz, 2H), 7.93 ï 

7.89 (m, 2H), 7.60 ï 7.55 (m, 2H), 7.45 ï 7.40 (m, 2H). 13C DEPT-Q NMR (100 MHz, CDCl3) 

ŭ 143.3 (C), 139.7 (C), 134.7 (C), 132.7 (C), 124.9 (CH), 124.1 (CH), 123.6 (CH), 123.3 (CH). 

HRMS (ESI) m/z [M] + Calcd. for C16H9S3: 295.9783, found 295.9787. Spectra conforms to 

previously reported data.136 

1,2-Bis((2-methylthio)phenyl)ethynyl)benzene (206a)    

 

1,2-Diiodobenzene (0.50 g, 1.52 mmol), CuI (0.01 g, 0.06 mmol) and Et3N (7.58 mL, 0.2 M) 

was added to a flask and degassed with N2 (g) × 3. Pd(PPh3)4 (0.04 g, 0.03 mmol) and (2-

ethynylphenyl)(methyl)sulfane (0.49 g, 3.30 mmol) was added via slow addition over 1.5 h and 

left to stir for 18 h at 22 °C. After this time, the reaction was diluted with H2O (15 mL) and 

extracted with Et2O (3 × 15 mL) and washed with H2O (15 mL) and brine (2 × 10 mL). The 

combined organic layers were dried with MgSO4, filtered and concentrated in vacuo to result 

in a light green solid. The crude residue was purified by column chromatography (silica gel, 

DCM:n-hexanes 4:6) to afford the product as a light green solid (0.45 g, 80%). 1H NMR (400 

MHz, CDCl3) ŭ 7.63 (dd, J = 5.8, 3.3 Hz, 2H), 7.58 ï 7.54 (m, 2H), 7.32 (dd, J = 5.8, 3.3 Hz, 

2H), 7.30 ï 7.27 (m, 2H), 7.19 ï 7.16 (m, 2H), 7.09 (td, J = 7.5, 1.2 Hz, 2H), 2.43 (s, 6H). 

HRMS (ESI) m/z [M+H] + Calcd. for C24H19S2: 371.0923, found 371.0925. Spectra conforms 

to previously reported data.142 
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2,2ô-(1,2-Phenylenebis(ethyne-2,1-diyl))bis(N,N-dimethylaniline) (206b) 

 

1,2-Diiodobenzene (0.50 g, 1.52 mmol), CuI (0.01 g, 0.06 mmol) and DIPA (7.58 mL, 0.2 M) 

was added to the flask and degassed with N2 (g) × 3. Pd(PPh3)4 (0.04 g, 0.03 mmol) was added 

and the flask was degassed with N2 (g) × 3 again. 2-Ethynyl-N,N-dimethylaniline (0.48 g, 3.33 

mmol) was added slowly via slow addition over 1.5 h at 60 °C and the reaction was left to stir 

for a further 18 h. After this time, the reaction was diluted with H2O (15 mL) and extracted 

with Et2O (3 × 15 mL) and washed with H2O (15 mL) and brine (2 × 10 mL). The combined 

organic layers were dried with MgSO4, filtered and concentrated in vacuo to result in a dark 

brown oil. The crude residue was purified by column chromatography (silica gel, DCM:n-

hexanes 7:3) to afford the product as a brown oil (0.47 g, 86%). 1H NMR (400 MHz, CDCl3) 

ŭ 7.58 ï 7.55 (m, 2H), 7.55 ï 7.52 (m, 2H), 7.28 (dd, J = 5.8, 3.4 Hz, 2H), 7.25 ï 7.21 (m, 2H), 

6.89 (d, J = 7.8 Hz, 2H), 6.84 (td, J = 7.5, 1.1 Hz, 2H), 2.97 (s, 12H). 13C DEPT-Q NMR (100 

MHz, CDCl3) ŭ 154.8 (C), 134.9 (CH), 131.9 (CH), 129.4 (CH), 127.7 (CH), 126.0 (C), 120.2 

(CH), 116.8 (CH), 114.9 (C), 93.8 (C), 93.0 (C), 43.5 (CH3). HRMS (ESI) m/z [M+H] + Calcd. 

for C26H25N2: 365.2012, found 365.2021. 

1,2-Bis((2-methoxyphenyl)ethynyl)benzene (206c) 

 

1,2-Diiodobenzene (0.50 g, 1.52 mmol), CuI (0.01 g, 0.03 mmol) and DIPA (7.58 mL, 0.2 M) 

was added to the flask and degassed with N2 (g) × 3. Pd(PPh3)4 (0.04 g, 0.03 mmol) was added 

and the flask was degassed with N2 (g) × 3 again. 1-Ethynyl-2-methoxybenzene (0.48 g, 3.64 

mmol) was added slowly via slow addition over 1.5 h at 60 °C and the reaction was stirred for 

a further 18 h. After this time, the reaction was diluted with H2O (15 mL) and extracted with 
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Et2O (3 × 15 mL) and washed with H2O (15 mL) and brine (2 × 10 mL). The combined organic 

layers were dried with MgSO4, filtered and concentrated in vacuo to result in a dark orange oil. 

The crude residue was purified by column chromatography (silica gel, DCM:n-hexanes 5:5) to 

afford the product as a thick orange oil (0.45 g, 88%). 1H NMR (400 MHz, CDCl3) ŭ 7.59 (dd, 

J = 5.8, 3.3 Hz, 2H), 7.58 ï 7.54 (m, 2H), 7.32 ï 7.27 (m, 4H), 6.90 (td, J = 8.4, 1.8 Hz, 4H), 

3.82 (s, 6H). HRMS (ESI) m/z [M+H] + Calcd. for C24H19O2: 339.138, found 339.1365. Spectra 

conforms to previously reported data.142 

Naphtho[1,2-b:4,3-b'] bis[1]benzothiophene (207a) 

 

1,2-Bis((2-methylthio)phenyl)ethynyl)benzene (0.15 g, 0.40 mmol) was dissolved in DMSO 

(1.98 mL, 0.2 M) and Pd(OAc)2 (0.01 g, 0.04 mmol) and chloranil (0.1 g, 0.40 mmol) were 

added to the flask and stirred for 18 h at 100 °C. After this time, the reaction was diluted with 

H2O (20 mL) and extracted with Et2O (3 × 15 mL). The combined organic layers were dried 

with MgSO4, filtered off, and concentrated in vacuo to result in off-white crystals (0.11 g, 83%) 

without needing further purification. 1H NMR (400 MHz, CDCl3) ŭ 8.96 ï 8.92 (m, 2H), 8.23 

(dd, J = 6.2, 3.2 Hz, 2H), 7.67 (dd, J = 6.2, 3.2 Hz, 2H), 7.56 ï 7.51 (m, 2H). 13C NMR (100 

MHz, CDCl3) ŭ 139.3 (C), 137.2 (C), 136.4 (C), 129.0 (C), 127.7 (C), 127.4 (CH), 126.0 (CH), 

125.3 (CH), 125.3 (CH), 123.8 (CH), 123.3 (CH). HRMS (ESI) m/z [M] + Calcd. for C22H13S2: 

340.0375, found 340.0381. Spectra conforms to previously reported data.143 

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

 

2,2ô-(1,2-Phenylenebis(ethyne-2,1-diyl))bis(N,N-dimethylaniline) (0.10 g, 0.28 mmol) was 

dissolved in DMSO (2.06 mL, 0.2 M) and Pd(TFA)2 (0.01 g, 0.03 mmol) and chloranil (0.07 

g, 0.28 mmol) were added to the flask and was left to stir over 2 h at 100 °C. After this time, 
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the reaction was diluted with H2O (20 mL) and extracted with DCM (3 × 20 mL) and washed 

with K2CO3 (2 × 15 mL). The combined organic layers were dried with MgSO4, filtered off, 

and concentrated in vacuo to result in very light brown solid (92.5 mg, 98%) without needing 

further purification. 1H NMR (400 MHz, CDCl3) ŭ 8.95 (d, J = 8.0 Hz, 2H), 8.80 (d, J = 9.8 

Hz, 2H), 7.63 ï 7.58 (m, 4H), 7.58 ï 7.53 (m, 2H), 7.45 ï 7.40 (m, 2H), 4.38 (s, 6H). 13C NMR 

(100 MHz, CDCl3) ŭ 141.6 (C), 132.4 (C), 124.3 (CH), 124.1 (CH), 123.6 (CH), 123.2 (CH), 

122.8 (C), 119.1 (CH), 114.6 (C), 109.4 (CH), 35.3 (CH3). HRMS (ESI) m/z [M] + Calcd. for 

C24H19N2: 334.1465, found 334.1474. Spectra conforms to previously reported data.144 

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

 

1,2-Bis((2-methoxyphenyl)ethnyl)benzene (0.10 g, 0.30 mmol) was dissolved in DMSO (1.48 

mL, 0.2 M) and N-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 was diluted with H2O (20 mL) and 

extracted with Et2O (3 × 20 mL). The combined organic layers were dried with MgSO4, filtered 

and concentrated in vacuo to result in red solid. The crude residue was purified by column 

chromatography (silica gel, DCM:n-hexanes 7:3) to afford the product as a yellow waxy solid 

(33.2 mg, 31%). 1H NMR (400 MHz, CDCl3) ŭ 8.89 ï 8.83 (m, 1H), 7.69 (d, J = 7.8 Hz, 1H), 

7.65 ï 7.58 (m, 1H), 7.56 (dd, J = 7.5, 1.7 Hz, 1H), 7.49 (d, J = 0.5 Hz, 1H), 7.47 ï 7.40 (m, 

3H), 7.20 ï 7.13 (m, 2H), 7.13 ï 7.06 (m, 1H), 6.99 (d, J = 7.8 Hz, 1H), 3.77 (s, 3H). 13C NMR 

(100 MHz, CDCl3) ŭ 158.0 (C), 150.5 (C), 150.0 (C), 140.5 (C), 132.3 (CH), 131.5 (CH), 129.0 

(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), 118.1 (CH), 117.8 (CH), 116.9 (C), 114.3 (C), 111.9 (CH), 55.9 

(CH3). HRMS (ESI) m/z [M+H] + Calcd. for C23H16ClO2: 359.0833, found 359.0835. 
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3-(2-Methoxybenzoyl)-2-(2-methoxyphenyl)-1H-inden-1-one (209) 

 

1,2-Bis((2-methoxyphenyl)ethnyl)benzene (75.0 mg, 0.22 mmol) was dissolved in DMSO 

(1.11 mL, 0.2 M) and Pd(TFA)2 (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 was diluted with H2O (20 mL) and extracted with 

Et2O (3 × 15 mL). The combined organic layers were dried with MgSO4, filtered and 

concentrated in vacuo to in a red solid. The crude residue was purified by column 

chromatography (silica gel, DCM:n-hexanes 5:5) to afford the product as an orange waxy solid 

(10.0 mg, 12%). 1H NMR (400 MHz, CDCl3) ŭ 7.66 (dd, J = 7.7, 1.8 Hz, 1H), 7.57 (d, J = 6.9 

Hz, 1H), 7.40 ï 7.35 (m, 1H), 7.34 ï 7.29 (m, 1H), 7.28 ï 7.23 (m, 2H), 7.20 (dd, J = 7.6, 1.7 

Hz, 1H), 7.16 ï 7.05 (m, 1H), 6.87 (dt, J = 11.3, 7.5 Hz, 2H), 6.67 (d, J = 8.4 Hz, 1H), 6.56 (d, 

J = 7.4 Hz, 1H), 3.62 (s, 3H), 3.51 (s, 3H). 13C NMR (100 MHz, CDCl3) ŭ 197.4 (C), 192.6 

(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), 130.1 (C), 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 (CH3), 54.7 (CH3). LCMS: (m/z) 

371.2 [M+H]+, tr = 4.0 min. HRMS (APCI) m/z [M+H] + Calcd. for C24H19O4: 371.1278, found 

371.1281. 

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

 

(2-Ethynylphenyl)(methyl)sulfane (0.50 g, 3.37 mmol) was diluted in anhydrous THF (16.8 

mL, 0.2 M) and cooled to -78 °C. n-BuLi in hexanes (1.73 M, 2.05 mL, 3.54 mmol) was added 

dropwise to the flask and the reaction was left to stir at -78 °C for 30 min. S-methyl 

methanesulfonate (0.35 mL, 3.71 mmol) was added and the reaction was stirred for a further 

20 min before being brought up to 22 °C. After this time, the reaction was diluted with H2O 

(15 mL) and extracted with Et2O (2 × 15 mL) and washed with water (2 × 15 mL) and brine (2 
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× 10 mL). The combined organic layers were then dried with MgSO4, filtered and concentrated 

in vacuo to result in a brown oil (0.66 g, 100%), without needing further purification. 1H NMR 

(400 MHz, CDCl3) ŭ 7.36 (dd, J = 7.6, 1.5 Hz, 1H), 7.30 ï 7.22 (m, 1H), 7.13 (d, J = 8.0 Hz, 

1H), 7.06 (td, J = 7.5, 1.2 Hz, 1H), 2.52 (s, 3H), 2.48 (s, 3H). Spectra conforms to previously 

reported data.2 

3-Iodo-2-(methylthio)benzo[b]thiophene (218) 

 

Methyl(2-((methylthio)ethynyl)phenyl)sulfane (0.21 g, 1.08 mmol) was dissolved in DCE 

(5.41 mL, 0.2 M) and I2 (0.29 g, 1.14 mmol) was added to the flask. The reaction was then left 

to stir for 18 h at 22 °C. After this time, the reaction was quenched with Na2S2O3 (15 mL) and 

extracted with Et2O (2 × 15 mL) and washed with water (2 × 15 mL) and brine (2 × 10 mL). 

The combined organic layers were then dried with MgSO4, filtered and concentrated in vacuo 

to result in a brown oil (0.31 g, 93%), without needing further purification. 1H NMR (400 MHz, 

CDCl3) ŭ 7.71 (d, J = 8.0 Hz, 1H), 7.67 ï 7.63 (m, 1H), 7.44 ï 7.39 (m, 1H), 7.36 ï 7.30 (m, 

1H), 2.63 (s, 3H). Spectra conforms to previously reported data.2 

Trimethyl((2 -(methylthio)benzo[b]thiophen-3-yl)ethynyl)silane (219) 

 

3-Iodo-2-(methylthio)benzo[b]thiophene (0.69 g, 2.26 mmol) was dissolved in DIPA (11.3 mL, 

0.2 M) in a flask and was degassed with N2 (g) × 3. Pd(PPh3)4 (0.05 g, 0.05 mmol) and CuI 

(0.26 g, 0.14 mmol) were then added and the flask was degassed again with N2 (g) × 3. 

Trimethylsilylacetylene (1.61 mL, 11.3 mmol) was added dropwise and the reaction was 

allowed to stir for 18 h at 22 °C. After this time, the reaction was diluted with H2O (15 mL) 

and extracted with Et2O (2 × 15 mL) and washed with water (2 × 15 mL) and brine (2 × 10 

mL). The combined organic layers were dried with MgSO4, filtered off, and concentrated in 

vacuo to result in orange oil. The crude residue was purified by column chromatography (silica 

gel, n-hexanes) to afford the product as a yellow oil (0.44 g, 71%). 1H NMR (400 MHz, CDCl3) 
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ŭ 7.77 (dt, J = 8.0, 0.9 Hz, 1H), 7.69 (dt, J = 8.0, 0.9 Hz, 1H), 7.39 (ddd, J = 8.1, 7.2, 1.1 Hz, 

1H), 7.30 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H), 2.66 (s, 3H), 0.32 (s, 9H). Spectra conforms to 

previously reported data.2 

3-Ethynyl -2-(methylthio)benzo[b]thiophene (220) 

 

Trimethyl((2-(methylthio)benzo[b]thiophen-3-yl)ethynyl)silane (0.44 g, 1.59 mmol) was 

dissolved in MeOH (7.94 mL) and Et2O (3.97 mL). KF (0.23 g, 3.98 mmol) was added and the 

reaction was allowed to stir for 18 h at 22 °C. After this time, the reaction was diluted with 

H2O (10 mL) and extracted with Et2O (3 × 10 mL) and washed with H2O (2 × 10 mL) and brine 

(2 × 10 mL). The combined organic layers were dried with MgSO4, filtered and concentrated 

in vacuo to result in a brown oil (0.30 g, 91%) without needing further purification. 1H NMR 

(400 MHz, CDCl3) ŭ 7.81 (dd, J = 8.0, 0.6 Hz, 1H), 7.73 ï 7.70 (m, 1H), 7.43 ï 7.38 (m, 1H), 

7.35 ï 7.30 (m, 1H), 3.62 (s, 1H), 2.66 (s, 3H). Spectra conforms to previously reported data.2 

1,2-Bis((2-methylthio)benzo[b]thiophen-3-yl)ethynyl)benzene (221) 

 

1,2-Diiodobenzene (0.11 g, 0.33 mmol), CuI (0.003 g, 0.01 mmol) and DIPA (1.67 mL, 0.2 M) 

was added to a flask and degassed with N2 (g) × 3. Pd(PPh3)4 (0.01 g, 0.01 mmol) was added 

and the flask was degassed with N2 (g) × 3 again. 3-Ethynyl-2-(methylthio)benzo[b]thiophene 

(0.15 g, 0.73 mmol) was added slowly via slow addition over 1.5 h at 60 °C and the reaction 

was stirred for a further 18 h. After this time, the reaction was diluted with H2O (10 mL) and 

extracted with Et2O (3 × 10 mL), washed with H2O (10 mL) and brine (2 × 5 mL). The 

combined organic layers were dried with MgSO4, filtered and concentrated in vacuo to result 

in a dark orange oil. The crude residue was purified by column chromatography (silica gel, 
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DCM:n-hexanes 3:7) to afford the product as a thick orange wax (0.11 g, 72%). 1H NMR (400 

MHz, CDCl3) ŭ 7.88 (d, J = 7.8 Hz, 2H), 7.72 ï 7.69 (m, 2H), 7.69 ï 7.65 (m, 2H), 7.38 (dd, J 

= 5.8, 3.3 Hz, 2H), 7.24 ï 7.18 (m, 2H), 7.03 ï 6.98 (m, 2H), 2.54 (s, 6H). 13C NMR (100 MHz, 

CDCl3) ŭ 144.8 (C), 140.1 (C), 138.2 (C), 132.4 (CH), 128.3 (CH), 125.7 (C), 125.0 (CH), 

124.6 (CH), 123.0 (CH), 121.6 (CH), 117.6 (C), 95.7 (C), 86.4 (C), 19.0 (CH3). HRMS (ESI) 

m/z [2M+H]+ Calcd. for C56H37S8: 965.0655, found 965.0699. 

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

d]thiopyran  (227a) 

 

1,2-Bis((2-methylthio)benzo[b]thiophen-3-yl)ethynyl)benzene (20.0 mg, 0.04 mmol) was 

dissolved in DMSO (0.21 mL, 0.2 M) and Pd(TFA)2 (0.001 g, 0.004 mmol) and chloranil (0.01 

g, 0.04 mmol) were added to the flask and stirred over 18 h at 100 °C. After this time, the 

reaction was diluted with H2O (15 mL) and extracted with Et2O (3 × 20 mL). The combined 

organic layers were dried with MgSO4, filtered and concentrated in vacuo to result in an orange 

solid. The crude residue was purified by column chromatography (silica gel, DCM:n-hexanes 

2:8) to afford the product as a bright orange waxy solid (1.70 mg, 8%). 1H NMR (400 MHz, 

CDCl3) ŭ 8.98 (d, J = 8.4 Hz, 1H), 7.95 ï 7.84 (m, 2H), 7.73 (d, J = 7.6 Hz, 1H), 7.61 ï 7.54 

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

0H), 7.05 ï 6.98 (m, 1H), 6.64 (d, J = 7.8 Hz, 1H), 2.50 (s, 3H). 13C NMR (100 MHz, CDCl3) 

ŭ 141.5 (C), 140.0 (C), 139.8 (C), 138.7 (C), 138.2 (C), 136.1 (C), 134.4 (C), 133.4 (C), 129.6 

(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 (CH), 122.2 (CH), 121.92 (CH), 121.8 (CH), 

118.2 (CH), 117.9 (C), 19.8 (CH3). HRMS (APCI) m/z [M+H] + Calcd. for C27H16ClS4: 

502.9218, found 502.9813 
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7-(2-Methylthio)benzo[b]thiophen-3-yl)benzo[4,5]thieno[2,3-b]indeno[2,1-d]thiopyran 

(227b) 

 

1,2-Bis((2-methylthio)benzo[b]thiophen-3-yl)ethynyl)benzene (0.08 g, 0.18 mmol) was 

dissolved in DMSO (0.88 mL, 0.2 M) and Pd(TFA)2 (0.06 g, 0.19 mmol) was added to the 

flask and left to stir over 2 h at 100 °C. After this time, the reaction was diluted with H2O (15 

mL) and extracted with DCM (3 × 15 mL). The combined organic layers were dried with 

MgSO4 filtered and concentrated in vacuo to give a red solid. The crude residue was purified 

by column chromatography (silica gel, DCM:n-hexanes 5:5) to afford the product as a bright 

orange solid (54.0 mg, 58%). 1H NMR (400 MHz, CDCl3) ŭ 8.62 (d, J = 8.1 Hz, 1H), 7.96 (d, 

J = 8.0 Hz, 1H), 7.89 (d, J = 8.1 Hz, 1H), 7.79 (s, 1H), 7.68 ï 7.61 (m, 2H), 7.57 ï 7.47 (m, 

1H), 7.38 (dd, J = 7.9, 8.2 Hz, 3H), 7.26 (d, J = 14.1 Hz, 1H), 6.95 (t, J = 7.8 Hz, 1H), 6.73 (d, 

J = 7.8 Hz, 1H), 2.52 (s, 3H). 13C NMR (100 MHz, CDCl3) ŭ 142.9 (C), 141.3 (C), 139.7 (C), 

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), 120.3 (CH), 114.9 (CH), 19.9 

(CH3). HRMS (APCI) m/z [M] + Calcd. for C27H17S4: 468.6798, found 469.0204. 

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

 

3,4-Dibromothiophene (0.25 g, 1.03 mmol) and DIPA (5.17 mL, 0.2 M) was added to a flask 

and degassed with N2 (g) × 3. Pd(PPh3)4 (0.24 g, 0.2 mmol) and CuI (0.02 g, 0.10 mmol) were 

added and the flask was degassed again with N2 (g) × 3. Trimethylsilylacetylene (3.68 mL, 25.8 

mmol) was then added dropwise and the reaction was allowed to reflux for 3 d at 95 °C. After 

this time, the reaction was diluted with H2O (20 mL) and extracted with Et2O (3 × 20 mL) and 
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washed with H2O (15 mL) and brine (2 × 15 mL). The combined organic layers were dried 

with MgSO4, filtered and concentrated in vacuo to result in a dark brown solid. The crude 

residue was purified by column chromatography (silica gel, n-hexanes) to afford the product 

as a brown oil (0.25 g, 87%). 1H NMR (400 MHz, CDCl3) ŭ 7.39 (s, 2H), 0.26 (s, 18H). Spectra 

conforms to previously reported data.145 

3,4-Diethynylthiophene (230) 

 

3,4-Bis((trimethylsilyl)ethynyl)thiophene (0.10 g, 0.36 mmol), K2CO3 (0.20 g, 1.45 mmol) and 

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

reaction was diluted with H2O (20 mL) and extracted with Et2O (3 × 20 mL) and washed with 

H2O (2 × 20 mL) and brine (2 × 20 mL). The combined organic layers were dried with MgSO4, 

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

further purification. 1H NMR (400 MHz, CDCl3) ŭ 7.48 (s, 2H), 3.21 (s, 2H). Spectra conforms 

to previously reported data.145 

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

 

(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 °C. n-BuLi (1.44 M, 0.70 mL, 1.01 mmol) was added dropwise 

to the flask and the reaction was left to stir at 0 °C for 1.5 h. In a separate flask, InCl3 (0.06 g, 

0.25 mmol) was diluted in anhydrous THF (1.02 mL, 0.25 M). Once fully dissolved, the InCl3 

was added to the reaction at -78 °C, stirred for 30 min, brought up to 22 °C and stirred for a 

further 30 min. Pd(dppf)Cl2 (0.07 g, 0.10 mmol) and 3,4-dibromothiophene (0.03 mL, 0.25 

mmol) was added to the flask and refluxed for 18 h. After this time, the reaction was diluted 

with H2O (10 mL) and extracted with EtOAc (3 × 10 mL). The combined organic layers were 

dried with MgSO4, filtered off, and concentrated in vacuo to result in orange oil. The crude 
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residue was purified by column chromatography (silica gel, DCM:n-hexanes 3:7) to afford the 

product as a bright yellow oil (0.10 g, 25%). 1H NMR (400 MHz, CDCl3) ŭ 7.55 (s, 2H), 7.53 

(dd, J = 1.5, 0.5 Hz, 2H), 7.32 ï 7.26 (m, 2H), 7.16 (dd, J = 8.0, 1.1 Hz, 2H), 7.09 (td, J = 7.5, 

1.2 Hz, 2H), 2.42 (s, 6H). 13C NMR (100 MHz, CDCl3) ŭ 141.9 (C), 132.8 (CH), 128.9 (CH), 

128.6 (CH), 124.9 (C), 124.3 (CH), 124.3 (CH), 121.6 (C), 89.7 (C), 89.1 (C), 15.3 (CH3). 

HRMS (ESI) m/z [M+H] + Calcd. for C22H17S3: 377.0487, found 377.0486. 

 [2]Benzothieno[4,5-b:7,6-b'] bis[1]benzothiophene (235) 

 

3,4-Bis((2-methylthio)phenyl)ethynyl)thiophene (20.0 mg, 0.06 mmol), was dissolved in 

DMSO (0.3 mL, 0.2 M) and Pd(TFA)2 (0.001 g, 0.006 mmol) and chloranil (0.01 g, 0.06 mmol) 

were added to the flask and was left to stir over 2 h at 100 °C. After this time, the reaction was 

diluted with H2O (20 mL) and extracted with Et2O (3 × 15 mL). The combined organic layers 

were dried with MgSO4, filtered and concentrated in vacuo to result in a very pale light brown 

solid (16.1 mg, 79%) without needing further purification. 1H NMR (400 MHz, CDCl3) ŭ 8.79 

ï 8.72 (m, 1H), 8.04 ï 7.95 (m, 1H), 7.89 (s, 1H), 7.55 ï 7.41 (m, 2H). 13C NMR (100 MHz, 

CDCl3) ŭ 139.1 (C), 136.3 (C), 132.9 (C), 132.0 (C), 127.5 (C), 125.4 (CH), 125.3 (CH), 124.0 

(CH), 123.2 (CH), 117.0 (CH). HRMS (ESI) m/z [M+H] + Calcd. for C20H11S3: 347.0017, found 

347.0009. 

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

 

1,2-Diiodobenzene (0.25 g, 0.76 mmol) and DIPA (0.76 mL, 0.2 M) was added to a flask and 

was degassed with N2 (g) × 3. Pd(PPh3)4 (0.01 g, 0.01 mmol) and CuI (0.01 g, 0.01 mmol) was 

then added and the flask was then degassed again with N2 (g) × 3. (2-

Ethynylphenyl)(methyl)sulfane (0.02 g, 0.15 mmol) was added slowly via slow addition over 
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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 H2O (20 mL) and extracted with Et2O (3 × 15 mL) and washed with H2O (15 mL) 

and brine (2 × 15 mL). The combined organic layers were dried with MgSO4, filtered and 

concentrated in vacuo to result in a brown solid. The crude residue was purified by column 

chromatography (silica gel, EtOAc:n-hexanes 0.5:9.5) to afford the product as off-yellow 

crystals (37.4 mg, 71%). 1H NMR (400 MHz, CDCl3) ŭ 7.90 ï 7.86 (m, 1H), 7.61 ï 7.56 (m, 

2H), 7.36 ï 7.30 (m, 2H), 7.22 ï 7.18 (m, 1H), 7.13 (td, J = 7.6, 1.2 Hz, 1H), 7.02 (ddd, J = 

8.0, 7.4, 1.7 Hz, 1H), 2.53 (s, 3H). 13C NMR (100 MHz, CDCl3) ŭ 142.0 (C), 138.9 (CH), 133.0 

(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 (CH3). Spectra conforms to previously reported data.116  

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

 

(2-((2-Iodophenyl)ethynyl)phenyl)(methyl)sulfane (0.20 g, 0.58 mmol) and DIPA (2.89 mL, 

0.2 M) was added to the flask and was degassed with N2 (g) × 3. Pd(PPh3)4 (0.03 g, 0.3 mmol) 

and CuI (0.01 g, 0.03 mmol) was then added and the flask was then degassed again with N2 (g) 

× 3. 2-Ethynyl-N,N-dimethylaniline (0.08 g, 0.63 mmol) was added slowly via 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 

was diluted with H2O (20 mL) and extracted with Et2O (3 × 15 mL) and washed with H2O (15 

mL) and brine (2 × 15 mL). The combined organic layers were dried with MgSO4, filtered and 

concentrated in vacuo to result in a pale-yellow solid. The crude residue was purified by column 

chromatography (silica gel, DCM:n-hexanes 7:3) to afford the product as a light brown solid 

(98.8 mg, 47%). 1H NMR (400 MHz, CDCl3) ŭ 7.65 ï 7.61 (m, 1H), 7.59 ï 7.54 (m, 2H), 7.52 

(d, J = 7.6 Hz, 1H), 7.34 ï 7.22 (m, 4H), 7.17 (dd, J = 7.8, 1.1 Hz, 1H), 7.08 (td, J = 7.5, 1.2 

Hz, 1H), 6.93 ï 6.80 (m, 2H), 2.98 (s, 6H), 2.44 (s, 3H). 13C NMR (100 MHz, CDCl3) ŭ 154.8 

(C), 142.0 (C), 135.0 (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 (CH3), 15.2 (CH3). HRMS 

(ESI) m/z [M+H] + Calcd. for C25H22NS: 368.1467, found 368.1480. 

 



Chapter 6 

118 
 

Methyl(2-((2-((2-(methylselanyl)phenyl)ethynyl)phenyl)ethynyl)phenyl)sulfane (239) 

 

(2-((2-Iodophenyl)ethynyl)phenyl)(methyl)sulfane (0.20 g, 0.57 mmol) and DIPA (2.86 mL, 

0.2 M) were added to the flask and was degassed with N2 (g) × 3. Pd(PPh3)4 (0.03 g, 0.3 mmol) 

and CuI (0.01 g, 0.03 mmol) were then added and the flask was then degassed again with N2 

(g) × 3. (2-Ethynylphenyl)(methyl)selane (0.12 g, 0.63 mmol) was added slowly via slow 

addition over 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 with H2O (20 mL) and extracted with Et2O (3 × 15 mL) and washed 

with H2O (15 mL) and brine (2 × 15 mL). The combined organic layers were dried with MgSO4, 

filtered and concentrated in vacuo to result in a brown solid. The crude residue was purified by 

column chromatography (silica gel, DCM:n-hexanes 4:6) to afford the product as a brown oil 

(0.14 g, 60%). 1H NMR (400 MHz, CDCl3) ŭ 7.68 ï 7.62 (m, 2H), 7.59 ï 7.54 (m, 2H), 7.36 ï 

7.31 (m, 2H), 7.30 ï 7.23 (m, 3H), 7.20 ï 7.12 (m, 2H), 7.11 (d, J = 7.5 Hz, 1H), 2.43 (s, 3H), 

2.30 (s, 3H). 13C NMR (100 MHz, CDCl3) ŭ 142.1 (C), 136.8 (C), 132.9 (CH), 132.9 (CH), 

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 (CH3), 6.24 (CH3). HRMS (ESI) m/z [M+H] + Calcd. for C24H19SSe: 419.0368, 

found 419.0368. 

Benzo[b]benzo[4ô,5ô]selenopheno[3ô,2ô:3,4]naphtho[2,1-d]thiophene (241) 

 

Methyl(2-((2-((2-(methylselanyl)phenyl)ethynyl)phenyl)ethynyl)phenyl)sulfane (20.0 mg, 

0.06 mmol) was dissolved in DMSO (0.3 mL, 0.2 M) and Pd(OAc)2 (0.001 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 was diluted with H2O (20 mL) and extracted with Et2O (3 × 15 
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mL). The combined organic layers were dried with MgSO4, filtered off, and concentrated in 

vacuo to result in a light green solid (10.0 mg, 57%) without needing further purification. 1H 

NMR (400 MHz, CDCl3) ŭ 8.89 ï 8.81 (m, 2H), 8.23 ï 8.18 (m, 1H), 8.09 ï 7.99 (m, 3H), 7.68 

ï 7.61 (m, 2H), 7.54 ï 7.47 (m, 3H), 7.47 ï 7.40 (m, 1H). 13C NMR (100 MHz, CDCl3) ŭ 139.5 

(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 (APCI) m/z 

[M+H] + Calcd. for C22H13SSe: 388.1829, found 388.1842. 

 

10-Methyl -10H-benzo[a]benzo[4,5]thieno[2,3-c]carbazole (240) 

 

N,N-Dimethyl-2-((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(OAc)2 (0.01 g, 0.03 mmol) and 

chloranil (0.07 g, 0.27 mmol) were added to the flask and stirred over 2 h at 100 °C. After this 

time, the reaction was diluted with H2O (20 mL) and extracted with Et2O (3 × 15 mL). The 

combined organic layers were dried with MgSO4, filtered off, and concentrated in vacuo to 

result in a light brown solid. The crude residue was purified by column chromatography (silica 

gel, DCM:n-hexanes 5:5) to afford the product as a light brown solid (57.1 mg, 62%). 1H NMR 

(400 MHz, CDCl3) ŭ 9.03 (d, J = 7.5 Hz, 1H), 8.78 (d, J = 8.1 Hz, 1H), 8.51 (d, J = 7.9 Hz, 

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

6.8 Hz, 5H), 7.34 (ddd, J = 8.1, 5.8, 2.3 Hz, 1H). 13C NMR (100 MHz, CDCl3) ŭ 140.6 (C), 

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 (CH3). HRMS (ESI) m/z [M+H] + Calcd. 

for C23H16NS: 338.0998, found 338.0992. 
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3,6,14,17-

Tetrahexylbenzo[4',5']thieno[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) 

 

1,2,4,5-Tetrakis((5-hexyl-2-(methylthio)phenyl)ethynyl)benzene (60.0 mg, 0.06 mmol)  was 

dissolved in DMSO:Toluene (1:1, 0.2 M) and Pd(TFA)2 (2.00 mg, 0.006 mmol) and chloranil 

(0.015 g, 0.06 mmol) was added to a sealed tube and was left to stir over 2.5 h at 135 °C in a 

microwave. After this time, the reaction was diluted with DCM (15 mL) and washed water (10 

mL), Na2S2O5 (sat. aq.) (10 mL) and K2CO3 (sat. aq.) (10 mL) and extracted with DCM (3 × 

15 mL). The combined organic layers were dried with MgSO4, filtered off, and concentrated 

in vacuo to result in a thick brown oil. The crude residue was purified by column 

chromatography (silica gel, DCM:n-hexanes 4:6) to afford the product as a green solid (43.1 

mg, 86%).  1H NMR (400 MHz, CDCl3) ŭ 8.93 (s, 2H), 8.74 (s, 4H), 7.97 (d, J = 8.2 Hz, 4H), 

7.38 (d, J = 8.1 Hz, 4H), 2.85 (t, J = 7.9 Hz, 8H), 1.80 (t, J = 7.9 Hz, 8H), 1.35 (m, 24H), 0.91 

(d, J = 6.9 Hz, 12H). 13C NMR (100 MHz, CDCl3) ŭ 138.7 (C), 137.0 (C), 136.9 (C), 136.7 

(C), 129.0 (C), 126.9 (CH), 126.6 (C), 125.2 (CH), 122.8 (CH), 120.6 (CH), 36.7 (CH2), 32.5 

(CH2), 32.1 (CH2), 29.5 (CH2), 22.9 (CH2), 14.3 (CH3). HRMS (APCI) m/z [M+Na]+ Calcd. 

for C62H66S4Na: 961.3940, found 961.4047. 
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3-(5-Hexyl-2-(methylthio)phenyl)prop-2-yn-1-ol (244) 

 

(4-Hexyl-2-iodophenyl)(methyl)sulfane (1.0 g, 2.99 mmol) was dissolved in DIPA (15 mL, 0.2 

M) and the flask was degassed with N2 (g) × 3. Pd(PPh3)4 (0.10 g, 0.15 mmol) and CuI (0.06 

g, 0.30 mmol) were then added and the flask was degassed again with N2 (g) × 3. Propargyl 

alcohol (0.26 mL, 4.49 mmol) was added dropwise and the reaction was allowed to stir for 18 

h at 22 °C. After this time, the reaction was diluted with H2O (25 mL) and extracted with Et2O 

(2 × 20 mL) and washed with water (2 × 15 mL) and brine (2 × 15 mL). The combined organic 

layers were dried with MgSO4, filtered off, and concentrated in vacuo to result in a dark orange 

oil. The crude residue was purified by column chromatography (silica gel, EtOAc:n-hexanes 

3:7) to afford the product as a dark orange oil (0.68 g, 87%). 1H NMR (400 MHz, CDCl3) ŭ 

7.24 (d, J = 1.8 Hz, 1H), 7.13 ï 7.06 (m, 2H), 4.56 (s, 2H), 2.59 ï 2.49 (m, 2H), 2.47 (s, 3H), 

1.56 (m, 1H), 1.28 (d, J = 1.9 Hz, 6H), 0.88 (m, 2H). HRMS (ESI) m/z [M+H] + Calcd. for 

C16H23OS: 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)prop-2-yn-1-ol (0.30 g, 1.14 mmol) was dissolved in DCM 

(5.72 mL, 0.2 M) and the flask was cooled to 0 °C. Dess-Martin periodinane (0.76 g, 1.78 

mmol) was added slowly to the flask and the reaction was warmed to 22 °C and stirred for 20 

min. After this time, the reaction was quenched with EtOH (15 mL) and Et2O (10 mL) and 

filtered over Celite®, washing with Et2O (20 mL). The organic solution was then washed with 

NaOH (2 × 15 mL), Na2S2O3 (2 × 15 mL) and brine (2 × 15 mL). The combined organic layers 

were dried with MgSO4, filtered and concentrated in vacuo to result in a light orange oil (0.28 

g, 93%) without needing further purification. 1H NMR (400 MHz, CDCl3) ŭ 9.48 (s, 1H), 7.39 

(d, J = 2.0 Hz, 1H), 7.24 (d, J = 2.0 Hz, 1H), 7.15 (d, J = 8.2 Hz, 1H), 2.59 ï 2.53 (m, 2H), 














































































































































































































































